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Editorial on the Research Topic
Surgical treatment of peripheral neuropathic pain, peripheral nerve
tumors, and peripheral nerve injury

Peripheral nerve injuries (PNIs) and peripheral nerve tumors can be devastating, leading
to impaired motor and sensory function, causing neuropathic pain, and impacting the
overall quality of life for affected individuals. As we face an increasing number of PNI cases,
there is an urgent need to focus on innovative approaches to promote nerve regeneration
and functional recovery.

In this editorial, we explore the latest breakthroughs in the field of peripheral nerve injury
regeneration. From tissue engineering and biomaterials to neural tissue transplantation and
nerve guidance conduits, researchers are exploring diverse avenues to bridge the gap and
stimulate nerve regrowth (Zhang P. et al; Yang et al;; Fu et al.).

One of the key themes of this editorial is the role of neurotrophic factors and growth-
promoting molecules in stimulating nerve regeneration from PNIs and peripheral nerve
tumors. Understanding the intricate signaling pathways involved in nerve repair and
harnessing the power of stem cells hold promise in revolutionizing PNI treatment (Li et al.).

Moreover, we delve into the importance of precise and personalized therapeutic
strategies for peripheral nerve injury regeneration and neuropathic pain. Tailoring
treatments to individual patients’ needs can significantly enhance the success rates and
optimize functional recovery outcomes.

The editorial also highlights the significance of multidisciplinary collaboration in
advancing PNI and peripheral nerve tumor research. Neurologists, neurosurgeons,
bioengineers, and molecular biologists must unite to share knowledge and insights, fostering
a synergistic approach to tackle the complex challenges of nerve regeneration (Zhou et al.).

We shed light on the role of advanced imaging techniques in assessing
clinicians and

nerve regeneration progress, providing valuable insights for
researchers alike. Additionally, rehabilitation protocols play a vital role
in maximizing functional recovery post-injury, and we underscore the

importance of comprehensive rehabilitation in the editorial (Fan et al).
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While there have been remarkable strides in the field of
peripheral nerve regeneration post PNIs or peripheral nerve tumor,
we recognize that there are still hurdles to overcome. Ethical
considerations, safety, and long-term efficacy remain paramount in
the development of novel therapies.

In conclusion, this editorial calls for continued dedication and
investment in peripheral nerve regeneration research. Embracing
a holistic and interdisciplinary approach, we can forge a brighter
future for individuals facing PNI and peripheral nerve tumor,
enabling them to regain function and independence.
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Biomimetic design of scaffold architectures represents a promising strategy to
enable the repair of tissue defects. Natural endoneurium extracellular matrix
(eECM)  exhibits a sophisticated microstructure and remarkable
microenvironments conducive for guiding neurite regeneration. Therefore,
the analysis of eECM is helpful to the design of bionic scaffold.
Unfortunately, a fundamental lack of understanding of the microstructural
characteristics and biomechanical properties of the human peripheral nerve
eECM exists. In this study, we used microscopic computed tomography (micro-
CT) to reconstruct a three-dimensional (3D) eECM model sourced from mixed
nerves. The tensile strength and effective modulus of human fresh nerve
fascicles were characterized experimentally. Permeability was calculated
from a computational fluid dynamic (CFD) simulation of the 3D eECM
model. Fluid flow of acellular nerve fascicles was tested experimentally to
validate the permeability results obtained from CFD simulations. The key
microstructural parameters, such as porosity is 35.5 + 1.7%, tortuosity in
endoneurium (X axis is 1.26 + 0.028, Y axis is 1.26 + 0.020 and Z axis is
117 + 0.03, respectively), tortuosity in pore (X axis is 1.50 + 0.09, Y axis is
144 + 0.06 and Z axis is 1.13 + 0.04, respectively), surface area-to-volume ratio
(SAVR) is 0.165 + 0.007 um™ and pore size is 11.8 + 2.8 um, respectively. These
were characterized from the 3D eECM model and may exert different effects on
the stiffness and permeability. The 3D microstructure of natural peripheral nerve

Abbreviations: eECM, endoneurium extracellular matrix; micro-CT, microscopic computed
tomography; CFD, computational fluid dynamics; SAVR, surface area-to-volume ratio; PNIs,
peripheral nerve injuries; ECM, extracellular matrix; NGCs, nerve guidance conduits; IFD, iodine
and freeze-dry; ROI, region of interest; RVE, representative volume element; ESD, equivalent
spherical diameter; ANA, acellular nerve allograft.
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GRAPHICAL ABSTRACT

MicroCT was used to obtain high-resolution/high-contrast images of human peripheral nerve endoneurium extracellular matrix (eECM). A
numerical model was constructed to investigate the microstructural and biomechanical properties of eECM.

eECM exhibits relatively lower permeability (3.10 m? x 1072 m?) than other soft
tissues. These key microstructural and biomechanical parameters may play an
important role in the design and fabrication of intraluminal guidance scaffolds
to replace natural eECM. Our findings can aid the development of regenerative
therapies and help improve scaffold design.

KEYWORDS

biomimetic scaffold design, nerve endoneurium, permeability, stiffness, nerve

regeneration
Introduction

Peripheral nerve injuries (PNIs) account for 3% of all
traumatic patients and could cause partial or complete loss
of function in damaged motor and sensory axons (Robinson,
2022). The most effective clinical strategy is graft
transplantation, e.g., transplantation of autografts, which is
currently used as the gold standard for nerve regeneration
(Tiwari et al, 2022). The main advantage of autografts is
their ability to largely mimic natural nerve characteristics,
such as extracellular matrix (ECM) molecules, chemical and
physical cues or topographic support and topological guidance
(Wieringa et al., 2018). Nevertheless, the major limitations of
autografts are their restrictive availability, donor site morbidity,
and immunological rejection, which have prompted the

Frontiers in Bioengineering and Biotechnology

development of alternative nerve repair strategies, such as
nerve guidance conduits (NGCs) (Li et al., 2021).

Recent NGC studies have shown that conduits with proper
micro- and nanostructures promote the regeneration of axons
across a much longer gap of nerve defects (Li et al., 2021). This
approach adopts macroscopic multichannel architectures
(Pawelec et al., 2018) loaded with filaments (Yoshii et al.,
2003) and unidirectional freeze-dried structures (Pot et al.,
2015). Notably, NGC design aims to maximize the degree to
which the conduit mimics the natural nerve architecture.
According to previous studies, these biomimetic designs help
promote nerve regeneration by enhancing the biomechanical
behavior and porosity of the luminal wall using different
materials (Zhu et al., 2018). However, the efficacy of NGCs is
to a considerable extent limited to the defects with a size within a

frontiersin.org
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critical nerve defect, which is species-dependent and can range
from 5 to 30 mm in animals (Yoshii et al., 2003). The key issue is
usually attributed to inadequate formation of the ECM
components and microstructures in the initial stages, which
restricts Schwann cell (SC) migration and proliferation,
thereby reducing the glial bands of the Biingner formation
(Hoffman-Kim et al., 2010; Huang et al., 2022).

To overcome these shortcomings, researchers have sought to
design a scaffold with high similarity to the natural
the
microstructure of the endoneurium (Chen et al, 2019; Yang

microarchitectures of peripheral nerves, especially
etal., 2021). To realize this task, the first step is to characterize the
microstructures and biomechanical properties of the peripheral
nerve endoneurium ECM (eECM). The peripheral nerve ECM
system is categorized into an external epineurium, an internal
epineurium, fascicles and an endoneurium (Schmidt and Leach,
2003; Tiwari et al., 2022). The anatomy of the peripheral nerve
ECM is illustrated in Figure 1, which shows that the perineurium
surrounds groups of axons to form fascicles, and the epineurium
binds individual nerve fascicles into a nerve trunk. The internal
epineurium contains a complex microvascular network that plays
a vital role in nerve healing and repair after injury/damage.
The biomimetic design of the scaffold architecture is a critical
yet complex process requiring the appropriate selection and
control of multiple parameters, such as mechanical properties,
biodegradation, biocompatibility, pore architecture, porosity,
surface properties, and, more importantly, permeability (Singh
et al.,, 2018a; Gotti et al., 2020). Notably, the permeability of
scaffolds affects

differentiation, and proliferation and tissue regeneration after

porous substantially cell recruitment,
implantation, which determines the transport of oxygen/
nutrients and removal of metabolites (Santos et al., 2020). For
example, at a given cell seeding density, high permeability
scaffolds will enhance bone regeneration (Mitsak et al., 2011).
However, an overly high permeability might be a disadvantage
due to an excessive flow rate, which could cause cell washout,
thus resulting in a lower tissue growth rate. On the other hand, a
permeability lower than the desired value would lead to low
nutrient supply or even hypoxia to cells, thus hindering tissue
growth. Hence, there is always a range of desired permeabilities
as found in different tissues throughout the body (Gomez et al.,
2016; Chao et al,, 2021). Nevertheless, an optimal permeability of
peripheral nerve scaffolds for facilitating nerve regeneration has
remained largely unclear.

In a previous study, we proposed to implement an iodine
and freeze-drying enhanced microscopic computed
tomography (micro-CT) imaging technique that would
enable us to obtain the high-resolution microstructure of
the human peripheral nerve, which allowed us to construct
a baseline model for numerical characterization in silico here
(Yanetal., 2017a; Yan et al., 2019; Almeida and Bartolo, 2021).
The present study aims to investigate the key microstructural

characteristics and permeability of the human peripheral
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nerve eECM, in which the effects of porosity, tortuosity,
surface area-to-volume ratio (SAVR) and pore size on the
stiffness and permeability are explored using experimental and
numerical approaches. The contributions of this study are as
follows (Robinson, 2022): we first applied micro-CT to obtain
high-resolution/high-contrast images of human peripheral
nerve endoneurium extracellular matrix (eECM) (Tiwari
et al., 2022); A numerical model was constructed to
investigate the permeability of eECM (Wieringa et al,
2018);  We

understanding and insights into the design of scaffolds for

anticipate to provide a fundamental

regenerating peripheral nerves.

Materials and methods

Harvesting of human peripheral nerve
specimens

All human experiments were performed using the well-
established protocol approved by the institutional review boards
of the first Affiliated Hospital of Sun Yat-sen University, China in
accordance with the Declaration of Helsinki. In this study, we
adopted characteristic human nerves excised from the upper or
lower limbs of amputation patients at the first Affiliated Hospital of
Sun Yat-sen University. All donors provided specific consent for
the use of their donated tissues for teaching and scientific research
purposes. We selected three different proximal median nerve as the
microCT study. The remaining nerve specimens were used for
tensile test and others experiments.

Specimen preparation and protocol for
Micro-CT scanning

Micro-CT was used to acquire high-resolution images from
the preprocessed samples using the iodine and freeze-dry (IFD)
method described previously (Yan et al., 2017a; Yan et al., 2019).
Preprocessing steps are briefly summarized here for
completeness (Robinson, 2022). Fresh nerves were immersed
in 50% Lugol’s solution (Sigma-Aldrich, St. Louis, MO,
United States, 62,650-100 ML-F; 0.5%-1% potassium iodide
and 0.25%-0.5% iodine) for 3 days in a 50-ml centrifuge tube
and manually shocked as appropriate. (Tiwari et al., 2022). The
samples were placed into liquid nitrogen for 2 min and stored in a
drying machine (LABCONCO, FreeZone 6 Plus, United States)
for 7 days.

The micro-CT scanning protocol (u50, SCANCO Medical
AG, Bassersdorf, Zurich, Switzerland) was established as follows:
holder, 9 mm; energy/intensity, 55kVp, 72 uA, 4 W; filter,
0.l mm Al; BH, Plexi (PMMA); FOV/diameter, 10.2 mm;
integration time, 1,500 m s; average data, 3; voxel size, 3 pm;

and sample pixel, 3,400 x 3,400. Finally, we obtained at least
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FIGURE 1

250 sectional CT images for each sample. After micro-CT
scanning, we used the same samples to acquire scanning
electron microscopy (SEM) images. The samples were cut
transversely into 2-mm-thick sections with a razor blade.
After platinum coating, they were examined by SEM (FEI
QUANTA 200, Netherlands).

Masson'’s trichrome staining for
histological analysis

The human nerve samples (n = 3) were immersed in an

optimum cutting temperature compound (O.C.T. compound;
Sakura of America, Hayward, California, United States).
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Schematic of the anatomy of the peripheral nerve ECM system. The endoneurium is an anisotropic porous structure that provides nutriment
diffusivity longitudinally. The perineurium surrounds groups of axons to form fascicles, and the epineurium binds individual nerve fascicles into a
nerve trunk. The internal microvasculature runs longitudinally within the internal epineurium and connects with the external vasculature at various
points; thus, it plays a particularly vital role in nerve healing and repair after injury/damage.

11

Internal External
epineurium epineurium

Transverse sections were cut using a cryostat (CM3050s;
Leica, Wetzlar, Germany) to a thickness of 50 mm and
mounted on microscope slides. They were then subjected to
Masson trichrome staining and observed under a light
microscope. We collected four photographs from randomly
selected fields in each specimen and then measured the cross-
sectional area of the pore using Image-Pro Plus software (Media
Cybernetics, Bethesda, Maryland, United States).

Micro-CT image segmentation

Voxel-based models were processed using a commercial

software  package (ScanIP  2017; Simpleware, Exeter,
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United Kingdom). A sequence of 250 slices of non-smoothed
transverse-plane micro-CT images was imported into the
program in a computer [Intel(R) Core (TM) i7-4930K CPU @
3.40 GB memory]. The threshold for binarizing the images
(i.e., segmentation into pores and endoneurium tissue) was set
to the minimum value between the two peaks in the grayscale
histogram. Two steps are required prior to segmentation: the first
is image refinement, in which we used the ScanIP smoothing
module plus the mean filter algorithm to remove noise and
gradients; and the second is cropping to preserve only the region
of the data containing the endoneurium microstructure. Thus,
cubic shapes of 200 x 200 x 200 voxels for each sample were
generated. As a result, two hundred 2D images were obtained for
each region of interest (ROI). In the current study, at least three
ROIs at different locations of each individual sample were
modeled for characterization.

Reconstruction of the 3D microstructure

The acquired grayscale images were segmented into binary
images using a grayscale threshold, where the pixels with
grayscale values greater than the preselected threshold (denoted
as TV) were labeled as the endoneurium (solid phase), and the pixels
with grayscale values less than the TV were classified as background
(pore phase). Once this process was performed for each 2D image,
the endoneurium region and pore region were interconnected across
the third dimension to reconstruct the 3D models.

Selection of the representative volume
element

The RVE is commonly used to characterize the effective
properties of any porous material, which should be selected
appropriately to determine the effective behavior and ensure
efficient computational modeling.

Quantification of microstructural
parameters

The key microstructural parameters of the endoneurium,
such as the porosity, tortuosity, SAVR and pore size, were
quantified using the ScanIP 2017 measurement module.
Porosity was calculated as the fraction of pore phase volume
to the total volume. Tortuosity represents a geometric parameter
describing the extent of twisted interconnected paths through the
volume. In this study, the tortuosity of both the pore and
endoneurium phases was measured using a centerline module
based upon a computed path formed by centroids of each
interconnected region as the same phase on each image. We
used the shortest route module in ScanIP to measure the
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tortuosity in different directions. The SAVR measures the
relative of the endoneurium phase surface area to the total
volume. The pore size was obtained by applying an object
separation technique in the microstructures with a watershed
algorithm. After the pore/endoneurium phase was separated into
a group of individual particles/pores, the volume of each particle/
pore was converted to an equivalent spherical diameter (ESD) for
plotting particle/pore size distribution histograms (Gentile et al.,
2012).

Ex vivo experimental setup

Human fascicle samples (n=6) were carefully isolated
within 24 h after harvest from the donors and immersed in a
9% normal saline solution to prevent dehydration during
preparation. The diameters of the isolated fascicle samples
were measured before the test to calculate the cross-sectional
area, in which the average diameter was 2.02 + 0.78 mm. One
end of the sample was wrapped in sandpaper to prevent slippage
and mounted on an Instron machine (Instron 3343, INSTRON
COMPANY, United States) for the uniaxial tensile test. To
precondition the specimens, each specimen was suspended by
the top clamp and allowed to hang freely for 2 min. The fascicles
were considered under no external loads and fully relaxed, and
the length of the fascicles was measured and used as the gauge
length. The tensile test was then performed with a 10 mm/min
strain rate until complete rupture.

Microstructural finite element modeling

Microstructural ~ finite  element (u-FE) models of
endoneurium RVEs (n=3) were constructed and exported
using ScanlIP N-2018.03 (Simpleware, Exeter,

United Kingdom) based on the micro-CT data. The
endoneurium was segmented with a proper threshold to
ensure that the exported models had the same porosity as the
measurements from histological images. The u-FE models were
meshed in linear tetrahedral elements with an average degree of
freedom of 1,642,833 and then imported into ABAQUS 6.13
(SIMULIA, Providence, RI, United States), where each u-FE
model of RVEs was placed between the two parallel rigid
plates to replicate the tensile tests. One of the rigid plates was
fixed to the base, and the other plate was subjected to a load that
would generate stress equivalent to that induced by the
experimental load on the RVE surface.

Experimental loads beyond the toe region were randomly
chosen and converted to corresponding loads on the RVEs as
follows:

FitacroArvE )

F RVE =
AM acro
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where Fjaero and Fryp are the load on the endoneurium
(macrolevel) and the corresponding load on the RVE
(sublevel), respectively; and Apgqero and Agyg are the areas of
the endoneurium (macrolevel) and RVE (sublevel), respectively.

Characterization of the mechanical
properties of fascicles

A p-FE analysis was performed to inversely identify the optimal
set of material parameters with the best possible match to the
characteristics of the human fascicles. The four widely used
hyperelastic constitutive models for describing biological soft
tissues (Ogden, Yeoh, Marlow, and Mooney-Rivlin) were used
here to characterize the hyperelastic properties. To assess the
material properties of the p-FE models that provide the best fit
to the experimental data obtained from the uniaxial tensile tests, the
minimum mean square error based on the regression curves was
calculated. The third-order Yeoh’s model best fit the test data and
displayed the highest stability. Thus, the third-order Yeoh’s
hyperelastic model was adopted and carefully adjusted until the
resulting effective modulus of the bulk RVE in the z direction
(ie., the longitudinal direction of the nerve) matched the linear
phase of the obtained J-shaped stress-strain curve.

Then, the identified material properties were further adopted
to determine an effective modulus in the x and y directions
(transverse directions of the nerve). The effective modulus was
derived using the following equations (Entezari et al., 2019):

F, x1,
E,=——* 2
A 2)
F, x1
E =22y 3)
u, X Ay,
_ F, x1, @)
U x Ay

where E, F and [ denote the effective young’s modulus, the
applied force and the initial length of the sample in the direction
of the corresponding force, respectively; A represents the area of
the loaded cross-section; u denotes the displacement; and
subscripts x, ¥, and z indicate the direction of the parameter.

Computational fluid dynamics analyses

The micro-CT-based models of endoneurium RVEs (n = 3)
with dimensions of 300 x 300 x 300 um were created in ScanIP.
Notably, the most critical step in creating the micro-CT-based CFD
models of fascicle tissue is to estimate a reasonable threshold range
for segmentation of the soft tissue. For this purpose, arbitrarily
segmented 2D images from each sample were compared with the
random images of histology to ensure that the surface area of the soft
tissue was the same in both the segmented and histological images.
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In the CFD simulation, the fluid was assumed to fully fill the
void space in the endoneurium RVEs; therefore, the inverse
model of each RVE was first generated in ScanIP to represent
the fluidic phase. Then, each RVE model was imported into the
Fluid Flow (Fluent) module in ANSYS Workbench 2019 for the
permeability analyses. A constant flow rate (Q) and zero static
pressure were applied for the inlet and the outlet, respectively.
Steady-state Navier-Stokes equations were implemented, and
no-slip conditions were considered for the walls of the RVE
models. The fluidic phase was considered to be water that was
incompressible and homogeneous with a density and dynamic
viscosity of 1,000 kg m™ and 1 Pa s x 10~ Pa s, respectively. The
resulting decrease in pressure (AP) through the fascicle RVEs was
used to calculate the effective permeability from Darcy’s law,
which is defined by the following equation:

e

T A AP (%)

where k denotes the effective permeability (m?), L is the thickness
(m) of RVE, A is the area of the RVE cross-section (m?), p is the
dynamic fluid viscosity (Pa. s), and AP is the pressure gradient
(Pa) in the fascicle RVE when fluid flows at a rate of Q (m?® s™")
through the endoneurium model. Since Darcy’s law is valid for
Reynolds numbers less than one, a small flow rate (Q) was
applied as the inlet boundary condition.

Permeability tests

The decellularized human nerve samples were bought from
Guangzhou Zhongda Medical Devices Company (Guangzhou,
Guangdong Province, China). The nerve fascicles were separated
under the microscope due to the experiment in this part. The
permeability of the fascicle samples was measured using the
falling head method (Zhang et al., 2019a). Using Darcy’s law, the
permeability of a sample can be derived. The initial heights L1 at
t0 and as the final height L2 at t1 were recorded in the tests. The
values of L1 and L2 remained the same in each test to simplify the
calculation. The hydraulic conductivity K of the sample was
calculated from the equation of Darcy’s law:

aH

K= aa - L"(%) ©

where a is the cross-sectional area of the standpipe, A is the cross-
sectional area of the sample, and H is the height of the sample.
The permeability k of the tested sample was calculated using

the following equation:
KA
k=— %
Pg

where A is the dynamic viscosity coefficient of water, p is the density
of water, and g is the acceleration of water due to gravity. The
parameters used in the permeability tests are summarized in Table 1.

frontiersin.org


https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2022.1029416

Yan et al.

TABLE 1 Parameters and their values used in the permeability tests.

Parameters

Average height of the sample (H)

Cross-section of the standpipe (a)

Cross-section of the sample (A)

Dynamic viscosity coefficient of water (u)

Density of water (p)
Gravity acceleration (g)
L1

L2

t

K

k [m?]

Sample 1

1.00 m x 10" m
2.16 m* x 10™* m?
2.74 m* x 10° m?
1.00 Pas x 107 Pass
1.00 kg/m® x 10° kg/m®
9.8 m/s

1.46 m

1.44 m

350 s

3.11 x 10~°

3.17 x 1072

Sample 2

1.00 m x 10" m
2.16 m* x 10™* m?
2.52 m* x 10° m?
1.00 Pas x 107 Pas
1.00 kg/m® x 10° kg/m®
9.8 m/s

1.46 m

144 m

1,196

9.89 x 10°°

1.01 x 107*2

10.3389/fbioe.2022.1029416

Sample 3

1.00 m x 107" m
2.16 m*> x 10* m?
2.37 m*> x 10° m?
1.00 Pa's x 107 Pa's
1.00 kg/m® x 10° kg/m’
9.8 m/s

1.46 m

144 m

532

2.36 x 10~

241 x 1072

K, hydraulic conductivity; k, permeability.
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MicroCT SEM

Human peripheral nerve Micro-CT images. Compared with SEM, micro-CT images can clearly distinguish the endoneurium microstructure.
The measurement area of the pore compared with SEM showed that micro-CT 2D images are authentic. (A) Micro-CT images of the nerves. (B)
Micro-CT images of the endoneurium. (C) SEM images. (D) Comparison of the pore areas. n = 10; the scale bars represent 1,000 pm and 50 pym.

Statistical analysis

All the experiments were performed in triplicate, with a
minimum sample size of n = 3. The results of the quantitative
experiments were expressed as the mean + standard deviation.
All analyses were carried out using GraphPad Prism 8 with 2-
tailed Student’s t-tests and one-way ANOVAs. A P value less
than 0.05 was considered statistically significant.

Results

Micro-CT imaging and 3D reconstruction
of the human peripheral nerve
endoneurium

We employed an iodine and freeze-drying method to preprocess
human peripheral nerve samples and obtain high-resolution micro-
CT images (Figure 2A); and the SEM images were also acquired for
comparison with the same sample (Figure 2C). We measured the
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area of the endoneurium by comparing the micro-CT scan with the
SEM image to confirm that the micro-CT scan generates a
sufficiently accurate image (Figure 2D). After the micro-CT scan,
some pixels were not captured in the images properly, thereby
highlighting the importance of the image threshold for the
subsequent segmentation step.

One of the most critical steps in creating micro-CT-based
models of nerve tissue for microscopic finite element analysis (.-
FEA) and microscopic computational fluid dynamics (u-CFD)
modeling is to estimate a reasonable threshold range for
segmentation of the eECM. For this purpose, arbitrarily
segmented 2D images from each sample were compared with
some random images of histology to ensure that the surface area
of the eECM was the same in both segmented and histological
images (Chen et al., 2015a). Here, we adopted the surface area
rate obtained from the peripheral nerve 2D histological images to
correct the segmentation of micro-CT images (Chen et al,
2015b).

We obtained a 2D histological image (Figure 3A) with a
surface area rate of 51.86 + 0.25% (Figure 3I). The binarized
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ShamTV-1 TV-2 TV-3 TV-4 TV-5 TV-6 TV-7

Representative TVs used to segment eECM micro-CT images. (A) Masson's trichrome staining and binary image obtained by applying a TV of (B)
25, (C) 26, (D) 27, (E) 28, (F) 29, (G) 30 and (H) 31. () Surface rate results. The red dotted line represents the pore of endoneurium. n = 3

endoneurium images are shown in Figures 3B-H. Using the
threshold value (TV) to segment endoneurium micro-CT
images, 200 x 200 -pixel eECM micro-CT images were used
to obtain a preliminarily defined range of TVs. A number of
grayscale values within a limited range close to 30 were selected
for segmentation, specifically, TV = 25, 26, 27, 28, 29, and 31, to
evaluate the sensitivity of the surface area rate with respect to
variation in the TV. The 2D micro-CT images of the surface area
rate after applying the aforementioned TVs are illustrated in
Figure 31, which shows a grayscale image from the stack and the
resulting binary images generated when different TVs were
applied for segmentation. The results indicate that the surface
area rate was closest to that of the histological image when the TV
was 30. To reduce the computational load, we used 3D porosity
to select the RVE of eECM samples.

Key parameters of the 3D endoneurium
extracellular matrix microstructure

The key 3D microstructural parameters, such as pore size,
eECM thickness, porosity, tortuosity and SAVR, were
calculated (n=3) and are summarized in Table 2. For
microstructural complexity, the tortuosity of the eECM and
the pore phase may not be the same. Tortuosity cannot be less
than 1, and microstructures with more twisted and complex
features result in a higher tortuosity value. In the current
study, the tortuosities of both the endoneurium tissue and the
pore space were quantified, and the results are presented in
Table 2; t both the tortuosities for endoneurium and pores are
smaller in the z direction than those in the other directions.
The tri-directional tortuosity of each group indicates that the
endoneurium microstructure has an anisotropic porous
structure. Therefore, tortuosity can also be determined
the that the
permeability in the entire media of the structural phase
(Chen et al., 2015a).

based on transport equation governs
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TABLE 2 3D microstructural parameters of endoneurium ECM.

3D microstructural parameters Values
Pore size 11.8 £ 2.8 um
Endoneurium thickness 11.4 £+ 3.1 ym
Porosity 355+ 1.7%
Tortuosity
Endoneurium-X 1.26 + 0.028
Endoneurium-Y 1.26 + 0.020
Endoneurium-Z 1.17 £+ 0.03
Pore-X 1.50 + 0.09
Pore-Y 1.44 + 0.06
Pore-Z 1.13 £ 0.04
SAVR 0.165 + 0.007 um™"

3D, three-dimensional; ECM, extracellular matrix; SAVR, surface area-to-volume ratio.

Tensile test

In the present experimental study, we investigated the stress-
strain characteristics of the human peripheral nerve fascicles
(n = 6). The tensile tests showed that the peripheral nerve was
easily extensible in the initial stage followed by stiffening, which
exhibited a typical J-shaped force-displacement curve similar to
those of other soft tissues (El-Bakary et al., 2019). The ultimate
loads were recorded from 3.39 to 35.93 N, depending on the
diameter of the samples, as shown in Table 3.

Figure 4 shows the stress-strain curve based on the average
data for the 6 samples tested, which all exhibited characteristic
J-shaped nonlinear behavior. The curve has a large initial toe
region, reaching a strain of approximately 13% under minimal
stress. Much of the strain within the toe region may be due to
relaxation of the slack fibrils within the fascicles. Notably, the
nerve strain induced by physiological motion varies with the
anatomical position of the nerves and the angle of joint flexion
but is generally within the toe region of the J curve (Kwan et al.,
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TABLE 3 Sample sizes and ultimate loads.

10.3389/fbice.2022.1029416

Sample ID Sample 1 Sample 2 Sample 3 Sample 4 Sample 5 Sample 6
Diameter [mm] 3.08 1.72 2.35 3.10 1.22 1.00
Ultimate Load (N) 28.97 7.44 29.59 35.93 6.85 3.39
A B
— Experimental data ~ " Yeoh Fitting = = Linear Fitting
(Aver.) (Hyperelastic fitting)
© Utimate Stress. i
% ?31  Resultantstrain energy density function ] 4
E 20 W= ZC,(.(I,—3)‘+Z%(] -
g 2 Material va;;; = %
L2 Parameter
2] €y 3.16e-3
o 9.79e3 Uttimate Strain
"1 52.61e3
e Dy 0 A
o] D2 0 7 Linear Materia] Property:
D; 3 , E=385MPa
00/
Strain

FIGURE 4

Tensile testing of human peripheral nerve fascicles. (A) Experimental setup. (B) Typical stress-strain curve obtained after tensile testing of the

peripheral nerve fascicles.

1992). A linear trend was identified in the stress-strain curve after
the toe region, where the slope steadily increased in the initial
stage and then remained constant with a young’s modulus of 38.5
MPa until the sample ruptured.

A linear regression analysis of the numerical simulation and
experimental test results showed an R? value greater than 0.83.
However, other scientific studies have reported that the elastic
modulus of intact human nerves is 8 — 16 MPa (Chiono and
Tonda-Turo, 2015). Our results differed from those of the
previous studies mainly because the area of the measured
sample was different.

FE simulation of Young's modulus

The u-FE simulation was performed in the linear phase of
the J curve because this region is where pathological stress/
strain and thresholds of damage and/or rupture of the nerve
are commonly considered. The resulting longitudinal (z
(E)
37.46 + 1.20 MPa, which was very close to the experimental
effective value of E in the linear phase (38.5 MPa). The
simulated effective E of the lateral directions (x and y
directions) were 21.69 + 1.22 MPa and 22.19 + 0.71 MPa,
respectively. According to the present results, human nerve

direction)  effective  young’s  modulus was

fascicles are transversely isotropic materials; and their
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principal direction is along the longitudinal direction,
which has higher mechanical properties than those in the
transverse directions. Figure 5 summarizes the simulation
results.

Computational fluid dynamic simulation
of permeability

Figures 6A-B shows the contour of fluidic pressure in an
eECM RVE subject to the mass flow rate of 8.75 x 107 (kg/s).
The decreases in the pressure of each RVE (n = 3) were used to
calculate the permeability of the eEECM according to Darcy’s law.
Table 4 summarizes the permeability of these three reconstructed
eECM specimens (RVE) calculated in the p-CFD analyses, with a
value of 3.10 + 1.91 x 10712 m”.

Permeability tests ex vitro

Permeability, a quantitative measure of cell and nutrient
migration through pore channels, has been considered a key
criterion for the design of porous scaffolds. Three decellularized
human nerve samples were used for the experimental tests, and
the results are summarized in Table 5. The average endoneurium
permeability value was 2.19 + 1.09 x 10712 m”.
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FIGURE 5
Computed elastic moduli in the three principal directions.

10.3389/fbice.2022.1029416

404

N w
S <

Effective moduli (MPa)
=

X Y 4
Anatomical direction

FIGURE 6

Pressure [Pa]

9.02e+00
l& 11e+00
7.21e+00
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Fluid flow simulation. (A) The eECM RVE considered in the CFD simulations is subject to a mass flow rate of Q. (B) The contour of the fluid

pressure in the eECM RVE is obtained from CFD simulations. n = 3.

Discussion

When provided with a suitable ECM microenvironment, the
peripheral nerve has an intrinsic capacity for functional recovery
over time (Du et al., 2018; Philips et al., 2018). ECM functions
both as a material for supporting the microstructure and as a
regulator of cell differentiation, signal transduction, proliferation,
morphogenesis, and remodeling in the host (Gilbert et al., 2006).
Autografts provide a suitable ECM microenvironment, which
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TABLE 4 The permeability of the endoneurium ECM RVEs computed
using CFD simulations.

Permeability, k [m?]

Sample 1 SD

Sample 2 Sample 3  Average

329 x 107" 2.84 x 1072 3.18 x 107"* 3.10 x 107" 191 x 107"

ECM, extracellular matrix; RVEs, Representative Volume Elements; CFD,
computational fluid dynamic; k, permeability.
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TABLE 5 Parameters and their values used in the permeability tests of the three groups.

Parameter Sample 1

Average height of the sample (H) 1.00m x 102 m
Cross-section of the standpipe (a) 3.58 m* x 107 m?
Cross-section of the sample (A) 1.42 m? x 10~ m?
Dynamic viscosity coefficient of water (u) 1.00 Pa's x 107* Pas

Density of water (p)

Gravity acceleration (g) 9.8 m/s
L1 0.45 m
L2 0.425 m
t
#1 950 S
#2 890 S
#3 520 S
K
#1 1.51 x 107*
#2 1.61 x 10°*
#3 277 x 107"
k [m?]
#1 1.55 m* x 10-'"' m?
#2 1.65 m* x 107" m*
#3 283 m* x 107" m?

1.00 kg/m® x 10° kg/m’

Sample 2 Sample 3

8.00 m x 10° m 1.00 m x 10 m

3.58 m? x 10° m? 3.58 m” x 10~ m?
1.24 m* x 107° m? 5.20 m* x 10~ m?
1.00 Pa's x 107 Pass 1.00 Pas x 107 Pass

1.00 kg/m® x 10° kg/m*® 1.00 kg/m® x 10° kg/m®

9.8 m/s 9.8 m/s
0.45 m 0.45 m
0.425 m 0.425 m
1440 S 5400 S
1540 S 4460 S
2130 S 5480 S
9.17 x 107° 7.29 x 10°°
8.57 x 107° 823 x 10°°
6.20 x 10~° 7.18 x 10°°

9.35 m* x 107* m? 7.44 m? x 107 m?

8.75 m* x 107> m? 9.09 m? x 107> m?

6.32 m*> x 107> m? 7.33 m? x 107> m*

K, hydraulic conductivity; k, permeability.

currently remain the clinical gold standard for repairing nerve
defects (He et al., 2015). Their success has been attributed to the
presence of an intact ECM microarchitecture and viable SCs,
which concomitantly provide ideal support for orientated axon
regeneration (Singh et al., 2018b). However, nerve autografting
has inherent flaws: specifically, a secondary surgery at the donor
site is required, dysfunction of distal organ may occur in the
donor nerve, and the length and/or diameter of the autologous
nerve may be insufficient for effective reconstruction (Kehoe
et al,, 2012). Another major shortcoming of autografts is the
microstructural mismatch of nerves from different anatomic
sites, which may lead to inappropriate and incomplete
reinnervation and subsequently poor functional recovery (Bain
et al., 1989). In previous animal experiments, we varied the
fascicle spatial position to explore the effect of precise fascicle
matching on the effectiveness of nerve function recovery and
found that a microstructural mismatch causes poor functional
recovery (Yan et al., 2017b).

Compared with autografts, decellularized allografts well
confirm the role of ECM microarchitecture in nerve
regeneration (Zaminy et al., 2021). In this approach, cells are
removed from the decellularized allograft but the 3D
microstructure and composition of the ECM are preserved
(Sondell et al., 1998). The preserved ECM components create
a milieu similar to peripheral nerve tissue for schwann cell
adhesion and proliferation (Su et al, 2022). Some studies
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show that removing the factors inhibiting axonal growth from
ECM will enhance the effect of acellular nerve allograft (ANA)
(Lietal., 2022). Our team developed a ANA product approved by
the Food and Drug Administration (CFDA)
(Guangzhou Zhongda Medical Devices Company, Guangzhou,
Guangdong Province, China; Approval No. (2012) 3460641), and
it has been used in clinical repair over the years. The treatments

Chinese

show that ANA facilitate safe and effective reconstruction of
distal nerve defects with a length of 10-60 mm in human patients
(Zhu et al., 2017). In the literature, another study used allografts
to repair nerve defects with gaps of 30-70 mm in the clinic (Safa
and Buncke, 2016). Despite these clinical successes, the reason for
the limited effectiveness of ANAs in repairing proximal mixed
nerve defects remains largely unknown (Thomson et al.,, 2022).

ANA’s materials are mainly from cadavers, which limits its
widespread application (Jiang et al., 2022). When ANA is used to
repair long or large nerve defects, neural cell necrosis may occur
due to insufficient early vascularization, especially when the graft
is too thick and revascularization does not reach the center of the
graft (Ray and Mackinnon, 2010). Consistent with the results of
clinical and fundamental experimental studies, we speculate that
ANAs do not form an optimal microenvironment for
regeneration (Thomson et al, 2022). The bionic scaffold not
only requires sufficient ECM components, but also provide
topological guidance by mimicry of microstructure of natural
eECM (Rao et al., 2021; Tiwari et al., 2022). The biomechanical
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properties, such as stiffness and permeability, can be modulated
during the design and fabrication of NGCs to replicate the
physical cues and structural characteristics of natural ECM
(Wegst et al., 2015; Yang et al., 2021).

Importantly, natural biomaterials are commonly arranged in
rather sophisticated hierarchical architectures, and their components
exhibit extraordinary biomechanical characteristics. In the literature,
three factors were found to be critical for the development of new
scaffolds:
biomechanical properties (Sun et al., 2020). As exemplified by the

chemical ~ composition, nano/microstructure and
development of peripheral nerve repair grafts, the first step is to
analyze the microstructural characteristics of the eECM. Studies show
that stiffness mediates peripheral nerve regeneration through YAP/
TAZ regulation of SCs phenotype (Xu et al,, 2021). The permeability
of scaffold affects the nutrient mass transport, cellular infiltration
(such as, macrophage, Schwann cell, fibroblast, endothelial cells), and
axonal outgrowth (Varley et al,, 2016; Zhang et al.,, 2019b). Therefore,
the stiffness and permeability of the scaffold is a crucial factor for
nerve regeneration in early stages.

In the current study, we used micro-CT to acquire high-
resolution and high-contrast images of the microstructures of the
peripheral nerve eECM (Figure 2). The micro-CT measured area
of the endoneurium was larger than that measured from the SEM
image, possibly because the micro-CT images lost part of the
endoneurium edge as a result of the threshold setting. To the best
of the authors’ knowledge, we are the first to obtain detailed
images of the human nerve eECM structure. We also obtained
the young’s modulus of human peripheral nerve, which is about
38.5 MPa. Compared with other studies, the nerve tissue
obtained is relatively soft, which may be due to the relatively
long time in vitro (Figure 5) (Zhang et al., 2019b; Bartlett et al.,
2020). Permeability is widely used to characterize scaffolds for
Tissue Engineering (TE) applications as it gives information
about the structure porosity, pore size, tortuosity and pore
interconnectivity which have an important impact in cell
seeding and proliferation (Santos et al., 2020). In this study,
we also quantified the porosity, pore size, tortuosity of eECM
(Table 2). After reconstruction, the permeability of the three-
dimensional microstructure of the nerve eECM analyzed by pu-
CFD was 3.10 £ 1.91 x 107" m?>. The permeability of the
fascicles was 2.19 + 1.09 x 10712 m?, reflecting the reasonable
accuracy of the image-based u-CFD model.

The limitations of this study mainly include (Robinson, 2022):
this study only analyzed the mixed nerves, lacking the analysis of
sensory nerves and motor nerves, and the control group (Tiwari
et al., 2022); Peripheral nerve has viscoelasticity, and only tensile test
cannot accurately reflect its biomechanical characteristics. It is better
to use dynamic mechanical analysis for measurement (Wieringa
et al,, 2018); This study did not verify that bionic permeability is
conducive to nerve regeneration in vivo and in vitro (Li et al., 2021);
The data obtained in this experiment are difficult to construct
biomimetic scaffolds on the current biological manufacturing
technology, and only stay in the theoretical design.
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In summary, to the best of the authors’ knowledge, this study
is the first of its kind to use micro-CT to obtain high-resolution
and high-contrast images of the peripheral nerve eECM, thus
enabling the reconstruction of realistic 3D p-FEA and p-CFD
models for characterizing young’s modulus and permeability
through correlations with the experimental results from
natural human nerve eECM structures. Analysis of the
microstructure and biomechanical characteristics of peripheral
nerve eECM would extend the current biomechanical knowledge
of nerves. This study is anticipated to provide a fundamental
basis for the optimal design of peripheral nerve grafts and/or
scaffolds and potentially impacting the regenerative medicine.
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pose estimation

Fanbin Gu¥, Jingyuan Fan'!, Chengfeng Cai?,
Zhaoyang Wang?, Xiaolin Liu'*4, Jiantao Yang!*** and
Qingtang Zhu®***

!Department of Microsurgery, Orthopedic Trauma and Hand Surgery, The First Affiliated Hospital,
Sun Yat-sen University, Guangzhou, China, 2Department of Hand and Foot Rehabilitation,
Guangdong Provincial Work Injury Rehabilitation Hospital, Guangzhou, China, *Guangdong
Provincial Engineering Laboratory for Soft Tissue Biofabrication, Guangzhou, China, *Guangdong
Provincial Key Laboratory for Orthopedics and Traumatology, Guangzhou, China

Background: Radial, ulnar, or median nerve injuries are common peripheral
nerve injuries. They usually present specific abnormal signs on the hands
as evidence for hand surgeons to diagnose. However, without specialized
knowledge, it is difficult for primary healthcare providers to recognize the
clinical meaning and the potential nerve injuries through the abnormalities,
often leading to misdiagnosis. Developing technologies for automatically
detecting abnormal hand gestures would assist general medical service
practitioners with an early diagnosis and treatment.

Methods: Based on expert experience, we selected three hand gestures with
predetermined features and rules as three independent binary classification
tasks for abnormal gesture detection. Images from patients with unilateral
radial, ulnar, or median nerve injuries and healthy volunteers were obtained
using a smartphone. The landmark coordinates were extracted using
Google MediaPipe Hands to calculate the features. The receiver operating
characteristic curve was employed for feature selection. We compared the
performance of rule-based models with logistic regression, support vector
machine and of random forest machine learning models by evaluating the
accuracy, sensitivity, and specificity.

Results: The study included 1,344 images, twenty-two patients, and thirty-
four volunteers. In rule-based models, eight features were finally selected. The
accuracy, sensitivity, and specificity were (1) 98.2, 91.7, and 99.0% for radial
nerve injury detection; (2) 97.3, 83.3, and 99.0% for ulnar nerve injury detection;
and (3) 96.4, 87.5, and 97.1% for median nerve injury detection, respectively. All
machine learning models had accuracy above 95% and sensitivity ranging from
37.5 to 100%.

Conclusion: Our study provides a helpful tool for detecting abnormal gestures
in radial, ulnar, or median nerve injuries with satisfying accuracy, sensitivity, and
specificity. It confirms that hand pose estimation could automatically analyze
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and detect the abnormalities from images of these patients. It has the potential
to be a simple and convenient screening method for primary healthcare and
telemedicine application.

peripheral nerve injury, hand pose estimation, hand gesture, abnormal gesture
detection, expert system, machine learning

Introduction

Peripheral nerve injury (PNI) is devastating and frequently
results in life-long disability, severely decreasing patients’ quality
of life. It affects more than one million people worldwide,
with an incidence of ~13-23 per 100,000 persons per year
(1, 2). Among PNIs of the upper limb, radial, ulnar, and
median nerve injuries are common, causing sensory and motor
dysfunction in the control area of the damaged nerves. In
medical practice, early detection of nerve injury may prevent
patients from delayed diagnoses, delayed repairs, and potentially
worse outcomes. However, the anatomical complexity of the
hand may bring difficulties in examination and diagnosis (3).
According to a large German database of hand and forearm
injuries, nerve injuries were among the most commonly missed
injuries, accounting for 24.8% of missed hand injuries (4). The
misdiagnosis rate would be considerably higher in areas with
insufficient specialized services. In China, for example, there
have been reports that most treated patients with missed nerve
injuries were from primary healthcare hospitals (5, 6).

The clinical diagnosis of nerve injury depends on
clinical history, clinical symptoms, and physical and
neurological examinations (7, 8). Among the examinations,
electromyography (EMG), nerve conduction studies (NCS),
MRI,

successfully used as diagnostic methods for PNI (9-11).

and high-resolution ultrasonography have been
However, these examinations are expensive, invasive, and rely
on specialized equipment and professional operators, restricting
their application in primary assessment. Given these problems,
there is a need for an affordable, non-invasive, and accessible
method to detect possible nerve injuries for initial evaluation of
the hand, significantly helping clinicians who are not specialized
in hand surgery and benefiting patients in remote or rural
areas. Some abnormal signs or deformities of the hand may
indicate the nerve injuries, such as the limited extension of
the wrist and digits for radial nerve injury, the claw hand
deformity and the Wartenberg sign for ulnar nerve injury, and
the ape hand deformity for median nerve injury. These clinical
experiences have been well-acknowledged in hand surgery,
where nerve injuries can lead to various morphological changes
based on the different innervation of the hand (12, 13). So
far, deformity of digit(s)” joint(s) has been used to describe
specific nerve injury as supporting evidence (14-16). This
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unique connection between abnormalities and nerve injury was
determined by the independent anatomical nerve innervation
to the muscle. Additionally, it is possible to observe these
abnormalities through several gestures. Therefore, detecting
abnormal gestures can be a simple method for predicting hand
nerve injuries.

With the advancement in computer vision, hand pose
estimation is possible using automatic analysis techniques
for detecting the hand and predicting the articulated joint
locations from images or videos (17, 18). Hand pose estimation
is crucial and popular in achieving several tasks, such as
gesture recognition (19), action recognition (20), and sign
language recognition (21), in general populations. There has
been an increasing interest in hand pose estimation techniques
for medical research and application, such as investigating
automatic assessment of hand rehabilitation (22) and using
3D cameras for the classification of Parkinson’s disease (23).
These techniques seem to help extract the features of the
hand. Among them, MediaPipe Hands is a deep-learning-
based hand-tracking solution provided by Google. It does not
require specialized hardware and is adequately light to run in
real-time on mobile devices; it can also predict 21 landmarks
of a hand from a single RGB camera with high prediction
quality (24). MediaPipe Hands are popular in human-computer
interaction systems and applications of virtual and augmented
reality (21, 24, 25). However, it remains unknown whether
MediaPipe Hands could detect the abnormalities in patients with
nerve injuries, distinguish normal and abnormal gestures in the
medical application, and further predict possible injuries based
on rule-based methods.

The purpose of the present study was to propose an
automatic method for abnormal hand gesture detection caused
by radial, ulnar, or median nerve injury. We hypothesize that
hand pose estimation could provide specific features to classify
the presence of nerve injury and predict the exact type of injury.

Materials and methods

Participants recruitment

The experimental procedure of this study is illustrated
in Figure 1. From June 2021 to October 2022, we recruited
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preoperative patients with unilateral radial, ulnar, or median
nerve injuries who were scheduled to undergo surgery in our
department. The diagnosis was made after a comprehensive
evaluation of the related history, the observation of typical
abnormal gestures, and EMG or ultrasound examination, which
was further confirmed in the surgical exploration. Patients with
any musculoskeletal disease (such as tendon rupture or arthritis)
and neurological diseases (such as stroke and traumatic brain
injury) that would influence the movement of the hands (not
including the wrist joint) and those who refused to participate
were excluded. A group of healthy volunteers were also invited
during this period. The inclusion criteria for the volunteers were
the absence of symptoms such as clumsiness or numbness of
hands and no abnormal findings in the physical examination
that indicated nerve injuries. All participants understood the
study’s protocol and cooperated in taking the images. Verbal
consent was obtained for the usage of their images for research
purposes. This study was approved by the institutional review
board of the First Affiliated Hospital of Sun Yat-sen University
(ID: [2021]387).

Design of gestures

Based on the expert experience mentioned above (12, 13), we
chose three gestures (Figure 2) to detect abnormalities caused
by radial, ulnar, or median nerve injuries as three binary
classification tasks. The normal and the expected abnormal
gestures were demonstrated as follows:

e Gesture 1 was used to detect radial nerve injuries.
Participants were requested to make a maximum abduction
of digits to the medial and lateral sides with full extension.
Patients with radial nerve injury would have impaired
functions of the musculus abductor pollicis longus, the
musculus extensor pollicis longus, the musculus extensor
pollicis brevis, and the musculus extensor digitorum. The
patients were expected to have difficulties extending all
metacarpophalangeal (MCP) joints.

e Gesture 2 was used to detect ulnar nerve injuries.
Participants were requested to make adduction of digits
in full extension toward the middle finger. Patients with
ulnar nerve injury would have impaired the function
of the musculus lumbricales 3 and 4 and the musculus
interosseous palmaris. This would lead to flexed proximal
interphalangeal (PIP) joints and distal interphalangeal
(DIP) joints of the ring and little fingers (the claw
hand deformity) and limited adduction of the ring and
particularly the little fingers (the Wartenberg sign).

e Gesture 3 was used to detect median nerve injuries.
Participants were requested to perform a tip-to-tip pinch
between the thumb and the index finger, i.e.,, to form an
“OK” gesture. Patients with median nerve injury would
have impaired functions of the musculus opponens pollicis,
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the musculus flexor pollicis brevis, and the musculus
lumbricales 1 and 2. When performing this gesture, the
decreased range of palmar abduction of the thumb would
occur, and it could have trouble flexing the thumb and
index finger, even a failure to make contact with the tips
of the two digits.

Experimental setup

Before taking images, all participants washed and cleaned
their hands. Jewelry, watches, and clothing on the wrist or hand
were removed. Then, the hand was placed on the test table with
the forearm kept in a supination position. Participants would
first perform Gesture 1 for radial nerve classification. Injured
hands with radial nerve injury were put in the target group;
injured hands with ulnar or median nerve injury and hands
without nerve injury were put in the non-target group. Then,
stratified random sampling was used between the target and
non-target groups to form the training and testing sets. The ratio
of training to testing sets was ~3:1. Next, Gesture 2 and Gesture
3 were performed in the same way to separate respective training
and testing sets.

Each gesture was requested to be performed four times with
a rest interval of ~10's to obtain more available data. For every
gesture of a hand, four images were obtained. The images were
taken 40-50 cm above the hand between a slightly radial view
and a slightly ulnar view using a smartphone (iPhone XS Max,
Apple Inc., image resolution: 1,980%1,080 p) to make them more
different. If the forearm had limited supination, images would be
taken from the exact distance parallel to the palm.

Data processing

All images were analyzed using MediaPipe Hands solution
(Version 0.8.9) with Python (Version 3.8). MediaPipe Hands
would first detect and locate the hand through a palm detector
algorithm. If the hand was successfully located in the image,
then the coordinates of the landmarks could be obtained by its
landmark model (24) (Figure 3). If the algorithm did not detect
the hand, the image could not be recognized and was excluded
from further analysis. After receiving the coordinates, features
could be automatically calculated using the following equations:

0 =cos”! Sl (1)
5] 5] \321
A= -2+ -p)l+@ -2
d = doriginal 3)
Astandard

where
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FIGURE 1
Diagram of the experimental procedure.

oS

Equation (1) calculates the targeted angle 0, where §; and
Sy represent the vectors of the related phalanges (26);

Equation (2) calculates the targeted distance d, where
X1, y1» 21 and x3, y2, 2zp represent the coordinates of the
related landmarks;

Equation (3) standardizes any distance values d by dividing
its original distance dyjgiy, by the distance between the
landmarks of the tip and IP joints of the thumb dg,,,74,4-

Feature selection and model
establishment

Since the radial, ulnar, and median nerves have independent
innervations to the muscle (mentioned in the “Design of
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gestures” section), medical knowledge and expert experience can
provide a series of primary and anatomical-based features. For
example, the ulnar nerve is related to the movement of the ring
and little fingers, so the features of these two fingers are much
more important than the other digits, and irrelevant features
could be ignored. In this consideration, we predetermined 23
features with our experience, including joints” angles, key point’s
distance, and their combinations (Table 1), for feature selection
and model establishment.

In the study, two different methods for model establishment
were compared. One was the rule-based method, which means
that the model was built under a manually designed feature
selection and decision-making processes based on knowledge
and experience. The other was the machine learning (ML)
method, which means that the whole process was learned from
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Gesture 1

abnormal

FIGURE 2
Samples of normal and abnormal gestures.

Gesture 2

Gesture 3

the data. The logistic regression (LR) model, the support vector
machine (SVM) model, and the random forest (RF) model were
chosen for the ML method. For each gesture, one rule-based
model and three ML models were established.

In the rule-based method, feature selection for the
predetermined features was analyzed using the receiver
operating characteristic (ROC) curve, a standard method to
assess the performance of binary classification models (27, 28).
The classification efficacy of features could be assessed by
calculating the area under the curve (AUC), which was thought
to be poor (<0.6), fair (0.6-0.7), good (0.7-0.8), very good
(0.8-0.9), or excellent (>0.90) (29). We calculated the AUC of
predetermined features using the training sets, filtered features
with an AUC below 0.8, and selected at least two features in
each gesture classification model as the classifiers. Next, we
determined the threshold value of each classifier according to
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ROC curves. Finally, all classifiers were ensembled according to
the rules of the model: if every classifier was below the threshold,
the gesture was predicted as normal and regarded as uninjured;
otherwise, the gesture was predicted as abnormal and regarded
as injured.

In the ML models, all predetermined features were taken,
standardized, and trained in the training sets using scikit-
learn python application program interface (API) (https://
scikit-learn.org.cn/). Grid search with 5-fold cross-validation
was performed to find the best hyperparameters, enhancing
the efficacy of the ML models. The feature selection of ML
models was “embedded” and completed in the training process.
We used “coef ” API in the LR and SVM models and
“feature_importances_” API in the RF model to evaluate the
importance of features and compare the results of feature
selection between rule-based and machine learning methods.
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FIGURE 3
The 21 landmarks of the skeleton model of MediaPipe Hands.
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19
20

Little_DIP
Little TIP

Performance analysis

The performance of the rule-based model and the LR,
SVM, and RF models was evaluated using the testing sets for
accuracy, sensitivity, and specificity. The confusion matrixes
were used to visualize the agreement between the prediction and
the actual label. The indices used in this study were calculated

as follows:
TP + TN
accuracy = x 100%
TP + FP + TN + FN
. TP
sensitivity = ———— x 100%
TP + FN
ificit N 100%
specificity = ———— X
Peclelly = Ep TN ’
where

TP represents the number of abnormal gestures correctly
predicted as abnormal,

FP represents the number of normal gestures wrongly
predicted as abnormal,

FN represents the number of abnormal gestures wrongly
predicted as normal,

TN represents the number of normal gestures correctly
predicted as normal.
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Statistical analysis

For predetermined features, the mean values in all target and
non-target groups were presented as mean =+ standard deviation
(SD) with a 95% confidence interval (CI). An independent t-
test was used to analyze the difference between the target and
non-target groups. Subgroup analysis was also performed for
features in each rule-based model with an independent ¢-test.
A P-value of <0.05 was considered statistically significant. The
statistical analysis was performed using IBM SPSS version 25
(IBM, Armonk, NY, USA).

Results

The study included twenty-two patients and thirty-four
healthy volunteers who met the inclusion and exclusion criteria.
The demographic of the participants is summarized in Table 2,
where the mean ages of patients and volunteers were 33.04
=+ 12.00 and 34.67 £ 13.84, respectively. Detailed information
on patients is shown in Table 3. Among the patients, ten were
diagnosed with radial nerve injury, five with ulnar nerve injury,
one with median nerve injury, and six with combined ulnar and
median nerve injuries. We obtained 1,344 images in total, with
448 images in each gesture classification task. MediaPipe Hands
failed to recognize four images, and the overall recognition rate
was 99.7%. All non-recognized images belonged to the training
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TABLE 1 Description and statistical analysis of the predetermined features.
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No. Feature name Description Group Mean SD 95% CI p AUC

Gesture 1

01 ag_thumb_MCP Angle of thumb MCP joint Non-target 5.49 3.59 (5.083, 5.889) 0.00 0.95
Target 21.36 7.27 (18.540, 24.181)

02 ag_index_MCP Angle of index MCP joint Non-target 8.46 3.30 (8.090, 8.831) 0.00 0.85
Target 19.02 9.95 (15.163, 22.876)

03 ag_middle_ MCP Angle of middle MCP joint Non-target 4.87 2.39 (4.606, 5.142) 0.00 0.89
Target 17.44 11.74 (12.884, 21.987)

04 ag_ring_MCP Angle of ring MCP joint Non-target 6.99 3.14 (6.639,7.343) 0.00 0.85
Target 19.80 11.87 (15.203, 24.407)

05 ag_little_MCP Angle of little MCP joint Non-target 13.75 6.37 (13.038, 14.466) 0.00 0.68
Target 24.73 16.13 (18.479, 30.989)

Gesture 2

06 ag_ring_PIP Angle of ring PIP joint Non-target 6.75 7.08 (5.950, 7.548) 0.00 0.68
Target 13.81 12.95 (9.145, 18.482)

07 ag ring DIP Angle of ring DIP joint Non-target 4.74 6.28 (4.030, 5.447) 0.00 0.68
Target 13.05 15.13 (7.596, 18.507)

08 ag ring Sum of feature 06 and 07 Non-target 11.49 1251 (10.076, 12.899) 0.00 0.67
Target 26.87 27.13 (17.084, 36.646)

09 ag_little_PIP Angle of little PIP joint Non-target 7.02 4.48 (6.511,7.523) 0.00 0.66
Target 12.46 9.35 (9.086, 15.828)

10 ag_little_DIP Angle of little DIP joint Non-target 5.85 5.72 (5.208, 6.498) 0.00 0.71
Target 13.70 12.43 (9.218, 18.184)

11 ag_little Sum of feature 09 and 10 Non-target 12.87 9.57 (11.790, 13.950) 0.00 0.66
Target 26.16 21.39 (18.445, 33.871)

12 web3 Angle of the third webspace Non-Target 1.58 1.00 (1.462, 1.688) 0.00 0.99
Target 6.50 1.83 (5.837,7.158)

13 web4 Angle of the fourth webspace Non-target 1.75 1.51 (1.583,1.924) 0.00 0.89
Target 8.33 5.27 (6.433,10.234)

Gesture 3

14 ag_thumb_CMC* Angle of thumb CMC joint Non-target —28.16 6.62 (—28.902, —27.427) 0.19 0.59
Target —30.16 5.61 (—32.785, —27.534)

15 ag thumb_MCP* Angle of thumb MCP joint Non-target —24.10 9.88 (—25.198, —22.997) 0.01 0.65
Target —30.61 12.01 (—36.229, —24.991)

16 ag thumb_IP* Angle of thumb IP joint Non-target —42.20 19.62 (—44.39, —40.019) 0.72 0.49
Target —39.89 28.04 (—53.009, —26.765)

17 ag_thumb* Sum of feature 14, 15, and 16 Non-target —94.47 19.51 (—96.64, —92.293) 0.38 0.61
Target —100.66 30.51 (—114.934, —86.378)

18 ag_index_MCP* Angle of index MCP joint Non-target —32.72 5.41 (—33.327, —32.122) 0.03 0.39
Target —29.91 6.87 (—33.129, —26.694)

19 ag_index_PIP* Angle of index PIP joint Non-target —70.28 18.33 (—72.319, —68.237) 0.02 0.33
Target —55.08 25.78 (—67.146, —43.018)

20 ag_index_DIP* Angle of thumb DIP joint Non-target —36.99 13.85 (—38.531, —35.445) 0.62 0.54
Target —40.21 28.77 (—53.675, —26.748)

21 ag_index* Sum of feature 18, 19, and 20 Non-target —139.99 19.53 (—142.166, —137.815) 0.20 0.60
Target —125.21 49.30 (—148.279, —102.131)

22 ag_palmab* Angle of thumb palmar abdution Non-target —19.95 8.34 (—20.881, —19.023) 0.00 0.87
Target —9.30 443 (—11.379, —7.231)

23 dis_tip Distance of thumb tip to index tip Non-target 0.72 0.28 (0.693, 0.756) 0.02 0.66
Target 119 0.81 (0.813, 1.575)

SD, standard deviation; CI, confidence interval; AUC, area under the curve. The unit for all angle features was degree. Feature 23 was a standardized value with no unit. Features after

selection in the rule-based models were presented in bold.

*Represents a negative value that was taken for this feature to adapt the classification rules.
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set of Gesture 3. In total, three rule-based models and nine ML
models were established.

The statistical analysis of the predetermined features is
shown in Table 1. In the independent ¢-test, all 23 predetermined
features significantly differed between target and non-target
groups, except 5 in Gesture 3. In the rule-based methods, eight
features were selected after feature selection. In the subgroup
analysis (shown in Figure 4), most selected features showed
no significant difference in the non-target groups, except the
angle of the third webspace and the tip distance between the
thumb and the index finger. When compared with the ML
method, selected features in the rule-based method also showed
higher weight or importance in the ML models. For example,
in Gesture 2, the angles of the third and fourth webspaces were
selected in the rule-based model and were the only features in
the logistic regression model. The hyperparameters, coefficients,

TABLE 2 Demographics of the participants.

Patients (N =22) Volunteers (N = 34)

Age (year) 33.04 £ 12.00 34.67 £13.84
Gender (male) 21 (95.5%) 17 (50%)
Dominate hand (right) 22 (100%) 34 (100%)

TABLE 3 Characteristics of the patients.

10.3389/fneur.2022.1052505

and feature importance of all ML models are summarized in
Supplemental material 1.

The performance of all models is shown in Table 4,
Figure 5. The accuracy, sensitivity, and specificity of rule-
based models were (1) 98.2, 91.7, and 99.0% for radial
nerve injury detection; (2) 97.3, 83.3% and 99.0% for ulnar
nerve injury detection; and (3) 96.4, 87.5, and 97.1% for
median nerve injury detection, respectively. In the ML models,
radial nerve injury classification achieved the best performance
with 100% accuracy. In all classification tasks, the rule-based
method maintained sensitivity above 80%. In comparison, lower
sensitivity appears in median nerve injury classification, with
62.5% in the SVM and RF models and only 37.5% in the
RL model.

Discussion

An abnormal gesture can be recognized by well-trained
hand surgeons and indicates the presence of radial, ulnar, or
median nerve injury before the diagnostic examination. In
line with this diagnosis, we designed an automatic detection
procedure for abnormal gestures enabled by an advanced hand
pose estimation algorithm and rule-based models. According
to the result, several features help detect the abnormalities

No. Gender Age Injured side Radial nerve injury Ulnar nerve injury Median nerve injury
P1 Men 67 Right N N
P2 Men 27 Left Vv N
P3 Men 36 Left v

P4 Women 27 Left i

P5 Men 36 Right v

P6 Men 37 Right N

P7 Men 31 Left N

P8 Men 29 Right Vv

P9 Men 58 Right v

P10 Men 26 Left J

P11 Men 19 Right Vv N
P12 Men 21 Right N

P13 Men 26 Right N
P14 Men 21 Left v

P15 Men 32 Left v

P16 Men 35 Left v

P17 Men 36 Right J

P18 Men 27 Left 4 N
P19 Men 17 Right 4 N
P20 Men 32 Left v

P21 Men 46 Left N v
P22 Men 41 Right N
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FIGURE 4
The subgroup analysis of features after selection. *Represents a significant difference among the hands with non-injury, untargeted injury, or
targeted injury of all selected features (P < 0.05, independent t-test).

from images to predict the type of nerve injuries. Nevertheless,
our study is not intended to replace the role of clinicians or
create a diagnostic method. We aimed to provide a simple,
effective, and convenient way to alert the possible nerve injuries
for unspecialized healthcare providers based on anatomical
knowledge and clinical experience.

In this study, MediaPipe Hands, one of the novel pose
estimation techniques, has been used as an automatic feature
extraction method for classification tasks. We observed that
the calculated angles from the landmark coordinates were
not precisely in agreement with the manual assessment. For
example, in the non-target groups of Gesture 1 and Gesture
2, all MCP joints and the PIP and DIP joints of the ring
and the little fingers were higher than 5°. The mean value
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of the little MCP joint even reached 13.75°. When the digits
are completely extended, these values are expected to be
near 0° for people without nerve injury. There are several
possible reasons to explain the differences. First, the pose
estimation predicts the spatial coordinates of the landmark,
yet manual goniometry usually measures the landmark on the
surface of the hand. Second, the landmarks are not precisely
the same, for there are no landmarks at the base of the
metacarpals but only a single wrist landmark in MediaPipe
skeleton models (24, 30), which may lead to noticeable
differences in measuring the angles of MCP joints. In similar
studies, a portable infrared camera called Leap Motion has
been reported in functional assessments of hand rehabilitation
(22). Researchers also found that the measurement result of
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TABLE 4 Performance of all classification models.

Rules based Logistic regression SVM Random forest
Gesture 1
Accuracy 98.21% 100.00% 100.00% 100.00%
Sensitivity 91.67% 100.00% 100.00% 100.00%
Specificity 99.00% 100.00% 100.00% 100.00%
Gesture 2
Accuracy 97.32% 96.43% 97.32% 100.00%
Sensitivity 83.33% 66.67% 75.00% 100.00%
Specificity 99.00% 100.00% 100.00% 100.00%
Gesture 3
Accuracy 96.43% 95.54% 97.32% 97.32%
Sensitivity 87.50% 37.50% 62.50% 62.50%
Specificity 97.12% 100.00% 100.00% 100.00%
Rules Based Logisitc Regression SVM Ramdon Forest
00
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£ 3 3 3 % ©
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2 ’
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FIGURE 5
The performance of all classification models, shown in confusion matrixes
Leap Motion was not favorable with manual measurement Therefore, the training sets were used for feature selection
(31-34). and finding the cutoff. In the rule-based method, we used a
Under such circumstances, the threshold value of features filter strategy with a ROC curve because absolute distinctions
could not be directly determined by clinical experience. exist between the injured and uninjured hands both in
Frontiersin Neurology frontiersin.org
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images and from the clinical practice experience. According
to the independent t-test, all selected features could effectively
categorize normal and abnormal gestures. Besides, the subgroup
analysis further proved that, in each gesture, features between
targeted and untargeted injuries were completely different,
while features between untargeted injuries and non-injury
were similar. In other words, our method is consistent with
anatomical knowledge. Our study shows that MediaPipe Hands
is competent at providing features for qualitative analysis.
However, four unrecognized images in Gesture 3, one from the
uninjured hand of a patient and three from the hand with radial
nerve injury, also suggest that there is still room to propose
estimation improvement. More annotated data and datasets
are needed (35), especially for the medical population and the
medical setting.

The
three machine-learning models commonly used for binary

rule-based models have been compared with
classification in medical research (36-38). In the feature
selection process, similar results are obtained for rule-based and
ML methods, for the selected features in rule-based models have
higher coeflicients in the LR models and higher importance in
the RF models. In the performance analysis, high specificity in
all models shows the prediction for uninjured people is easy
and correct. The sensitivity of ML models fluctuates from 37.5
to 100%. In comparison, the sensitivity of our models is stable
from 83.3 to 91.7%, mainly because our rules seek the most
essential and valuable features but might miss some synergistic
effects among them. The overall performance of our methods
is satisfactory. We believe that medical knowledge and clinical
experience were the keys to maximizing the classification
performance, even using minimal features and simple rules.
They work as a shortcut to find the right features and make
the detection performance in our tasks comparable to machine
learning models.

The rule-based method is also interpretable (39, 40), which
means the process is easier to modify and understand in
human terms. It can provide expertise more conveniently
and spread expert knowledge to primary healthcare providers.
Tang et al. (11) reported a quantitative assessment method
for upper-limb traumatic PNI. In their study, the presence
of radial, ulnar, or median nerve injury was identified under
an expert system using the data of surface EMG with 81.82%
sensitivity and 98.90% specificity. Compared with Tang et al,,
our study possesses a little higher sensitivity and more
straightforward implementation. Unlike surface EMG, taking
images is more convenient and comfortable for patients. We
are confident that our method has reliable results and is
much easier to be applied by primary healthcare providers.
As smartphones have become available and acceptable tools
for telemedicine (41) and during the COVID-19 pandemic,
performing virtual hand examinations through images and
videos raises excellent interests in the medical field (42,
43). The proposed method has the potential to be a
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convenient screening tool for online health services and
remote areas.

The relatively small sample size should be the main
limitation of the present study. Since this was a prospective
study and there was no available dataset of hand images with
PNIs, continually updating our dataset is necessary to provide
better automatic healthcare solutions. The smallest sample size
in our study is patients with median nerve injury, which might
weaken the generalizability of the proposed method. Although
the differences between normal and abnormal gestures are
noticeable, minor feature changes are highly possible when the
sample size becomes more extensive. At present, our study only
focuses on detecting nerve injuries and cannot detect abnormal
gestures caused by other injuries, such as tendon rupture. In
addition, the detection accuracy relies on the compliance of
the users. Further study should invite more users in remote or
rural areas to verify whether the rightful gestures can also be
performed without the supervision of clinicians. Finally, our
method functions as decision support to prevent missing nerve
injuries in the primary assessment. After the initial discovery
of the nerve injury, comprehensive examinations, differential
diagnoses, and medical treatments are necessary.
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Clinical characteristics and
management experience of
schwannoma in extremities:
Lessons learned from a 10-year
retrospective study
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Sohaib Hasan Abdullah Ezzi*, Vishnu Goutham Kota?,
Mohamed Hasan Abdulla Hasan Abdulla? and Hui Lu®#*
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Hangzhou, China, 2Department of Clinical Medicine, Zhejiang University School of Medicine,
Hangzhou, China, *Department of Orthopaedics of the Third Xiangya Hospital, Central South
University, Changsha, China, *Alibaba-Zhejiang University Joint Research Center of Future Digital
Healthcare, Zhejiang University, Hangzhou, China

Introduction: Schwannomas are the most common neoplastic lesions of the
peripheral nerves when growing on the extremities, they usually have adverse
effects on patients due to the exposed and functional nature of the region.

Methods: In the present single-center retrospective study, we included all
patients with pathologically confirmed schwannoma located in extremities
between 2011 and 2021 totaling 183 patients. Data on gender, age, duration
history, clinical presentation, occurrence region, nerve affiliation, imaging
data, modus operation, mass volume, immunohistochemistry, postoperative
neurological function, and recurrence were collected.

Results: Asin previous studies, patients were predominantly middle-aged with
a mean age of 49.5, without gender preference and a male-to-female ratio
of 1.2:1. Most patients are first seen for this disease, and only five of them
are recurrent. The majority presented with an isolated (91.26%), asymptomatic
(37.7%) mass, with tenderness (34.97%) being the second frequent complaint.
60% of lesions occurred in the upper extremity, more commonly on the left
side (55.26%) than the right. The average duration of onset was 47.50 months.
MRI is more sensitive for neurogenic tumors than ultrasound, as it owns
78.93% correct. In immunohistochemistry, the top three markers for positive
labeling schwannoma are S-100 (98.95%), Ki67 (98.68%) and B-Catenin. 98.36%
of patients underwent complete resection of the lesion, of which 14.44%
required partial sacrifice of the nerve fibers. Thanks to the application of
intraoperative peripheral nerve microscopic operation, only 6 patients showed
symptoms of postoperative nerve injury, and 3 of them received second
surgery. Intraoperative microscopic manipulation, preservation of the main
nerve, and the need for reconstruction of the affected nerve fibers are some
of the points worth noting.

Discussion: In summary, the possibility of schwannoma should not be
overlooked in the identification of masses that occur in the upper extremities
of the middle-aged population. Preoperative ultrasound and MR are useful for
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determining the nature of the mass, and S100, Ki67, and -Catenin are sensitive
to it. Surgical resection can achieve satisfying functional results and a low risk

of nerve injury.

schwannoma, extremity, retrospective study, diagnosis, microsurgery, prognosis

Introduction

Schwannoma, also known as neurilemmoma, is a rare
disease but is also the most common type of peripheral nerve
sheath tumor (1). It consists solely of benign tumorigenic
Schwann cells, therefore, often has an intact capsule.
Schwannoma can occur anywhere in the body where nerve
fibers are located, with the extremities being one of the most
common sites, accounting for 32.6% of occurrences (2, 3).
Although they often appear as isolated, painless, slow-growing
masses, the abundant nerve peripheral occupation region
and variable size of the masses can sometimes present with
physical symptoms such as nerve deficits or pain. Complete
surgical resection is often considered sequelae-free, but in some
research, a poor prognosis of neurological deficits has been
reported (4-7).

Because of its rarity and rich clinical presentation, patients
with schwannoma consult diverse departments, resulting in
delays and missed diagnoses, as well as different treatment
options. Meanwhile, only a small portion of the literature has
meticulously investigated schwannoma in extremities, and data
on masses originating from the terminal branches are often
neglected, resulting in rare relevant diagnoses and treatment
experiences (8-10). Therefore, this study collected clinical data
from 183 patients with schwannoma at the extremity treated at
a large general hospital in the last decade, and to our knowledge,
this is the largest retrospective study of schwannomas of the
extremities. In this study, we summarize the clinical features of
schwannoma and explore the key points of clinical diagnosis and

treatment of this disease.

Materials and methods

We retrospectively reviewed all medical records of the
patients who were hospitalized in our hospital from 2011 to
2021, received surgical treatment, and were finally confirmed
as schwannoma by pathology. The tumors must be located
at the extremities, not the trunk or head and neck. Patients
with indefinite pathological types such as spindle cell soft
tissue tumors, traumatic neuroma, and neurogenic tumors
were excluded. Data included clinical, surgical, and radiological
findings. All patients were followed up for 1-10 years. Most
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patients were discharged after 1 year of follow-up due to
no discomfort.

The preoperative characteristics containing gender, age,
time of the first detection of the mass, location, size of the
mass, major complaints, previous medical experience, and
physical examination discovery were collected. It is important
to note that the physical examination is often incomplete as the
judgment of such disease may vary between different medical
history collectors. Patient imaging data, including ultrasound,
CT, X-rays, and MRI, were also recorded in detail. However, as
X-rays and CT were used less frequently on such patients and
the data were so sketchy, we removed them from the analysis.
The results of ultrasound and MRI, on the other hand, were
categorized into three types based on the diagnostic information
they ultimately provided, namely negative, where the mass could
not be detected; positive, where the mass was detected but
the provisional diagnosis did not consider a neurogenic tumor;
and correct, where the diagnosis considered the mass to be a
neurogenic tumor.

All masses were surgically excised, and the surgical
approach and intraoperative relationship between the mass
and surrounding tissues, the size and number of mass, and
the involved nerves were tracked. During the surgery, we
found that the peeled masses were mostly ellipsoidal or
fusiform, so the volume of the mass was calculated using
the formula of an ellipsoid: Volume (em®) = (V = 4/3
X 7T X a X b x ¢ where a, b, and ¢ represent the
three semi-axes). The results of postoperative pathology and
immunohistochemical markers were also collected as the gold
standard for diagnosis. Clinical follow-up started at 2 weeks
postoperatively and then continued for 1, 3 months, or even
longer; subsequently, every patient should be followed over
1 year. At each follow-up visit, clinical outcomes, such as
the healing of the patients incision, improvement in chief
complaints, and limb sensation, and motor function were
assessed and recorded.

Quantitative variables were described using means and
standard deviations (SD) and compared using ¢-tests or non-
parametric tests, when the data are not a normal distribution,
such as the tumor volume and medical history time. Qualitative
data were described using percentages or numbers and used one-
way ANOVA or Chi-square test to analyze the difference. The
level of significance was set to p < 0.05. All analyses were done
in SPSS 23.0.
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TABLE 1 Summary of clinical characteristics of patients and masses.

Clinical characteristics No. of patients

of masses
Age (years) <20 2
49.5 £ 14.5 21-30 34
31-40 34
41-50 35
51-60 49
61-70 22
>70 7
Gender Male 100
Female 83
Duration time (months) <12 47
47.97 £+ 57.64 12-60 102
>60 41
Location Upper / Lower 114/76
Flexor / Extensor 115/75
Left / Right 105/85
Nerve Main trunk 72
Branches 118
Volume (cm?) <64.45 (d =5cm) 136
9.44 + 28.62 >64.45 4
Radiology Ultrasound 68/13
(right/wrong) MRI 95/20
Results

General characteristics of patients and
tumors

Data were collected from a total of 330 patients with a
pathological diagnosis of schwannomas; of which, 147 patients
were screened out due to their inadequate medical records,
insufficient follow-up time, and incorrect tumor site. Eventually,
183 patients and 190 sites of masses were included in the study,
with five patients having two different sites of schwannoma
and one patient having three different sites of masses. The
mean age of the patients was 49.5 & 14.5 years, ranging from
7 to 80 years, and male patients were slightly more than
female patients (100:83) (Table 1). Five of the patients had a
history of schwannoma resection at other hospitals before this
hospitalization, ranging from 1 to more than 10 years.

In total, 115 masses were found on the flexor side of the
body, while 75 masses were found on the extensor side. The
majority of masses occurred in the upper extremity (114 cases
in total), at the same time, more schwannomas were found in
the left side of the extremity (105 cases). Further, according to
its soft tissue occupancy, the extremity sites were subdivided
into the digit/toe area (digit); the metacarpal region of the hand
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and foot (palmoplantar); the articular area (joint); and the long
bone area of the extremity (limb), with the limb area having the
most tumors (93 cases) and the digital area the least (25 cases)
(Table 1).

The duration of the disease varies from 7 days to 20 years,
and the mean time span between the discovery of the tumor
and hospitalization was 47.50 £ 57.40 months. Schwannomas
located on the extensor side seeking medical help are at an
average of 42.44 months after discovery and the limb mass
required an average of 42.57 months. There were no significant
differences in the time to seek medical help between sites. Based
on the patient’s history and a brief physical examination, we
classified the patients complaints into five major categories,
namely, no discomfort, pain, tenderness, numbness, and other
discomforts (including impaired mobility, decreased muscle
strength, pruritus, and interference with nail growth). The
majority of patients seek medical treatment solely for masses
without any discomfort, accounting for about 37.7%, and their
average duration time was as long as 39.08 months. In contrast,
patients with numbness had the shortest time to seek medical
help with a mean of 15.54 months, significantly shorter than
those without complaints. Over 1 year after the discovery of
an asymptomatic mass, 87.5% of patients from the discomfort
group presented with complaints of discomfort (Figure 1).

Information of tumors

A total of 159 patients provided preoperative localized
imaging of the mass, either at our hospital or the outside,
of whom 102 underwent ultrasound and 119 performed MRI,
including enhanced MRI. Ultrasound had a sensitivity of 66.67%
for neurogenic masses, while 79.83% for MRI is significantly
higher (Table 1).

Combining the intraoperative findings with the physical
examination and preoperative image, we clarified the nerve
to which the patients schwannomas belonged. Still, 25 sites
of masses could not be accurately localized. According to the
results, we classified the affected nerves as digital nerve (31
cases), radial nerve (9 cases), ulnar nerve (22 cases), median
nerve (24 cases), sciatic nerve (7 cases), common peroneal nerve
(18 cases), tibial nerve (18 cases), and other nerves (62 cases)
(Table 2). Incidentally, one of the patients had multiple masses
in the wrist, one in the ulnar nerve and one in the median nerve.
On the other hand, based on whether they originated from the
nerve trunk, masses were divided into the main trunks group (72
cases) and the branches group (118 cases). The branches were
mostly seen with no complaints, accounting for 33.56%, which
was significantly higher than that of the main trunk. In contrast,
the nerve trunk was more often accompanied by a numbness
(27.55%) and pressure pain (28.57%), and the incidence of
numbness was significantly higher than that of the branches
(Figure 2). The digital nerve, radial nerve, and sciatic nerve were
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FIGURE 1
Box plot representing the correlation between patient history time and schwannomas location and symptoms. p-value ** <0.01.

most often seen without significant discomfort, while the ulnar
and common peroneal nerves were often seen with tenderness,
the median nerve was frequently seen with pain, and the tibial
nerve was seen with more variable complaints (Table 2).

The volume data of the schwannomas are best obtained
from the pathologist’s report, followed by the surgical records
and imaging reports, and the data obtained from the physical
examination is generally not considered. However, due to the
different labeling habits of physicians, some masses lacked
data or only possessed two-dimensional data, which made the
volume of the masses difficult to estimate. Consequently, a total
of 140 masses obtained accurate volume, which varies from
0.025 to 274.89 cm>. The mean volume of the schwannomas
was 9.44 = 28.62 cm>. The masses on the extensor side were
relatively small at 5.94 cm® and, not surprisingly, the masses
on the digital region were the smallest at 0.78 cm?, significantly
smaller than the masses on the joint and limb. There was no
significant difference in the size of schwannomas located in
the main trunk or the branches of nerves. While talking about
the exact origin nerve, the masses from the tibial nerve were
significantly larger than the rest of the groups, with a mean
volume of 29.36 cm3. Meanwhile, there was also no significant
difference in the volume of the masses among symptom
groups (Figure 3).

Intraoperative findings and prognosis

Intraoperatively, multiple masses were found in a single site
in 10 patients, and in three cases, the nerve showed bead-like
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masses, and in most cases, 12 small masses were stripped from a
single nerve (Figure 4; Supplementary Figure 1). A total of 187
sites of masses were completely excised, and among them, 50
masses affected their surrounding tissues, of which 26 masses
sacrificed the encroached nerve fibers or the distal nerves and
24 masses underwent neurolysis and tenolysis.

During the postoperative follow-up, we did not consider
the patient’s short-term, about 14 days, postoperative symptoms
as sequelae of the surgery, given that this could be a transient
manifestation of postoperative tissue edema and not due to
the nerve injury; also, studies have confirmed an extremely
high rate of spontaneous remission of short-term postoperative
sensory loss (9). In this definition, 96.72% of patients achieved
a complete functional improvement of the extremities without
any sequelae after the sophisticated microsurgery. Of note, one
patient had a recurrence of the mass 2 years after surgery and
underwent surgical resection again. A total of six patients had
discomforts such as pain and swelling in the operated area
or even limitation of limb movement during the postoperative
follow-up period and three of them received further surgical
treatment (Supplementary Figure 2; Table 2).

Immunohistochemical characteristics

During the data collecting process, we found that many
patients had an initial pathological diagnosis of spindle
cell soft tissue tumor, which was later confirmed by
immunohistochemistry as schwannomas, while a part of
patients, who did not undergo follow-up to reimbursement for
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Postoperative
Reoperation

Discomfort

Complete resection
(Sacrifice nerve /
neurolysis)

Surgical treatment

Other Partial
discomfort resection

Numbness

Symptom

Pain Tenderness

No

discomfort

TABLE 2 Detailed information of the single site Schwannomas (n = 190).
Location and affiliated nerve
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30 (3/4)
9(2/1)
21 (4/3)

14

Digital nerve

Upper extremity

Radial nerve

Ulnar nerve

1 (recurrence)

23 (2/4)

10

Median nerve

30 (3/4)

10

10 11

12

Other nerves

1(0/1)
7(0/2)

Digital nerve

Lower extremity

Sciatic nerve

16 (6/0)
18 (3/3)
32(1/3)

11

Common peroneal nerve

Tibial nerve

10

14

Other nerves
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FIGURE 2
Relationship between the nerve of origin of the mass and the
symptoms. p-value * <0.05.

immunohistochemistry due to good postoperative functional
recovery, did not have further clarification of the tumor type.
A total of 95 masses underwent further immunohistochemical
analysis, with the highest positive rate of 98.95% for S-100,
followed by 98.68% for Ki-67, and 89.66% for B-Catenin
(Table 3).

Discussion

Schwannomas are benign tumors of the peripheral nerves
commonly found in the percutaneous nerves and the head,
neck, or extremities. Due to their rarity and the diversity of
symptoms, only a few studies have been conducted to analyze
and summarize the clinical features and treatment points of
schwannoma in detail. Furthermore, as far as the author knows,
this study investigated the largest number of patients with
schwannomas in the extremities (8, 11).

Epidemiological information of
schwannomas

In line with the currently accepted concept, isolation and
singularity are the characteristics of the schwannomas in this
study, with the onset peak age ranging from 20 to 60 years and no
significant gender bias in the patient population (12). Similarly,
the tumors often present as asymptomatic masses, and the
flexor surfaces are the frequent site of schwannoma occurrence
(13). However, the distribution preference of schwannomas in
the upper or lower parts of the extremity is controversial. In
studies discussing schwannomas of the extremity, the lower
extremity tends to be more frequent (8, 9), but in retrospective
studies discussing schwannomas in humans, the upper extremity
tends to be more frequent (2, 14, 15). In our study, upper
extremity masses were more frequent, which may result from the
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FIGURE 3
Box plot representing the correlation between the volume of schwannomas and its location, nerve of origin, and symptoms. p-value * <0.05,
** <0.01, *** <0.005.

FIGURE 4
Multiple schwannomas on the median nerve.

different definitions for the extremities. The upper extremity was
defined by the shoulder, while the lower extremity was defined
by the groin, and the buttock, as an intermediate region, was
not included. Certainly, the variability in the characteristics of
patients attending different medical centers may also contribute
to the difference. Furthermore, there is a higher incidence of
masses in the left extremity (55.26%), while the long bone region
had the highest incidence (Figure 5).

It is generally accepted that the clinical presentation of a
mass often influences whether a patient seeks medical help and
that the length of medical history may likewise contribute to the
manifestation of discomfort. In this study, the patients had an
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average medical history of about 2 years, with the longest being
more than 20 years, and the large degree of dispersion led to
an interest in the factors influencing the length of the disease
course. The results showed that patients were more likely to
notice masses in the extensor surfaces and long bone regions,
and then seek early medical treatment. Besides, nearly one-third
of the 114 patients with complaints of discomfort started with
asymptomatic masses, and as time went by, patients gradually
developed pain, numbness, tenderness, and even impaired
movement, most of which appeared 1 year or more after the
discovery of the masses. Therefore, early surgical removal of
suspected neurogenic masses can prevent the occurrence of
concomitant symptoms and even postoperative complications,
thus improving the quality of patients’ life (Figure 1).
Schwannomas are mostly disseminated and their most
common nerve of origin is inconclusive, but the main trunk
nerves, such as the median, brachial plexus, and tibial nerves,
tend to have the highest incidence of masses in previous studies
(6, 8, 11, 16, 17). However, we found that the digital nerve
was the most commonly involved, followed by the median
nerve. This reminds clinicians to consider the possibility of
schwannomas in the differential diagnosis of finger masses. In
addition, masses of nerve trunk origin have a higher incidence
of complaints, especially numbness and tenderness, than branch
nerves, and therefore surgeons need to plan better and perform
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TABLE 3 Number of positive (+) and negative (-) staining cases of different immunohistochemical markers.

+) VIS IS
S-100 94 0 1
Ki-67 75 0 1
SMA 5 0 66
CD34 25 0 46
Desmin 0 1 65
CD117 2 1 47
CK(pan) 32 0 32
B-Catenin 26 0 6
DOG-1 0 0 26
EMA 0 0 15
HMB45 1 0 13
SOX10 12 0 0
Staining cases < 10 Nestin (4,0,1); SDHB (4,0,0); Vimentin (3,0,0); GFAP (1,0,2); / STATS6 (0,0,6); ALk (0,0,4); Melan A (0,0,2); NF (0,0,2);

H3K27Me3 (1,0,0); Fli-1 (1,0,0)

CD68 (0,0,1); Calponin (CP) (0,0,1); Syn (0,0,1); CgA (0,0,1);
ERG (0,0,1); MUC-4 (0,0,1); Myogenin (0,0,1); MyoD1
(0,0,1)

FIGURE 5

The distribution of lesions in different body regions, and the
color of the stars represents the number of lesions.
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careful tissue separation in patients with such complaints to
minimize the possible impact on the nerve trunk. Also, unlike
the findings of Abe et al. (18), there was no significant correlation
between clinical symptoms and the volume of the mass in our
patients. Perhaps, the volume of the tumor occurrence site may
have a greater impact on the volume of the tumor (Figure 3).

Diagnosis of schwannomas

Correct clinical diagnosis helps to better plan surgical
procedures, thus reducing the possibility of intraoperative
nerve injury, and the first evidence of which comes from the
patient’s complaints of discomfort and physical examination.
However, the majority of patients presented with asymptomatic
masses. Meanwhile, the knowledge of the Tinel sign varied
between history-takers, and some clinicians may not even
consider the Tinel sign, resulting in very limited information
provided by such evidence. In this survey, only one-third
of 24 patients who had not undergone imaging examination
considered the possibility of a neurogenic tumor in initial
diagnosis, with hemangiomas, lipomas, subcutaneous nodules,
and ganglions being common considerations in the residual
patients. Therefore, preoperative imaging is critical to provide
abundant information about the mass, especially ultrasound
and MRI. Ultrasound, with the development and application
of higher resolution techniques, the characteristic mouse tail
sign of schwannomas and the relationship between the mass
and nerve can be better demonstrated. Although, in small
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FIGURE 6

Ultrasound images and intraoperative images of schwannomas of ulnar nerve origin in the upper arm.

peripheral nerves, such as the fingertips, the detection rate
of neurogenic tumors still needs to be improved (Figure 6)
(19, 20). Similar to previous studies, the characteristic target
sign of MRI has a sensitivity of nearly 80%, and its eccentric
position of the lesion imaging helps in the differential diagnosis
of neurofibroma (8, 20). MRI also helps the surgeon to better
locate, avoid possible intraoperative nerve injury, and achieve
complete lesion resection (Figure 7). However, from another
perspective, the fineness and complexity of MRI also limit
its clinical application, due to the requirements of the higher
ability of radiologists and longer review time. In our previous
study, we tried to draw artificial intelligence into medical image
reading and achieved a good correct rate (21). We believe
that in the future, with the continuous progress of information
technology, medical imaging diagnosis will enter the era of
intelligence, and we are also looking forward to the feasibility
of multimodal diagnosis in the field of artificial intelligence
medical diagnosis, such as combining the results of multiple
types of radiology, combining imaging and medical history, and
combining imaging and pathology.

The definitive diagnosis of schwannomas still relies on
pathology, and in the classic form, the alternating presence of
Antoni A and B zones is the key to diagnosis (22). However,
there are exceptions to everything. Atypical schwannomas
require a combination of immunohistochemical findings to
differentiate them from tumors such as neurofibromas and
solitary circumscribed neuroma (23). S-100 and SOX10 are
recognized positive markers, but the ancillary role of other
markers, such as EMA, INI-1, and TTF-1, in the diagnosis is
rarely discussed and demonstrated (24). In this study, we verified
the high positive rate of S-100 and SOX in schwannomas and
identified several immunohistochemical markers that could be
used as potential adjunctive diagnostic markers, such as Ki-
67 and p-Catenin, which had high positive rates, and SDHS,
Vimentin, H3K27Me3, and Fli-1, which stained a small number
of cases but achieved 100% positive rate, and perhaps they can
be tested more in future immunohistochemistry to obtain more
data. Interestingly, EMA markers were 100% negative in this
study, which may be related to the intracapsular resection of
the tumor.
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FIGURE 7
MRI shows that the tumor is located between the peroneus
longus muscle.

Surgical treatment and prognosis

The treatment options for schwannomas still

controversial, given the risk of medically induced nerve

are

injury from surgery and anesthesia and incisional problems.
However, with the continuous development and application of
microsurgical techniques, more investigators are recommending
(25-28).
the literature, we observed two main types of complete

schwannomas undergo surgical resection In
tumor resection, intracapsular resection and extracapsular
resection. Extracapsular resection ensures maximum complete
removal of the tumor, and studies have reported good clinical
outcomes (8, 29). However, some investigators pointed out
that extracapsular resection carries the possibility of damaging
the functional nerve fascicles in the capsular layer, while
intracapsular resection minimizes the risk of nerve injury
without a high recurrence rate (26, 30). In this study, four
patients with extracapsular resection reported varying degrees
of nerve injury symptoms, including simple numbness and
pain, severe clawed hands, and walking discomfort, and three
required reoperations. However, patients with intracapsular

resection were not completely free from the risk of nerve
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injury, and two patients also presented with varying degrees
of numbness and sensory abnormalities. All six patients had a
solitary mass, and five of them were from the nerve trunk, which
may be one of the risk factors for postoperative complications.
Also, five patients had a medical history of more than 1 year,
ranging from 20 years to 7 days. The patient with a 20-year
medical history also had the largest schwannoma, about 23.56
cm?, but postoperatively only complained about abnormal
skin sensations and tingling, which gradually vanished after 3
months. The patient with a mass history of only 7 days had

the second largest schwannoma, 7.84 cm’

, with postoperative
symptoms of radial nerve entrapment and surgical release.
Unlike previous studies (31, 32), tumor size, nerve origin, and
the age of the patient did not show significant correlations with
the occurrence of postoperative complications in the study.
More data need to be collected to clarify the impact of multiple
factors on postoperative complications.

Based on the above, we suggest that (1) meticulous
microsurgical dissection should be performed for schwannomas
to gain maximum preservation of nerve function; (2) sacrificing
some of the nerve fiber bundles, such as the nerve fascicles
that have entered the tumor, and the distal nerve fasciculus
will not lead to postoperative neurological dysfunction, and to
some extent, can reduce the intraoperative stimulation of the
nerve trunk; (3) intracapsular resection of schwannomas located
on the nerve trunk is recommended to reduce or mitigate the
sequelae of nerve injury; (4) after revealing the mass and before
intracapsular resection, the mass needs to be 360° exposed and
searched for the presence of normal nerve fiber bundles passing
through the mass, and if so, the mass is rotated vertically in the
direction of the nerve trunk to find the best nerve-free zone for
the incision, thus ensures complete resection of the mass and
maximum preservation of the surrounding fascicles (Figure 8);
(5) After shelling out the tumor, the preserved nerve should be
meticulously hemostatic by electrocoagulation, or, in case of rich
blood supply, local drainage and negative pressure suction are
feasible to avoid nerve entrapment due to hematoma (Figure 9).

Another technical point of the operation process worth
discussing is intraoperative monitoring, including nerve
action potentials, compound muscle action potentials,
and somatosensory evoked potentials (33). Intraoperative
electrophysiological monitoring helps to clarify the anatomy
and nerve orientation and to distinguish the involved nerves
to maximize the preservation of healthy nerves and achieve
complete tumor resection (6, 33, 34). However, there are
several limitations in its clinical application. Most basically,
most surgeons lack experience with the technique, and the
instruments required for its implementation are absent from
the operating rooms of most hospitals, such as ours (35).
Second, the technique limits the choice of anesthesia; general
anesthesia is required, as well as larger surgical incisions and
longer operative time (33, 35, 36). This results in greater
anesthetic risk, longer awakening time, and more postoperative
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FIGURE 8

A nerve bundle was seen passing over the surface of an ulnar
nerve-derived mass, which was meticulously dissected to
preserve the integrity of this bundle.

FIGURE 9
Radial nerve trunk hemorrhage after tumor shelled out.

discomfort than with routine nerve-blocking anesthesia. The
larger surgical incision also increases the risk of infection and
scar growth, and somewhat affects esthetics. These may explain
the relatively limited number of studies exploring this technique,
and more common reports of brachial plexus schwannomas
and major nerve schwannomas (6, 33, 36-38), given their
deeper location and greater potential of nerve invasion and
complications occurrence. In addition, the lesser neural
association and better prognosis of schwannomas compared
with neurofibromas and malignant peripheral nerve sheath
tumors may also limit its use to some extent (37). Therefore, for
intraoperative electrophysiological monitoring, we recommend
it for schwannomas with significant preoperative symptoms,
involvement of the nerve trunk, deep sites, or large size.
Recurrence of schwannomas after surgical resection is
extremely rare (6, 8, 31, 32). In this study, five patients were
found to have postoperative recurrences, ranging from 1 to
20 years, and four of them had undergone tumor resection at
an outside hospital before attending our hospital, thus detailed
medical records are not available. It is interesting to note that in
three cases, the site of recurrence was different from the primary
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site and recurred in the ipsilateral upper extremity or even the
contralateral lower extremity.

Limitations

The limitations of our study are inherent to its retrospective
nature. Given the rarity of schwannomas, clinicians have varying
degrees of awareness of such a disease, leading to possible
omissions in their history-taking and examination of signs, as
well as different choices of examination tools. Second, patients
with schwannomatosis were not carefully screened in our study,
and some patients with multiple masses may be classified
as having this disease. Additionally, the description of the
surgical procedure by the surgeon varies from person to person,
which may have an impact on the classification of the surgical
treatment. Also, the duration of follow-up varies from patient
to patient, with most patients having relatively short follow-
ups (Supplementary Figure 2). For the analysis of the factors
influencing postoperative complications, more patients’ data
need to be collected to achieve this.

Conclusion

We explored the clinical features and management of 183
cases of schwannomas in a single center, which is the largest
clinical retrospective study of schwannomas in extremities.
The study showed that schwannomas tend to be isolated,
asymptomatic masses, occurring mostly in the left limb,
flexor surface, upper extremity, and long bone regions, and
are more common in middle-aged adults, without gender
preference. Patients are more likely to find a mass on the
extensor side and in the long bone region and have the
lowest tolerance for numbness. Symptoms of the schwannomas
appear progressively with time. Digital nerves are a more
common origin. The discomfort of nerve trunk-originated
tumor is more common. MRI has a high sensitivity for the
preoperative detection of schwannomas. Early microsurgical
resection of the schwannomas with meticulous hemostasis
and dissection is recommended. Intracapsular resection is
recommended for tumors located in the nerve trunk, and the
application of intraoperative electrophysiological monitoring
depends on the characteristics of the schwannomas. Surgical
resection of schwannomas has few complications and rare
recurrences postoperatively.
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Introduction: Carpal tunnel syndrome (CTS) is a common compression
neuropathy of the median nerve in the wrist. Early diagnosis of CTS is
essential for selecting treatment options and assessing prognosis. The current
diagnosis of CTS is based on the patient’'s clinical symptoms, signs, and
an electromyography (EMG) test. However, they have some limitations.
Recently, ultrasound has been adopted as an adjunct diagnostic tool for
electromyography (EMG). Ultrasound is a non-invasive and cost-effective
technique. It provides a dynamic display of morphological changes in the
median nerve and an assessment of CTS etiology such as tenosynovitis, mass
compression, and tendon disease. This study aimed to investigate the value
of conventional ultrasound and real-time shear wave elastography (SWE) in
evaluation of median neuropathy in patients with carpal tunnel syndrome (CTS)
before and after surgery.

Methods: First, the Boston Carpal Tunnel Questionnaire (BCTQ) was
administered to patients with CTS. All subjects were measured at three levels:
the distal 1/3 of the forearm, the carpal tunnel inlet, and the distal carpal
tunnel using conventional ultrasound and SWE. Median nerve parameters were
examined in patients with CTS 1 week after surgery.

Results: The cross-sectional area (CSA) and stiffness of the median nerve
at the carpal tunnel inlet and distal carpal tunnel were significantly higher in
patients with CTS than in healthy controls (p < 0.001). The CSA and stiffness
of the median nerve at the carpal tunnel inlet were statistically significantly
significantly between pre- and postoperative patients with CTS (p < 0.001). The
CSA and stiffness of the nerve in patients with CTS had a positive correlation
with electrophysiology severity.

Conclusions and discussion: Conventional ultrasound and elastography are
valuable in the diagnosis of CTS and are useful in the clinical assessment of
patient’s nerve recovery after operation.

carpal tunnel syndrome, acoustic radiation force impulse, shear wave elastography,
Boston Carpal Tunnel Questionnaire, cross-sectional area
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1. Introduction

Carpal tunnel syndrome (CTS) is a common compression
neuropathy of the median nerve in the wrist. It accounts
for 90% of all entrapment neuropathies, with a prevalence
rate of approximately 3.8% in the population (1). Nerve
damage can be reversed with early treatment and diagnosis
to prevent permanent damage. Early diagnosis of CTS is
essential for selecting treatment options and assessing prognosis
(2, 3). The current diagnosis of CTS is based on the
patient’s clinical symptoms, signs, and an electromyography
(EMG) test. However, symptoms and signs in patients
with mild disease are unclear and lack objective judgment
criteria (4). Electromyography is the gold standard for CTS
diagnosis and yields 98% specificity and 75% sensitivity.
This examination has some limitations, including being time-
consuming, invasive, and has a 10-25% false-negative rate. In
addition, it cannot directly assess the anatomical relationship
between the median nerve and surrounding tissues (4-6).
Certain imaging examinations are significant in CTS diagnosis.
According to Park et al. (7), magnetic resonance imaging (MRI)
can be a diagnostic tool for median neuropathy. This technology
can measure the median nerve cross-sectional area (CSA),
despite the procedure being expensive and time-consuming.
Also, computed tomography (CT) can diagnose CTS by showing
changes in the density of the compressed median nerve and
occupying lesions (8, 9).

Recently, ultrasound has been adopted as an adjunct
diagnostic tool for electromyography (EMG). Ultrasound is a
non-invasive and cost-effective technique. It provides a dynamic
display of morphological changes in the median nerve and
an assessment of CTS etiology such as tenosynovitis, mass
compression, and tendon disease (10-12). Previous studies
have focused on the CSA of the median nerve at the carpal
tunnel entrance in CTS patients with sensitivity and specificity
comparable to electromyography examinations (13-16). On the
contrary, shear-wave elastography (SWE) is a new technique
for the quantitative measurement of tissue stiffness (17). It is
a complement to conventional ultrasound in the assessment of
neuropathy (18-21). Studies have reported the significance of
elastography in the assessment of CTS (22-25). However, to the
extent of our knowledge, there are few reports on the evaluation
of pre- and post-operative changes in nerve stiffness in patients
with CTS. Therefore, the purpose of this study was to investigate
the value of conventional ultrasound and SWE on the median
nerve in patients with CTS before and after surgery.

2. Materials and methods

The study was approved by the Ethics Committee of the
Second Affiliated Hospital of Harbin Medical University. All
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examinations were conducted after written informed consent
was obtained from all subjects.

2.1. Patients

In total, 50 wrists of 25 healthy volunteers and 54 wrists
of 30 patients who underwent carpal tunnel release surgery
were studied from October 2020 to June 2021. Inclusion criteria
were as follows: patients who reported abnormal sensation or
pain in their extremities and had a positive electromyography
examination (26). Exclusion criteria were as follows: age < 18
years, history of previous hand surgery, and other conditions
affecting the measurement of the median nerve. The scale
used to measure the severity of CTS was as follows: negative
(grade 0), mild (grade 1), moderate (grade 2), severe (grade
3), and extremely severe (grade 4) according to the results
of electromyography. Questionnaires were administered to
patients with CTS, and basic information was recorded for
all participants.

2.2. Questionnaires

The Boston Carpal Tunnel Questionnaire (BCTQ) consists
of two self-rating scales: the Symptom Severity Scale (SSS) and
the Functional Status Scale (FSS) (27). High scores indicated
more severe disease conditions. It was used to assess all patients
with CTS.

2.3. Ultrasound examination

All examinations were performed using a 4Cl5 MHz
linear array transducer (Aixplorer; Supersonic Imagine, Aix
en Provence, France). All patients were placed in a seated
position, facing the examiner, with the forearm fully exposed,
the elbow bent at 90°, and the hand kept in a resting position.
The median nerve CSA and nerve flattening rate (NFR) were
measured at three sites: the distal 1/3 of the forearm, the carpal
tunnel inlet (at the level of the doughy bone), and the distal
carpal tunnel (at the level of the hook bone). NFR is the
ratio of the transverse diameter of the nerve to the anterior-
posterior diameter when the median nerve is compressed by
entrapment. It is an ultrasound parameter to determine if the
nerve is compressed. The mean value was calculated by taking
the average of the replicate measurements. The transducer was
rotated 90° to obtain a longitudinal image, and the image was
frozen after obtaining the ideal image. SWE was activated at the
same three loci as the 2D ultrasound. Three regions of interest
(ROI) with a diameter of 1 mm were selected to calculate the
average value. Each locus was measured in triplicate. During the
measurement, a sufficient coupling agent was applied, and the
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probe was placed gently on the skin to avoid pressure. A week
after the surgery, the conventional ultrasound and SWE were
repeated on the same patients. The above operations and image
analysis were performed by a qualified ultrasound physician with
over 10 years of research in musculoskeletal aspects.

2.4. Statistical analyses

Data were analyzed using the SPSS version 23.0 (SPSS Inc.,
Chicago, USA) and MedCalc 20.0 software (Ostend, West-
Vlaanderen, Belgium). Continuous variables were expressed as
mean =+ standard deviation (SD). The Kolmogorov-Smirnov test
was used to analyze the normal distribution. Mann-Whitney U
test was used to analyze the non-normally distributed measures.
The correlation was expressed by Spearman’s correlation
coefficient. Receiver operating characteristic (ROC) curves
for CSA and elasticity were obtained to calculate sensitivity,
specificity, accuracy, the area under the curve (AUC), and
optimal cutoff values. Z-test was used for AUC. Statistical
significance was considered at p < 0.05.

3. Results
3.1. Study demographics

The demographic data for the patients are summarized
in Table I. There was no statistical difference in gender,
age, and body mass index (BMI) between patients with
CTS and healthy controls at p > 0.05. BCTQ scores
(SSS and FSS) between pre- and postoperative groups with
CTS did not show any significant statistical difference (p
> 0.05). In total, six wrists (11.1%) reported negative
electromyography results. Grading CTS by severity showed
mild in 15 (27.8%), moderate in 18 (33.3%), severe in 13
(24.1%), and extremely severe in 2 (3.7%) cases with a positive
neurophysiological result.

3.2. Conventional ultrasound and SWE
parameters in healthy controls and
preoperative groups

The distal 1/3 of the forearm in the preoperative group
was not statistically different at p > 0.05 in CSA, flattening
rate, and Emean of the median nerve compared to the
healthy control group. However, the CSA, flattening rate,
and Emean of the median nerve at the carpal tunnel
inlet and the distal carpal tunnel in the preoperative
group were significantly higher than in healthy controls at
p < 0.001 (Table 2).
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TABLE 1 Characteristics of patients.

Control group CTS group p-value
(n=50) (n=54)

Age (y)* 55.84 + 7.59 53.57 + 8.72 0.400
Sex 0.299
Female 42 (84) 48 (89)

Male 8 (16) 6(11)

BMI (kg/m?)* 2222+ 1.75 22314198 0.670
BCTQ sore” Preoperative Postoperative

group group

SSS / 4.87+330 4814322 0.257
FSS / 220£1.91 211+ 175 0.132

CTS, carpal tunnel syndrome; BMI, body mass index; BCTQ, The Boston Carpal Tunnel
Questionnaire; SSS, Symptom Severity Scale; FSS, Functional Status Scale. *Data are
means = standard deviations.

TABLE 2 Conventional ultrasound and shear wave elastography
parameters of the control group and the preoperative group.

Control group Preoperative p-value
(n=50) group (n = 54)

Distal 1/3 of the forearm
CSA (mm?)* 5.95+0.75 5.96 +0.83 0.661
NER* 1.78 4 0.34 1.73 £ 0.29 0.470
E mean (kPa)* 25.38 +3.99 25.87 + 4.81 0.271
Carpal tunnel inlet
CSA (mm?)* 5.91 £ 0.90 16.00 & 5.63 0.000*
NFR* 2.51+0.48 3114053 0.000*
E mean (kPa)* 35.25 +23.38 188.21 + 53.09 0.000*
Distal carpal tunnel
CSA (mm?)* 4.86 4+ 0.88 8.70 +2.48 0.000*
NER* 2.05 + 0.44 2,67 +£0.78 0.000*
E mean (kPa)* 27.83 +£9.75 113.48 4 51.74 0.000*

CSA, cross-sectional area; NFR, neural flattening rate; Emean, the mean shear wave
velocity of the nerve. “Data are means % standard deviations. "Indicates statistically
significant difference.

3.3. Conventional ultrasound and SWE
parameters between pre- and
postoperative CTS groups

There was no significant difference in CSA, flattening
rate, and Empean of the median nerve at the distal 1/3
of the forearm (p > 0.05). The CSA, flattening rate,
and Emean of the median nerve at the carpal tunnel
inlet and distal carpal tunnel were significantly lower in
the postoperative group than in the preoperative group
(p < 0.05) (Table 3).
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TABLE 3 Conventional ultrasound and shear wave elastography
parameters of the preoperative group and the postoperative group.

10.3389/fneur.2022.1079737

TABLE 5 AUC, sensitivity, specificity, and optimal cut-off values of
nerve parameters for the diagnosis of CTS.

Preoperative  Postoperative  p-value Sensitivity Sensitivity = AUC

group (n=19) group (n=19) (%) (%)
Distal 1/3 of the forearm Carpal tunnel inlet CSA>8.2 mm? 96.2 100 0.999
CSA (mm?)* 6.51 £ 1.59 6.23 £0.84 0.954 Inlet/ distal 1/3 of the forearm CSA 86.8 100 0.999
NFR* 1.76 £0.25 1.714+0.21 0.327 ratio>1.68
E mean (kPa)* 25.45 £+ 4.99 23.54 £+ 3.67 0.133 Carpal tunnel inlet 96.3 98 0.993
Carpal tunnel inlet E mean>102.9kPa
CSA (mm?)* 14.89 £+ 4.25 11.63 £ 3.69 0.000* Inlet/ distal 1/3 of the Forearm 96 96 0.992
NFR* 3.06 £0.51 244 £0.46 0.001* E mean ratio>3.72
E mean (kPa)* 185.20 =+ 34.97 67.46 & 21.19 0.000*

CSA, cross-sectional area; Epean, the mean shear wave velocity of the nerve. Data were

Distal carpal tunnel tested with the area under the receiver operating characteristic (ROC) curve.
CSA (mm?)* 8.44 £2.75 8.02 £ 2.90 0.389
NFR* 2.68 £ 0.56 2.34£0.71 0.049*
E mean (kPa)* 102.32 £ 37.61 34.88 £15.78 0.000* 35 DlagnOStIC performance Of

CSA, cross-sectional area; NFR, neural flattening rate; Emeqn, the mean shear wave
velocity of the nerve. *Data are means % standard deviations. “Indicates statistically
significant difference.

TABLE 4 Conventional ultrasound and shear wave elastography
parameters of the control group and the postoperative group.

Control group Postoperative  p-value
(n=50) group (n=19)

Distal 1/3 of the forearm

CSA(mm?)* 5.95 + 0.75 6.23 4+ 0.84 0.597
NFR* 1.78 £0.34 1.71 £0.21 0.498
E mean (kPa)* 2538 + 3.99 2354 +3.67 0.712
Carpal tunnel inlet

CSA(mm?)* 5.91 +0.90 11.63 + 3.69 0.000*
NFR* 2.5140.48 2.44 4 0.46 0.577
Emean (kPa)* 35.25 4 23.38 67.46 +21.19 0.000*
Distal carpal tunnel

CSA(mm?)* 4.86 4 0.88 8.02 42.90 0.000*
NFR? 2.05 £ 0.44 2344071 0.127
E mean (kPa)* 27.83 £9.75 34.88 £15.78 0.041*

CSA, cross-sectional area; NFR, neural flattening rate; Epeqn, the mean shear wave
velocity of the nerve. *Data are means + standard deviations. “Indicates statistically
significant difference.

3.4. Conventional ultrasound and SWE
parameters of healthy controls and
postoperative CTS groups

The postoperative group had a significantly lower CSA
and Emean of the median nerve at the carpal tunnel inlet and
the distal carpal tunnel than the healthy controls (p < 0.05)
(Table 4).
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conventional ultrasound and SWE
parameters

The CSA and Emean at the carpal tunnel inlet and the distal
1/3 of the forearm showed good diagnostic performance (0.999,
0.993, 0.999, 0.992, p < 0.001). In this study, the corresponding
cutoff value of CSA (8.2 mm?) was used to diagnose CTS, with a
sensitivity of 96.2% and a specificity of 100% at the carpal tunnel
inlet. We chose the optimal cutoff value of Emean (102.9 Kpa)
to diagnose CTS, with a sensitivity of 96.3% and a specificity of
98%. The difference in AUC between CSA and Epean for CTS
diagnosis was not statistically significant (Z = 1.15, p = 0.25).
The CSA cutoff value (1.68 mm?) of the carpal tunnel inlet and
the distal 1/3 of the forearm produced sensitivity and specificity
of 86.6 and 100%, respectively. However, the cutoft value (3.72
mm?) of the Epean ratio of the carpal tunnel inlet and the distal
1/3 of the forearm produced a sensitivity of 96% and a specificity
0f 96% (Table 5).

3.6. Correlation of electrophysiology
severity with CSA and Epmean

Electrophysiological severity had a positive correlation with
CSA (r> = 0.93, p < 0.001), whereas electrophysiological severity
had a moderate correlation with Emean (2 = 0.60, p < 0.001).

4. Discussion

Studies suggest high pressure in the carpal tunnel to be
the cause of CTS (28). The increased pressure affects the
microcirculation in the median nerve, leading to edema and
demyelinating lesions. Hence, there is a thickening of the nerve
bundle and vessel walls (29, 30). Nerve entrapment injury
causes intraneural ischemia, which leads to abnormal vascular
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The CSA and SWE of the median nerve (MN) in a 40-year-old female control subject at carpal tunnel inlet. (A,B) (CSA = 0.08 cm?, Emean = 37.2
kPa). The CSA and SWE of the median nerve (MN) in a 51-year-old female patient with severe CTS at carpal tunnel inlet in preoperative. (C,D)
(CSA =0.13 cm?, Emean = 175.3 kPa). The CSA and SWE of the median nerve (MN) in a 51-year-old female patient with severe CTS at carpal
tunnel inlet in postoperative. (E,F) (CSA = 0.10 cm?, Emean = 37.9 kPa). The red arrow indicates the CSA of the nerve.
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endothelial permeability and manifests as intra-nerve edema
and increased CSA measurement (29, 31). High-frequency
ultrasound can detect changes in the median nerve, such as
hypoechoic nerve, blurred nerve bundle, and increased cross-
sectional area.

Byra et al. (32) reported variability in the echogenicity and
shape of the median nerve in CTS and healthy patients. Also, the
CSA of patients with CTS was significantly higher than healthy
individuals (33). Notably, these findings were consistent with
our study.

Furthermore, we found that the lack of differences between
CSA at the distal carpal tunnel pre- and postoperatively could be
attributed to delayed decompression.

We also found that the injury to the nerve did not involve
the distal 1/3 of the forearm, and because of this, we could use
the CSA at the distal 1/3 of the forearm as a reference value in
this experiment to obtain a truncated value with less individual
differentiation compared with the CSA at other locations.

Compression of microcirculation in the median nerve
leads to focal demyelination and axonal degeneration with a
fibrotic response (14, 30). Wang et al. (34) documented a
relationship between carpal tunnel pressure and shear wave
velocity. In our study, the cutoff values of the median
nerve at the carpal tunnel inlet were higher than in other
studies. We concede that participants had moderate and severe
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CTS with a higher degree of neuropathy, thus leading to a
higher Emean-

In our study, we found that the variance of Emean at
the carpal tunnel inlet and outlet in all populations is very
high compared to 1/3 of the distal forearm (Figure1). We
hypothesized that there are more bones in the carpal tunnel
inlet and outlet, which cause the “bone-proximity” hardening
artifacts. These artifacts occur when the nerve travels near a
bone plane that prevents the shear wave from homogeneously
propagating at depth, thus causing local stress inhomogeneity.
As Bortolotto reported, the stiffness of the median nerve
progressively increases in its distal portions, where the nerve
approaches the bone surface (35).

The correlation of electrophysiology severity with CSA
and Emean is consistent with the results of Choi et al. (36)
and Drakopoulos et al. (37). Therefore, we suggest that it is
feasible to determine the severity of the disease in patients with
CTS based on conventional ultrasound and SWE. Conversely,
another study showed that nerve stiffness was a better predictor
of disease severity than CSA, due to substantial axonal loss
in extremely severe cases, which produces less swelling of the
compressed nerve than in moderately severe cases (38).

There were two cases of extreme severity in our study that
had no significant difference in assessing CTS severity. The
quantitative evaluation of the median nerve injury in patients
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by conventional ultrasound and SWE had high diagnostic
values (Table 5). Although there were no significant differences
between the two techniques, the application of the SWE
technique did not improve the diagnostic efficacy of CTS.
Kantarci et al. (28) and Arslanet et al. (39) documented
similar findings.

Currently, the best treatment for CTS is carpal tunnel
release. Approximately, 70- 90% of patients undergo carpal
tunnel dissection to release the median nerve and achieve
satisfactory results (40, 41). The questionnaires can be used
as a method to assess postoperative recovery (42). Compared
to the BCTQ score, ultrasound better reflects the recovery of
neuropathy before the symptoms improve.

The reduction in CSA and elasticity is due to the successful
severance of the transverse carpal ligament, which releases
nerve compression and reduces nerve edema. In our study, the
differences in CSA and Epean between postoperative patients
with CTS and volunteers were statistically significant (Table 4). It
can be attributed to the presence of severe permanent structural
changes in the median nerve in some patients, as reported by
Inui et al. (40). In addition, neurological symptoms were not
completely relieved because of the short recovery time.

The differences in CSA of the median nerve measured
at the carpal tunnel and proximal levels provided higher
diagnostic efficacy than a single CSA measure (43). Scholars
have suggested the use of different elasticity ratios to reduce
individual variability and stiffness (13, 33, 44) due to the
variability of CSA and elasticity in patients of different ages,
weights, and genders.

In this experiment, we used CSA and Emean of the nerve at
the distal 1/3 of the forearm as internal control parameters. We
analyzed the diagnostic performance of the CSA ratio and Emean
of the nerve at the carpal tunnel inlet and the distal 1/3 of the
forearm. The ratio had a high diagnostic efficacy; this strategy
increased the assessment efficiency and sensitivity of median
nerve injury (45) but was not optimized by applying CSA or
Emean alone due to the low number of patients.

This study has some limitations: (a) A single-center study
with a small sample size, (b) a preliminary study of postoperative
nerve recovery in the short term; in future studies, we will refine
the records of longer follow-ups. (c) We detected microvascular
changes within the median nerve in some moderate to severe
patients, which we believe is also a sign of pathological changes.
However, we did not conduct further analysis. (d) The pressure
applied to the surface with the probe cannot be controlled
completely at the carpal tunnel inlet and outlet. Therefore, the
recommendations for future research are to (a) increase the
number of patients with mild and extremely severe CTS, (b)
increase the patient follow-up information to assess long-term
nerve recovery and explore the potential correlations between
SWE parameters and clinical score in a later stage after surgery,
(c) examine the microvascular anatomy of the median nerve in
all patients in future studies, and (d) add an ultrasound gel pad
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to reduce excessive pressure when measuring the elasticity of the
superficial nerve.

5. Conclusion

Conventional ultrasound and shear wave elastography
have a strong correlation with clinical symptom scores and
electromyography severity grading. This allowed the assessment
of changes in postoperative nerve stiffness, which assisted in the
clinical judgment of postoperative nerve recovery in patients
with CTS.
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Objective: Our study aimed to evaluate the influence of
methylenetetrahydrofolate reductase (MTHFR) polymorphism on the clinical
features and therapeutic effects in patients with migraine.

Methods: The data of 135 patients with migraine were collected from
January 2021 to December 2021. The MTHFR C677T polymorphism was
analyzed. The pain intensity was evaluated using a numerical rating scale (NRS)
during treatment. The levels of folic acid, homocysteine (Hcy), vitamin B12,
interleukin-2 (IL-2), IL-4, and ferritin, and changes of NRS were compared
between folic acid and conventional treatment groups stratified by different
genotypes of MTHFR in migraine patients.

Results: The levels of Hcy and ferritin in male patients were higher than that
in female patients (P < 0.05); Compared with CC and CT genotype groups,
the TT genotype group showed significantly higher Hcy levels (P < 0.05)
and lower folic acid levels (P < 0.05); In both folic acid and conventional
treatment groups, a significant decrease in NRS score was observed in different
genotypes post-treatment (P < 0.05). Patients with TT genotype in the folic
acid treatment group showed better therapeutic efficacy than conventional
treatment group (P < 0.05). There is no significant difference in the therapeutic
efficacy in other genotypes between the two groups (P > 0.05).

Conclusion: The MTHFR C677T genotyping may provide a new method to
guide and optimize individualized medication for migraine patients.

migraine, folic acid, individualized medicine, MTHFR polymorphism, therapeutic
efficacy

Introduction

Migraine is a chronic, multifactorial neurovascular disease that is typically
characterized by recurring and disabling headache attacks, as well as an impaired
autonomic nervous system (1). Symptoms associated with migraine include paroxysmal
unilateral throbbing pains, nausea, vomiting, photophobia and phonophobia (2). The
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incidence of migraine is about 15% worldwide, the prevalence
rate is 9.3% in China, and the ratio of males to females is about
1:3 (3, 4).

The pathogenesis of migraine is complex and remains
unclear. Migraine is a multifactorial disorder with pathogenesis
influenced by dietary, psychological, environmental, and genetic
factors. Except for symptomatic treatments, no special drugs
are available for migraine. The first-line therapeutic drugs
for migraine include triptans, non-steroidal anti-inflammatory
drugs, antiemetics, and so on. A combination strategy is
commonly used to reduce the degree of the headache and
control other symptoms; however, it is related to medication-
overuse headaches, adverse reactions, and substantial financial
burdens (5, 6), so the treatment discontinuation rate is high.
Previous studies reported that 66.7% of patients discontinued
their medications (7). Therefore, a significant need exists for
other effective, safe, and affordable treatments at present.

Methylenetetrahydrofolate reductase (MTHFR) is a
crucial enzyme for homocysteine (Hcy) metabolism and
regulates Hcy level in vivo, mainly by affecting folic acid
absorption and metabolism (8, 9). MTHFR catalyzes the
5,10-methylenetetrahydrofolate into 5-methyltetrahydrofolate
(CH3-THF) to provide the carbon in the metabolism process of
Hcy. The MTHFR 677C—T polymorphism reduces MTHFR
enzyme activity, resulting in hyperhomocysteinemia (HHcy).
HHcy has become a well-established healthy risk factor
associated with neurological disorders, cognitive decline, and
cardiovascular disease. HHcy may increase neuronal excitability
and release many headache mediators and other inflammatory
factors; finally, it induces migraine (10-12). Supplementation
of folic acid can reduce the level of Hcy, which has been used
to prevent and treat other diseases related to Hcy (13, 14).
Several clinical studies preliminarily suggested that targeted
folic acid supplementation for migraine patients can help
prevent the onset and treatment of migraine (10, 15). Some
people may respond better to folic acid supplementation, but the
conclusions are inconsistent (16). The MTHFR 677C—T variant
can decrease the activity of MTHFR, reduce the tetrahydrofolate
levels intracellularly, increase the folic acid demand, and
counteract the folic acid supplement (9). However, limited
studies about the influence of MTHFR C677T polymorphism on
migraine’s clinical features and effects from different treatments
have been carried out, such as folic acid. Thus, this article
is aimed to determine the role of MTHFR polymorphism
in the treatment of migraine and the optimization of
individualized medication for migraine patients.

Materials and methods

Study design

This is a retrospective study using the detection of the
MTHEFR polymorphism to evaluate the efficacy of patients who
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received treatments for migraine between January 2021 and
December 2021 in the First Affiliated Hospital of Zhejiang
University (FAHZ]J), a hospital located in the Zhejiang province,
China. A total of 135 patients diagnosed with migraine by
physicians were enrolled in our hospital. Patients received folic
acid (5 mg), or conventional drugs for migraine treatment were
eligible. Ethical approval was obtained from the authorizing
ethics committee of FAHZJ (IIT20220564A). The data were
anonymous, and the requirement for informed consent was
waived for our retrospective study.

MTHFR genotyping and laboratory
testing

Genomic DNA was prepared from peripheral blood samples
by cell lysis assay. For each patient, 2mL of peripheral venous
blood was collected with EDTA as an anticoagulant for testing
MTHFR C677T genotypes. A test kit (PCR and microarray
method, Shanghai Bio Science and Technology Co., Ltd.,
China) was used to identify the MTHFR C677T genotypes
as follows: CC genotype (heterozygous, fast metabolizer), CT
genotype (mutant, intermediate metabolizer) and TT genotype
(homozygous mutant, slow metabolizer). The serum analytes
measured were folic acid, Hey, ferritin, vitamin B12, interleukin-
2 (IL-2), IL-4, IL-6, IL-10, TNF-a, IFN-y, and IL-17A.

Efficacy assessment

The treatment duration was 1 month. The pain intensity
was evaluated using a numerical rating scale (NRS) ranging
from 0 to 10. Higher scores indicated greater pain: mild pain
(NRS 1-3), moderate pain (NRS 4-6), and severe pain (NRS 7-
10). Furthermore, changes in NRS scores were determined by
comparing the NRS scores before and after treatment.

Statistical analysis

Data were statistically processed and analyzed by SPSS
version 26.0. Measurement data were presented as mean
+ standard deviation (SD) and were compared with ¢-test
or One-Way ANOVA. Enumeration data were presented as
percentages. A two-tailed P < 0.05 demonstrated statistically
significant differences.

Results

Clinical characteristics

Clinical characteristics are shown in Tablel and
Supplemental Table 1. Among the 135 migraine patients,
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TABLE 1 Clinical characteristics of migraine patients at baseline. TABLE 1 (Continued)
Variables N (%) or Variables N (%) or
(Mean + SD) (Mean + SD)
Age (years) 3520 £+ 12.64 Pain frequency Once a month 23(17.0)
Gender Male 43 (31.9) Twice a month 57 (42.2)
Female 92 (68.1) Thrice a month 44 (32.6)
NRS Mild (0~3) 52(38.5) More than thrice a 11(8.1)
month
Moderate(4~6) 70 (51.9)
Family history for migraine 9(6.7)
Severe (7~10) 13 (9.62)
Analgesic drugs Tizanidine 105 (77.8)
Pain sensation Persistent 21 (15.6)
Methylcobalamin 60 (44.4)
Paroxysmal 6(4.4)
Folic acid 45 (33.3)
Pulsatile 18 (13.3)
Qing Peng Ruan 38(28.1)
Splitting 4(3.0) Gao
Stabbing 322 Du Liang Ruan Jiao 37 (27.4)
Pain location Bilateral 54 (40.0) Nang
Unilateral 81 (60.0) Pregabalin 35(259)
Temporal 16 (11.9) Acetaminophen 34(25.2)
Occiput 59 (43.7) Eperisone 34 (25.2)
Parietal 55 (40.7) Calcitriol 30 (22.2)
Frontal 47 (34.8) Imrecoxib 26(19.3)
Neck-Shoulder 30(22.2) Gu Tong Tie Gao 25185
Temple 61 (45.2) Gabapentin 24 (17.8)
Periocular 35 (25.9) Topiramate 19041
Tenderness Occiput 23(17.0) Promethazine 16 (11.9)
Temporal 23(17.0) Flunarizine 15(11.1)
Occipital nerve 21 (15.6) Lidocaine 14(104)
Parapophyses of 27 (20) Loxoprofen 1306)
cervical Ropivacaine 12 (8.9)
Trapezius 29 (21.5) Botulinum toxin 12 (8.9)
Sternocleidomastoid 1(0.7) Vitamin B6 12 (8.9)
Neck-Shoulder 15(11.1) Bai Mai Ruan Gao 9(6.7)
Pain duration (years) 0~5 50 (37.0) Tandospirone 8(5.9)
6~10 40 (29.6) Propacetamol 8 (5.9)
11~15 12(8.9) Celecoxib 7 (5.2)
16~20 20 (14.8) Diclofenac 7(5.2)
20~ 13 (9.6) diethylamine
Duration of increased pain 0~1 11 (8.1) Adenosylcobalamin 762
(months)
2~5 13 (9.6)
6~12 16 (11.9)
43 were males, and 92 were females, ranged from 13 to 69
12~ 10 (7.4) years old (mean and median age, 35.2 and 34 years old,
(Continued) respectively). Based on gene detection, 35 patients (25.92%)
Frontiers in Neurology frontiersin.org
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TABLE 2 Comparison of serum indexes in different genders (mean £+
SD).

10.3389/fneur.2022.1074857

TABLE 3 Comparison of serological indicators in migraine patients
with different MTHFR genotypes (Mean =+ SD).

Male Female t P-value Serological c/C C/T T/T (n = 28)
(n=43) (n=92) indicators (n = 35) (n=72)
Folic acid 7.106 (6.09) 9.704 (12.80) | 1.350 0.18 Ferritin 100.9 + 99.37 117.2 +128.8 85.79 + 73.83
Vitamin B12 | 468.9 (273.0) 739.2(9722) | 1.809 0.072 IL-2 0.90 + 0.86 0.92 4 0.91 0.83 %+ 0.79
Ferritin 224.4 (192.5) 68.23 (61.5) 7.375 <0.0001 IL-4 1.33 4+ 1.49 122412 123+ 1.55
Hey 13.94 (9.671) 7.764(3.074) | 5.691 <0.0001 IL-6 291+ 264 270 +£2.76 2,40+ 1.70
L2 0.686 (1.420) 1.091(1.676) | 0.412 0.681 IL-10 1.48 £2.10 1.08 £ 0.91 1.10 £ 0.87
IL-4 1.232 (1.481) 1.853(5.790) | 0.684 0.4952 TNF-o 3.65+5.11 3.90 4+ 7.11 4.68 + 7.46
1L-6 2.464 (1.803) 2.818(2.812) | 0.747 0.456 TNF-y 439+ 6.36 2.9143.29 3.86 & 4.57
IL-10 1.133 (0.962) 1.245(1.573) | 0.431 0.667 IL-17A 9.35 4+ 25.27 7.20 4+ 18.58 6.62 = 14.28
TNF-o 3.243 (5.040) 3.863 (6.750) 0.530 0.596 CC  genotype:  homozygous; CT  genotype: heterozygous; TT  genotype:
homozygous mutation.

IFN-y 3.733 (4.526) 6.240 (19.400) | 0.826 0.41
IL-17A 7.954 (20.470) | 7.657 (19.970) | 0.060 0.947

were fast metabolizer (CC genotype), 72 patients (53.33%) were
intermediate metabolizer (CT genotype), and 28 patients were
(20.74%) slow metabolizer (TT genotype). The conventional
drugs used were listed in Table 1 and mainly included
non-steroidal

anti-inflammatory  drugs (acetaminophen,

imrecoxib, celecoxib, diclofenac diethylamine), muscle
relaxant (tizanidine, eperisone), methylcobalamin, pregabalin,

gabapentin, and topiramate.

Serum indexes in different genders

Serum indexes are shown in Table 2. Serum levels of Hcy and
ferritin were significantly higher in males than those in females
(P < 0.05). There was no significant difference between genders
on the levels of vitamin B12, IL-2, IL-4, IL-6, IL-10, TNF-¢,
IFN-y, and IL-17A (P > 0.05).

Serum indexes in different genotypes of
MTHFR C677T

Summary data are shown in Figure 1 and Table 3. Data
analysis showed lower folic acid levels and higher Hcy levels
in the TT genotype group (P < 0.05). There was a significant
difference in vitamin B12 levels between the CC and CT
genotype groups (P < 0.05, Figure 1). No significant difference
was found on the levels of ferritin, IL-2, IL-4, IL-6, IL-10,
TNF -, IFN-y, and IL-17A among the three genotype groups
(P > 0.05).
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Treatment response by MTHFR C677T
genotype

The NRS score variations during treatment are shown in
Figure 2 and Table 4. A significant decrease in NRS score was
observed post-treatment (P < 0.05). Treatment with folic acid
was effective in three genotype groups (P < 0.05). Patients
with TT genotype in the folic acid treatment group showed
better therapeutic efficacy than conventional treatment group
(P < 0.05). There is no significant difference in the therapeutic
efficacy in other genotypes between the two groups (P > 0.05).

Discussion

Migraine is a neurovascular disorder characterized by
recurrent moderate to severe headache, usually near the
hemicranial head and often accompanied by vomiting, diarrhea,
photophobia, and fear of sound. If one parent has migraine,
the children are about 40 percent more likely to have migraine
(17). Moreover, while both parents have migraines, the risk of
migraine (17) for their children is up to 75%.

The MTHEFR enzyme encoded by the MTHEFR gene is critical
in metabolizing methionine folate. This enzyme reduces 5,10-
methylene tetrahydrofolate to 5-methyl tetrahydrofolate (5-
MTHF) (8). As a methyl donor, 5-MTHF can maintain the
balance of Hcy through the methylation of Hcy in the blood
(18). Inadequate consumption of folic acid, or abnormality of
the enzymes involved in folic acid metabolism, can lead to
decreased levels of folic acid. Thus, the methionine production
can be inhibited, resulting in an accumulation of Hcy in the
body and HHcy. At the same time, the increased Hcy level
contributes to the development of migraine through a series of
complex events. A high level of Hcy may impair methylation
reactions, which disrupts the normal functions of blood vessels
and nerves, inhibit the activity of the cerebral cortex, and
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Levels of folic acid, homocysteine, and vitamin B12 among different genotypes of MTHFR in migraine patients. (A) Levels of folic acid among
migraine patients with different genotypes of MTHFR. (B) Levels of Hcy among migraine patients with different genotypes of MTHFR. (C) Levels
of vitamin B12 among migraine patients with different genotypes of MTHFR. Horizontal lines represent median values, box represent the
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Therapeutic effects for migraine patients with different MTHFR genotypes before and after treatment. (A—F) NRS score and changes of NRS in
patients with different genotypes of MTHFR before and after treatment. (G) Mean difference of NRS score between folic acid and conventional

treatment groups stratified by different genotypes of MTHFR in migraine patients.

decrease local blood flow (19). These reactions can further Recently, numerous studies have demonstrated that MTHFR
increase the inflammatory cytokines (such as 5-HT, IL-6, and polymorphism is associated with migraine and serum Hcy
TNF-«) in cerebral microvascular endothelial cells (20), and concentrations (21). The genetic polymorphism of the MTHFR
finally lead to migraine. can cause a decrease in MTHFR enzyme activity. Compared
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TABLE 4 Comparison of treatment response by MTHFR C677T genotype.

MTHFR C677T NRS Folic acid Conventional t P!
genotype treatment group treatment group
NRS pre-treatment 4.29+1.33 3.64 £1.91 1.036 0.309
TT NRS post-treatment 0.64 & 0.63 1.07 & 1.21 1.177 0.25
Variation of NRS pre-and post-treatment 3.64+1.39 2.57 £1.09 2.267 0.0319
n 14 14
NRS pre-treatment 3.83£2.12 333 £2.19 0.932 0.354
CT NRS post-treatment 0.96 & 1.04 0.65 4 0.80 1.428 0.156
Variation of NRS pre-and post-treatment 2.88+1.40 2,69 +0.22 0.623 0.6225
n 24 48
NRS pre-treatment 4.429 +2.37 3.75+1.58 0.918 0.365
CcC NRS post-treatment 1.00 £ 0.57 0.64 £ 0.62 1.377 0.177
Variation of NRS pre-and post-treatment 3.43+1.99 314+ 118 0.497 0.623
n 7 28

! Comparisons were performed between folic acid treatment group and conventional treatment group among different MTHFR C677T genotypes at different time point.

with the CC genotype, the CT and the TT genotypes show group, MTHFR genotype variation affects the therapeutic effect

65% and 30% of MTHFR enzyme activities, respectively (22). of migraine patients. In our study, migraine patients with CT
Decreased folic acid levels were observed in patients with the and TT genotype were divided into a folic acid treatment
slow metabolism TT genotype. Wang et al. studied the genetic group and a conventional treatment group. Our results showed
susceptibility of C677T polymorphism to migraine in Asians that NRS decreased after treatment, with significant differences
(23). They suggested that the increase of Hcy may be involved in numerical values of NRS before and after treatment. The
in the pathogenesis of migraine and folic acid, Hcy serum pain and symptoms of migraine patients with the TT genotype
level, and MTHFR polymorphism are related to the occurrence were significantly relieved after treatment with folic acid
of migraine (23). Some studies showed that the Hcy level in supplementation. Besides, the curative effect of the T'T genotype
patients with migraine is significantly higher than that of the group treated with folic acid supplementation was better than
control group, especially during migraine attacks (24). Our study that of conventional treatment group (P < 0.05). Fourteen
compared the serum folate and Hcy levels among migraine migraine patients with high Hcy had a noticeable curative effect
patients with different genotypes. The result showed that the after taking medicine for 1 month. The doctors used folic
serum folate levels of patients with slow and intermediate acid and methylcobalamin to treat migraine the first time and
metabolic types were significantly lower than those with fast then adjusted the treatment regimen until the above indexes
metabolic types. This result is consistent with the data reported returned to normal range according to the levels of folic acid,
in previous literature about the mechanism of MTHEFR enzymes. vitamin B12, and Hcy in serum. Meanwhile, the patients should
The study of Pan et al. showed that (25) the vitamin B12, pay attention to eating more foods rich in folic acid in their
folic acid, and Hcy levels in the migraine group were negatively diet. After treatment, the patients’ headache was significantly
correlated, indicating that the elevation of Hcy level may be relieved, suggesting that the MTHFR C677T genotyping has a
related to the inducement of migraine and that supplementation particular clinical value in guiding the individualized treatment
of folic acid and vitamin B12 may prevent migraine. Lea et al. of migraine. Apart from this, it affirms the curative effect of folic
(26) suggested that vitamin supplements (2 mg folic acid, 25 mg acid supplementation on migraine patients with high Hcy.
vitamin B6, and 400 micrograms of vitamin B12 every day) and Some limitations still existe. In our study, 35 patients
lower Hcy levels can effectively reduce headache frequency and (25.92%) were fast metabolizer (CC genotype), 72 patients
pain severity in 52 migraine patients with aura. Menon et al. (15) (53.95%) were intermediate metabolizer (CT genotype), and 28
treated 206 migraine patients with vitamin supplements. The patients were (20.74%) slow metabolizer (TT genotype). The
results showed that vitamin supplements effectively reduced Hcy result seems different from the data reported in public databases
levels and headache severity in migraine patients. The C allele of (27). However, in Chinese populations, geographical and ethnic
the MTHFR C677T variant has more reductions in Hcy levels variations were observed in MTHFR C677T genotypes. In a
and migraine pain severity compared with the TT genotype. large sample that pooled the results of epidemiological studies

Stratified analysis by the genotype of the vitamin treatment on the distributions of MTHFR C677T genotypes in healthy

Frontiersin Neurology frontiersin.org
59



https://doi.org/10.3389/fneur.2022.1074857
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org

Guo et al.

populations living in Mainland China, the mean frequency of
677TT genotype was 20% (95% confidence interval: 18-23%)
(28). The frequency of the 677T allele ranged from 24.0%
in Hainan province and 63.1% in Shangdong province. Thus,
the polymorphic distribution of MTHFR C677T in our study
is within the reported range in previous studies among the
Chinese population (28). In addition, this sample size of our
study is relatively small, so potential confounders to migraine
(such as age distribution, sex percentage, and pain duration)
were not further checked via multivariate logistic regression.
Therefore, the results of this study also need to be further
verified with a well-designed and large sample study. In
summary, this study has provided valuable information from
real-world clinical practices about individualized medication for

migraine treatments.

Conclusion

In conclusion, MTHFR polymorphism may be beneficial
to guide and optimize individualized medication for migraine
treatments. In the future, the relationship between MTHFR
polymorphism and migraine treatment can be further studied in
larger sample populations with a well-controlled experimental
design, especially for vitamin B supplementation.
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Purpose: Accurate preoperative assessment for traumatic brachial plexus injury
(BPI) is critical for clinicians to establish a treatment plan. The objective of
this study was to investigate the diagnostic performance of preoperative
ultrasound (US) through comparison with an electrophysiology study (EPS) in
the assessment of traumatic brachial plexus (BP) root injury.

Materials and methods: We performed a retrospective study in patients with
traumatic BPI who had preoperative US and EPS, excluding obstetric palsy
and other nontraumatic neuropathies. US examination was performed on an
EPIQ 5 color Doppler equipment. EPS was performed on a Keypoint 9033A07
Electromyograph/Evoked Potentials Equipment, testing electromyography
(EMG), nerve conduction studies (NCS), and somatosensory evoked potentials
(SEP). Each BP root of all patients was assessed by US and EPS as completely
injured or incompletely injured, respectively. Sensitivity, specificity, positive
predictive value (PPV), negative predictive value (NPV), and accuracy were
calculated based on the correlation with intraoperative findings. The accuracy
of US and EPS were compared using the McNemar test. The added benefit
of US was evaluated by comparing the sensitivity and specificity between the
combined tests with EPS using the McNemar test.

Results: This study included 49 patients with traumatic BPI who underwent
BP surgeries from October 2018 to September 2022. Surgical exploration
confirmed 89 completely injured BP roots in 28 patients. US correctly detected
80 completely injured BP roots (sensitivity, 0.899; specificity, 0.981; PPV, 0.964;
NPV, 0.944; accuracy, 0.951). EPS correctly detected 75 completely injured BP
roots (sensitivity, 0.843; specificity, 0.929; PPV, 0.872; NPV, 0.912; accuracy,
0.898). US showed significantly higher accuracy than EPS (p = 0.03). When
combining US and EPS for completely injured BP root detection, the sensitivity
of the inclusive combination (0.966) was significantly higher than EPS alone
(p = 0.000977), and the specificity of the exclusive combination (1.000) was
significantly higher than EPS alone (p = 0.000977).
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Conclusion: Preoperative US is an effective diagnostic tool in the assessment
of traumatic BP root injury. US had higher accuracy than EPS in this study.
Sensitivity and specificity were significantly higher than EPS when US was

combined with EPS.

ultrasound, brachial plexus, trauma, root injury, electrophysiology, comparison

1. Introduction

Traumatic brachial plexus injury (BPI) commonly affects
younger people and causes significant disability of the upper
extremity. Early exploration and nerve repair or nerve grafting
are recommended in open sharp injuries, while the management
of closed injuries requires patience and careful monitoring (1-
5). As nonsurgical treatment is likely to have a good prognosis,
surgery is not recommended for some patients, such as
those with neuropraxia (4-6). Therefore, accurate preoperative
assessment to stratify patients who require surgical intervention
by identifying a complete injury is critical for establishing a
treatment plan.

Apart from clinical symptoms and physical examinations,
an electrophysiology study (EPS) is one of the most commonly
used methods for preoperative assessments of traumatic BPI
(3, 7-10). However, in complete injuries, EPS cannot provide
reliable results within 3 to 4 weeks (1, 3, 7-9, 11), which
might decrease the possibility of early surgical intervention and
better functional outcomes (12, 13). Currently, ultrasound (US)
has gained its role as a noninvasive and cost-effective imaging
modality through recent successful attempts to assess brachial
plexus (BP) neuropathy, showing that US might be a valuable
alternative method (14-24).

To the best of our knowledge, although there have been a
series of publications that reported the sensitivities of US for
BPI diagnosis, ranging from 0.75 to 0.80 (16-18, 20, 24-26),
fewer studies reported the specificity, and the sample sizes were
limited (18, 20, 24). Furthermore, there is a shortage of published
studies comparing US and EPS in a head-to-head fashion in the
same set of patients with BPI (27, 28). Therefore, the aim of
this study was to investigate the diagnostic performance of US
through comparison with EPS in the detection of completely
injured BP roots.

2. Materials and methods

This retrospective study was approved by the ethical
institutional review board of Huashan Hospital, and all
Helsinki
Declaration. Patients with traumatic BPI who underwent
BP surgeries between October 2018 and September 2022 at
Huashan Hospital, Fudan University (Shanghai, China), were

procedures were performed according to the
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included in this study. We searched our database of patients
who (1) had a clear history of trauma; (2) had suspected BP root
injury based on physical examination; and (3) underwent US
and EPS examination before BP surgery. The exclusion criteria
were as follows: (1) patients with obstetric plexus palsy, (2)
patients who underwent previous BP surgery, (3) patients who
showed obvious functional recovery after nonsurgical treatment
before surgery, and (4) patients with other nontraumatic
neuropathies. Medical records of each patient, such as age, sex,
etiology, treatment history, US, and EPS results, were reviewed.

Preoperative US examination, including image collection
and diagnosis, was performed by a certified radiologist with 9
years of experience in peripheral nerve imaging who was blinded
to EPS and other imaging results. An EPIQ 5 color Doppler
equipment (Philips Medical Systems, Bothell, WA, USA) was
used for the standardized examination protocol. High-frequency
linear-array transducers, namely, L18-5 MHz and L12-5 MHz,
were used for deep structures. The patient was in a supine
position with the neck extended to the noninjured side. As
traditionally advised, US scanning started from the cranial part
of the BP, e.g., C5 root, after identifying its corresponding
transverse processes in a horizontal plane on the supraclavicular
fossa. The C7 transverse process was the most commonly used
bony landmark to locate the C7 root. Thus, the C5 to C8
roots could be depicted in the interscalene groove, arranged in
a line as a series of hypoechoic nodules between the anterior
and middle scalene muscles (29). The deepest T1 root could be
visualized caudal to the C8 root coursing on top of the first rib.
Each BP root was scanned along its inferior and lateral courses
and tracked proximally in the transverse section and possible
longitudinal section. In cases of variations, there might be BP
roots coursing anterior to the anterior scalene muscle or piercing
the muscle belly instead of traveling inside the interscalene
groove; a rudimentary anterior tubercle might be visualized
at the C7 transverse process; and a cervical rib might also
appear (30). As such, following the caudal-to-cranial tracking
technique by shifting the probe back and forth could effectively
clarify the C5 to T1 BP roots and recognize variations (14, 30).
Gentle tilting of the probe during the US scanning helped better
delineate the edges of the nerve epineurium (31). The continuity
of the BP root epineurium and fascicles and the existence of any
accumulated cerebrospinal fluid or neuroma-like enlargement
were recorded as observed (Supplementary Table 1). In US
examination, a completely injured BP root was recorded as a
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FIGURE 1

Longitudinal sonogram shows a hypoechoic irregular neural stump (arrows) with a blind-ending of the hypoechoic brachial plexus root. An
empty neural foramen (arrowhead) is visualized, indicating preganglionic avulsion of the nerve root. Transverse processes (P) of cervical
vertebrae are shown as hyperechoic bone prominences with posterior acoustic shadowing.

positive result, which should have at least one of the following
appearances: (1) neural stump (Figurel), (2) neural gap
(Figure 2), (3) cerebrospinal fluid adjacent to the intervertebral
foramen (Figure 3), and (4) neuroma-like enlargement adjacent
to the transverse process (Figure 4).

Preoperative EPS examination was performed by a certified
neurophysiologist blinded to the US and other imaging results,
following the information collection forms reflecting the
content of examination standards (Supplementary Tables 2-5).
A Keypoint 9033A07 Electromyograph/Evoked Potentials
bioMedApS, Skovlunde, DK-2740
Denmark) was used. The patients were asked to wait for at least

Equipment  (Alpine
30 min before the examination, and room temperature (25°C)
was required during the examination. Needle electromyography
(EMG), nerve conduction studies (NCS), and somatosensory-
evoked potential (SEP) were tested for each patient. Sensory
NCS included sensory nerve conduction velocity (SNCV) and
sensory nerve action potential (SNAP). Motor NCS included
motor nerve conduction velocity (MNCV) and compound
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muscle action potential (CMAP). EMG was performed on
relevant muscle sets using disposable concentric needle
electrodes. Motor unit action potential (MUP) recruitment
pattern characteristics were used to determine injury presence,
severity, and recovery. Diagnosis of BPI was finally determined
by the results of these EPS tests according to the anatomy
of the brachial plexus. In EPS, a completely injured BP root
was recorded as a positive result, which should meet all these
characteristics: (1) abnormal spontaneous activities; (2) no
motor units; and (3) no CMAP or MNCV.

The intraoperative findings were used as the reference
standard. were made via

Exploratory BP  surgeries

supraclavicular incisions. Observation and evaluation of
the continuity of each BP root were performed up to the
intervertebral foramen under a microscope. The sensitivity,
specificity, positive predictive value (PPV), negative predictive
value (NPV), and diagnostic accuracy of US and EPS for
detecting completely injured roots were calculated using a

2 x 2 table. The statistical difference in diagnostic accuracy
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FIGURE 2

enlarged in comparison with the proximal root end.

Longitudinal sonogram shows a completely transected brachial plexus root with a 1.92-cm-long neural gap between the proximal end
(arrowheads) and the distal end (arrows). The proximal root end is adjacent to the transverse process (P). The caliber of the distal root end is

between US and EPS was examined by the exact, two-sided
McNemar test using VassarStats.net (http://vassarstats.net/).
To evaluate the added benefit of US when combined with
EPS, sensitivity and specificity were calculated based on two
models, namely, inclusive combination (if the result of either
US or EPS was positive, it was considered positive) and
exclusive combination (if both the results of US and EPS were
positive, it was considered positive). Then, the sensitivity and
specificity of these two models were compared with those of
EPS alone by the exact, two-sided McNemar test. A p-value
of 0.05 was considered the limit for a statistically significant
difference.

3. Results

3.1. Patient characteristics

The clinical characteristics of the 49 patients are summarized
in Table 1. Among them, 40 of the patients were men and
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nine were women. The majority of patients had a trauma of
collision (41). The other patients suffered from stretch (4), crush
(1), incision (1), and iatrogenic injuries (2). The age of the
patients ranged from 5 to 78 years, with an average age of 42.6
years. The median time interval between injury and surgery
was 87 days. The median time intervals between injury and
preoperative examination were 75 days and 68 days for US and
EPS, respectively.

3.2. Diagnostic performance of US and
EPS

Surgical exploration confirmed 89 completely injured roots
in 28 patients. US correctly detected 80 completely injured BP
roots, with 80 true-positive results, 153 true-negative results,
three false-positive results, and nine false-negative results
(Table 2). EPS correctly detected 75 completely injured BP
roots, with 75 true-positive results, 145 true-negative results, 11
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FIGURE 3

(PT) represents preganglionic root avulsion.

Transverse sonogram shows the accumulated cerebrospinal fluid, i.e., pseudomeningocele, adjacent to the intervertebral foramen. The
cerebrospinal fluid (arrows) appears anechoic. The absence of brachial plexus root (arrowhead) between anterior (AT) and posterior tubercles

false-positive results, and 14 false-negative results (Table 2). The
number of positive and negative cases based on preoperative
US and EPS examination is shown by root level in Table 2. In
our study, US had fewer false-positive and false-negative results
than EPS (Table 2). The overall sensitivity, specificity, PPV, NPV,
and accuracy of detecting completely injured BP roots by US
were 0.899, 0.981, 0.964, 0.944, and 0.951, respectively (Table 3).
The overall sensitivity, specificity, PPV, NPV, and accuracy of
detecting completely injured BP roots by EPS were 0.843, 0.929,
0.872, 0.912, and 0.898, respectively (Table 3). There was a
significant difference in diagnostic accuracy between US and
EPS (p = 0.03, Table 4).

3.3. Combination of US and EPS

The sensitivity of the inclusive combination of US and EPS
was significantly higher than EPS alone (p = 0.000977), while the
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difference in specificity was not statistically significant (p = 0.25,
Table 5). The specificity of the exclusive combination of US and
EPS was significantly higher (p = 0.000977), while the sensitivity
was significantly lower (p = 0.03125) compared to EPS alone
(Table 6).

4. Discussion

A series of publications reported that both US and EPS are
valuable tools for evaluating BPI (8, 25, 26, 32-35). However, to
the best of our knowledge, published literature comparing the
diagnostic performance of US and EPS on BPI is limited (27, 28).
To investigate their diagnostic performance, US was compared
head-to-head with EPS in 245 BP roots from 49 patients in our
study by using intraoperative findings as the reference standard.
Furthermore, the added benefit of US was shown when we
combined it with EPS.
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FIGURE 4

Longitudinal sonogram shows a neuroma-like enlargement of a brachial plexus root. The proximal part (arrowheads) of the nerve root adjacent
to the transverse process (P) appears as a thin stripe. The distal part (arrows) of the root is hypoechoic and significantly enlarged as a neuroma
losing smooth contour and regularly arranged fascicles due to retraction.

Our study showed a higher sensitivity (0.899) of US
than previous reports (0.75-0.80) (16-18, 20, 24-26) and a
higher accuracy of US (0.951) than EPS (0.898). One possible
factor was that the radiologist in our study had extensive
experience in peripheral nerve imaging. Another possible
explanation was that the result of EPS might change during the
spontaneous nerve recovery process, which might cause false
diagnoses (3, 7-9, 11, 36).

The results obtained by US were consistent with EPS in
69 true-positive BP roots, 142 true-negative BP roots, and
three false-negative BP roots. In this study, when US and EPS
were both diagnosed positive, the BP roots were all completely
injured. When US and EPS were both diagnosed negative, most
(142/145) of the BP roots were not completely injured.

Despite the high concordance rate between US and EPS,
22 BP roots were correctly diagnosed by US but not by EPS,
and 9 BP roots were correctly diagnosed by EPS but not by
US. Notably, the inclusive combination of US and EPS could
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correct 11 out of 22 roots falsely diagnosed by EPS and 6 out
of 9 roots falsely diagnosed by US. The exclusive combination
of US and EPS could correct the other 11 out of 22 roots
falsely diagnosed by EPS. Therefore, we suggest the inclusive
and exclusive combination might be taken into consideration for
assessing BP root injuries.

As a nerve conduction test, EPS could verify the continuity
of a neural pathway to distinguish partial rupture from
complete rupture when the neuroma-like enlargement is
ambiguous for US. The advantages of Doppler US include
high spatial resolution capabilities, portability, easy access,
low cost, comparison with the contralateral side, and vascular
information. Besides, this noninvasive and radiation-free
method can generate real-time images, which allows extremity
movement and muscle contraction during the scanning (37).
A series of publications showed that US may provide useful
morphological information (14-21, 23, 24, 36, 38) to help
surgeons choose the appropriate surgical time and surgery type
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TABLE 1 Demographic characteristics of 49 patients.

Variables Value

Sex
Men 40 (82%)
Women 9 (18%)

Injury-involved side

Left 27 (55%)
Right 22 (45%)
Etiology

Collision 41 (84%)
Stretch 4 (8%)
Crush 1(2%)
Incision 1(2%)
Iatrogenic injury 2 (4%)

Age (years) Mean + SD (range)

42.6 +16.8 (5-78)

Time interval (days) Median (Q1, Q3; Min-Max)

Between injury and surgery 87 (42, 137;4-1,193)

Between injury and US examination 75 (32, 123; 0-1,189)

Between injury and EPS 68 (29, 123; 0-1,188)

Between US examination and surgery 3(2,6;0-94)

Between EPS and surgery 6(3,12;1-94)

as well as refine surgical decisions in advance. Although the time
for nerve exploration in closed injuries remains controversial,
it is accepted that early nerve transfer for preganglionic root
avulsion and early nerve repair or nerve grafts for postganglionic
root rupture correlate with better outcomes (1, 4-6). Since the
denervated muscle of the preganglionic avulsed root can only be
reactivated by nerve transfer, it is vital to diagnose which roots
were avulsed in preoperative preparation. If a preganglionic
root avulsion is diagnosed, clinicians can better plan the nerve
transfer surgery by choosing the suitable donor nerve and testing
its function earlier. In addition to clarifying which roots are
postganglionic ruptured, US can measure the distance between
the neural stumps. An accurate measurement can help inform
clinicians in advance to determine whether a neuroanastomosis
can be performed or a nerve grafting surgery is necessary. US
can visualize the internal texture and surrounding structures of
the nerve (25, 31), which is a suitable method for noninvasive
monitoring of lesions in continuity at the same anatomical
site during spontaneous recovery (4-6). In addition, US can
help in making a clinical decision about whether adopting
neurolysis for treating continuous lesions with postganglionic
swelling or compression when nonsurgical treatment does not
lead to functional recovery after a period of time, usually at
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TABLE 2 Preoperative US and EPS examination of completely Injured BP roots in correlation with intraoperative results.
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TABLE 3 The sensitivity, specificity, PPV, NPV, and accuracy of preoperative US and EPS examination of completely injured BP roots.
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TABLE 4 Paired contingency table of diagnostic accuracy of
preoperative US and EPS examination of completely injured BP roots.

EPS correct EPS error Total

US correct 211 22 233
US error 9 3 12
Total 220 25 245

TABLE 5 Comparison of sensitivity and specificity between EPS and
the inclusive combination of US and EPS.

Inclusive combination

EPS p-value*

(US or EPS)
Sensitivity 0.966 0843 | 0.000977
Specificity 0.910 0.929 0.25

*Two-sided McNemar test.

TABLE 6 Comparison of sensitivity and specificity between EPS and
the exclusive combination of US and EPS.

Exclusive combination EPS p-value*

(US and EPS)

Sensitivity 0.775 0.843 0.03125

Specificity 1.000 0.929 0.000977

*Two-sided McNemar test.

least 3-6 months based on the opinion of the majority of
clinicians, is necessary (1, 4-6, 11-13). Moreover, the additional
morphological information provided by US could improve the
preoperational preparation of the surgery and, hence, reduce the
time of surgery and the risk of infection.

There were three falsely diagnosed BP roots by both
US and EPS. US images of these completely injured roots
did not show any positive signs defined in this study, e.g.,
neural stump, neural gap, cerebrospinal fluid, or neuroma-like
enlargement. In this study, two of these three roots (C8 and
T1) were from one patient who was injured around 3 years
before the examinations. Despite the operator-dependent nature
(17-20, 23, 24), the prominent deficiency of US is its poor
visualization of deep roots due to the anatomic location, edema,
or obscuration by the bone (16-20, 23, 24, 36), which might
be the reason for the relatively lower sensitivity of deeper roots
in our study. Besides the features investigated in our study,
ultrasonographic researchers also studied other parameters
of histological structure that might support the diagnosis of
peripheral nerve injuries. For example, in a recent publication,
Ricci et al. recommended (semi)-quantitative measurement
of the peripheral nerve internal structures and the nerve
microcirculation by using high-frequency probes and high-
sensitive color/power Doppler. The sonographic parameters of
interest included (1) thickness of epifascicular epineurium; (2)
texture of interfascicular epineurium; (3) number, size, and
echogenicity of fascicles; and (4) intrafascicular/extrafascicular
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vascular signals. By combining these parameters, grayscale and
vascular US allowed clear visualization of two pathological
sonographic patterns. The first one was the hypoechioic nerve
due to fascicular edema, which is usually observed in the
acute phase of pathology. The second one was the hyperechoic
nerve due to fibrotic involution of the interfascicular tissue
and reduced number and size of fascicles, which correlated
with the chronic phase of pathology. These abovementioned
sonographic features could be considered potential additional
sonographic features to augment the diagnostic accuracy of US
in future studies, especially for neural stumps and neuroma-like
enlargement (31).

The main bias of this study resulted from the observer of
the reference standard, who also made the decision to operate
and was not blinded to preoperative US or EPS results. Second,
all the patients included in this retrospective study were surgical
cases, which indicates that this study was enriched with severe
patients with BPI who needed surgeries. This did not reflect the
proportion of severe BPI in the real-world BPI population, so the
performance of US or the combination of US and EPS needed to
be further investigated in a medium or minor level of BPI.
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Peripheral nerve diseases are significantly correlated with severe fractures or
trauma and surgeries, leading to poor life quality and impairment of physical
and mental health. Human dental pulp stem cells (DPSCs) are neural crest stem
cells with a strong multi-directional differentiation potential and proliferation
capacity that provide a novel cell source for nerve regeneration. DPSCs are
easily extracted from dental pulp tissue of human permanent or deciduous
teeth. DPSCs can express neurotrophic and immunomodulatory factors
and, subsequently, induce blood vessel formation and nerve regeneration.
Therefore, DPSCs yield valuable therapeutic potential in the management
of peripheral neuropathies. With the purpose of summarizing the advances
in DPSCs and their potential applications in peripheral neuropathies, this
article reviews the biological characteristics of DPSCs in association with the
mechanisms of peripheral nerve regeneration.

KEYWORDS

dental pulp stem cells, neuron, Schwann cells, peripheral nerve diseases, neurotrophic
factors

1. Introduction

Peripheral neuron degeneration, inflammation, and necroptosis caused by trauma,
diabetes, and neurodegenerative disorders may cause motor-sensory dysfunctions (1-3).
Therefore, the current therapeutic regimen mainly focuses on neuron regeneration and
function restoration in post-traumatic events.

Conventional therapies have limited efficacy in restoring nerve function since the
regeneration of neurons, and glial cells require sufficient neuronal precursor cells, which
are absent or lacking in the mature nervous system (4). Stem cell-based therapies bring
new insight into the biotherapy of peripheral neuropathies, providing adequate cell
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of
differentiation (4-8). However, challenges remain in the

sources capable self-renewal and multi-directional
mass production of autografts or autologous cells for sufficient
nerve regeneration (5-8).

Derived from the neural crest, DPSCs vyield great
potential in differentiation into neurons, expression of
various neurotrophic factors for axonal regeneration, and
functions of immunomodulation, indicating that DPSCs are
an ideal cell source for peripheral nerve regeneration (5-7). In
this review, we will summarize the biological characteristics
of DPSCs and their respective application in animal models
of peripheral neuropathies, with a focus on their regenerative

mechanisms for future application.

1.1. Biological characteristics of DPSCs

Dental pulp, identified as a typical soft tissue, is rich in
blood vessels, nerves, and mesenchymal tissue. Dental pulp has
a central role in the development of primary and secondary
teeth and further maintenance throughout life (7, 9, 10).
Gronthos et al. (11) first described that DPSCs were initially
discovered from the third molar dental pulp, which is later found
in other dental pulps including deciduous teeth, permanent
teeth, and supernumerary teeth. DPSCs display fibroblast-like
morphology with higher proliferation capacity but lack specific
surface biomarkers (Table 1) (12-20). While highly express
MSC-like phenotypic biomarkers including CD29, CD90, and
CD73 (12, 13), DPSCs are also found to express stemness-
related markers such as Oct-4, Nanog, and Sox-2 (14, 15), and
cytoskeleton-related markers such as Nestin and Vimentin (15).
Moreover, several studies have demonstrated the expression
of cranial neural crest cell-related neural markers by DPSCs,
including glial fibrillary acidic protein (GFAP), B-III tubulin,
and microtubule-associated protein-2 (MAP-2) (15, 16, 21).
Recently, several special markers are proposed to distinguish
DPSCs from gingiva-derived mesenchymal stem cells (GMSCs)
including Calreticulin, Annexin A5, and Rho GDP dissociation
inhibitor alpha (17). Furthermore, a recent study by Lei et al.
(18) demonstrated that the CD271 is the most effective stem

TABLE 1 The features of DPSCs.

Type Surface markers expression

CD27, CD29, CD44, CD73, CD90,
CD105, CD146, CD166, CD271, and
STRO-1

MSC-like phenotypic markers

Stemness-related markers Oct-4, Nanog, and Sox-2

Cytoskeleton-related markers Nestin and Vimentin

Neural crest cell-related
markers

GFAP, B-111 tubulin, and MAP-2

DPSC Specific markers Calreticulin and CD271
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cell surface marker for dental mesenchymal stem cells (DMSCs),
which display high odontogenic potential.

2. The potential mechanisms of
DPSCs in neural regeneration

DPSCs have shown the potential of multiple differentiations,
with promising therapeutic value as bioengineered autografts
for different tissue repair (Figure 1). Therefore, DPSCs can
be applied in the biotherapy for a variety of peripheral
neuropathies (5-7, 19, 20, 22-26). Studies show that DPSCs
could induce restoration in peripheral nerves via three
mechanisms, which include neuronal differentiation, paracrine
and immunomodulatory effects (Figure 2) (5-7, 19, 20, 22-26).

2.1. Neuronal differentiation

DPSCs can directly differentiate into neuron-like cells
and express early neural markers (such as Nestin) (15).
These neuron-like cells could migrate to the lesion sites and
subsequently participate in the nerve regeneration process
(5-7). Some studies have also shown that during migration,
the transplanted DPSCs can recruit endogenous neural stem
cells for tissue reconstruction (20). In addition, Kiraly et al.
(15) revealed that the induction and differentiation of DPSCs
are promoted by activating the intracellular cyclic adenosine
phosphate signaling pathway. Chen et al. (27) proposed that the
elevated intracellular cyclic adenosine phosphate can activate
protein kinase A (PKA), which then up-regulate regeneration-
related genes, such as arginase I, and promotes peptide synthesis.
On the other hand, PKA also inhibits the Rho protein activation
induced by myelin and induce nerve regeneration. Heng
et al. (28) suggest that EphrinB2 signaling can modulate the
neural differentiation of DPSCs, while EphB4 -inhibition in
DPSCs could significantly up-regulate expression of the neural
markers microtubule-associated protein 2, Musashil, NGN2,
and neuron-specific enolase. In 2018 Urraca et al. (29) described
DPSC-derived neurons expressing GABAA and MAP2 genes,
which is previously absent in undifferentiated DPSC and may
provide future neurogenetic research with a useful tool.

2.2. Paracrine effects

Several studies have indicated that DPSCs could participate
in the process of nerve repair in a paracrine manner (10,
20, 30). DPSCs can express brain-derived neurotrophic factor
(BDNF), glia cell-line derived neurotrophic factor (GDNF),
NGF, and neurotrophin-3 (NT3) at a substantial level, and exert
neuroprotective functions in the process of peripheral nerve
regeneration (10). Some researchers propose that the effects
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FIGURE 1
Multiple differentiation potential of DPSCs into various cell types.
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Four main mechanisms of peripheral nerve regeneration by DPSCs.
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of these neurotrophic factors on neural cells are achieved via
the intervention of PI3K/AKT signaling pathway. Even in the
presence of neurotrophic factors such as NGF and GDNE
inhibition of PI3K or AKT activation can result in neuron
apoptosis or necroptosis (31). The Erk signaling pathway plays
a essential role in axonal growth stimulation by modulating
neurotrophic factors (32). Additionally, the neurotrophin
expression in DPSCs isenhanced in certain neural inductive
conditions (33). The conditioned medium of DPSCs has been
shown to increase Schwann cell proliferation rate while inducing
neurite growth in vitro (31, 32). Previous studies revealed that
the DPSC-derived secretome or DPSC conditional medium,
which includes soluble factors and extracellular vesicles,
proved to be therapeutically relevant in the management
of neurodegenerative disorders and nerve injuries via the
regulation of several processes, including neuroprotection, anti-
inflammation, anti-apoptosis, and angiogenesis (34).

2.3. Immunomodulatory properties

The immunomodulatory properties of DPSCs may also exert
crucial functions during the neural repair mechanism (35-38).
Several studies have shown not only CD4+T cells co-cultured
with DPSCs can highly express regulatory T cells (Treg), but
DPSCs implanted in vivo could reverse the decrease in Treg
expression induced by transforming growth factor 1 (TGFB1)
and interleukin-10 signaling pathways inhibition, suggesting
that DPSCs could interfere with immunoregulation during
nerve regeneration (35, 36). On the other hand, it has been
discovered that DPSCs may inhibit TNF-a, and thus up-regulate
anti-inflammation cytokines and promote nerve regeneration
(37). furthermore, DPSCs can induce inhibition in cytotoxic T
cell proliferation and activation via CD73, a central enzyme in
the crosstalk of immunosuppressive adenosine and extracellular
pro-inflammatory ATP, which is
DPSCs (38).

highly expressed in

3. The treatment of transplanted
DPSCs in peripheral nerve disease

3.1. Peripheral nerve injuries

Peripheral nerve injuries lead to notable functional
impairments and decreased quality of life (39). Despite
advances in microscopic techniques for neurosurgery, clinicians
always desire to improve postoperative nerve regeneration
and rehabilitation for better functional restoration via
various methods including biotherapy (40, 41). Currently,
the transplanted DPSCs alone or in combination with several
novel nerve conduits are promising therapy for patients

suffering from peripheral nerve injury (42, 43). Takaoka et al.
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(44) transplanted DPSCs into a rat model with a 10-mm
sciatic nerve defect and found improvement in axon growth,
remyelination, electrophysiological activities, and alleviated
muscle atrophy at 12 weeks post-transplantation. DPSC-
embedded polymeric biomaterial based on ethyl acrylate and
hydroxy ethyl acrylate copolymer shows sufficient bioactivity
to promote regeneration of the injured sciatic nerve (45). A
similar study has shown that preloading collagen conduits
with Schwann cell-like cells (SCLCs) induced from DPSCs
could enhance sciatic nerve repair (46). In addition, collagen
scaffolds preloaded with DPSCs post-differentiation could
exhibit certain traits of SCLC that promote the outgrowth of
axons and myelination in 2-dimensional or 3-dimensional
culture conditions (47). These results demonstrate that DPSCs
are excellent stem cell sources for peripheral nerve regeneration
(Figure 3).

3.2. Diabetic neuropathy

Diabetic neuropathy, the most common complication of
type 1 and type 2 Diabetes Mellitus (DM), and has become
a substantial health concern worldwide, especially for the
elderly. It has been estimated that over 50% of long-term
DM patients will eventually develop neuropathy, which could
lead to diabetic foot ulcers associated with serious disabilities
(48). The COVID milieu since 2019 has driven healthcare
professionals to emphasize the matter of management and
nursing of patients suffering from diabetic neuropathy since
DM patients are prone to have compromised immunity and
disturbed microenvironment (49). Typically, patients suffering
from diabetic neuropathy show decreased peripheral nerve
vascularity and a deficiency of angiogenic and neurotrophic
factors, which may account for the pathogenesis of neuropathies
(50, 51). Recently, the therapeutic effects of DPSCs in diabetic
neuropathy have become recognized by many researchers,
which raised controversies regarding the optimal application
method of DPSCs. Makino et al. suggested that DPSCs
transplantation can significantly improve the blood flow, nerve
conduction velocity, capillary density, and intra-epidermal
nerve fiber density of the damaged nerves while up-regulating
the expression levels of angiogenic and neurotrophic factor
genes (52). Another study proved that transplanted-DPSCs can
significantly reduce the number of macrophages in the diabetic
peripheral nerve microenvironment and specifically inhibit M1
macrophage expression while up-regulating M2 macrophage
expression, eventually decreasing the M1/M2 macrophage ratio
(19). Apart from regulating macrophage expression, DPSCs
could also exert anti-inflammatory effects via inhibiting tumor
necrosis factor a (TNFa) and interleukin-6 (IL-6) expression
while up-regulating TGF-p expression. These findings provide
some perspectives on possible future applications of DPSCs in
diabetic neuropathy management.
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Transplantation of DPSCs in management of various peripheral neuropathies.

3.3. Retina injury

Neurons in the retina and optic nerve share a mutual
origin from the embryonic diencephalon. After neuroepithelium
formation of the retina, neurons lose the ability to divide,
rendering neuronal renewal in the retina impossible (53).
Therefore, blindness caused by retinal injuries remains a major
cause of disability worldwide. Retinal ganglion cells express
a large number of neurotrophic factor receptors, which may
enhance retinal ganglion cell survival and axonal regeneration
(54). Mead et al. found that DPSCs secreted a large number
of neurofibrillary tangles (NTF), which enhanced neural BIII-
tubulin+ retinal cell proliferation and lengthened the neuritis
(55). In addition, transplantation of DPSCs into the vitreous
humor of mice after optic nerve injury promoted Brn-3a+
retinal ganglion cell survival and axonal regeneration (55). It
has been reported that 44% of DPSCs expressed a photoreceptor
marker rhodopsin in a conditioned medium from the damaged
retina (56). This promising novel mechanism should be further
explored for clinical applications.

4. Conclusions

4.1. Current research and challenges

Dental pulp tissue yields great reproductive ability and is rich
in varying categories of stem cells with unique differentiation
potentials. It has been concluded that DPSCs may be isolated
from both postnatal teeth and extremely rare natal teeth (11).
Immortalized DPSCs are also an excellent source of pluripotent
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stem cells with high molecular, morphological and genetic
resemblance with non-immortalized DPSCs, which introduces
the possibility of building a reservoir with immortalized DPSCs
from patients suffering from a wide spectrum of neurogenetic
disorders (57). On the other hand, Wilson et al. (58) have
assessed the tumorigenic potential of immortalized DPSC
in vitro and in mice and observed no tumor formation,
indicating the probable safety of immortalized DPSC in future
clinical applications.

As presented in Table 2, current research on the application
of DPSC in the management of central and peripheral
neuropathies is majorly concentrated on differentiation induced
in vitro and implantation either via nerve conduit scaffold
or direct injections. However, for such a therapeutic regimen
to be carried out clinically, further clinical and lab research
are required to achieve large-scale DPSC manufacture, storage,
and transportation with minimum possibility of contamination.
Concerns have been raised about the compromised quality of
DPSC culture possibly in association with poor oral hygiene and
long-distance transportation (57).

4.2. Future prospects

Stem cell-based therapies shed light on the biotherapies
of peripheral nerve disease. DPSCs may enhance peripheral
nerve regeneration via the induction of neuronal differentiation
and the up-regulation of various neurotrophic factors. DPSCs
in combination with biomaterials could be the prospect
of neural tissue repair. Furthermore, DPSCs have a wide
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TABLE 2 Several current studies involving the application of DPSCs in nerve regeneration.

10.3389/fneur.2022.1098857

Method/treatment of Study type (in Biomarkers Outcome Reference
DPSCs vitro versus in expressed by
vivo) DPSCs

1 Nerve conduit preloaded with In vivo rat sciatic GFAP and B-tubulin Promote functional repair of peripheral (59)
DPSCs nerve 111 nerve injuries

2. Hypoxia-treated DPSCs In vivo rat spinal cord CD13+, N-cadherin Increase vascularization and (60)
transplantation into damaged and bFGF oxygenation of the injured spinal cord
rat spinal cord

3. 5-Aza pre-condition to induce In vitro and in vivo rat HLA-ABC In vitro: DPSCs committed toward (61)
myogenic commitment; urethral sphincter myogenic lineage; In vivo: promoted
injection into rat urethral vascularization, recovered sphincter
sphincter post pudendal nerve thickness and detected within the nerve
transection

4. DPSC auto-transplantation in In vivo in diabetic rat CD29, CD34, CD49d, Improved blood flow, nerve (62)
unilateral hindlimb of diabetic sciatic nerve CD45 and CD90 conduction velocity, capillary number,
rats and intra-dermal nerve fiber density

5. Exposure of DPSCs to midbrain In vitro CD73, CD90, CD105, Midbrain cues could dictate DPSCs to (63)
cues CD34, and HLADR dopaminergic cell-type

6. DPSCs pre-labeled with PKH 26 In vivo in PD rat CD34, CD45, CD73, Amelioration of degenerated neurons, (64)
is cultured and injected model CD90, CD166, and and enhancement to impaired
intravenously in PD rat model HLA-DR behavioral performances

GFARP, glial fibrillary acidic protein; bFGE, basic fibroblast growth factors; HLA-ABC, Human Leukocyte Antigen-A, B, and C isotype; HLA-DR, Human Leukocyte Antigen -DR isotype;

PD, Parkinson’s disease.

range of application prospects in peripheral nerve diseases,
such as peripheral nerve injury, diabetic neuropathy, and
retina injury. While DPSCs transplantation shows promising
therapeutic potential in the management of peripheral nerve
diseases, further research is required to establish a therapeutic
approach and a regimen of dosage, efficacy, and safety. In
conclusion, DPSCs vyield great potential in peripheral neural
tissue regeneration and repair, yet various issues remain to be
solved through further assessment and experimentation.
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Traumatic neuromas are infrequent in clinical settings but are prevalent
following trauma or surgery. A traumatic neuroma is not a true malignancy,
rather, it is a hyperplastic, reparative nerve reaction after injury and typically
manifests as a nodular mass. The most common clinical manifestations
include painful hypersensitivity and the presence of a trigger point that causes
neuralgic pain, which could seriously decrease the living standards of patients.
While various studies are conducted aiming to improve current diagnosis
and management strategies via the induction of emerging imaging tools and
surgical or conservative treatment. However, researchers and clinicians have
yet to reach a consensus regarding traumatic neuromas. In this review, we
aim to start with the possible underlying mechanisms of traumatic neuromas,
elaborate on the diagnosis, treatment, and prevention schemes, and discuss
the current experiment models and advances in research for the future
management of traumatic neuromas.

KEYWORDS

traumatic neuroma, peripheral nerve, hand surgery, clinical management, diagnosis

1. Introduction

The history of neuromas dates back to 1634 when Ambroise Pare first described
the painful neuroma and treated neuroma with massage and oil. In 1811, Odier (1)
discovered that the bulbous stump tissue in the proximal ending of a transected
nerve could be extremely sensitive. It was not until 1828 that the term “neuroma”
was coined by Wood (2), who conducted the first pathological research on such
nerve injuries. From then on, the understanding of traumatic neuromas grew steadily,
including the introduction of Morton’s neuroma by Morton (3), the elucidation of
the actual mechanism forming these neuromas by Huber and Lewis (4), and the
classification system put forward by Swanson (5), who also defined neuromas as
cutaneous and post-traumatic.
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A neuroma is not a conventional neoplasm that arises
from malignant cells, but a local non-neoplastic proliferation
of the injured nerve. Neuromas mostly occur when normal
nerve conduction is damaged by injury, inadequate surgical
repair, or in some cases, chronic fibro-inflammatory irritation.
In this case, the reinnervation process is deterred when nerve
reconstruction is interrupted by the interpolation of scar tissue.
Depending on the nature of the trauma, traumatic neuromas
can be largely categorized into terminal neuroma and neuroma-
in-continuity (6). Terminal neuromas are generally observed
in limb amputation, lower extremities in particular, where the
nerve is completely transected without a distal end, rendering it
impossible to reestablish innervation by the injured nerve. On
the other hand, neuroma-in-continuity results from a fusiform
swelling of the injured site following the trauma and is further
divided into two subtypes: (1) total or partial transection of the
nerve; (2) repeated blunt trauma to the nerve. The former type
of trauma could cause fusiform neuromas, which are commonly
seen in the digital nerve and median nerve, while the latter form
of trauma causes thickening of the fibrous tissue surrounding the
nerve, which is involved in cases of Morton neuroma, Bowler’s
thumb (7), and lateral femoral cutaneous neuropathy (8). It can
be concluded that given the mechanism of traumatic neuromas,
it is highly related to traumatic limb injury and occurs mostly in
orthopedic patients.

The most common main complaint in patients suffering
from peripheral traumatic neuromas remains paresthesia in
the innervated area and a painful nodule at the site of injury.
Pain, as mentioned before, is among the most common clinical
symptoms, including painful hypersensitivity and the presence
of a trigger point that causes neuralgic pain. Patients may feel
burning, stabbing, raw, gnawing, or sickening sensations. These
symptoms could lead to psychological distress and a severe
decrease in the quality of life (9). In this review, we aimed to
provide a comprehensive understanding of traumatic peripheral
neuroma and its related research progress.

2. Epidemiology

Traumatic neuromas, as infrequent as it is, are prevalent
following trauma or surgery. As previously described, a
traumatic neuroma is not a true malignancy. Instead, it
is a hyperplastic, reparative nerve reaction after injury
and typically manifests as a nodular mass. It is secondary
to the abnormal growth of nerves and connective tissue
attempting to reinnervate the region following an entire
or partial nerve segment due to an accidental or surgical
trauma (10, 11). As nerve lesions, traumatic neuromas are
characterized as neuroma-in-continuity (NIC) following partial
nerve transection or end-bulb neuromas (EBN) following the
total disruption (12). Traumatic neuromas exhibit proximal
continuity with the parent nerve, similar to the “tail sign”
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shown in peripheral nerve sheath tumors (PNSTs), indicating
a neurogenic origin. On the other hand, EBNs do not present
distal continuity with the parent nerve, whereas NICs are
continuous both proximally and distally (13).

3. Risk factors and pathophysiology

Many studies have found that inhibiting nerve growth factor
(NGF) following nerve damage lowers neuroma growth and
neuropathic pain in rat models (14). Furthermore, localized
deactivation of the brain-derived nerve factor (BDNF) has
been found to greatly reduce neuropathic pain and influence
the regeneration of sensory fibers. In contrast, excessive
concentrations of BDNF promote the growth of neuromas and
neuropathic pain (15).

Traumatic damage to a peripheral nerve leads to
multidimensional cell proliferation, regeneration failure,
and deformed architecture of the nerve. Due to post-
traumatic obstruction of axonal flow and subsequent Wallerian
degeneration, the nerve segment distant to the site of damage
has unique and complicated physiology (16).

Nevertheless, the ability of axons to regenerate and the
growing support of Schwann cells (SCs) decrease with time
and distance from a trauma (17). On condition that two
severed nerve segments are distant respectively, or the proximal
end is missing (amputations), axon regeneration occurs in
an unstructured manner (18, 19). In some instances, the
simultaneous proliferation of wound-healing cells and signaling
molecules might result in collagen remodeling and scar
formation and eventually forms a neuroma (9). Several studies
and case reports have defined traumatic neuroma as having a
tangled shape consisting of connective tissue, Schwann cells, and
regenerated axons (20-23).

In painful neuromas, inflammatory signaling factors (22,
23) and myofibroblasts (24) have been reported. While the
microscopic characteristics of a fully formed neuroma have been
thoroughly recorded, little is known about the cellular structure
of neuromas in their early stages of development, from nerve
damage to initial neuroma formation. Further studies in this
field is helpful to generate new and improved therapies that
target the earliest stages of neuroma development and prevent
the accompanying discomfort (25).

4. Diagnosis and clinical evaluation
of traumatic neuromas

As a result of injuries or surgical procedures, traumatic
neuromas generally present as a firm, oval, slow-growing,
palpable nodule with a painful sensation, not larger than 2 cm
in diameter. Common symptoms include pain, stiffness, pain
hypersensitivity to light tactile stimuli, or neuralgic pain with
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a trigger point (26). It is vitally important that clinicians pay
close attention to the previous medical history of patients with
the above symptoms for an accurate initial diagnosis.

Regarding histopathology, Seddon’s initial classification of
peripheral nerve injuries is based on a three-tiered severity scale:
neurapraxia, axonotmesis, and neurotmesis (27). In terms of
Electrodiagnosis, axonotmesis and neurotmesis have the same
characteristics. The symptoms of axonotmesis are reversible, but
those of neurotmesis are irreversible due to disordered axon
regeneration. In such instances, complete realignment of the
sectioned fascicles and optimum neural tube repair necessitates
surgery (28). Following Sudden, the traumatic damage to
peripheral nerves was further classified into five classes by
Sunderland (29). However, these categories are determined
using a presumed prognosis without objective data on the
anatomical damage. From this perspective, imaging may be
useful for distinguishing between reversible axonotmesis and
irreversible neurotmesis.

As trauma majorly affects working-age individuals, delayed
management also causes economic and social harm (30, 31).
While the classification systems mentioned proved effective
in clinical practice, more often than not clinicians are faced
with the dilemma that the injured nerve may branch into
more regional nerves, even along the length of a nerve the
degree of injury may vary. The localization of traumatic
neuromas primarily depends on physical examination and
medical history, and the application of medical imaging tools.
Ultrasound (US) and magnetic resonance imaging (MRI)
can be utilized to examine the anatomy and topography of
peripheral nerves in order to determine the location, extent,
and type of damage (32-37). In examining a limb trauma,
it is crucial to examine the probability of nerve structure
involvement. A thorough clinical history, physical examination,
and electrodiagnostic testing (electromyography—EMG and
nerve conduction velocity studies—NCVs) are sufficient to
diagnose a nerve injury; nevertheless, a complete qualitative
and quantitative assessment of the structural damage is not
possible. Determining the kind of anatomical damage and
the injury’s severity is crucial in deciding whether surgical
therapy is necessary since time is crucial for a successful
prognosis (38). In addition, a comprehensive morphological
diagnosis of a traumatic lesion is crucial in determining optimal
care (conservative or surgical treatment) (32, 39). Therefore,
the clinical examination strongly recommends morphological
imaging using US or MRI (Table 1). The US is a useful
utility not only to access the continuity of nerve but also in
post-operative follow-up and detection of complications (39).
MRI T2-weighted imaging provides high-resolution imaging of
peripheral nerve anatomy in combination with fat and flow
suppression (34, 41). Many researchers recommend MRI for
examining anatomical nerve damage, considering it appropriate
for a high-quality assessment (42-45). On the other hand, other
researchers believe the two procedures are complementary,
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favoring the US as an initial examination and MRI for evaluating
anatomical regions where US access is difficult or impossible or
where US details seem insufficient or do not correspond with
clinical suspicion and/or EMG results (33, 36).

Currently, few researchers have compared the diagnostic
accuracy of the two techniques (36, 46), indicating that both
US and MRI can detect the damaged region with a high level
of anatomical details and pathological results that correspond
with EMG testing. In research by Zaidman et al. (36), it was
determined that the US had a greater sensitivity than MRI (93
vs. 67%, respectively), assuming the same level of specificity
(86%). In contrast, Aggarwal et al. (46) observed that MRI is
more sensitive than US (95 vs. 81%), attributing this to the
deployment of a high-field (3 Tesla) MRI scanner; nevertheless,
these scanners are not yet accessible for all clinicians. The
advantages and limitations of US and MRI are listed in
Table 2. The US offers a more affordable alternative, and while
well-tolerated by patients, the US shows results in real time.
Obtaining dynamic information is also achievable if the patient
is requested to undertake certain actions while the physician
performs the exam (Figure 1) (60). This dynamic examination
provides essential objective data for an overall evaluation of
nerve and surrounding tissue damage. On the other hand, high-
resolution ultrasound (HRU) is now been identified as a useful
tool in the diagnosis of lesions of traumatic neuromas (39, 61-
63). HRU can achieve imaging of all main nerves running the
limbs including the medial nerve, ulnar nerve, radial nerves,
sciatic nerves, common peroneal nerves, and posterior tibial
nerves, while still demonstrating the transections, lacerations,
hematoma or neuroma formation clearly and accurately (35).

Early diagnosis of the location and type of a lesion is
crucial for prognosis and treatment since there is a limited
clear opportunity for efficient reinnervation and, if fails, the
commencement of alternative treatment measures, such as
nerve surgery. Nerve recovery begins immediately upon axonal
transection when the denervated muscle fibers and skin regions
begin producing neurotrophic signals that attract any adjacent
surviving axons and induce sprouting of these axons into the
denervated tissue (64). The rapid process of reinnervation is
known as collateral reinnervation, where the surviving axons
in the fascicle innervate the motor units and skin regions of
their injured counterparts. In severe nerve damage, when over
75% of the axons in a fascicle is destroyed, the remaining axons
in the bundle will be unable to reinnervate every motor unit
and skin region, which calls for proximal ingrowth of new
axons. The rate of proximal reinnervation is around 1 mm each
day, which can be deterred if the length between the nerve
lesion and target muscle is too great, as in the case of distal
muscles of the lower leg and sciatic nerve injury, since over time
there are irreversible alterations in the muscle and neural axon
tubes that inhibit further abnormal growth and reinnervation
(65). Moreover, injury to the connective tissue constructs of
the nerves may result in perineural fibrosis and scarring that
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TABLE 1 Nerve injury classification following Seddon and Sunderland theories.

10.3389/fneur.2022.1039529

‘ Seddon Sunderland Description MRI* Ultrasound* ‘
Neuropraxia I Conduction block T2 hyperintensity The decreased echogenicity of the nerve
(hypoechoic)
Axonotmesis I Discontinuity of axon with Wallerian T2 hyperintensity with increased size Decreased echogenicity and increased
degeneration Hyperintensity in muscles due caliber of the nerve
to denervation
111 Scarring of the endoneurium Endoneurium can-not is delineated with | Focal echogenicity decreases with the
the current MR technique T2 increased caliber with a change in
hyperintensity with increased size echotexture of the affected muscles
Hyperintensity in muscles due
to denervation
v A neuroma in continuity with the T1 hypointense, T2 hyperintense focal The hypoechoic fusiform lesion is in
formation of scar which blocks nerve enlargement with loss of fascicular continuity with the nerve with loss of
regeneration pattern. Hyperintensity in muscles due fascicular architecture and altered
to denervation echogenicity of denervated muscles
Neurotmesis v Rupture of the nerve End neuroma formation at the proximal Hypoechoic neuroma at the proximal
end with denervation changes in muscle end with local soft tissue edema and
denervation changes in muscle
Mackinnon Mixed injury Variable findings with nerve Hypoechoic enlarged with mixed
and Dellon heterogeneity and muscle denervation findings of scarring, discontinuity, or
type VI changes neuroma formation

*The data was obtained from Agarwal et al. (40).

TABLE 2 Advantages and disadvantages of US and MRI in the traumatic damage to peripheral nerves.

‘ Comparison items Ultrasonography Magnetic resonance imaging ‘
Spatial resolution Excellent Good
Contrast resolution Good Excellent

canning planes
ways, referring to nerve anatomy)

Multiple planes (the transducer can be oriented in multiple

Multiple planes (2D and 3D acquisitions)

Scan times Fast

Long

Nerve assessment Dynamic

Static

Extension of nerve tract examined Wide, based on need

Limited by the dimensions of the FOV

Denervation changes in muscles Chronic (atrophy, fatty infiltration)

Early and chronic (edema, atrophy, fatty infiltration)

Deep structures Limitation No limitations
Less accessible anatomical areas Limitation No limitations
Contraindications No Yes

Patient compliance Good Poor

Cost Low High
Operator dependence High Less

The data was obtained and modified after Visalli et al. (47).

can inhibit future axon development. The therapeutic frame for
nerve surgery focuses on an effective evaluation of the extent of
the injury, which is typically performed clinically and may be
enhanced by electromyography (EMG) via localizing the exact
site of the lesion and the distance between it and the influenced
muscle and skin, and identifying morphologic changes of the
damaged nerve that indicate transaction or intraneural scarring.
By analyzing the regeneration potential, this data will influence
surgical decision-making (66).
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5. Treatment

The process of nerve reconstruction is accompanied by

scar formation in the injured site, which eventually results in
traumatic neuroma formation (67, 68). Treatment of traumatic
neuromas is based on the removal of disturbed nervous tissue
or neurolysis to improve the microenvironment surrounding
axons and achieving partial or complete remission of painful
symptoms (Table 3). Once the neuroma is formed, the priority
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FIGURE 1

(A) Longitudinal and transverse ultrasound images of the left traumatic neuroma of the superficial branch of the radial nerve; (B) longitudinal and
transverse images of the neuroma; (C, D) traumatic neuroma of the superficial branch of the radial nerve of the left wrist.

TABLE 3 Possible methods during or post-operation for prevention of traumatic neuromas formation.

Prevention categories Prevention methods

Surgical skills
cutting (48-50)

Tight ligation, scissors cut, CO; laser, and oblique nerve

Effectiveness

Good (regular connection between fibers formation)

No nerve gap or free tension injury
gel (51, 52)

Direct nerve repair with or without supporting conduits or

Good (depends on surgeon skills)

Nerve gap

Veins autologous, autologous nerve graft (53)

Various (depending on the size of the nerve gap)

Recurrent traumatic neuroma Amputation
(49, 54, 55)

Targeted nerve implantation, Terminated nerve stump

Excellent (axons arborize into the intramuscular motor
nerve branches)

Nerve support

Nerve conduits, fibrin glue, tacrolimus (FK506) (56, 57)

Various (depending on the severity of the injury)

Others

for clinicians is to relieve symptoms and limit further disease
development (54).

5.1. Surgical treatment

Surgical treatment is so far the most effective therapeutic
method to manage peripheral traumatic neuromas (Figure 2).
Various operative techniques have been invented for the
management of peripheral traumatic neuroma occurring at
different sites (69, 70), including nerve repair, distal nerve
ending transposition to muscle, vein, or bone (71, 72), capping of
distal nerve-ending with soft tissues or conduits (73-76). In the
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NGF inhibitor, stem cells, and 3D conduits (58, 59)

Under observation, promising result

surgical management of traumatic neuroma, one predominant
factor for the selection of operative technique is the continuity
of the severed nerve, that is whether there is an adjacent distal
nerve stump for future nerve reconstruction and reinnervation.
As the described condition is vitally important and greatly
affects the selection of operation method, conventional surgical
treatment in this section is categorized following this criterion
before the proposition of several emerging surgical approaches
(Figure 3).

For terminal peripheral neuroma where the distal nerve
ending is not available, surgical neurectomy is considered where
the target nerve is first identified via neurolysis. At this point,
palpation of the target nerve should reproduce neuropathic
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FIGURE 2

Cases of surgical management in four patients suffering from
traumatic neuromas. (A) A 32-year-old female patient with a
2-year history of painful mass on the radial side of the right
wrist; (B) a traumatic neuroma of the middle finger in a
34-year-old female patient as a result of previous finger tope
amputation, (C) a 24-year-old patient with a traumatic neuroma
on the wrist, (D) 33-year-old female presented a left index finger
traumatic neuroma with local radiation pain for half a month,
the patient had a history of left index finger injury by scissors
several years ago.

pain in the patient, and resection proximal to the neuroma
is performed, followed by transposition of the proximal nerve
ending to nearby muscles, bones, and veins, thus reducing
connective tissue formation around the nerve post-surgery to
obtain a better pain relief effect. This surgical method has been
tested out by various researchers and clinicians. In 1984, Mass
et al. (77) transposed the hand neuroma into the bone, and 18
of 20 neuromas showed acceptable results. Laborde et al. (72)
combined excision of the neuroma with transposition of the
proximal palmar cutaneous branch of the median nerve to the
pronator quadratus muscle, which freed the nerve from wrist
motion and environmental stimulation. Transposition between
the superficial and deep flexor muscles is also applicable. Koch
etal. (78) studied the resection of the neuroma and transposition
of the nerve stump into an adjacent vein, where 22 of 23
patients reported positive long-term results. While the above
surgical methods are mainly aimed at nerve trunks such as radial
nerve and ulnar nerve, smaller, unknown sensory nerve injuries
require a more specific mapping technique. Conventionally, this
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is achieved by marking the painful area while the patients are
awake and applying local anesthetic while incising progressively
to identify discrete painful areas (79).

For traumatic peripheral neuroma-in-continuity where the
distal ending is available, traditional treatments include external
neurolysis, internal neurolysis, excision of the neuroma and
transposition of the nerve, etc. External neurolysis or internal
neurolysis is used to free the nerve from surrounding scar tissue
while maintaining its integrity. Patients with an unsuccessful
neurectomy as the primary treatment often suffer from a true
neuroma. When the nerve is dispensable, the neuroma-in-
continuity can be excised and transposed elsewhere.

Novel treatments targeting neuromas without distal ends
mainly include transplantation of innervated tissue to cover
the neuroma and targeted muscle reinnervation. In the former
type, a muscle flap is always used, Reisman and Dellon (80)
adopted a local transfer of the abductor digiti minimi muscle
flap to treat palmar wrist pain. In the latter type, the cut,
distal end of a peripheral nerve is transferred to a nearby
muscle target or nerve target, for example, the deep peroneal
nerve is transferred to the tibialis anterior muscle and the
superficial peroneal nerve is transferred to the peroneus longus
muscle (81), interdigital neurorrhaphy for treatment of digital
neuromas. In addition to the techniques mentioned above,
repeated intervention and higher amputations are rarely advised
since it adds to the anxiety and pain of the patient (82). On the
other hand, novel treatments for neuroma-in-continuity include
the application of vascularized soft tissue or nerve conduits to
cover the neuromas. A study by Krishnan et al. (83) showed
that vascularized soft tissue coverage of painful peripheral nerve
neuromas could be an effective method. Peterson and Adham
(84) achieved satisfactory outcomes using an acellular dermal
matrix conduit in the treatment of traumatic neuropathic pain
at the wrist. Yan et al. (85) found that an aligned nanofiber
conduit can significantly facilitate nerve regeneration, inhibit
neuroma growth, and reduce traumatic neuropathic pain after
neurectomy in a rat sciatic nerve model. Siemionow et al. (86)
investigated the efficacy of the epineural sheath jacket as a
novel technique for neuroma prevention in the rat sciatic nerve
model and gained outcomes comparable to the muscle burying
technique. Synthetic conduits may be a promising field in
treating traumatic neuroma in the future. In general, traditional
techniques combined with novel techniques are more effective
in treating traumatic peripheral neuroma. Recently, treatment
of traumatic peripheral neuroma has shifted from hiding injured
nerves to attempting nerve healing (81). Some literature reviews
support this conceptual shift (87, 88). However, more research is
required in the future to match suitable operative methods with
specific clinical settings.

The numerous techniques that have been attempted suggest
that no one technique is completely effective or superior
to other techniques, instead, each technique fits the certain
situation of nerve injuries. Poppler et al. (89) and Ives et al.
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(90) compared various surgical treatments for neuroma of the
extremities, including excision alone, excision and cap, excision
and transposition, excision and repair, neurolysis and coverage,
and found no difference in efficacy.

5.2. Conservative treatment

Treatment of traumatic peripheral neuroma usually starts
with medication. Anti-neuropathic drugs include membrane-
stabilizing agents (gabapentin, pregabalin, etc), anticonvulsants
[carbamazepine (91), topiramate, phenytoin, lamotrigine, etc],
antidepressants (amitriptyline, doxepin, etc), opioid analgesics
(pethidine hydrochloride, etc) and muscle relaxants (baclofen,
etc). Gabapentin and pregabalin (92) are considered the first-
line effective medicine to inhibit central sensitization by affecting
the calcium channels and reducing excessive neurotransmitter
release. Although anti-neuropathic drugs were used as initial
treatment, they often failed to obtain effective results while
exposing the patients to side effects.

Other nonoperative management of traumatic peripheral
neuroma includes physiotherapy, local injections (anesthetic,
steroid, and alcohol), cryotherapy, radiofrequency ablation,
shockwave therapy, and electrical stimulation. According to
a systematic review from Samaila et al. (93), corticosteroid
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injections appear to be a safe treatment allowing good results
with a very low complication rate. Alcohol injections in a
study by Gurdezi et al. (94) showed that although the short-
term results are encouraging, alcohol injection does not offer a
permanent resolution of symptoms for most patients and can
be associated with considerable morbidity. Ultrasound-guided
radiofrequency ablation is a novel treatment modality, where a
probe is inserted at the site of the neuroma, and the temperature
is raised at 85°C for 90s in an attempt to sever adjacent
nerve endings and shows short-term success rates of 80%—85%
(95-97).

Friedman et al. (98) performed a retrospective case
series review in patients who had undergone sonographically
guided cryotherapy for Morton’s neuromas, postsurgical and
posttraumatic neuromas, and idiopathic neuralgia, where 15
of 20 patients had a positive response to cryotherapy. On the
other hand, Friedman et al. (99) did a study of extracorporeal
shockwave therapy for an interdigital neuroma in 13 patients
and obtained positive therapeutic results.

Continuous high-frequency electrical stimulation can be
used to control the hypersensitive state of the injured nerve
according to the gate control theory proposed by Wall et al.
(100). A study by Stevanato et al. (101) showed that all patients
experienced pain relief within a few minutes of treatment
(>75 and >95% in most), with long-lasting pain relief with
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a reduction in mean Numerical Rating Scale of 76.2% after 6
months and of 71.5% after 12 months. No significant adverse
events were observed.

6. Prevention

Traumatic neuroma patients generally suffer from low
life quality caused by function abnormalities, chronic pain
syndrome (traumatic neuropathic pain) which may continue
for weeks or years, and psychological issues (26, 102, 103).
As prevention is better than cure, the first defense line
against traumatic neuroma is the prevention of such events.
Reconnecting the two ends of the injured nerve after nerve
transection is important to obtain a better outcome and decrease
the incidence of traumatic neuroma (104).

Several techniques have emerged to prevent traumatic
neuroma based on better surgical treatment of peripheral
nerve injuries. The incidence of developing traumatic neuroma
increases along with the application of electrocoagulation or
cryo-neurolysis, compared with other methods such as tight
ligation or scissors cut and CO; laser, indicating that applying
the right neurectomy method helps to prevent traumatic
neuroma (48, 49). Furthermore, some studies have investigated
how the direction of nerve cutting can prevent traumatic
neuroma formation, and they found that oblique nerve cutting
displayed a better outcome compared with perpendicular
or transverse cutting. This phenomenon occurred majorly
because oblique nerve cutting leaves long and short nerve
fibers, where a growth pathway will be formed between them
(50). Amputated or untreated peripheral nerve injuries have
a higher incidence of traumatic neuroma formation than
neurorrhaphy (51). Direct nerve repair, on the other hand,
can be divided into epineural repair and grouped fascicular
repair and requires a tension-free environment and microscope
magnification to obtain better recovery and prevention of
traumatic neuromas (52).

NGF was experimentally proved to inhibit NGF decreasing
neuroma formation, and minimizing neuropathic pain in
traumatic neuroma formation after peripheral nerve injury (14),
by applying an antibody against a specific receptor (trkA),
or antibody against brain-derived neurotrophic factor (BDNF)
which is usually upregulated after nerve injury by NGF (56).
Fibrin glue proves its effectiveness in peripheral nerve repair
by reducing the inflammatory response and improving axon
regeneration. Also, Davis et al. showed that the continuous
release of local tacrolimus (FK506) to repair site cloud actively
inhibits neuroma formation (57). They used 3D-printing
technology to create a polyethylene Y-shape conduit loop, where
the nerve will be connected instead of direct connection to
autografts. Other studies pointed out that the use of stem cells
could improve nerve regeneration and possibly reduce neuroma
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formation, which could be a potential advanced traumatic
neuroma prevention method (58, 59).

7. Experimental neuroma model

Experimental research attaches great importance to the
treatment and management of traumatic neuromas. Over the
years, with an enormous amount of neuroma models proposed
in different animals, there is no model that could be of reference,
for each model has its own strengths and weaknesses (105).

Rats are the most common species studied in animal models
of traumatic neuroma, for the anatomy of rat nerves is well-
established and similar to human anatomy (58, 86, 106-109).
Besides, the model has a large number of standardized functional
tests, making the experimental results easy to evaluate (110, 111).
However, one of the major drawbacks of the rat models is that
peripheral nerve regeneration is much faster in rodents than in
humans, and made worse by the fact that only relative short
nerve gaps can be obtained in rodents, making it difficult to
compare this in vivo model with humans and to further apply
treatment into clinical trials. Compared to rats, limiting further
use of these mice models.

Rabbits used to be common traumatic neuroma models
(112-115). Compared with mice models, rabbits yield longer
regeneration time, worse nerve regeneration, and longer gaps
which resembles humans more (116). However, the major
disadvantage of the rabbit neuroma models is that rabbit
nerve anatomy and limb muscle function differ significantly
from human beings (117). Although similar to human beings,
Primates are rarely used in research because of ethical
concerns (118).

According to the research, the sciatic nerve, saphenous
nerve (48), sural nerve (119), and tibial nerve (120, 121)
can be used for modeling. Among these nerves, the sciatic
nerve has gradually become the most common site for the
animal model of a traumatic neuroma given the fact that the
sciatic nerve is easy to expose and observe, while others are
rarely used now (58, 86, 106, 107). After exposure of the
sciatic nerve and its trifurcation under the microscope, the
nerve is sharply dissected 3-10 mm distal from the trifurcation
(108, 113, 114). To prevent spontaneous regeneration of the
distal nerve stump, at least 10 mm of the distal nerve stumps
should be removed and discarded (106-108). Finally, the
presence or absence of a traumatic neuroma was determined
by gross observation, ultrasound, hematoxylin-eosin staining,
and immunofluorescence (106, 122). After reaching the
predetermined time of the experiment or the growth and
formation of the neuroma, the animals were sacrificed, and the
nerve stump on the severed side and the contralateral normal
nerve were harvested for neuroma adhesion evaluation, weight
ratios, western blot analysis, and histological analysis.
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8. Advances in research

In order to cover and cope with the recent advances and
findings of traumatic neuromas of peripheral nerves, research
has been conducted to improve and decrease the scientific
gaps in this issue. Agarwal et al. (40) assessed the role of
using imaging tools (high-resolution ultrasonography and MR
neurography) and precise anatomical localization in diagnosing
peripheral mononeuropathy. With IRB consent, a hospital-
based prospective analytical investigation was conducted on
180 peripheral nerves in 131 individuals with symptoms of
peripheral mononeuropathy in a context with limited resources.
Generally, the proton density fat-saturated MR sequence
had the best diagnosis accuracy (93.89%), followed by high-
resolution ultrasonography (80%). The proton density fat-
saturated sequence showed the maximum sensitivity, whereas
the T1 MR sequence had the highest specificity. It was
determined that the cumulative diagnostic accuracy of both
modalities was 93.33%, with an 80% negative predictive value.
Ultrasound and MRI revealed nerve interruption cases, but
MRI was more effective at identifying neuromas. With the
development of devices with a higher frequency and enhanced
MR field strength, imaging of peripheral nerves is more
accurate. Nerve imaging permits anatomical delineation and
identification of the precise location of involvement. This
comparative analysis highlights the significance of imaging in
detecting peripheral nerve diseases, with an accuracy of 93.89%
for MRI, which might act as the imaging gold standard. High-
resolution ultrasonography can serve as a viable screening
method since it is faster, more cost-effective, and has an accuracy
of 80%, which is equivalent to other diagnostic techniques. The
authors concluded that these two imaging techniques are not
mutually exclusive. Instead, they complement one another and
can be utilized in tandem to diagnose peripheral neuropathies
using imaging.

Around 2.8% of hospitalized trauma patients suffer from
acute peripheral nerve damage (123). Consequent significant
disorder and socioeconomic effects have prompted continued
research efforts on this subject (124). If a tension-free direct
approximation of the nerve stumps is achievable, the epineural
nerve suture is the treatment option. However, if tension-free
coaptation is impossible, the current gold standard is autologous
nerve transplantation (ANT) (125). Nevertheless, given the
restricted accessibility of donor nerves and the morbidity
associated with donor sites, new procedures are required to
assist in peripheral nerve surgery. Nowadays, it is generally
accepted that the material utilized to assist peripheral nerve
regeneration should ideally consist of a totally biodegradable
matrix that does not negatively impact regeneration during
biodegradation (126). Despite significant advances in tissue
engineering, no substance or bio-mimicking idea has yet
demonstrated improved peripheral nerve regeneration results
compared to the ANT, the current gold standard for bridging
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peripheral nerve deficits (125). In addition to the well-existing
substances, chitosan is a relatively potential new substance in
peripheral nerve regeneration. Due to its global availability, low
cost, complete biodegradability, safe byproducts, and potentially
compromising on the regeneration process (127). According
to the literature, chitosan was shown to promote axonal
regeneration [Kanazawa et al. (128), Stenberg et al. (129)],
minimize severe scarring and enhance functional recovery (130),
and inhibit further neuroma development peripheral nerve
damage (131).

Relying on the processing of chitosan, the degree of
acetylation (DOA) might vary, influencing both the molecular
weights and solvent properties (132). In addition, the DOA
has been found to be a factor that influences the survival,
proliferation, and cellular activity of regeneration-supporting
cells such as SC (133). However, the accurate adjustments
of chitosan matrices remain problematic, as the mechanical
rigidity, the biodegradation period, the spatial architecture, and
the sterilization process all have the potential to influence the
axonal regeneration process and must be considered across the
manufacturing system (134). Furthermore, chitooligosaccharide
(COS), a byproduct of chitosan, has been discovered to
stimulate cell proliferation and inhibit apoptosis in SC, the
essential cell for adequate axonal regeneration (135, 136).
Furthermore, Wang et al. (137) contributed stimulating effects
of COS to an expedited cell cycle leading to enhanced SC
proliferation. Additionally, COS boosts the CCL2 production
by down-regulating the miR-327 of the SC, resulting in
improved migration to the damaged area (138). He et al. (139)
examined the anti-apoptotic impacts of carboxymethylated
chitosan (CMC) on SC by lowering caspase-3,—9, and Bax
activities and enhancing Bcl-2 activities in CMC-treated SC.
To protect the SC from oxidative stress, COS led to a decline
in malondialdehyde activity and an increase in superoxide
dismutase (SOD) activity. Subsequent in vivo tests on a
rabbit model of axonotmesis revealed that daily intravenous
injections of COS for 6 weeks dramatically enhanced peripheral
nerve regeneration. Interestingly, the amount of regenerated
myelinated nerve fibers, the thickness of the myelin sheath, and
the compound muscle action potential (CMAP) as a measure
of electrophysiological recovery were considerably greater in
COS-treated individuals.

Traumatic neuroma-caused traumatic neuropathic pain has
long bothered doctors and patients, scientists widely debate
the reasons for traumatic neuropathic pain, and the therapy is
difficult. Uncertain is the clinical therapy of painful neuroma.
Specialists have developed numerous therapeutic methods in
this discipline. However, there is currently no accepted standard
treatment (26). Treatment strategies have been explored in
animals and people, but pharmacotherapies (antidepressants,
antiepileptics) continue to be the core of the care of traumatic
neuropathic pain. Nerve stump transpositions into a muscle,
vein, or bone are regarded as effective, traditional surgical
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treatments for persistent conditions, especially using soft tissue
(83, 131, 140), and the usage of conduits (24, 131, 141, 142);
which reflected an effective potential in traumatic neuropathic
pain treatment. In recent decades, novel surgical procedures,
including tube-guided nerve capping, electrical stimulation,
and adipose autograft, have significantly increased the variety
of treatments for traumatic neuropathic pain (143). Balcin
et al. (144) hypothesized that nerve transplantation into a vein
might limit the growth of painful neuromas. Contrasted the
transposition of the nerve stump into a nearby vein or muscle as
a surgical therapy for a painful neuroma. According to their pre-
operative proportions in the muscle group 3 and 12 months after
surgery, translocation into a vein resulted in decreased intensity
and evaluating pain levels and enhanced sensory, as measured
by the visual analog scale and the McGill pain score. This was
connected with greater activity levels and enhanced function. In
addition, the transposition of the nerve stump into an adjacent
vein is favored over its relocation into a muscle. Myofibroblasts
are strongly expressed in neuromas, and it is believed that they
contribute to pain by compressing the collagen matrix around
the sensitive non-myelinated fibers that proliferate to produce a
neuromatous protuberance (83). Krishnan et al. (83) found that
covering painful peripheral nerve neuromas with vascularized
soft tissue might be an effective but difficult therapeutic strategy.
For years, all types of nerve conduits have been used to repair
nerve abnormalities (145), and have also been launched to treat
painful neuromas (141).

9. Conclusion and future directions

Traumatic neuromas have long been a clinical challenge
for doctors and researchers. While the standard classification
system has been set based on Seddon’s and Sunderland’s theories,
the imaging technology remains in dispute as opinions are
divided in selecting the optimal tools among US, MRI, HRUS,
EMG, and ect. The diagnosis of traumatic neuromas, with the
utility of imaging tools, is based most generally on the previous
medical history of nerve injury or operation and symptoms
including pain hypersensitivity and the presence of trigger
points that causes neuralgic pain. Concerning the management
of traumatic neuromas, while surgical procedures are still
the most effective treatment method, researchers are eager to
develop more non-surgical methods including medication and
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Background: Trigeminal neuralgia (TN) and glossopharyngeal neuralgia (GPN) are
cranial nerve neuralgias with the same clinical manifestations, pathological features,
and trigger factors; their affected sites are adjacent. Performing a magnetic resonance
imaging (MRI) examination alone can easily lead to a misdiagnosis.

Case presentation: A 72-year-old man had visited another hospital with severe
left-sided tongue pain. On MR, vascular compression of the glossopharyngeal nerve
had been visible, with unclear evidence of trigeminal nerve involvement. He had been
diagnosed with left-sided GPN and underwent microvascular decompression (MVD)
of the left glossopharyngeal nerve. However, no improvement was observed after
surgery. During a second surgery at our hospital, MVD of the trigeminal nerve was
performed, and the trigeminal nerve was fully explored and separated. The patient’s
pain resolved after surgery. Ultimately, the patient was definitively diagnosed with
left-sided TN.

Discussion and conclusion: MVD is currently the most efficacious surgical option for
treating cranial nerve neuralgia. To select patients for MVD, having an MRI criteria
for identifying true neurovascular compression will be helpful. However, clinicians
should focus more on a patient’s clinical symptoms and not rely solely on MRI findings.
This patient’s case can help clinicians distinguish between TN and GPN, improve the
understanding of these diseases, avoid misdiagnosis, and reduce the possibility of
secondary damage.

KEYWORDS

trigeminal neuralgia, glossopharyngeal neuralgia, microvascular decompression, magnetic
resonance imaging, misdiagnosed

1. Introduction

Trigeminal neuralgia (TN) is a chronic neuropathic pain disorder that occurs mainly in
the face, especially in the cheeks and corners of the mouth, and rarely in the tongue, mouth,
and jaw. Glossopharyngeal neuralgia (GPN) is a rare facial syndrome characterized by pain
in the throat, tonsils, and tongue, with occasional pain in the mandibular angle and ear. Both
TN and GPN can occur spontaneously or can have specific precipitating factors. The most
common etiology involves demyelinating lesions induced by vascular compression of nerves in
the brainstem; this is known as the root entry zone (REZ). The antiepileptic drugs carbamazepine
and oxcarbazepine are the first-line treatment options; if drug therapy is ineffective or the patient
cannot tolerate the side effects, microvascular decompression (MVD) is the preferred surgical
option. When a patient presents with tongue pain and magnetic resonance imaging (MRI) shows
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FIGURE 1

MRI before the first operation. (A) The posterior inferior cerebellar
artery (arrow) touches the left glossopharyngeal nerve (arrowhead);
(B) The SCA (arrow) compression of the left trigeminal nerve is not
displayed clearly. SCA, superior cerebellar artery.

intracranial vascular compression of the glossopharyngeal nerve, it
is easy to consider a diagnosis of GPN but not TN. A misdiagnosis
potentially results in multiple surgeries; therefore, the ability to
distinguish between the two diseases is essential. To the best of our
knowledge, the present case is the first case of TN misdiagnosed as
a GPN.

2. Case description

A 72-year-old man was admitted to the hospital with intermittent
severe pain in the left middle one-third of the tongue for 8 months,
triggered by tongue movements and chewing of food, lasting from a
few to dozens of minutes at a time, and was treated effectively with
carbamazepine. Swallowing did not cause any pain. There was no
pain at the face, base of the tongue, throat, or tonsils, and no other
neurological symptoms. Four months prior, the patient underwent
an MRI exam (Figure 1) and was diagnosed with left-sided GPN; he
was treated with glossopharyngeal nerve MVD at another hospital.
The patient’s symptoms did not improve after surgery. The day
after the surgery, the pain recurred to the preoperative condition
and gradually aggravated. On the third post-operative day, there
was clear fluid outflow from the nose, suggesting cerebrospinal fluid
rhinorrhea. In addition, the patient developed reduced hearing in
the left ear. The symptoms of the clear fluid outflow from the nose
disappeared 10 days after the surgery.

Following admission to our hospital, the patient had a second
MRI exam (Figure 2). The patient underwent a second surgery for
cerebellopontine angle exploration (CPA). The previous craniotomy
was reopened in the lateral position, and the dura was cut open.
While exploring the trigeminal nerve area, we observed a small
blood vessel close to the REZ with a Teflon sponge adhering to
it (placed during the first operation) (Figure 3). The vessel was
displaced without compressing the trigeminal nerve. The blood vessel
was small; therefore, it was not considered to be the responsible vessel.
The superior pole of the trigeminal nerve was then examined. After

Abbreviations: TN, trigeminal neuralgia; GPN, glossopharyngeal neuralgia;
MRI, magnetic resonance imaging; REZ, root entry zone; MVD, microvascular

decompression; SCA, superior cerebellar artery.
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cutting arachnoid adhesions, the superior cerebellar artery (SCA) was
found to be significantly suppressing the REZ area of the trigeminal
nerve. Following the placement of a Teflon sponge between the
vessel and nerve to make a total separation, we continued to explore
the trigeminal nerve near Meckel’s cave. We saw that the SCA was
turned forward and downward, oppressing the trigeminal nerve
(Figure 4), which was separated completely by the Teflon sponge.
Finally, the space between the glossopharyngeal nerve and the facial
acoustic nerve was explored; the glossopharyngeal nerve anatomy
was unclear, and there was no apparent vascular compression.
Therefore, no further dissections were performed. The dura mater
was sutured in a watertight pattern, and the wound was closed in
layers. Postoperatively, the patient’s pain resolved completely. No new
neurological deficits or surgery-related complications were observed.

3. Diagnostic assessment

In the sensory innervation of the tongue, the mandibular branch
of the trigeminal nerve innervates the anterior two-thirds of the
tongue, and the glossopharyngeal nerve innervates the posterior one-
third of the tongue. The pain in the middle one-third of this patient’s
tongue was located in the demarcation zone of the trigeminal and
glossopharyngeal nerves. Anatomically, this area is involved in the
innervation of the trigeminal nerve, but symptoms did not improve
after the first surgery. When drug therapy is ineffective, MVD is
currently the best surgical plan to treat cranial nerve neuralgia caused
by intracranial vascular compression of nerves. Studies report that
the success rate of MVD is 83.4% for TN and 97.4% for GPN (1, 2).
When postoperative ineffectiveness occurs, we must consider that
certain areas were missed during exploration or the diagnosis may
be incorrect. Although the trigeminal nerve was not displayed clearly
on the patients MRI, the MRI’s negative-predictive value was only
33.3%; thus, TN was still considered. We fully explored and separated
the responsible vessels of the trigeminal nerve during surgery, and the
tongue pain disappeared after surgery. The trigeminal nerve is a large
sensory rootlet that exits the lateral aspect of the midpons medial to
the middle cerebellar peduncle; the ophthalmic division is the most
inferior, the maxillary division is in the middle, and the mandibular
division is in the superior position (3). The trigeminal nerve was
compressed from above to below by the SCA during surgery and was
therefore diagnosed more definitively as left-sided TN.

4. Discussion

The patient had simple pain in the left middle third of the
tongue, without pain in the root of the tongue or throat, and
without swallowing dysfunction or other neurological abnormalities.
In addition, he had previously undergone MVD of the left GPN.

The etiology of TN can be divided into three categories: classic,
secondary, and idiopathic. The classical type is intracranial vascular
compression upon the REZ of the trigeminal nerve. Secondary
TN, combined with other neurological symptoms, is commonly
associated with multiple sclerosis and tumors in the pontocerebellar
region. Idiopathic TN indicates that no neurological cause can be
found (4). The incidence of GPN is approximately 1/100th that of TN
(5). GPN is divided into idiopathic and secondary types. Idiopathic
neuralgia has no clear etiology. Secondary causes include intracranial
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FIGURE 2
MRI before the second operation. (A) The structure around the left glossopharyngeal nerve is disordered, and the original posterior inferior cerebellar
artery (arrow) seems to be moved with no compression to the left glossopharyngeal nerve (arrowhead); (B, C) The left trigeminal nerve (arrowhead)
touches the superior cerebellar artery (arrow).

FIGURE 3
Teflon sponges (white arrow) separate small blood vessels away from
the trigeminal nerve (red arrow)

vascular compression, tumors, multiple sclerosis, trauma, and Eagle’s
syndrome. The differential diagnosis of TN and GPN depends mainly
on different clinical manifestations, with MRI performed as an
auxiliary diagnosis. The pain in TN occurs in the area controlled
by the trigeminal nerve, including the face, tongue, and jaw; trigger
points are also present in this area. In GPN, the pain ranges among
the auricular and pharyngeal branches of the glossopharyngeal and
vagus cranial nerves, including the ear, pharynx, root of the tongue,
and mandibular angle; the pain can be spontaneous or induced by
swallowing, chewing, coughing, talking, and yawning (6). A cranial
MRI exam is the first choice for evaluating the contact between blood
vessels and nerves. Preoperative MRI sensitivity is 75.8%, with a
specificity of 65.8%, and positive- and negative-predictive values of
92.4 and 33.3%, respectively, for MVD (7).

GPN is often misdiagnosed as TN, nervus intermedius
neuralgia, myofascial pain dysfunction syndrome, pharyngitis, or
tonsillitis. The main reasons for misdiagnosing the glossopharyngeal
nerve as TN include that (1) GPN is much rarer and less
recognized than TN, accounting for 1/100th of TN cases; (2)
diagnosis of cranial nerve neuralgia is dependent mainly on
symptoms and signs; (3) when the patient history description
is not accurate, a lack of a specific diagnostic basis may exist;
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FIGURE 4
The SCA (white arrow) compresses the trigeminal nerve (red arrow).
SCA, superior cerebellar artery.

and (4) being misled is easy. For example, some patients with
GPN subjectively describe experiencing pain when chewing
and eating. However, this symptom does not differentiate
GPN from TN. In addition, if clinical experience is lacking
when the medical history is unknown, a misdiagnosis can
easily occur.

Having many branches, the glossopharyngeal nerve is widely
distributed. The glossopharyngeal nerve, vagus nerve, accessory
nerve, and hypoglossal nerve all originate from the medulla
oblongata, with some branches of the glossopharyngeal nerve also
entering the spinal nucleus of the trigeminal nerve. Therefore, the
pain range may extend to the distribution area of the trigeminal
nerve or be complicated by TN. When the glossopharyngeal
nerve is damaged, the symptoms of damage to the vagus and
hypoglossal nerve can coincide; the location of the pain can
also change. Therefore, making a diagnosis is difficult. This
phenomenon occurs in nearly 20% of GPN cases. MRI has a
high predictive value for vascular-nerve contact, but its false-
positive and false-negative rates may lead to a misdiagnosis or
missed diagnosis.

Interestingly, the opposite occurred in this case: TN was
misdiagnosed as GPN. The main cause of the misdiagnosis
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was that the patient showed simple pain in the middle one-
third of the left tongue without other concomitant symptoms.
The pain was located in the adjacent innervation areas of the
trigeminal and glossopharyngeal nerves; this does not occur in
the classically described TN and GPN. The cranial MRI exam
indicated that the glossopharyngeal nerve was compressed, but
the trigeminal nerve was not displayed clearly. These MRI
results, combined with the patient’s medical history, facilitated
a misdiagnosis of GPN; the positive-predictive rate of MRI
is 92.4%, which is not optimal for diagnosis. Because cranial
nerve neuralgia is diagnosed mainly by symptoms and signs,
inadequacies in the medical history and physical examination
can easily lead to misdiagnosis. If the preoperative diagnosis is
unclear, and the vessels responsible for the suspected nerve damage
have not been determined, the nerves should be fully explored
and separated.

TN and GPN are the types of cranial nerve neuralgia with the
same clinical and pathological features and trigger factors, with
the pain locations overlapping the two groups of nerves. Because
of this, misdiagnosis often occurs. Therefore, it is essential to
identify differences between TN and GPN for proper diagnosis
and treatment.

In this case, although the trigeminal nerve was separated in
the first surgery, it was not carefully explored and separated, so
the main responsible vessels were not identified. As a result, the
pain persisted after the first surgery. In the second surgery, the
trigeminal nerve was explored and decompressed fully, and the
postoperative outcomes were good. Therefore, it is necessary to fully
explore the trigeminal nerve and separate all potentially responsible
vessels during surgery. Although preoperative MRI has a high
positive-predictive value and sensitivity, a relatively low negative-
predictive value reduces its usefulness in patients without vascular
compression of nerves from MVD. Therefore, performing MVD
should be coordinated with clinical manifestations and imaging;
many MRI patients with negative compression may still benefit from
MVD (7).

The diagnosis of cranial nerve disease is based primarily
on clinical manifestations. Therefore, a patient’s medical history
should be reviewed thoroughly before surgery, and the target
nerve should be determined. MRI should be performed only as
a clinical diagnostic support and not as a determinant. If it is
difficult to determine where the cranial nerve pain originates, a full
exploration and complete separation of suspicious nerves should be
performed simultaneously.

5. Conclusion

Misdiagnosis can easily occur in the area adjacent to the
innervation areas of the trigeminal and glossopharyngeal nerves.
For neuralgia with vascular compression, the patient’s medical
history should be investigated carefully, the target nerve should
be determined, and full exploration and separation of the target
nerves should be performed to avoid the risk of failure and
recurrence. Although MRI is the primary method used to identify
neurovascular compression, providing operators with a preoperative
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evaluation and choice of operation methods, it is only an auxiliary
means. Therefore, a patient’s clinical symptoms should be identified
first, and basic clinical and physical examinations should not be
ignored. When a diagnosis is highly suspicious and the MRI
exam yields unclear results, MVD should be performed using
full exploration.

Data availability statement

The original contributions presented in the study are included in
the article/Supplementary material, further inquiries can be directed
to the corresponding authors.

Ethics statement

Written informed consent was obtained from the individual(s)
for the publication of any potentially identifiable images or data
included in this article.

Author contributions

LW wrote the manuscript and was involved in the diagnostic
and therapeutic clinical progress. JX was involved in the patients
care. KH supported the case interpretation. KC revised the
manuscript for intellectual content and was responsible for patient
diagnosis and treatment. XF contributed to the figures, helped
with the diagnostic process, and critically revised the manuscript.
All authors contributed to the manuscript and approved the
submitted version.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those
of the authors and do not necessarily represent those of
their of the

the editors and the reviewers. Any product that may be

affiliated organizations, or those publisher,
evaluated in this article, or claim that may be made by

its manufacturer, is not guaranteed or endorsed by the

publisher.

Supplementary material

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fneur.2023.
1079914/full#supplementary-material

frontiersin.org


https://doi.org/10.3389/fneur.2023.1079914
https://www.frontiersin.org/articles/10.3389/fneur.2023.1079914/full#supplementary-material
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org

Wu et al.

References

1. Xia L, Li YS, Liu MX, Zhong J, Dou NN Li B, et al. Microvascular decompression
for glossopharyngeal neuralgia: a retrospective analysis of 228 cases. Acta Neurochirurg.
(2018) 160:117-23. doi: 10.1007/s00701-017-3347-1

2. Amaya Pascasio L, De La Casa-Fages B, Esteban de Antonio E, Grandas F, Garcia-
Leal R, Ruiz Juretschke F. Microvascular decompression for trigeminal neuralgia: a
retrospective analysis of long-term outcomes and prognostic factors. Neurologia. (2021)
26:712. doi: 10.1016/j.nr1.2021.03.009

3.Joo W, Yoshioka F, Funaki T, Mizokami K, Rhoton AL. Microsurgical anatomy of the
trigeminal nerve. Clin Anat. (2014) 27:61-88. doi: 10.1002/ca.22330

4. Cruccu G, Di Stefano G, Truini A. Trigeminal neuralgia. N Engl ] Med. (2020)
383:754-62. doi: 10.1056/NEJMral1914484

Frontiersin Neurology

98

10.3389/fneur.2023.1079914

5. Palanisamy D, Kyosuke M, Yasuhiro Y, Tsukasa K, Kato Y. Management
of recurrent glossopharyngeal neuralgia following microvascular decompression

surgery. World  Neurosurg. (2018)  117:339-43. doi:  10.1016/j.wneu.2018.
06.136
6. Blumenfeld A, Nikolskaya G. Glossopharyngeal neuralgia.
Curr  Pain  Headache  Rep.  (2013) 17:343.  doi:  10.1007/s11916-013-
0343-x

7. Xu R, Nair SK, Raj D, Materi ], So R], Gujar SK, et al. The role of preoperative MRI
imaging in assessing neurovascular compression prior to microvascular decompression
in trigeminal neuralgia. World Neurosurg. (2022) 168:¢216-22. doi: 10.1016/j.wneu.2022.
09.092

frontiersin.org


https://doi.org/10.3389/fneur.2023.1079914
https://doi.org/10.1007/s00701-017-3347-1
https://doi.org/10.1016/j.nrl.2021.03.009
https://doi.org/10.1002/ca.22330
https://doi.org/10.1056/NEJMra1914484
https://doi.org/10.1016/j.wneu.2018.06.136
https://doi.org/10.1007/s11916-013-0343-x
https://doi.org/10.1016/j.wneu.2022.09.092
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org

:' frontiers ‘ Frontiers in Neurology

@ Check for updates

OPEN ACCESS

Hui Lu,
Zhejiang University, China

Gang Zhao,

Soochow University, China
Hui Lu,

Zhejiang University, China

Rui Cong
congrui@fmmu.edu.cn

Rui Zhao
xjzhaorui@126.com

This article was submitted to
Neuromuscular Disorders and Peripheral
Neuropathies,

a section of the journal

Frontiers in Neurology

20 November 2022
02 January 2023
26 January 2023

Wang H, Shi L, Tian T, Xian H, Song Z, Cong R
and Zhao R (2023) Case report: A rare case of
massive peripheral nerve melanotic
schwannoma and review of the literature.
Front. Neurol. 14:1103604.

doi: 10.3389/fneur.2023.1103604

© 2023 Wang, Shi, Tian, Xian, Song, Cong and
Zhao. This is an open-access article distributed
under the terms of the Creative Commons
Attribution License (CC BY). The use,
distribution or reproduction in other forums is
permitted, provided the original author(s) and
the copyright owner(s) are credited and that
the original publication in this journal is cited, in
accordance with accepted academic practice.
No use, distribution or reproduction is
permitted which does not comply with these
terms.

Frontiersin Neurology

Case Report
26 January 2023
10.3389/fneur.2023.1103604

Case report: A rare case of massive
peripheral nerve melanotic
schwannoma and review of the
literature

Han Wang!, Lin Shi?, Tong Tian?, Hang Xian?, Zhao Song?,
Rui Cong®* and Rui Zhao?*

!Department of Orthopedics, Air Force Medical Center, Beijing, China, 2Department of Orthopedics, Xijing
Hospital, Air Force Military Medical University, Xi‘an, China

Melanotic schwannoma is a rare tumor with indeterminate biologic behavior and
varying treatment recommendations. Just about 200 cases have been reported
worldwide, in which occurred in peripheral nerves has even less reported. Due to
the lack of cognition of melanotic schwannoma, it is easy to be misdiagnosed and
mistreatment in primary hospitals. Herein, we presented a case of massive melanotic
schwannoma growing in the brachial plexus of an elderly male patient. First, the
patient underwent a left forearm tumor resection in the local primary hospital because
a painless lump was found there in 2017, of which details remain unclear. After this
operation, the patient developed the symptoms of left median nerve injury. Thus, he
came to our hospital and underwent a second operation. During this operation, we
found that a part of the median nerve was absent at the left forearm, and the remanent
median nerve, from the broken end to the elbow, was totally turned black, which
was accompanied by petroleum-like exudate. Losing the opportunity for nerve repair,
the black nerve was removed extensively and thoroughly. Postoperative pathological
diagnosis revealed that the tumor was melanotic schwannoma. Then 4 years later, the
tumor recurrence again, which led to the paralysis of the whole left arm and severe
nerve pain, and the pulmonary metastasis of the tumor was detected at the same
time. The black nerve was resected again in our hospital, and the nerve pain was
partially relieved after the operation. To the best of our knowledge, it is the first time
to report a melanotic schwannoma case that happened in the peripheral nerve trunk
and then spread to the whole brachial plexus. There were many questions that worthy
of discussion could be invited from this case, and we analyzed and discussed them
based on the relevant literature. In conclusion, we reported a rare case of melanotic
schwannoma that happened in the brachial plexus and illustrated the problems of the
diagnosis and treatment of it based on the analysis of the relevant literature, which is
helpful for the cognition of this rare nerve tumor.

melanotic schwannoma,
neuropathic pain

peripheral nerves, brachial plexus, pathological diagnosis,

Introduction

Melanotic schwannoma (MS) is a rare tumor of the nervous system, which accounts for <1%
of nervous system tumors. However, its specific incidence has not been reported yet. Since it was
first reported by Hodson and J. J. in 1961, only about 200 cases have been reported worldwide
(1). With the improvement in detection methods, the reports on MS have gradually increased
in recent years. It has been reported that MS mainly occurs in the skin, organs, and spinal cord,
but rarely in the peripheral nerve trunk. Many studies have pointed out that MS can be divided
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FIGURE 1

Intra-operative findings of the patient’s first operation in our hospital. (a) The intraoperative photograph of the mass in the left hand of the patient. (b) The
close-up detailed photograph of the mass in the left forearm shows the petroleum-like exudate. (c) The overall photographs of the mass in the left
forearm of the patient. (d) The representative HE staining image of the resected tumor. (e) The representative Ki67 immunohistochemical staining image
of the resected tumor. (f) The representative S100 immunohistochemical staining image of the resected tumor. Scar bar, 100 pm.

into the psammomatous type and the non-psammomatous type.
Psammomatous melanotic schwannoma (PMS) is considered to have
a potential malignant tendency, which can cause distant metastasis
(2). Due to the lack of awareness of this disease, it is prone to
misdiagnosis and mistreatment during diagnosis and treatment,
especially in grass-roots hospitals. Therefore, we reported a rare case
of recurrent giant MS in the peripheral nerve and discussed the
diagnosis and treatment methods of this rare disease based on the
relevant literature.

Case report

A 62-year-old elderly Chinese man visited our hospital because
of left hand numbness for 1 year after resection of a tumor in the
forearm, accompanied by a tumor of the left hand for half a year. In
2016, the patient found a painless tumor at the left distal forearm of
no obvious cause, without left hand numbness, movement disorders,
or muscular atrophy. The tumor of the left forearm was resected
in a local grass-roots hospital, with an unknown specific surgical
condition and no definite postoperative diagnosis. After the surgery,
the patient developed numbness of three and a half fingers on the
radial side of the left hand, accompanied by the inflexibility of the
left thumb. About half a year later, the patient found another painless
tumor in the hypothenar region of the left hand, accompanied by
progressive tumor enlargement, weakness of the left thumb, and
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progressive aggravation of dyskinesia. The patient visited our hospital
for further treatment. Considering the recurrent tumor adjacent
to the site of tumor resection, accompanied by iatrogenic injury
of the median nerve, the patient was admitted to our department
with “a tumor of the left palm, and left median nerve injury”.
After admission, the preoperative examination was completed, and
magnetic resonance imaging (MRI) of the left hand suggested a space-
occupying lesion in the hypothenar region of the left hand, with a size
of about 5 x 3 x 2 cm, and low T1 and high T2 signals.

After preoperative preparation, tumor resection of the left
hand and biopsy and median nerve exploration and repair in the
left forearm were performed. However, the intraoperative findings
were unexpected. A spindle-shaped enlarged mass was found in
the thenar region of the left hand, which was completely black
and connected with the digital nerve (Figure 1a). When the mass
was cut open, melanotic nerve fibers and petroleum-like exudate
were observed. A similar phenomenon also occurred in the left
forearm. Intraoperatively, findings showed a defect of the left median
nerve of about 10cm in the distal forearm, and melanosis and
thickening at about 13cm from the proximal end of the nerve
defect, in the center of which there was a quasi-circular mass, with a
diameter of about 4 cm. After cutting open the mass, melanotic nerve
fibers and black tumor-like hyperplasia were found, accompanied
by black petroleum-like exudate (Figures 1b, c). According to the
morphological features, MS was diagnosed intraoperatively, and the
diseased nerves that were explored were resected completely and
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FIGURE 2

patient’s chest. (g) The bone scan images of the patient.

The preoperative examination of the patient’s second operation in our hospital. (a) The photograph of the patient trying to abduct his bilateral shoulders.
(b) The photograph of the patient trying to flex his bilateral elbows. (c) The photograph of the patient trying to extend his bilateral fingers. (d) The
photograph of the patient trying to flex his bilateral fingers. (e) The radiological image of the patient’s chest. (f) The representative CT images of the

extensively. The tumor was extendedly resected at 2cm from the
tumor boundary trying to ensure no melanotic tumor cells at the
incisal margin. Because of the lack of nerve repair condition, median
nerve repair was abandoned in this surgery. After explaining and
communicating with the patient about the condition, the patient
and his family members expressed understanding and returned
home for resting after the wound healed. Postoperative pathological
confirmed MS and it was pathologically manifested as massive
melanin deposition in tumor cells, and immunohistochemical
staining suggested S100 and Ki67-positive, indicating that this tumor
has a potential malignant tendency (Figures 1d-f).

Then 4 years later, the patient returned to our hospital for
further treatment due to left upper limb paralysis, accompanied by
severe neuropathic pain. The examination after admission showed
that the VAS score of the patient was eight. The patient’s muscle
strength of left wrist flexion, forearm pronation, finger extension, and
intrinsic hand muscles was grade 0, and that of left finger flexion,
wrist extension, forearm supination, elbow flexion, elbow extension,
shoulder abduction, and adduction was grade 3 (Figures 2a—d). Chest
X-ray and CT showed multiple quasi-circular negative lesions in
both lungs, which were considered metastatic lesions (Figures 2e,
f), while the patient did not complain of dry cough or hemoptysis.
Bone scanning suggested metastatic lesions in the left humeral head
and left eighth rib (Figure 2g). In combination with the results of
various examinations, the patient was diagnosed with recurrent MS
after surgery. Considering that the severe neuropathic pain of the
patient might be related to a nerve tumor, the tumor could be
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resected surgically to reduce his pain. Due to distant metastasis,
this surgery aimed at tumor reduction but not complete resection.
During the surgery, it was found that from the clavicle to the elbow,
the median nerve was completely melanotic, and the ulnar, radial,
and musculocutaneous nerves were partially melanotic (Figures 3a,
c). Exploration of the roots and trunks of the brachial plexus
revealed that the upper, middle, and lower trunks of the brachial
plexus were completely melanotic, but the suprascapular nerve was
not melanotic (Figure 3b). When the melanotic epineurium was
cut open, the melanotic nerve fiber bundles could be observed.
Among them, there were also not completely melanotic nerve fiber
bundles. A nerve fiber with melanotic two ends, but a normal
middle part, was also found. All these phenomena suggest the growth
pattern of the tumor spreading along the nerve fibers (Figure 3d).
Intraoperatively, most of the completely melanotic nerves that were
visible were palliatively resected, and the cut ends of these nerves
were protected. After surgery, the patients pain was significantly
relieved, and the VAS score was reduced to three. The postoperative
pathological analysis showed that the melanin-enriched tumor cells
were extensively proliferated and accompanied by focal necrosis.
The Ki67 immunohistochemical staining was positive, which was
consistent with the previous pathological results (Figures 3e, f). It
was recommended that the patient should be transferred to the
Department of Oncology for further treatment, but he returned to
a local hospital for subsequent treatment due to personal reasons.
At the 3-month and half-a-year follow-up, the patient’s neuropathic
pain could be controlled to a tolerable level by taking pregabalin
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FIGURE 3

The intra-operative photographs of the patient’s second operation in our hospital. (a) The overall photograph of the mass in the patient’s left arm. (b) The
intraoperative photograph of the mass in trunks of the brachial plexus. (c) The close-up detail photograph of the black changed the nerves of the patient.
(d) The close-up detail photograph of the black changed nerve shows the change of the never fibers intra epineurium. (e) The representative HE staining
image of the resected tumor. (f) The representative Ki67 immunohistochemical staining image of the resected tumor. Scar bar, 100 um.

150-225 mg two times daily. Finally, the patient passed away 1 year
after surgery.

Discussion

Due to the small number of cases, there is no recognized
treatment guideline or clinical experience for MS. Consequently, in
the reported cases, the long-term therapeutic effect may not be ideal,
but it still accumulates valuable experience for better treatment of
this tumor in the future. It has been reported that PMS is one of the
manifestations of Carney syndrome and has a malignant tendency
(3). In the recently reported cases, recurrence and metastasis have
also been found in patients with MS of non-psammomatous type
and without Carney syndrome. To better analyze our case, we
summarized the treatment and prognosis of MS cases similar to
this case, which occurred in the peripheral nerve trunk and did not
present Carney syndrome, so as to provide a basis for analyzing the
treatment of this disease (Table 1). It was found that although only
a few of these cases had tumor recurrence, most of the cases were
followed up for a relatively short time, which may lead to many
recurrences not being observed. Therefore, because of its uncertain
biological features and potential recurrence risk, the treatment of MS
should be carefully selected.

Although most literature reports that 90% of MS are benign, and
only about 10% are recurred and metastasized, this does not mean
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that we can take such cases lightly. It is precisely this uncertainty
that brings difficulties in the selection of treatment for such tumors
(18). Among them, MS occurring in the peripheral nerve is different
from those in other locations in terms of treatment. If the MS
of the peripheral nerve trunk is benign, the treatment principle
should be similar to that of common schwannomas. Common
schwannomas usually do not lead to the paralysis of neurological
function. Thus, the treatment principle for schwannomas with (or
without) neurostimulation symptoms is to protect the nerve fiber
bundles during tumor resection, and not damage nerve fibers,
causing iatrogenic neurological impairment after surgery. In the
resection of common schwannomas, the tumor tissue can usually be
completely dissected from the nerve bundles, so as not to damage
nerve fibers. However, benign MS occurring in the peripheral nerve
trunk that can be dissected has not been reported.

In our case, because of the invasion of MS cells into the nerve fiber
bundles, the nerve fiber bundles would be damaged during tumor
resection, resulting in the loss of neurological function, which is a
problem that must be fully considered when making a treatment
plan for MS. If it is a benign MS, the first principle of treatment
is to resect the tumor as thoroughly as possible without damaging
the neurological function. When the tumor invades the nerve fibers
and it has to remove partial nerve bundles, it is necessary to ensure
the primary nerve repair or reconstruction as much as possible. The
treatment of malignant MS should be completely different. The first
principle of its treatment should be to resect the tumor completely
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and extensively and to dissect the surrounding lymph nodes and
adjacent tissues, so as to prolong the survival of patients as much
as possible. As for the loss of neurological function, it should not
be repaired in the primary phase, but in the secondary phase after
the tumor was completely resected, there was no recurrence. Based
on the above principles, another problem puzzling the treatment
of MS is how to determine whether it is benign or malignant. The
first difficulty lies in the diagnosis of MS before cutting open the
skin and exposing the tumor during surgery. Although some reports
have suggested the imaging features of MS, these features are still
not specific enough to enable us to distinguish MS from common
schwannomas before surgery. Moreover, due to the low incidence, it
is unreasonable to conduct a needle biopsy before the resection of
all schwannomas for excluding the possibility of MS before surgery.
Therefore, the diagnosis of MS is often an emergency during surgery.
The second difficulty is that even if MS is found during surgery, we
cannot determine whether it is benign or malignant. It is difficult to
accurately determine the benign and malignant nature of tumor cells
only by histological staining and cell morphology during the frozen
pathological examination. The accurate diagnosis still depends on the
immunohistochemical analysis. A series of molecular markers of the
malignant tumor could be used to decide whether the tumor was
malignant, such as Ki67, C-erbB, PCNA, NSE, Vim, and NESTIN. In
this case, immunohistochemical analysis showed that the tumor cells
were positive with Vim, H3K27m, Pan-mel, S-100, and Ki67, with
indicated malignancy.

Based on this, we have reasons to make the following therapeutic
decisions, that is, when we detect MS during surgery, the tumor
should be completely resected, and the adjacent tissues and lymph
nodes should be dissected according to the tumor invasion. Further
treatment should be decided according to the pathological condition
after surgery. If it is benign, nerve repair should be performed
as soon as possible. In case of malignancy, radiotherapy or
molecular targeted therapy should be continued, and nerve repair
or functional reconstruction should be carried out after the tumor
is completely eradicated.

In addition to prolongating the survival period, relieving the
patient’s severe neuropathic pain is also one of the important
purposes of treatment. During the operation of this patient, we
found that the invasion of melanin schwannoma resulted in swelling
and stiffening of brachial plexus trunks and increased intra-nerve
pressure, which may be one of the causes of neuropathic pain.
Therefore, the epineural release of the diseased nerves, reducing the
pressure within the nerves, can partially relieve the nerve pain.

Conclusion

This article reports a rare case of malignant MS in the peripheral
nerve trunk. Combined with the retrospective analysis of similar
cases, a new idea on the treatment of MS in the peripheral nerve trunk
is discussed and proposed, which will help to better understand the
treatment of this rare nerve tumor in the future.
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and Junjian Jiang®%**

!Department of Hand Surgery, Huashan Hospital, Fudan University, Shanghai, China, ?Key Laboratory of Hand
Reconstruction, Ministry of Health, Shanghai, China, *Shanghai Key Laboratory of Peripheral Nerve and
Microsurgery, Shanghai, China, “Shanghai Medical College, Fudan University, Shanghai, China

Background: Reparation of C5 by proximal selective ipsilateral C7 transfer has
been reported for the treatment of neurogenic shoulder abduction limitation as an
alternative to the reparation of the suprascapular nerve (SSN) and the axillary nerve
(AXN) by distal nerve transfers. However, there is a lack of evidence to support either
strategy leading to better outcomes based on long-term follow-up.

Objective: The purpose of the study was to investigate the safety and long-term
outcomes of the posterior division of ipsilateral C7 (PDIC7) transfer to C5 in treating
neurogenic shoulder abduction limitation.

Methods: A total of 27 cases with limited shoulder abduction caused by C5 injury
(24 cases of trauma, 2 cases of neuritis, and 1 case of iatrogenic injury) underwent
PDIC7 transfer to the C5 root. A total of 12 cases (11 cases of trauma and 1 case of
neuritis) of C5 injury underwent spinal accessory nerve (SAN) transfer to SSN plus the
triceps muscular branch of the radial nerve (TMBRN) transfer to AXN. The patients
were followed up for at least 12 months for muscle strength and shoulder abduction
range of motion (ROM).

Results: In cases that underwent PDIC7 transfer, the average shoulder abduction
was 105.9° at the 12-month follow-up. In total, 26 of 27 patients recovered at least
M3 (13 reached M4) (Medical Research Council Grading) of the deltoid. In cases that
underwent SAN transfer to SSN plus TMBRN to AXN, the average shoulder abduction
was 84.6° at the 12-month follow-up. In total, 11 of 12 patients recovered at least M3
(4 reached M4) of the deltoid.

Conclusion: Posterior division of ipsilateral C7 transfer is a one-stage,
safe, and effective surgical procedure for patients with neurogenic shoulder
abduction limitation.

KEYWORDS

nerve transfer, ipsilateral C7 transfer, brachial plexus injuries, neurogenic shoulder abduction
limitation, C5 injury

Introduction

Neurogenic shoulder abduction limitation, a pathological change of the nerves innervating
shoulder abductors, can be caused by C5 disorder. C5 contributes to the axillary nerve (AXN),
which dominates the deltoid, and the suprascapular nerve (SSN), which dominates the musculus
supraspinatus and the musculus infraspinatus (1). Based on our clinical experiences and previous
studies, trauma, especially traffic accidents, is the most common cause leading to the direct
injury of C5. However, the direct injury of C5 can also be caused by other neurological reasons,
such as neuritis, peripheral neuropathy, and iatrogenic injury, in some patients. Those patients
were treated with conservative therapies such as drugs or physical therapies, but they received
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poor results. In a retrospective study reported by Thompson et al.
(2), among 59 patients with postoperative C5 disorder who received
conservative therapies, 15 patients had symptoms resolved with
residual effects (25.4%) and 10 patients did not recover (17.0%).

Nerve transfer strategies have been reported to mainly focus
on the distal nerve transfer as repairing SSN and AXN separately
since they are the main branches of the C5 nerve root and their
targeting muscles are involved in shoulder movement. Surgeons
are used to choosing the donor nerves outside the brachial plexus
such as accessory nerve (3, 4) and phrenic nerve (5). However,
several issues with previous strategies need to be addressed. First,
muscle function recovery requires adequate motive power from the
donor nerve, matching donor nerve, and the recipient’s nerve. It is a
dilemma that choosing a donor nerve with sufficient motive power
may lead to a severe loss of their original target muscle function such
as diaphragm disorder caused by phrenic nerve transfer. Another
drawback of previous strategies focused on distal nerve transfer is
that C5 injury cannot be directly diagnosed without an additional
incision to explore the brachial plexus. For intraoperative diagnosis, a
specific incision for brachial exploration is required, resulting in more
surgical injury and even a two-stage surgical strategy. Furthermore,
another problem is that if the cerebral cortex regions of the donor’s
nerve and recipient’s nerve are distant, it could be more difficult for
patients to voluntarily move after surgery and the recovery process
places high demands on brain plasticity (6).

Since distal nerve transfer may lead to the problems mentioned
earlier, Gu et al. (7) developed ipsilateral C7 nerve root transfer
to treat C5 rupture and Xu et al. (8, 9) further developed selective
ipsilateral C7 nerve root transfer with less donor nerve function loss.
To investigate further, here, we studied the clinical outcomes of 27
patients with the posterior division of ipsilateral C7 (PDIC7) transfer,
a more selective proximal C5 repair strategy compared to distal SSN
and AXN repair strategies for the treatment of neurogenic shoulder
abduction limitation.

Methods

Patients

This is a retrospective study carried out in accordance with the
Declaration of Helsinki. Each participant provided informed written
consent. IRB approval was granted by our institution. Based on the
following criteria, we compared 27 patients who underwent PDIC7
transfer to C5 with 12 patients who underwent SAN transfer to SSN
plus TMBRN transfer to AXN.

The inclusion criteria are as follows:

1. Patients with shoulder abduction limitation whose muscle
strength of the musculus supraspinatus and deltoid was MO.
2. C5

investigations

injury which was diagnosed by neurophysiological
and  ultrasound then

exploration and

examination and

confirmed by subsequent intraoperative

neurophysiological investigation.

Abbreviations: PDIC7, posterior division of ipsilateral C7; SSN, suprascapular
nerve; AXN, axillary nerve; SAN, spinal accessory nerve; TMBRN, triceps muscle
branch of radial nerve; EMG, electromyogram; SEP, sensory-evoked potential;

CMAP, compound muscle action potential; CSA, cross-sectional area.
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FIGURE 1

(A) An incision for around 4 cm-length centered over the clavicle. (B)
Exploration of the brachial plexus and an intraoperative EMG test to
reconfirm that the C5 root (yellow line; triangle) had been avulsed and
the C7 root (red line), especially PDIC7 (purple line; arrow) had normal
electrophysiological function.

3. Reserved C7 function was diagnosed by the neurophysiological
investigations and confirmed by subsequent intraoperative
exploration and neurophysiological investigation.

The exclusion criteria are as follows:

1. History of diabetic mellitus and smoking history.

2. Fractures of the affected limb, neuromuscular disorders, and
musculoskeletal disorders such as tendon or ligament injury
were excluded.

3. Cases with an interval time between injury and surgery of less than
1 month or more than 12 months.

Surgical procedures

PDIC7 transfer to C5

The operation was carried out under general anesthesia without
using muscle relaxants. The arm, shoulder, neck, and chest were
prepared with the patient supine.

The brachial plexus was explored through an incision of around
4 cm in length centered over the clavicle (Figure 1A), followed by an
exploration of the anatomical structure of the 5 roots (Figure 1B).
The continuity of the upper, middle, and lower trunks of the brachial
plexus was then confirmed. C5 injury was identified by the absence
of sensory-evoked potential (SEP) and compound muscle action
potential (CMAP) of the deltoid while C6-T1 roots were unaffected.
CMAP of the triceps and latissimus dorsi identified PDIC7. Using 8—
0 sutures under a magnification of 2.5x, the PDIC7 was transferred to
the C5 root (Figure 2).

SAN transfer to SSN plus TMBRN transfer to AXN
The operation was carried out as a two-stage procedure
performed under general anesthesia without using muscle relaxants.
In the first stage, the brachial plexus was explored through an
incision centered over the clavicle. The continuity of the upper,
middle, and lower trunks of the brachial plexus was then confirmed.
C5 injury was identified by the absence of sensory-evoked potential
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Left Shoulder

FIGURE 2
(A) Ends of PDIC7 and C5 root (triangle). (B) Transfer of the PDIC7 to
the C5 root (arrow).

(SEP) and compound muscle action potential (CMAP) of targeted
muscles. The SSN was identified from the injured C5 root and
the SAN was also separated in the same incision. The SAN was
transferred to SSN. Additionally, in the second stage, the TMBRN was
separated and transferred to AXN through a longitudinal incision on
the posterior aspect of the arm. Details of the surgical procedures have
been described before (10).

Postoperative management

Patients were asked to use a custom-made neck splint
postoperatively for 3 weeks. Physiotherapy began 4 weeks after
surgery to maintain the ROM in all joints, such as shoulder abduction,
external rotation, and elbow flexion. However, passive shoulder
abduction beyond 90° was avoided within 4 weeks after nerve repair.

Postoperative evaluation

Postoperative evaluations were performed at 14 days and then at
approximate intervals of 3 months, with at least 12 months until no
improvement can be observed.

A physical assessment and an electromyographic test were
conducted in the clinic. The motor function was classified according
to the Medical Research Council grading. The active and passive
ranges of external rotation were evaluated beginning with the arm in
the neutral position. The sagittal plane was defined as 0°. The range of
movement was defined as the angle between the 0 and 180° position
and the forearm position upon an external abduction (9).

Electromyography was conducted 3 months after surgery. CMAP
of the deltoid was recorded as the sign of successful C5 regeneration
and CMAP of the latissimus dorsi was recorded for evaluating the
function loss of PDIC7.

Statistical analysis

Outcomes comprising continuous variables such as ROM were
presented as mean =+ std and analyzed using the ¢-test. The p-values
were two-tailed and p-values of <0.05 were considered significant. All
statistical analyses were conducted using SPSS for Windows.
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Results

The characteristics of patients

From 2018 to 2020, 27 patients, 23 men, and 4 women, aged 16 to
63 years (average, 38.7 years), had brachial plexus C5 injury, and the
average interval between injury and surgery was 3.9 months. A total of
12 patients were investigated in the group of PDIC7 transfer to C5. A
total of 11 men and 1 woman, aged 36-67 years (average, 45.6 years),
were investigated in the group of SAN transfer to SSN plus TMBRN
transfer to AXN, and the average interval between injury and surgery
was 4.1 months.

Motor and sensory function of the donor site

During the follow-up period, no patient in PDIC7 to C5 was
observed with obvious elbow extension disorder or upper extreme
adduction and pronation disorder. For PDIC7, we focused on the
function of the triceps and latissimus dorsi with manual muscle
testing, and reversible muscle strength decrease within 1 level (more
than M3 postoperation) was thought to be acceptable. The follow-
up EMG did not show the severe loss of function of the triceps
and the latissimus dorsi, which showed that the motor function of
the PDIC7 can be compensated. In terms of sensory function, 2
patients complained of transient middle finger numbness, 1 patient
disappeared spontaneously during the follow-up period, and 1
patient with persistent numbness could adjust the discomfort by
himself, and it was considered that it did not affect the quality
of life.

For patients who underwent SAN transfer to SSN plus
TMBRN transfer to AXN, we also tested the trapezius
muscle and triceps in SAN transfer to SSN plus TMBRN
transfer to AXN with the same standard as PDIC7. There
were no evident motor or sensory function disorders in
the dominated area of the donors nerve, and the EMG test
showed acceptable nerve and muscle function of the radial nerve
and triceps.

Recovery of shoulder function

In all 27 patients who underwent PDIC7 to C5, the average
maximal range of shoulder abduction was 105.9° from the worst case
65° to the best case 170° (Figure 3). A total of 26 of 27 patients
achieved at least M3 muscle strength within 12 months and 50% of
cases achieved M4 level. Among those cases of M3, 7 of 13 patients’
injured side was not the dominant side. In contrast, in 12 patients
who underwent SAN transfer to SSN plus TMBRN transfer to AXN,
the average maximal range of shoulder abduction was 84.6° from
the worst case 50° to the best case 100° and 11 of 12 patients
achieved at least M3 muscle strength within 12 months and 36.4%
cases achieved M4 level. The maximal range of shoulder abduction in
patients who underwent PDIC7 to C5 was significantly greater than
those who underwent SAN transfer to SSN plus TMBRN transfer to
AXN (p < 0.05, Table 1).

All the detailed information of patients in our study is listed in
Table 2.
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FIGURE 3

(A) Patient’s functional recovery at month. (B) Patient's functional recovery at 2 years.

TABLE 1 t-test result of the maximal range of shoulder abduction in
two groups.

Method (Mean =+ s) ROM
PDIC7 (n = 27) 105.93 4 27.18
SAN-SSN + TMBRN-AXN (n = 12) 84.58 4 14.05
t 3.224
p 0.003*

ROM, Range of motion. **p < 0.01.

Discussion

In our study, we demonstrate a novel surgical strategy, posterior
division of ipsilateral C7 (PDIC7) transfer, for the treatment
of neurogenic shoulder abduction limitation and compared its
effect on improving shoulder function with a widely-accepted
surgical strategy, the spinal accessory nerve (SAN) transfer to the
suprascapular nerve (SSN) plus TMBRN transfer to AXN.

Lu et al. (11) have explored the motor fiber counts of the
human C7 roots and their branches. They showed that the posterior
division of C7 owned 66.2% of all the motor fibers from the C7
root and these fibers finally joined to the axillary nerve (27.94%),
radial nerve (49.75%), and thoracodorsal nerve (52.7%). Lu et al. (12)
also observed in a rat model that the functions of C7 dominated
muscles, including the triceps brachii and latissimus dorsi, can be
compensated in 2 months after ipsilateral C7 transfer procedures.
In conclusion, previous studies supported at the anatomic level that
PDICY transfer could provide sufficient motive power for functional
improvement without apparent donor deficits. In this study, we
revealed that PDIC7 transfer may be an effective surgical strategy
to improve shoulder function in cases of C5 injury. Also, all cases
receiving PDIC7 transfer showed acceptable triceps brachii and
latissimus dorsi function in EMG during follow-up.

Previous studies reported cross-sectional area (CSA) of the
human brachial plexus in ultrasonography. Niu et al. (13) reported
that the CSA of the C5 root was 5.3 £ 1.3 mm? and of the C7 root
was 8.5 & 1.3 mm?. Similarly, Bedewi et al. (14) reported that the
CSA of the C5 root at the interscalene groove was 5.1 £ 1.8 mm? and
of the C7 root was 6.3 & 3.4 mm?2. Won et al. (15) reported that the
CSA of the C5 root was 5.66 & 1.02 mm? and of the C7 root was 10.43
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+ 1.86 mm?. In our study, we observed that the CSA of PDIC7 and
C5 roots matched well during operation. Also, as the donor nerve and
acceptor nerve are close enough, the tension at the suture site can be
small, which is beneficial for nerve regeneration.

Compared with SAN transfer to SSN plus TMBRN transfer
to AXN, a widely-accepted surgical strategy, PDIC7 transfer to
C5, has several advantages. First, surgeons could use a single
supraclavicular incision for both brachial plexus exploration and
repair. It is necessary to clarify the diagnosis of C5 injury during
operation because C5 neurolysis alone may be sufficient to restore
shoulder abduction if the continuity of C5 is reserved, whereas distal
nerve transfer may lead to iatrogenic injury of SAN and TMBRN.
Supportive evidence from Chuang et al. (16) showed that in their
series, 9.5% of cases were identified intraoperatively as ruptured
spinal nerves despite the preoperative imaging indicating complete
root avulsion. Moreover, SAN transfer to SSN plus TMBRN transfer
to AXN can only repair two nerves while PDIC7 transfer is to repair at
the root level, which targets a group of muscles and can provide more
motive power. Patients in the SAN-to-SSN plus TMBRN-to-AXN
group did not experience sensory deficit, which is indeed a benefit of
peripheral nerve transfer due to the presence of somatosensory fibers
in either SAN or TMBRN. Although the patients in the PDIC7 group
experienced sensory deficits, the sensory deficit was transient and not
severe, which did not obscure the better motor recovery ability of
PDIC?7 transfer.

Another vital issue that should be considered for nerve transfer
surgery is the matching of the original dominant muscles of the
donor’s nerve and the recipient nerve. Since cerebral control of
the donor nerve differs from that of the recipient nerve, volitional
movement of muscles dominated by the injured nerve after nerve
transfer could be restricted and prognosis may be limited by cerebral
plasticity (17). In our strategy, both PDIC7 and C5 were initially
targeted to the deltoid, which avoided the cerebral function transfer
phase of voluntary movement.

In addition, there are other factors that contribute to different
outcomes of neurogenic shoulder function improvement, such as
the interval between injury and surgery (18), age, and BMI (19),
thus, future studies should examine these factors in greater detail.
In our study, we applied PDIC7 transfer to the C5 root in patients
aged 16-63 years and the interval between injury and surgery was
1-9 months. Most of them achieved satisfied prognosis without
related side effects observed during the follow-up. We may, therefore,
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TABLE 2 Detailed information on patients who underwent one of the two types of surgeries.

Dominant Injured Cause Surgery Interval Duration of Active ROM Shoulder Preoperative
side side between follow-up of shoulder abduction EMG (deltoid)
injury and /months _ abduction _ strength
surgery improvement improvement

Male 27 Right Left surgical injury PDIC7—C5 2 12 0-90 M1-M3 MUP(-), CMAP(-)
Male 35 Left Left traffic accident PDIC7—C5 2 12 0-100 M1-M4 MUP(-), CMAP(-)
Male 51 Right Right traffic accident PDIC7—C5 3 24 0-100 M1-M4 MUP(-), CMAP(-)
Male 31 Right Right traffic accident PDIC7—C5 3 12 0-90 M1-M4 MUP(-), CMAP(-)
Male 23 Right Right traffic accident PDIC7—C5 2 12 0-170 M1-M4 MUP(-), CMAP(-)
Female 46 Right Left crush injury PDIC7—C5 4 12 0-80 M1-M3 MUP(-), CMAP(-)
Male 37 Right Right neuritis PDIC7—C5 6 12 0-95 MI1-M3 MUP(-), CMAP(-)
Male 63 Right Right traffic accident PDIC7—C5 3 12 0-80 M1-M3 MUP(-), CMAP(-)
Male 52 Right Left traffic accident PDIC7—C5 3 30 0-80 M1-M3 MUP(-), CMAP(-)
Male 47 Right Right traffic accident PDIC7—C5 4 36 0-120 M1-M4 MUP(-), CMAP(-)
Female 42 Right Right traffic accident PDIC7—C5 4 12 0-130 M1-M4 MUP(-), CMAP(-)
Male 19 Right Left traffic accident PDIC7—C5 3 12 0-120 M1-M4 MUP(-), CMAP(-)
Male 20 Right Left traffic accident PDIC7—C5 5 12 0-90 M1-M3 MUP(-), CMAP(-)
Male 55 Right Right traffic accident PDIC7—C5 8 30 0-90 M1-M3 MUP(-), CMAP(-)
Female 34 Right Left traffic accident PDIC7—C5 2 12 0-90 M1-M3 MUP(-), CMAP(-)
Male 54 Right Right falling injury PDIC7—C5 2 12 0-100 M1-M4 MUP(-), CMAP(-)
Male 31 Right Right traffic accident PDIC7—C5 6 12 0-90 M1-M3 MUP(-), CMAP(-)
Male 47 Left Right traffic accident PDIC7—C5 9 12 0-65 MI1-M2 MUP(-), CMAP(-)
Male 52 Right Left traffic accident PDIC7—C5 5 12 0-100 M1-M3 MUP(-), CMAP(-)
Male 16 Right Left neuritis PDIC7—C5 7 12 0-95 M1-M3 MUP(-), CMAP(-)
Male 29 Right Right falling injury PDIC7—C5 3 12 0-155 M1-M4 MUP(-), CMAP(-)
Male 45 Right Right strangulation PDIC7—C5 6 21 0-100 M1-M4 MUP(-), CMAP(-)
Male 54 Right Right crush injury PDIC7—C5 1 27 0-165 M1-M4 MUP(-), CMAP(-)
Male 51 Right Right falling injury PDIC7—C5 1 12 0-100 M1-M3 MUP(-), CMAP(-)
Female 26 Right Left incised injury PDIC7—C5 2 12 0-125 M1-M4 MUP(-), CMAP(-)
Male 63 Right Right crush injury PDIC7—C5 4 24 0-90 M1-M3 MUP(-), CMAP(-)
Male 16 Right Left surgical injury PDIC7—C5 3 12 0-150 M1-M4 MUP(-), CMAP(-)
Male 51 Right Left crush injury SAN-SSN TMBRN-AXN 7 12 0-50 M1-M2 MUP(-), CMAP(-)
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preliminarily demonstrate that PDIC7 transfer is a safe, one-
stage, and effective surgical procedure for patients with neurogenic
shoulder abduction limitation. Furthermore, based on our clinical
experience, patients with C5 injury who received only PDIC7 transfer
can achieve satisfactory improvement in shoulder function without
combining other additional surgical strategies.

In our study, the causes behind shoulder abduction limitation
varied. Among all, traffic accidents were the most common cause
(51.3%) and mechanical injuries accounted for 92.3% of all causes.
Also, there were two neuritis cases and one postoperational injury
case that underwent our strategy and received a good prognosis.
As for patients with neuritis or other neurologic problems, our
strategy can also be available for those who did not receive satisfying
functional improvement after conservative therapies such as waiting,
medicines, or physical therapies. It should be noted that the two
neuritis cases in this study had received simple neurolysis surgery
but had not obtained satisfying recovery more than 12 months after
surgery, thus, we performed a PDIC7 transfer for them and they
received benign effects.

Furthermore, the patient whose shoulder abduction only
achieved 85° was a 47-year-old male patient. There may be two main
reasons for his poor recovery. One is that the injured side was not his
dominant side and the other is the long interval between injury and
surgery. Before his surgery, there had been apparent muscle atrophy
on his injured upper extremity. This question is worth discussing
and studying if the long interval time and irreversible muscle atrophy
may predict a poor prognosis and the probable degeneration of nerve
or muscle tissue during the interval time should be studied more,
which is of great clinical value to choosing better treatment strategies
for patients.

Although in our study, PDIC7 transfer to C5 has shown a better
therapeutic effect than traditional surgical strategies, we still hope to
explore more for improvement. For further research, we are curious
about if PDIC7 could be divided into more selective branches, which
requires not only clinical but also more basic and anatomical studies
to get a better understanding of the brachial plexus nerves.

For all patients with neurogenic shoulder abduction limitation,
PDIC7 transfer is a generally safe, one-stage, and effective strategy
for restoring shoulder function.
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Brachial plexus avulsion induced
changes in gut microbiota
promotes pain related anxiety-like
behavior in mice
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Tong Tian' and Rui Cong**

!Department of Orthopedics, Xijing Hospital, Air Force Medical University, Xi'an, China, 2Department of
Neurobiology, School of Basic Medicine, Air Force Medical University, Xi‘an, China

Introduction: Brachial plexus avulsion (BPA) injury develops frequent and intense
neuropathic pain, involving in both peripheral and central nervous systems. The
incidence of anxiety or depression caused by BPA-induced neuropathic pain is high,
but the underlying mechanism remains unclear.

Methods: We established a BPA mice model and assessed its negative emotions
through behavioral tests. To further explore the role of the microbiota-gut-brain axis
in the unique emotional behavior after BPA, we performed intestinal fecal 16s and
metabolomics assays. Psychobiotics (PB) supplementation was administered to BPA
mice to check the probiotics effects on BPA-induced anxiety behaviors.

Results: Pain related anxiety-like behavior was observed at the early stage after BPA
(7 days), while no depression-like behavior was detected. Intriguingly, gut microbiota
diversity was increased in BPA mice, and the most abundant probiotics, Lactobacillus,
showed obvious changes. Lactobacillus_reuteri was significantly decreased in BPA
mice. Metabolomics analysis showed that Lactobacillus_reuteri-related bile acid
pathway and some neurotransmitter amino acids were significantly altered. Further
PB (dominated by Lactobacillus_reuteri) supplementation could significantly relieve
BPA-induced anxiety-like behaviors in mice.

Conclusion: Our study suggests that pathological neuralgia after BPA could
alter intestinal microbiota diversity, especially Lactobacillus, and the changes in
neurotransmitter amino acid metabolites may be the key reason for the onset of
anxiety-like behaviors in BPA mice.

KEYWORDS

brachial plexus avulsion, microbiota-gut-brain axis, metabolites, anxiety, psychobiotics

1. Introduction

Brachial plexus injury (BPI) is a common and special type of peripheral nerve injury, which
usually occurs in traffic accidents, especially motorcycles (1). BPI is often accompanied by
severe pain complications called neuropathic pain (NPP), which is characterized by spontaneous
pain, hyperalgesia, and hyperalgesia. The incidence of NPP is high in the patients with BPL
Around 30-80% patients within brachial plexus avulsion (BPA) show symptoms of NPP (2, 3).
BPA is a mixed injury involving both peripheral and central nervous mechanisms (4). BPA
causes immediate pain which gets rapid onset after trauma; along with the progression of
long-term neuropathy, this pain may be observed away from the lesions (5). Nowadays,
the research on BPA mainly focused on nerve transplantation procedures, which ignores
BPA-induced pain and related comorbidities like emotional and/or cognitive impairments
that largely worsen the quality of patients’ life (6). Previous reports have revealed that the
incidence of negative stress responses, including anxiety and depression, of patients with
BPA could reach up to 30-50% (7). A follow-up study of 415 patients with BPA found
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that 81.20% of them appeared anxiety or depression (8). Another
clinical trial of BPA patients also showed that even with active surgical
intervention, there were still 76% of patients suffered by frequent
pain and 18.8% of them accompanied with depression or anxiety
(9). Therefore, BPA induced neuropathic pain and related negative
emotions should get more attention.

The impact of symbiotic microbiota on various host functions has
been increasingly recognized over the past decade. It is well-studied
that gut microbes influence many biological processes including
immunity, metabolism, and central nervous system (CNS) (10-12).
The effects of gut microbiota on NPP animal models have also
been characterized (13, 14). Extensive studies have shown that the
microbiota can directly or indirectly influence brain homeostasis
through affecting anxiety and the occurrence of neurological diseases
were related to nerve conduction dysfunction in animal models (15).
Therapeutic intervention with probiotic can affect the emotional
behaviors of depressive mice and alleviate depression in patients (16,
17). In this study, to explore whether gut microbiota also play roles in
the negative emotions caused by BPA, we investigated the changes
of behaviors, gut microbes, and metabolites in BPA mice through
bioinformatics analysis of 16s sequencing and metabolomics, and also
provided supporting evidence for the therapeutic intervention with
intestinal probiotics.

2. Methods and materials
2.1. Establishment of BPA mice model

Adult female C57BL/6 mice (6-8 weeks old, 20-25g) were
randomly divided into sham and BPA group (n = 10 in each). The
mice were housed in the specific pathogen-free laboratory of Animal
Center of Air Force Medical University. During modeling, the mice
were anesthetized with 1% sodium pentobarbital (45 mg/kg) and
fixed on the operating table. The upper limbs were stretched, and the
left limb was chosen to carry out a transverse incision (0.8-1.2 cm)
at 0.3-0.5cm under the collarbone. Brachial plexus was separated
and the C7 nerve root was exposed. The 2-0 silk thread was used to
wrap the C7 nerve, then the avulsion injury was performed through
the stretch of the thread under a constant speed. The visibility of
the corresponding nerve root and dorsal root body are considered
as successful avulsion (Figure 1A). After avulsion, the stump was
put back to the muscle space between pectoralis major and minor
muscles, followed by incision suture using 3-0 silk thread. The
mice were reared in cages after waking up. Mice in sham group
underwent same operation to expose the brachial plexus without any
further injury.

2.2. Behavioral testing

2.2.1. Pain behavior detection

The basal and threshold value of pain behavior on the left
forepaw and left hindpaw were measured on 1 day before and 7,
14, and 21 days after BPA modeling. Behavioral parameters of paw
mechanical withdrawal threshold (PMWT) and thermal withdrawal
latency (TWL) were assessed.

To evaluate PMWT, one black plastic box with a lid was placed
on a rack with a metal mesh (0.3 x 0.3cm) at the bottom, and the
test was carried out after 0.5-1h adaptation. Von Frey filaments of

Frontiersin Neurology

10.3389/fneur.2023.1084494

different grams were used to detect the skin sensation of the mice
planta pedis. The planta was stimulated 5 times at an interval of 3 min,
and mice showed a positive selection when they lifted or licked their
paws. The gram thresholds were recorded and the average of them
was calculated.

To evaluate TWL, the black plastic box with a lid was placed on a
glass plate (35°C). Environment adaptation was conducted 0.5-1h
before testing. The thermal radiation intensity and the irradiation
time were set in advance to prevent skin burns caused by prolonged
irradiation to the mice planta pedis. The maximum irradiation time
was set as 20s. The mice planta pedis was irradiated with pre-set
thermal radiation intensity. The irradiation was stopped immediately
and the time was recorded when the mice retracted, lifted, shook,
or licked their paws. After five repetitions, the average time was
calculated as the TWL value.

2.2.2. Motor ability detection

The beam walking test (BWT) and Rota-Rod test were conducted
to detect the effects of BPA on the murine motor function. For BWT,
one side of the balance beam was placed in a black square box, and
the mouse was placed on the other side. The time and number of
skids for mice entering the black square box through the balance
beam were recorded within 60s. The test included training period
and testing period. If the mouse failed to reach the box, then the
time was recorded as 60s. Rota-Rod test also had pre-training and
testing periods. During testing, the animal was placed on the rotating
rod. Once fell off the rod, the mice were put back immediately.
The latency time for falling and rotation speed during falling were
recorded. After three repetitions, the average delay time and rotation
speed were calculated.

2.2.3. Behavioral testing for anxiety and depression

Open field test (OFT): OFT was performed to detect the animal
autonomous behavior, exploratory behavior, and tension in a new
environment. The open field box (50 x 50 x 35cm, L x W x
H) was placed with a camera directly above the box connecting to
the computer. EthoVision XT behavioral video recording software
was used to record the animal behavior during experiments. The
mouse was placed in the center of the open filed with the back to
the researcher. Moving trajectory was recorded for 10 min, and the
movement distance, speed, and residence time in the central area
were analyzed.

Elevated plus-maze test (EPM): The EPM equipment consisted
of two open arms (30 x 7 cm) and two closed arms (30 x 7 x 15 cm)
with a height of 60 cm from the ground. During experiments, all mice
were placed in the same position at the center of the maze with their
head to the open arms. The entry times of open and closed arms and
the duration within each arm in 5 min were recorded.

Tail suspension test (TST): The rear 1/3 of the tail of the mouse
was hung on a support with the head 15 cm away from the table. Six
minutes later, the immobile time of mice was recorded and analyzed
using Smart v3.0 animal behavior analysis software.

Forced swimming test (FST): The mouse was put into a
transparent cylinder (10 x 18 cm, Diameter x H) for 6 min that had
been filled with water at 25 4= 1°C. The animal activity in the water
was recorded automatically by Smart v3.0 animal behavior analysis
software. The immobile duration of mice was analyzed.
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BPA modeling and pain behavior detection over time. (A) Schematic diagram of BPA operation: from brachial plexus dissociate the C7 nerve separation to
nerve avulsion. (B) PMWT results of the operative limb 1 day before and 7, 14, and 21 days after modeling. (C) PMWT results of the ipsilateral hindlimb of
sham and BPA mice. (D) No significant difference of TWL in the operative limb between sham and BPA mice at 1 day before and 7, 14, and 21 days after
modeling. (E) TWL results of the ipsilateral hindlimb of the two group at each time point. N = 10 per group. *P < 0.05 vs. sham at the same time point.
Unpaired T-test was used for data analysis. BPA, brachial plexus avulsion; PMWT, paw mechanical withdrawal threshold; TWL, thermal withdrawal latency.

Each group of 10 mice was independent of the different
behavioral tests at each time point.

2.3. Gut microbiota 16s sequencing of BPA
mice

Fecal samples (150-200mg) from ileocecal sections were
collected on 14 days after BPA modeling. Each group contained
8 mice at the beginning, and only 5 samples in the sham and 7
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samples in the BPA group passed quality detection and go forward
following sequencing and analysis. HiPure Stool DNA Kits (#D3141,
Megan Biotechnology Co., LTD., Guangzhou, China) was used to
extract fecal DNAs, that were then detected by Nanorop 2000
spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA),
agarose gel electrophoresis apparatus DYY-6C (BJLiuYi, Beijing,
China), and gel imaging system Tanon-2500 (Shanghai Tianeng
Technology Co., LTD., China). The second round pf PCR was
performed after quality qualified. AMPure XP Beads were used
to purify the amplification products, and ABI StepOnePlus Real-
Time PCR System (Life Technologies, Carlsbad, CA, USA) was
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FIGURE 2
Detection of depression and anxiety-like behaviors in BPA mice over time. (A) BWT detection showed no difference of the time on the beam at each time
point. (B) Rota-Rod test showed no difference of the time on the rod at each time point. (C) FST showed no difference of the immobility duration at each
time point. (D) TST shows no difference of the immobility duration at each time point. (E) OFT trajectory diagram in the two groups over time. (F) The
movement distance from OFT test between the two groups at each time point. (G) The movement speed from OFT test between the two groups at each
time point. (H) The central area residence time from OFT test between the two groups at each time point. (I) EPM trajectory diagram in the two groups.
(Continued)
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(J) EPM: The entering times of the open arms at each time point. (K) EPM: The open arm residence time at each time point. N = 10 per group. Ns = no
statistical significance, *P < 0.05, **P < 0.01 vs. sham. Unpaired T-test was used for data analysis. BPA, brachial plexus avulsion; BWT, beam walking test;
FST, forced swimming test; TST, tail suspension test; OFT, open field test; EPM, elevated plus-maze test.

used for quantification. Sequencing was performed according to
the PE250 mode pooling of Novaseq 6000. For 16s sequencing
data analysis, raw reads were firstly filtered by the rules: reads
contained >10% of unknown nucleotides and/or <50% of bases
with quality >20. Then, filtered reads were assembled into raw
tags through FLASH. After raw tag filtering, operational taxonomic
units (OTUs) were obtained via clean tag clustering by UPARSE
pipeline and chimera removal was conducted to get effective tags for
further analysis.

2.4. Sequencing of intestinal metabolites in
BPA mice

The cultural medium from the mice fecal samples was removed.
LC-MS/MS analyses were performed using an UHPLC system
(1,290, Agilent Technologies, Santa Clara, CA, USA) with a UPLC
HSS T3 column coupled to a Q Exactive mass spectrometer
(Orbitrap MS, Thermo Fisher Scientific). The mobile phase A
was 0.1% formic acid in water for positive mode, and 5 mmol/L
ammonium acetate in water for negative mode, and the mobile
phase B was acetonitrile. The injection volume was 2 L. The
QE mass spectrometer was used because its ability to acquire
MS/MS spectra on an information-dependent basis (IDA) during
an LC/MS experiment. In this mode, the acquisition software
(Xcalibur 4.0.27, Thermo Fisher Scientific) continuously evaluates
the full scan survey MS data as it collects and triggers the
acquisition of MS/MS spectra depending on preselected criteria.
ESI source conditions were set as follows: sheath gas flow
rate was 45 Arb, aux gas flow rate was 15 Arb, capillary
temperature was 320°C, full MS resolution was 70,000, MS/MS
resolution was 17,500, collision energy was 20/40/60eV in the
NCE model, spray voltage was 3.8 (+) or —3.1 kV (-). Through
bioinformatics analysis, potential differentially expressed metabolites
were identified according to specific screening conditions (VIP
> 1 and P < 0.05). Metabolomic profiling was performed in
collaboration with Guangzhou Genedenovo Biotechnology Co., Ltd.
(Guangzhou, China).

2.5. Association analysis of the intestinal
microbiota and metabolites bioinformatics
in BPA mice

Pearson correlation coefficient of microbiota and metabolomic
datasets between every level were calculated in R (version 3.5.1).
The correlation heatmap was generated using pheatmap package
in R. The network analysis was performed using igraph package
inR.
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2.6. Effects of psychobiotics (PB)
supplementation on BPA mice behavior

The mice were randomly divided into sham, BPA, and BPA
+ PB groups (n = 10 per group). Mice in the BPA + PB group
were intragastrically administrated with PB every day after BPA
modeling. The PB used was purchased from Jiangnan University
containing Bifidobacterium bifidum F-35, Bifidobacterium longum
CCEM?729, Lactobacillus plantarum CCFM639, Lactobacillus
acidophilus CCFM137, Lactobacillus casei CN1566, Lactobacillus
reuteri DSM17938, and Lactobacillus rhamnosus CCFM10281
(0.02 mg/kg). Mice in sham and BPA groups were intragastrically
administrated with galactose oligosaccharide (20.2%). Pain behavior
detection, OFT, and EPM tests were carried out 1 day before and 14
days after operation.

2.7. Statistical analysis

A total of 126 mice were used and randomly divided into each
group for behavior tests (n = 10 per group) and 16s sequencing (n
= 8 per group) in this study. Analyzed data were expressed as mean
=+ standard deviation (SD), and statistically analyzed by unpaired T-
test within two groups and ordinary one-way ANOVA within three
groups using GraphPad Prism 8.0 software. Besides, p-value < 0.05
was considered statistically significant.

3. Results

3.1. BPA could induce stable mechanical
allodynia of the affected forepaw

After successful procedure of avulsion injury, the single C7
nerve root could be observed (Figure 1A). Mechanical threshold
of the affected forepaw and ipsilateral hindpaw decreased at 7
days after BPA and lasted until 21 days, which had significant
differences compared to sham group (Figures 1B, C). While, no
obvious difference was observed in TWL tests between the two groups
of the ipsilateral forepaw and ipsilateral hindpaw (Figures 1D, E).
These results indicated that this single C7 root avulsion model could
mimic the neuropathic pain state like BPA patients which fulfills the
needs of the following investigations.

3.2. Comorbidity of pain related anxiety-like
behavior occurred after BPA happens

BWT detection showed that there was no significant difference
in balance ability, muscle strength, and motor coordination between
sham and BPA mice at 1 day before and 7, 14, and 21 days after
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FIGURE 3 (Continued)

of gut microbiota at the phylum levels in the two groups. (E)
Distribution circle map of 16s species composition. (F) Heat map
showing that indicator species analysis between the groups. (G)
Indicator value analysis of 16s indicator species, and
Lactobacillus_reuteri and Lactobacillus_johnsonii with the most
significant differences between groups were shown. N = 5 in BPA
group and N = 7 in sham group. BPA, brachial plexus avulsion; PcoA,
principal coordinates analysis.

modeling (Figure 2A). Similarly, in Rota-Rod test, no difference of
time on rod was observed between sham and BPA mice at each time
point (Figure 2B). The immobile duration from FST and TST results
indicated that mice in BPA group had no significant depression-
like behavior before and after modeling compared to the sham
group (Figures 2C, D). In addition, the trajectory diagram of OFT
experiments clearly showed a decrease of the residence track in the
center area at 7, 14, and 21 days after BPA modeling (Figure 2E).
Statistical analysis showed no significant difference in the movement
distance and speed of mice between the two groups (Figures 2F,
G), but the residence time at the center area was significantly
decreased at 7, 14, and 21 days after BPA compared with sham group
(Figure 2H). Moreover, EPM trajectory diagram showed that that
the open arm entering frequency was reduced after BPA modeling
(Figure 2I). Meanwhile, the entry times of open arms and the
duration were significantly reduced in BPA group compared with the
sham (Figures 2], K). The above results showed single root avulsion
won’t affect the motor function of the BPA mice, and the pain related
anxiety-like behavior occurred after BPA.

3.3. BPA altered gut microbiota composition

To investigate changes in gut microbiota induced by BPA-
caused NPP in mice, 16s rDNA amplicons from fecal samples
of sham (n = 5) and BPA groups (n = 7) were sequenced.
Principal coordinates analysis (PcoA) of groups indicated that in
general, the species community structure was similar within the
two groups but distinct between them (Figure 3A). The a-diversity
of microbiota between sham and BPA samples was compared
by ACE, chaol, and Sob indices. Alpha-diversity mainly reveals
species richness by counting the number of species or OTUs.
Results from all three «-diversity indices showed that compared to
the sham, samples in BPA had significantly increased «-diversity,
indicating elevated species richness (Figure 3B). Another 8 diversity
analysis informs the diversity of microbiota. Results of the g
diversity of the samples in the BPA groups were also significantly
higher than that in the sham, at both genus and species levels
(Figure 3C). Hence, BPA could increase the richness and diversity
of intestinal flora. Moreover, relative abundance of gut microbiota
at the phylum level in the two groups was shown. The three largest
bacterial phyla were Firmicutes, Bacteroidetes, and Proteobacteria
(Figure 3D). Moreover, species composition distribution showed
that Lactobacillus genera had the most obvious change (Figure 3E).
We further analyzed the significant flora changes at the species
level, and 13 significantly-altered species were shown (Figure 3F).
Among them, Lactobacillus_reuteri and Lactobacillus_johnsonii
were the two species with the most significantly different indicator
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package (Figure 3G).

3.4. BPA altered gut metabolites

To identify BPA-induced metabolic disorders, metabolomics
analysis was performed between sham (n = 5) and BPA
(n = 7) groups. Compared with sham, 82 differentially
expressed metabolites were identified in BPA, including 26
up-regulated and 56 down-regulated metabolites (Figure 4A).
Clustering heat maps were used to visualize the significantly

differential-expressed metabolites between the two groups
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(Figure 4B).
of these
differentially ~ expressed  metabolites
in Pantothenate and CoA biosynthesis, Primary bile acid
biosynthesis, Bile Hair’s-gain, Glycine, serine and threonine

Further KEGG functional enrichment analysis
showed that
participated

differentially expressed —metabolites
mainly

metabolism (Figure 4C).

3.5. Correlation analysis between intestinal
microbiota and metabolites in BPA mice

To further investigate the functional significance of metabolic
dysfunction caused by intestinal microbiota disorder in BPA mice,
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represented the negative and positive correlation, respectively. *P < 0.05, *

Pearson correlation analysis of intestinal microbiota and metabolites in BPA mice. The cluster heat map showed their correlation. Blue and red
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Pearson correlation analysis was applied to find the association
between 8 abundant intestinal bacteria at the genus level and 54
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differentially expressed metabolites. The cluster heat map visualized
the Pearson correlation coefficient (Figure 5).
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Effects of PB supplementation on anxiety-like behaviors in BPA mice. (A) OFT trajectory diagram. (B) The movement distance from OFT tests among the
three groups. (C) The movement speed from OFT tests among the three groups. (D) The residence time in the central area from OFT among groups (E)
EPM trajectory diagram. (F) EPM: The proportion of open arm entry times in the three groups. (G) EPM: The open arm residence time among groups. N =
10 per group. Ns = no statistical significance, *P < 0.05, ***P < 0.001. Ordinary one-way ANOVA was used for data analysis. BPA, brachial plexus avulsion;
PB, psychobiotics; OFT, open field test; EPM, elevated plus-maze test.

3.6. PB supplementation could relieve
anxiety-like behaviors in BPA mice

BPA mice were then intragastrically administrated with PB
every day until 14 days after modeling, followed by pain
detection, OFT, and EPM testing. Pain detection showed that
PB treatment significantly attenuate the mechanical allodynia of
BPA mice (Supplementary Figure 1). OFT results showed that
there was no significant difference in the movement distance
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and speed among the three groups (Figures 6A-C), while the
reduced residence time in the center area of the BPA group
was significantly increased by PB supplementation (Figure 6D).
EPM results showed that BPA decreased the frequency of
entering the open arm and the residence time of the open
arm compared with the sham, which were significantly reversed
after PB supplementation (Figures 6E-G). These results showed
that probiotics could significantly relieve pain related anxiety-like
behavior after BPA.
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FIGURE 7

Hypothesis mechanism diagram of BPA mice. Anxiety-like behavior
appeared in the BPA mice, which may be related to the disturbance of
intestinal flora and the changes in metabolites after BPA. Through
sequencing, we found that a variety of microbiota and its related
metabolites involved in the anxiety inhibition decreased significantly,
especially Lactobacillus_reuteri. The anxiety-like behavior after BPA
can be significantly improved by the addition of intestinal
psychoprobiotics, but the specific mechanism of brain-gut axis
regulation still needs to be further explored.

4. Discussion

Our study found the evidence of the participation of microbiota-
gut-brain axis in the pathological process of BPA induced pain
related anxiety-like behavior in mice. 16s rDNA amplification of
intestinal microbiota showed that BPA significantly affected the
diversity of intestinal microbiota, and a variety of mental probiotics
were significantly decreased. The differentially expressed metabolites
were involved in the metabolism and synthesis of various amino
acids in response to BPA stress in the gut. Some of the metabolites
as neurotransmitters or neurotransmitter precursors are significantly
different, and most of the intestinal flora related to these metabolites
belong to the category of neuroprobiotics. Therefore, we considered
that the onset of BPA-induced anxiety-like behaviors may be related
to the altered gut microbiota, especially the reduction of psychogenic
probiotics. Supplementation with related probiotics significantly
attenuated anxiety-like behaviors in BPA mice, which supported that
the occurrence of anxiety-like behaviors after BPA is close to the
changes of related microbiota and metabolites.

Nerve injury-induced acute pain is a warning mechanism of
the human body, which prevents further tissue damage (18). Due
to the great changes in peripheral nervous system (PNS) and CNS
after nerve injury, nociceptive sensitization happens, which leads
to intestinal microbiota disorders, and in turn affects the PNS
and CNS through metabolites after adapting to the pain stimuli.
This microbiota-gut-brain interaction involves in the regulation
of neuroimmunity, host metabolism, neurotransmitter system, and
vague nerve (19). Peripheral and central sensitization are crucial
issues during the chronicity of pain, and are also the main reasons
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for the comorbidities including anxiety, depression, etc. About 30—
60% of patients with chronic pain suffered by depression, and the
prevalence of suicide consciousness is 32% (20). Even with active
surgical treatment, the incidence of anxiety or depression in BPI
patients is still higher than 18.8% (9), and in BPA patients is as high
as 81.2% (8). In order to explore the underlying mechanisms, we
constructed a BPA mouse model according to the operation process
described by Xian et al. (21). The results showed that this model
could mimic the pain state like BPA patients and single C7 nerve root
avulsion had little effect on motor ability of mice. It is the pain related
anxiety-like behaviors was observed at 7, 14, and 21 days after BPA
but no depression-like behavior. Compared with previously reported
results in chronic constriction injury (22) and partial sciatic nerve
ligation neuralgia models (23), the onset of anxiety-like behaviors in
BPA mice is earlier, the mechanism under this difference still worth
deep mining.

In order to explore the effects of BPA on intestinal microbiota,
we conducted 16s sequencing of intestinal microbiota of BPA
mice to explore the correlation between microbiota and BPA
induced pain related anxiety-like behaviors. Sequencing results
found that the o and B diversity of the microbiota of BPA mice
increased significantly, indicating the changes of species richness
and diversity after BPA. The most obvious change was Lactobacillus.
Lactobacillus is the most abundant probiotic bacteria in the gut,
which maintains many functions of the body. Studies have found
that Lactobacillus is an important member of the microorganism
of the NPP mouse (24), and it has obvious changes both in
acute and chronic neuralgia (25). Among the 13 species with
the significant changes, Lactobacillus_reuteri showed significantly
decreased indicator value after BPA, which may be related to
the intestinal stress on pain, because Lactobacillus_reuteri can
reduce the pain stimulation caused by nerve discharge (26).
Lactobacillus increases short chain fatty acid (SCFA) metabolites,
such as acetate, propionate, and butyrate, which are important
regulators in the synthesis and degradation of neurotransmitters.
Moreover, the colonization of Lactobacillus rhamnosus is beneficial
to reduce anxiety (27). Therefore, we speculate that the reduction of
Lactobacillus abundance induced by BPA may regulate the microbial-
gut-brain axis through altering metabolites.

To investigate the changes of intestinal metabolites, we performed
untargeted metabolomics of intestinal feces. The expression of 26
metabolites increased and 56 metabolites decreased in BPA mice.
KEGG enrichment pathways of differentially expressed metabolites
mainly focused on Pantothenate and CoA biosynthesis, Primary
bile acid biosynthesis, Bile hair development, Glycine, serine and
threonine metabolism. These pathways are related to the abnormal
metabolism of bile acid. Intestinal microbiota synthesizes hundreds
of metabolites that affect host physiology, among which the most
abundant metabolites are secondary bile acids (28). Primary bile acids
produced by liver are further synthesized by intestinal microbiota
to about 20 types of bile acids (29). Bile acids regulate the
neurotransmitter receptor functions, like muscarinic acetylcholine
receptor and y-aminobutyric acid receptor. Bile acids can also
be protective against neurodegeneration (30). Another metabolite
that was significantly elevated was glutamate, a key excitatory
neurotransmitter for emotion regulation (31). The apparent rise in
glutamate expression may be the body’s response to painful stimuli.
However, further studies are needed to determine whether these
metabolites are related to the dysregulation of microbiota.
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We further investigated the association between BPA microbiota
and corresponding metabolites. We found that Alistipes_inops,
Lactobacillus_johnsonii_FI9785,
Firmicutes_bacterium were correlated with the expression of

Lactobacillus_reuteri, and

a large number of metabolites, including y-aminobutyric acid
(GABA), anandamide (AEA), and amino acid neurotransmitters.
An interesting phenomenon was found that Lactobacillus_reuteri
was positively correlated with AEA. AEA is closely related to the
body’s endogenous cannabinoid system (eCBS) (32). eCBS have
pleiotropic functions in vivo. It plays a key role in the development
of energy homeostasis and metabolic disorders and is a mediator of
the relationship between the gut microbiota and host metabolism.
These neurotransmitter amino acid changes were associated with
four microbiotas, two of which were Lactobacillus, suggesting that
the related metabolite changes caused by Lactobacillus microbiota
may be a key factor in BPA-induced anxiety-like behavior. Therefore,
we supplemented PB in BPA mice to test its effect on anxiety. PB is
a probitic strain to affect gut-brain axis, and has been reported to
improve microbiota and alleviate some symptoms of CNS disorders
(33). The results showed anxiety-like behaviors of BPA mice were
significantly relieved after PB supplementation. Therefore, we
confirmed that the decrease of intestinal microbiota diversity caused
by BPA, especially the changes of neurotransmitter amino acid
metabolites caused by altered Lactobacillus diversity, may be the key
causes of anxiety-like behavior.

In the current study, we found BPA could induce pain and related
anxiety-like behavior in mice, and the participation of microbiota-
gut-brain axis may be the critical point during this pathological
process (Figure 7). BPA causes significant intestinal microbiota
disorder and altered metabolites. Regulation of the microbiota and
metabolites maybe the key point to cure this comorbidity induced by
BPA. While, this is just a preliminary research, and what specific kind
of metabolite affects the brain through microbiota-gut-brain axis
remains unclear. As the influence of the microbiota-gut-brain axis is
mutual, how the CNS regulates the corresponding neurotransmitters
after receiving the signals of peripheral nervous system injury and the
mutual feedback mechanism between the CNS and intestinal flora are
still worth further explorations
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Peripheral nerve injury is common and frequently occurs in extremity trauma
patients. The motor and sensory impairment caused by the injury will affect
patients’ daily life and social work. Surgical therapeutic approaches don't
assure functional recovery, which may lead to neuronal atrophy and hinder
accelerated regeneration. Rehabilitation is a necessary stage for patients to
recover better. A meaningful role in non-pharmacological intervention is played
by rehabilitation, through individualized electrical stimulation therapy. Clinical
studies have shown that electrical stimulation enhances axon growth during
nerve repair and accelerates sensorimotor recovery. According to different
effects and parameters, electrical stimulation can be divided into neuromuscular,
transcutaneous, and functional electrical stimulation. The therapeutic mechanism
of electrical stimulation may be to reduce muscle atrophy and promote muscle
reinnervation by increasing the expression of structural protective proteins and
neurotrophic factors. Meanwhile, it can modulate sensory feedback and reduce
neuralgia by inhibiting the descending pathway. However, there are not many
summary clinical application parameters of electrical stimulation, and the long-
term effectiveness and safety also need to be further explored. This article
aims to explore application methodologies for effective electrical stimulation in
the rehabilitation of peripheral nerve injury, with simultaneous consideration for
fundamental principles of electrical stimulation and the latest technology. The
highlight of this paper is to identify the most appropriate stimulation parameters
(frequency, intensity, duration) to achieve efficacious electrical stimulation in the
rehabilitation of peripheral nerve injury.

KEYWORDS

peripheral nerve injury, peripheral nerve regeneration, electrical stimulation (ES), therapy,
mechanism

1. Introduction

The peripheral nervous system, including cranial nerves, spinal nerves, and autonomic
nerves, is a nerve trunk, nerve plexus, ganglion, and nerve terminal composed of perikarya
and nerve fibers, which mainly connect the peripheral sensory apparatus and the central
nervous system. Peripheral nerve injury (PNI) is a kind of motor and sensory disorder
caused by damage to the structure of peripheral nerves. The incidence of PNI caused by
trauma is roughly 5%, including brachial plexus and root injuries (1). After nerve injury,
damaged axons are not able to regenerate completely. Therefore, it is important to provide
appropriate therapies to reconnect nerves in the injured area and to accelerate the growth
rate of nerve (2). At present, the treatment methods for nerve injury are mainly divided into
surgical treatment and non-surgical treatment (3-5). Electrical stimulation (ES) is the most
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commonly used non-surgical treatment. Most studies used low-
frequency ES to promote nerve regeneration, but the method and
frequency range of ES need to be standardized because high-
frequency ES will aggravate nerve damage (6). The standard ES
parameter of 20 Hz for one hour immediately after the repair is
well known. However, its utility and efficacy for various nerves have
never been defined. This review focuses on a framework to develop
anew ES paradigm enabling future clinical translation.

2. Peripheral nerve anatomy

Peripheral nerves refer to all nerves other than the brain and
spinal cord, including ganglia, nerve trunks, nerve plexus and nerve
ending. The center of the anatomical structure of the peripheral
nerve is the nerve fiber. The endoneurium wraps around the
nerve fibers to form the nerve bundle that is surrounded by loose
connective tissue. The epineurium then wraps the nerve bundle to
form a complete peripheral nerve (7). There are many pathogenic
factors, such as infection, ischemia, trauma, metabolic disorders,
poisoning, nutritional deficiency, and iatrogenic injury (such as
chemotherapy, radiotherapy, etc.). Peripheral injury can lead to
severe dysfunction, often affecting the ability of patients to perform
activities of daily living.

3. Classification of peripheral nerve
injury

Common peripheral nerve injuries include brachial plexus
nerve injury, axillary nerve injury, cutaneous nerve injury, median
nerve injury, radial nerve injury, ulnar nerve injury, femoral nerve
injury, sciatic nerve injury, and common peroneal nerve injury.

10.3389/fneur.2023.1081458

According to Seddon’s classification in 1943, PNI was divided into
three types neurapraxia, axonal disruption, and nerve rupture.
According to the 1951 Sunderland classification, the PNI was
divided into 5 types. Type I: focal demyelination; Type II: damage
to axons but endoneurium, perineurium, and epineurium intact;
Type III damage to axons and endoneurium but perineurium
and epineurium intact; Type IV: damage to axons, endoneurium,
and perineurium but epineurium intact; Type V: complete loss of
continuity (Figure 1). For non-severe injuries (Types I-III), Patients
only required exercise training and physical therapy as treatment
because adult nerves have some intrinsic regenerative capacity. For
type IV and V injuries, it is necessary to suture the nerve transection
by surgeries, including nerve manipulation and bridging (8).

4. Treatments of electrical stimulation

Currently, the surgical treatment of PNI includes microsurgical
end-to-end repair, tension-free nerve epineurium suture, and
autologous nerve grafting (9, 10). Less than half of patients recover
satisfactory motor and sensory function after nerve repair. A third
of patients have little or no recovery despite proper surgery.

Although great advances have been made in surgical
strategies to treat PNI,
systematic rehabilitation after surgery, leaving them with
lifelong  sensorimotor disorders and chronic neuropathic

most patients did not undergo

pain. There is a need for a treatment to overcome the
limitations of peripheral recovery and
patient a promising method
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regeneration, including neuronal

nerve
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Peripheral nerve anatomy and classification of peripheral nerve injuries.

Sunderland Type 4 :

Focal demyelination

Damage to axons,
endoneurium and perineurium

Sunderland Type 2 :
. Focal demyelination
- Damage to axons

l w8 S5 e Sunderland Type 1:
e A & Focal demyelination

f

L e e
T ey ey e—

Endoneurium
Myelin sheath

Axon

cross section

Sunderland Type 3 :
Focal demyelination
Damage to axons and
endoneurium

Frontiersin Neurology

125

frontiersin.org


https://doi.org/10.3389/fneur.2023.1081458
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org

Ni et al.

FIGURE 2
TENS, NMES (Empi 300PV unit).

FIGURE 3
Demonstration of Empi 300PV unit.

ES can not only treat PNI but also show the changes in
the process of injury. The latest research has shown that the
use of pulsed ES to act on the injured muscle and record the
changes in muscle fibers, called the muscle velocity recovery cycle
(MVRC), can provide a detailed understanding of the in vivo
evidence of depolarized resting potential after PNI. To provide the
reason for neurogenic muscle weakness caused by reduced muscle
excitability (12).

Since the 1980s multiple, animal studies have been conducted
and have shown a positive effect of ES on peripheral nerve recovery.
In a rat femoral nerve model, the use of 20 Hz continuous ES at

Frontiersin Neurology

10.3389/fneur.2023.1081458

the proximal end of the nerve reduced the axonal growth period
from 10 to 3 weeks (13). ES that alters neuromuscular activity
by electrical currents mainly includes neuromuscular electrical
stimulation (NMES), transcutaneous electrical nerve stimulation
(TENS), and functional electrical stimulation (FES). NMES usually
produces muscle contraction at a frequency of 20-50 Hz and is used
to improve patient function. TENS is usually used to relieve pain at
alow frequency of 2-10 Hz or ultra-high frequency. Low-frequency
TENS generally targets sensory nerves and does not produce visible
muscle contraction. FES is a functional task, in which the target
muscle is initially stimulated to generate movement, and the next
step is to achieve the upper limb grasping the object or the lower
limb walking. The current ES instrument is mostly small portable
devices, such as 300 PV Empi, Bioness® L300 Go, and Bioness®
H200 Wireless (Figures 2-5).

4.1. Neuromuscular electrical stimulation
(NMES)

4.1.1. Stimulation mode and system composition

When ES induces muscle contraction, H-reflex and M-wave
waves are recorded by electromyography. (H-reflex is an action
potential triggered by the current to afferent axons of LA fibers,
which recruits low-threshold motor units; When the current
intensity gradually increases, the motor axon is activated to produce
amotor response called M wave.) This method of muscle activation,
when the strength of the current applied by electrodes placed on
the muscle or nerve causes muscle contraction, is referred to as
NMES. NMES is commonly used to restore skeletal muscle mass
and function in patients of PNT and is also applied to activate the
nervous system in healthy individuals (14).

4.1.2. Clinical application (nerve ES, direct
muscle ES)

Some studies have investigated the effect of ES on nerve
repair by directly connecting the two ends of the injured nerve
to electrodes for brief ES when the skin is not sutured after nerve
surgery. Gordon et al. (15) carried out a randomized controlled
clinical trial (RCT) that assessed the post-surgical outcomes of
acute brief low-frequency (20 Hz) ES. The researchers used ES
(1h; 20HZ; 4-6V; 0.1-0.8 ms) to improve neurological function
in patients with severe carpal tunnel syndrome who had undergone
surgery. It was shown that ES could promote axonal regeneration
and accelerate muscle nerve regeneration (16). ES at 20 Hz for
1h was also effective in cubital tunnel compression. One study
involved Patients with severe cubital tunnel syndrome (CuTS), in
which compression of the ulnar nerve in the cubital tunnel resulted
in decreased neuromuscular function, and patients who underwent
cubital tunnel release surgery were randomized in a 1:2 ratio
into the control or PES groups. Patients in ES groups underwent
ES (1h; 20 HZ; balanced biphasic pulses; 30V, 0.1 ms). Through
three years of follow-up, using EMG signals to record motor
unit number estimation (MUNE), grip, and key pinch strength,
the study showed that, Brief-ES immediately after decompression
surgery accelerated axon regeneration. Compared with the control
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FIGURE 5
FES of hand (Bioness H200 wireless).

group, postoperative MUNE function was better in the ES
group, and grip and key pinch strength were also significantly
improved. Patients who underwent surgery alone did not show any
significant improvement in the number of MUNE, grip strength,
or pinch strength. In one RCT (17), patients with complete digital
nerve rupture received nerve repair and postoperative brief-ES
(Ih; 20HZ; balanced biphasic pulses; 30V, 0.1-0.4 ms). At 6-
month follow-up, patients in the ES group showed significant
improvements in temperature discrimination, pressure detection,
and spatial discrimination compared with controls.

Frontiersin Neurology

Some researchers vary the duration of the stimulation cycle,
the type of target muscle fiber, the width of the ES pulse, and the
individualized setting of the ES intensity to explore the influence
of different parameters on the effect of ES. In the studies of this
paragraph, electrodes were attached to the proximal and distal
ends of the muscle for direct muscle ES. Acaroz Candan S et al.
(18) proved that NMES (100 Hz; symmetrical biphasic squared
waveform; 400 jus) both a short stimulation period (SNMES 5 min
x 4 sets) and a long stimulation period (LNMES 10min x 2
sets) could improve quadriceps femoris function in the elderly,
but there was no significant difference between the two groups.
Toth et al. (19) used NMES (1h; 50 Hz; symmetrical biphasic
pulses; 400 s) to intervention patients after anterior cruciate
ligament injuries surgery, and the result showed that NMES could
reduce the atrophy of slow-twitch fibers and fast-twitch fibers,
and could maintain the muscle contraction strength and output
power of slow-twitch fibers. The study by Stevens-Lapsley JE, et al.
(20) demonstrated the ability to increase muscle strength and
function by setting different personalized parameters according
to the patients maximum tolerance. Pinto Damo NL, et al. (21)
used four different parameters of NMES, respectively narrow pulses
(PC 200 ps), wide pulses (PC 500 jvs), 500 s phase duration,
and low carrier frequency (KFAC 500: 1 kHz/Aussie current), and
200 s phase duration and high carrier frequency (KFAC 200: 2.5
kHz/Russian current). The results concluded that KFAC and PC
currents produced similar effects with the same phase duration.
Currents with 500 s induced higher muscle torque and efficiency,
but patients felt more uncomfortable. Mani et al. (22) used both
narrow pulses (0.26 ms) at 50 Hz and wide pulses (1 ms) at 100 Hz
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to improve mobility function in the elderly. The result showed
both pulse methods improved lower limb strength and functional
performance, but there were no significant differences between
each other.

Moreover, excessive ES induces muscle fatigue and weakens
the effect of improving nerve recovery. Vanderthommen et al.
(23) suggested that brief intermittent ES was the best choice
and high-frequency currents caused premature muscle fatigue.
To avoid muscle fatigue, some scholars have done comparative
studies between muscle ES and nerve ES. The result suggested that
electrical nerve stimulation might be more comfortable and less to
cause muscle fatigue than electrical muscle stimulation (24).

However, not all clinical applications of NMES are effective.
Hyer et al. (25) used NMES to treat the calf muscles of patients
after achilles tendon surgery. Neither muscle mass nor function
was improved in the NMES group or the sham-stimulation
group. Also in a double-blind randomized clinical trial, after
traumatic peripheral nerve injuries with axonal damage and clinical
impairment of two muscles. There was no significant difference
between the ES group and the control group (26). Therefore,
further studies are needed to determine the optimal parameters of
ES. More clinical trials are expected to prove the effect of ES in the
treatment of PNI.

4.1.3. Animal models

In animal experiments, most scholars used the rat sciatic nerve
transection and repair model to verify the effect and mechanism of
NMES on nerve regeneration and prevention of muscle atrophy.

Compared with delayed ES after surgery, immediate ES is
more conducive to neuromuscular recovery. It was reported
that after sciatic nerve transection in rats, direct ES of the
proximal sciatic nerve, immediate motor cortex stimulation
(MCS) (60Hz, 3-10V, 200 ws) for 15min and treatment for
2 weeks. The results showed that MCS was more effective
than direct nerve stimulation in nerve regeneration and muscle
nerve reinnervation, especially in the immediate postoperative
period (27).

A similar effect was seen with 10 min of ES compared with
60 min. A study of sciatic nerve transection in mice was conducted
and compared 10 min and 60 min ESs with pulsed current (28). The
experimental results have shown that both settings facilitated motor
neuron regeneration with increased axonal excitability, axonal
myelin, and improved motor function. This finding has also been
validated in tibial nerve transection repair, where as little as 10 min
of ES could increase early axonal regeneration and produce similar
benefits to 60 min stimulation (29).

ES may have different effects on different peripheral nerves.
Researchers used ES (20 Hz, 3-4 V, 0.1 ms, 60 min) on the proximal
femoral and facial nerves of rats after nerve cutting. The results
showed that transient ES of the femoral nerve could promote nerve
regeneration, but did not improve the facial nerve repair (30).

In the implantable ES experiment in rats, the contact area
between the coil of the electrode and the nerve also had different
effects on nerve regeneration. Some studies have compared three
different nerve contact modes, which were point contact, 1/4
contact, and full coil contact. The results showed that the electrodes
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with point contact and 1/4 contact were more effective in
promoting nerve regeneration and functional recovery (31).

4.1.4. Mechanism

Peripheral nerve ES can be divided into direct muscle ES and
nerve ES according to the electrode location. The mechanisms of
the two kinds of ES have similarities and differences, which are
summarized separately in terms of mechanism.

4.1.4.1. Direct muscle ES

From animal studies, the mechanism of direct muscle ES on
PNI may be high expression of myosin heavy chain (MHC) gene
(32, 33). In experiments, surface electrodes were fixed to the skin of
rats with nerve damage. The results showed that MHC expression
in muscle was increased after ES, which promoted muscle strength
recovery compared with the control group. A clinical trial has also
verified that ES may achieve its effect by increasing MHC gene
expression (34).

In addition, ES can also lead to an increase in light chain 3B-
IT (LC3-II) autophagy level. In one research, the sciatic nerve of
rats was transected, and the proximal and distal parts of the nerve
were repaired. The rats received ES (100 Hz, 200 s, stimulation
5s and intermittent 10s, 30 min/day) for 2 weeks. The outcome
measurements had the sciatic function index, the structure of
muscle fiber, and the growth of nerve axons. The results have
shown that the rehabilitation plus ES group was better than the
control group. Among them, studies have observed that ES could
increase LC3-II whose level represented the degree of autophagy.
After adding an autophagy inhibitor, the effect of ES was attenuated.
More powerful evidence was provided (35).

Moreover, ES can increase beneficial M2 macrophage, allowing
faster nerve repair (36). In a clinical trial, ES combined with protein
intake increased pro-inflammatory-like macrophages, which could
activate the early step of muscle regeneration and accelerate
collagen synthesis. ES might cause muscle damage, thereby
accumulating inflammatory macrophages. Pro-inflammatory-like
macrophages were decreased with aging, and the data from this
study suggested that the increase of macrophages might be a
positive adaptive response, and muscle loading alleviated muscle
atrophy during the cessation of ES (36).

4.1.4.2. Nerve ES

Previous studies have suggested that the effect of nerve ES
is achieved by the up-regulation expression of brain-derived
neurotrophic factor (BDNF) (37-39), glial cell line-derived
neurotrophic factor (GDNF) (40), Tyrosine Kinase receptor B
(TrkB) (41, 42) and Increasing of adenosine monophosphate
(cAMP) (43). ES can cause Ca®T influx, and the increase of Ca?t in
nerve cells induces the up-regulation of BDNF and TrkB expression
(44). Overexpression of BDNF can inhibit phosphodiesterase
activity, resulting in a sustained increase in cAMP levels (38, 45).
Cytoskeleton formation is accelerated by activation of cAMP-
response element binding protein (CREB), upregulation of RAGs
such as T-a-1 tubulin and growth-associated protein-43 (GAP-43)
expression (46), and inhibition of Rho (47). In addition, trkB-
stimulated Ras activated CREB through P38 mitogen-activated
protein kinase (P38 MAPK) pathway (18) and activation of
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kinases phosphatidylinositol 3-kinase/Akt (PI3K/Akt) pathway
(48) to enhance the effect of ES on peripheral nerve regeneration
(Figure 6).

The repair of nerve injury was delayed for different time
durations (2, 4, 12, and 24 weeks), brief depolarizing ES (20 Hz, 3V,
20 min) was applied to rats that were bridged with a hollow nerve
conduit after sciatic nerve transection. The results have shown
that the diameter and number of regenerated axons, myelin sheath
thickness, and the number of the motor and sensory neurons
significantly increased in delayed nerve injury repair. The brief
ES also increased the expression of BDNF, which accelerated axon
regeneration by BDNF-mediated neurotrophin signaling (37).

ES to promote regeneration of PNI may be through the
increase of neurotrophic factors and cAMP. One study involved
patients with severe carpal tunnel syndrome, the results proved
that ES affected nerve recovery. To further elucidate the underlying
mechanisms, they also injected agonists of cAMP into rats after
femoral nerve transection surgery. Similar effects were achieved,
which demonstrated the mechanism by which ES accelerated
axonal regeneration (49).

Formation of synapses and the sustaining of motor neuron’s
cell body including vesicle glutamate transporters 1 (VGLUT 1)
(50, 51). Park et al. (50) used mice with sciatic nerve transection to
show that both single and repeated ES increased the direct muscle
responses. Mice that received a single ES showed a progressive
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increase in muscle contraction amplitude during recovery. Only in
repeated treatment mice, cell bodies of excitatory and inhibitory
synaptic contacts were sustained, including VGLUT 1. The
maintenance of VGLUT1+ inputs onto motoneurons might be
related to the expression of BDNF and its trkB receptor. Moreover,
the H-reflex became twice its pre-injury level after repeated ES,
which indicated that repeated ES could preserve muscle reflex by
sustaining of VGLUT 1 (50).

In addition to nerve cells, Schwann cells (SC) are also affected
by ES. In the animal model of tibial nerve transection, 1-time brief
ES during surgery was used to improve the axonal regeneration
of the transplanted nerve. The results observed that ES could
convert M1 macrophages, which cause inflammation, into M2
macrophages, which are beneficial for repair, thereby rapidly
removing myelin debris and improving neurological function (29,
52).

Some scholars believed that ES could redistribute blood flow
to active muscles and meet muscle metabolic demands, which
encouraged muscle contraction (53, 54). In animal experiments,
nerve ES can increase the structural changes of capillaries in
rats with nerve injury, thereby increasing blood flow, providing
sufficient oxygen, and accelerating peripheral nerve regeneration
(53). Especially at the current intensity of 10mA and above,
the effect of ES on accelerating the recovery of PNI was more
significant (54).
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4.2. Transcutaneous electrical nerve
stimulation (TENS)

4.2.1. Stimulation mode and system composition

ES that uses a small current to activate sensory axons without
triggering muscle contraction is called TENS. It is often used
to treat pain, spasticity, and urinary incontinence (55). The
commonly used frequency in clinical practice is 1-150 Hz (56).
In rehabilitation, TENS are used to improve sensory feedback
and adjust neural network pathways. Sensory feedback plays an
important role in completing an action. When the motor nerve is
damaged and unable to conduct, the sensory nerve will temporarily
innervate the muscle to prevent muscle atrophy until the motor
nerve recovers. A concept is termed chipmaker protection or
chipmaker “babysitting” (57). TENS can improve sensory feedback
which is important for the movement of the body. Pain is one of the
sensory disorders that patients complain about most obviously and
affect their daily life most, and it is also the most subjective sensory
disorder (56). Therefore, there is more corresponding research in
this area.

4.2.2. Clinical application (ultra-high, high, and
low-frequency; implantable)

TENS has high and low-frequency modes. Low-frequency
TENS is defined as the delivery of pulsed currents of 10 Hz or less
(burst mode of TENS). High-frequency TENS is used to describe
frequencies more than 10 Hz to the maximum setting on TENS
devices, typically 150-200 Hz (58).

Bergeron-Vézina et al. (59) have compared the improvement
effect of low-frequency TENS (110 Hz; 200 ms) and high-frequency
TENS (unmodulated 5-kHz; 200 ms) on neurological function.
Outcomes were no differences in mechanical pain threshold
(MPT), heat pain threshold (HPT), tactile threshold (TT), and
peripheral nerve conduction (PNC). However, patients felt more
comfortable with Unmodulated 5-kHz currents. In an RCT (60),
both high-frequency (100 Hz, 60 us) and low-frequency (3 Hz, 400
us) TENS improved pain in young adults, but there was no effect
on the pain perception threshold of 15 elderly people (67 years
old), reflecting that the elderly are less sensitive to TENS than
young people.

One paper has shown that TENS with the patient’s tolerance
intensity can also improve pain. A meta-analysis of RCT has
shown that non-invasive TENS could reduce pain by 30%, with
the recommended intensity being “strong but comfortable” as
optimal, and “mild”, “faint” or “barely perceptible” as suboptimal
(58). In one study, TENS could improve 72 patients of non-
cancer pain including peripheral nerve pain, which had affected
life severely lasting more than 3 months. The ES parameter was the
optimal frequency provided by the machine, and the intensity was
standardized on patient tolerance. With pain improvement in 40%
of patients at 6 months of treatment (61).

Some researchers have used ultra-high-frequency TENS to
treat pain. The frequency was higher than 10kHz and the
treatment had a significant effect (62, 63). In a trial, 20kHz
of percutaneous high-frequency alternating current (HFAC) was
applied to the ulnar and median nerves of volunteers for 20 min.
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The current intensity from the beginning to the end of the
stimulation ranged from 44.2mA to an average final intensity
of 85.0mA. Outcome measurements had maximal handgrip
strength, mechanical threshold, maximal handgrip strength (MHS),
mechanical detection threshold (MDT), and pressure pain
threshold (PPT). The results have shown that 1. The 20kHz
stimulation showed the lower MHS during the stimulation at the
15 min and 20 min when compared to the sham-stimulation group
2. The 20kHz stimulation resulted in a slight increase in MDT
at 15min when compared to the sham-stimulation group 3. No
effects were shown for PPT. The conclusion was that HFAC caused
a partial block of nerve activity, which might be a therapeutic
approach to the hyperactivity of the nervous system. Chronic pain
can also be alleviated by nerve conduction block, but the optimal
parameters are unknown (62). A double-blind trial used invasive
ES at 10kHz for chronic pain in 58 spinal cord (SCS) and 11
peripheral nerve (PNS) patients. Both groups showed a reduction
of pain and disability after 3-6 months of stimulation, but PNS
relieved pain to a greater extent than SCS. In patients with PNS,
the effect of pain relief after stimulation was maintained for 12 h.
There was no change in pain 2 h after stimulation in PNS patients,
but the pain was significantly reduced after 4 h. In summary, 10 kHz
ES performed for at least 4h could reduce pain in patients with
PNS (63).

For TENS and HFAC in improving pain which one is more
effective, one study has shown that compared with the sham-
stimulation group, 40 min of TENS can significantly inhibit the
amplitude and lengthen the latency of the soleus H-reflex. TENS
and HFAC at a frequency of 10 kHz had the effect of regulating the
soleus H-reflex, but there was no meaningful difference between the
two groups (62).

At the same time, a lot of clinical trials have shown that
implanted TENS had a significant improvement in pain after
PNI. Implantable TENS is an effective method for peripheral
nerve pain caused by upper limb trauma. This technology in the
armpit implantation of a nerve stimulator and four electrodes
were placed on the affected sensory nerve branches (mainly
brachial plexus, median nerve, and radial nerve). According to
the characteristics of each patient set the stimulation parameters.
Stimulation was an action for 24h after nerve repair surgery.
The results have shown that implantable TENS could significantly
relieve and prevent intractable pain caused by PNI. Implantable
TENS preserved the structure of neuroanatomy, which was an
effective and feasible treatment method (64). Similarly, implanted
TENS (12Hz, 20mA, 20-200 ps) was used to treat refractory
pain caused by subacromial impingement syndrome (SIS). The
electrodes of a small ES wearable device were implanted into the
end of the axillary nerve and the deltoid muscle, and the surface
electrode was attached to the skin. Longitudinal analysis has shown
a significant reduction in pain, which was most pronounced at 5,
8, and 16 weeks after treatment (65). In an RCT, electrodes were
implanted at the affected shoulder axillary nerve in patients with
shoulder impingement syndrome (12 Hz, 0.2-30 mA, 10-200 ps).
The results have shown that axillary nerve ES had a good effect on
chronic shoulder pain (66).

Some studies have developed an intermediate frequency
alternating current (10kHz, 0.3s), and surface electrodes were
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applied to the median nerve. The results have shown that this
intermediate frequency alternating current could be used to
inhibit undesired sensory and motor activities and accelerate nerve
repair (67).

However, there are conflicting results compared to previous
studies. In a study to treat decreased shoulder strength after
exercise-induced acute muscle pain. TENS (85 Hz, 0-80 mA, 75 |Ls)
was compared with the sham-stimulation group, and electrodes
were placed around the rotator cuff. The results have shown that
the two groups had no significant effect on pain relief, but had a
Nocebo effect on shoulder muscle strength. This study suggested
that the application of TENS was complex, and it was necessary to
separate the psychological effects and sensory mechanisms of TENS
to determine the outcomes of patients with pain (68).

One study has shown that the use of TENS during exercise in
elderly patients with chronic pain could not improve the prognosis
of patients, but it had a transient analgesic effect during exercise and
was well tolerated by the elderly (69).

4.2.3. Animal model

A previous study used rats with sciatic nerve crush to verify
the effect of ES, low-frequency ES (LFES 5 Hz), and high-frequency
ES (HFES 100 Hz) in the early stage (at that time after injury) and
late stage (7 days after injury). The results of the experiment were
evaluated by motor function recovery score, thermal hyperalgesia
test, gait analysis, and somatosensory cortex evoked potential.
The results showed that immediate HFES significantly improved
motor function but increased the susceptibility to neuropathic pain.
Compared with LFES, HFES can increase the growth of nerve
myelin sheath in both early and late stages. Late stage of HFES
increased nerve regeneration without aggravating neuropathic
pain in nerve crush injury. Moreover, cell experiments were also
performed, in which the dorsal root ganglion cells of rats received
ES at 5Hz and 100Hz for 30min at 50 mA. The results of
cell experiments, ES could activate dorsal root ganglion cells to
express inflammatory cytokines, such as TNF-a, synapsin, and
NGE (70).

In an animal experiment, 60 rats were divided into a sham
operation control group (SHAM), a sciatic nerve denervation group
(DN), and sciatic nerve denervation plus ES (DN-SM). Surface ES
(2Hz, 25V, 1 mA, 300 ms, 10 min/day) was performed for 28 days
with one electrode attached to the achilles tendon and the other
to the popliteal fossa. Proteomics, transcriptomics, bioinformatics,
and skeletal muscle function analysis were used to observe the
molecular expression changes induced by ES. The results showed
that the DN-SM group was better than the DN group in terms of
muscle mass, muscle fiber diameter, and contractile properties. At
the molecular cellular level, the FoxO and p53 signaling pathways
are important in structural protection by bioinformatics analysis.
Anti-apoptosis proteins (KCNA7, KCNJ11) were down-regulated
after denervation but up-regulated after ES. Muscle fiber type-
related proteins (TNNII, TNNT1, ACTN2), myosin light chain
kinase 2 and myomesin 2, fibrosis-associated proteins (POSTN,
COL1A1, COL1A2, COL6A1, COL6A2, COL6A3, FN1, and LUM)
were all increased after denervation but decreased by ES. All
these results explained the mechanism of ES in promoting nerve
regeneration (71).
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4.2.4. Mechanism

The mechanism of TENS to relieve pain and promote nerve
regeneration may be that (1) TENS can stimulate low-threshold
skin afferents to inhibit the positive transmission of nociceptive
information in the central nervous system, thereby relieving pain
(also known as, segmental modulation). In addition, TENS can
stimulate the small-diameter afferent pathway to activate the
descending pain inhibition pathway or block the afferent activity of
peripheral neurons, forming a “busy line” effect (72). (2) It has been
confirmed in the human body that ES can block nerve conduction
and reduce H-reflex excitability, thereby improving the situation of
abnormal increase in H-reflex caused by nerve overactivities, such
as spasticity and pain (73). (3) Powerful evidence confirmed that
from the aspects of hemodynamics, increasing blood flow to the ES
can restore nourishment. In a study comparing TENS and NMES
influence on the hemodynamics of the gastrocnemius muscle,
the results showed that ES can increase muscle hemodynamics.
Compared to the NMES, TENS can increase blood flow even more
(74). (4) Animal experiments have shown that ES can activate nerve
cells to express inflammatory cytokines. For example, the FoxO
and p53 signaling pathways were activated, and muscle-related
structural proteins were increased (71).

4.3. Functional electrical stimulation (FES)

4.3.1. Stimulation mode

FES is the ES of muscles or nerves to provide functional
improvement. Applications of FES include restoration of upper
limb functions, such as stretching and grasping and lower limb
functions, such as standing, balance, posture, and gait. There
are three types of stimulation methods called fully implanted,
percutaneous stimulation, and surface stimulation (75). For
treatment, surface stimulation is preferable because it does not
invade the body. Current surface electrodes use biocompatible gels
that provide stability on the skin and uniform current distribution
on the electrode surface. Conventional surface electrodes are
suitable for innervating large muscles close to the skin (76).

4.3.2. Clinical application (activity function,
muscle fatigue, latest technology)

The FES mainly focuses on the walking function of the lower
limbs and the finger-grasping function of the upper limbs. A surface
FES of the tibial nerve in healthy participants showed that FES
activated both thigh and calf muscle contraction. During walking,
contraction of the thigh and calf muscles plays an important role in
gait. In the experiment, the anode (50 Hz, 300 ms) was fixed on the
calf gastrocnemius muscle, and the medial gastrocnemius muscle,
tibialis anterior, semitendinosus, and rectus femoris were recorded
by the electromyography (EMG). This study has shown that FES
had a significant effect on the contraction and activation patterns
of muscles (77).

Using FES during walking, 30 min of stimulation could increase
the half-maximum peak-to-peak motor evoked potential (MEPh)
of the tibial nerve, and the effect lasted for at least 30 min. In
addition, the results showed that only the combination of FES
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and exercise could lead to an increase in corticospinal excitability
without cortical inhibition and further promote the afferent of the
central nervous system (78).

It has been performed that FES on the ulnar nerve and
median nerve was effective for upper limb motor function.
A non-transcutaneous FES was performed on the proximal
ulnar and median nerve bundle. Individual finger and joint
grasping movements were observed using 24 fingers movement
to quantify hand grasping patterns. The results have shown
that this stimulation technique was able to stimulate individual
and coordinated movements. The grasping pattern was different
depending on the location of the stimulation. In the future, it can
be used for the treatment of grasping with weak fingers (79). A
similar trial used 30 Hz ES with three anode electrodes placed in
the proximal segment of the inferior radial nerve to activate and
control different finger and wrist extension movements (80).

ES of the radial and median nerves in eight tetraplegic patients
was able to provide useful grasping movements. A multi-contact
cuff electrode (25 Hz, 250 ps) was implanted around the median
or radial nerve 5cm above the elbow of the subjects. Through
evaluating the flexion and extension of the thumb, finger, wrist, and
functional movements, the results have shown that this minimally
invasive ES could effectively restore the patients grip function.
Future studies using two microelectrodes to activate more muscle
activity are expected (81).

In addition to the coordination of various parameters to
achieve the purpose of stimulating muscle and nerve recovery,
excessive muscle fatigue caused by FES will reduce the effect.
To alleviate muscle fatigue, some studies have further improved
the stimulation parameters. Some scholars have used ultrasonic
echogenicity as an evaluation index of FES-induced muscle fatigue,
and there was a strong linear relationship between ultrasonic
echogenicity and muscle fatigue level. Muscle-in-the-loop FES
controllers considering muscle fatigue are helpful to produce better
stimulation effects (82).

Researchers have used multiple electrodes to activate a larger
volume of muscle to reduce muscle fatigue. The results have proved
that ES with four intramuscular electrodes was more conducive
to muscle contraction and endurance than ES with a single
intramuscular electrode. In addition, it was further demonstrated
that muscle fatigue might be caused by single FES not activating
the intact motor synapses of the muscle (83). For muscle fatigue
or damage caused by prolonged stimulation, a cross-sectional
study used ES with different parameters to treat 24 cases of
denervated extensor digitorum communis muscle and 24 cases
of denervated tibialis anterior muscle. Different combinations
of pulse duration and polarity were evaluated using triangular
pulses, with current increasing from 0.1 mA and a frequency of
1Hz. The results have shown that the triangular current with
a duration of 200ms and cathode polarity had a better effect
on the denervated tibialis anterior muscle, which was statistically
significant (84).

One study used FES at 10, 35, and 50Hz on two muscles
(vastus lateralis, VL; abductor pollicis brevis, APB) with different
proportions of fast fibers and slow fibers. The results have shown
that, In high-frequency stimulation, VL with more fast muscle
fibers was tired faster than APB with more slow muscle fibers, and
the treatment time should not exceed 14-16 min (85).

Frontiersin Neurology

10.3389/fneur.2023.1081458

Jaramillo Cienfuegos et al. (86) have used a proportional
integral (PI) controller to achieve classical and adaptive control
of FES for isolated skeletal muscle contraction, which provided
the best closed-loop performance for contraction speed and anti-
interference. Future research should use algorithms to control FES
muscle contraction, focusing on different stimulation sites. On
the premise of avoiding muscle fatigue caused by stimulation as
much as possible, the best stimulation effect was evaluated by
the combination of each stimulus parameter. We summarized the
various ES parameters applied to PNI (Supplementary Table 1).

4.3.3. Animal models

Animal experiments have shown that ES could significantly
accelerate the regeneration of injured peripheral nerves. Some
scholars have conducted animal experiments to prove that ES could
promote the recovery of animal nerve function and increase the
strength of muscle contraction (87). In the experiment, FES was
used to activate the maximum muscle contraction force in the
anterior deltoid muscle of monkeys, showing that the distributed
dual electrode could generate an additional 50% contraction force
compared with the single electrode, which improved the effect
of FES.

In the experiment of horses with recurrent laryngeal
nerve injury, FES was implanted into the ipsilateral posterior
cricoarytenoid muscle (PCA) after 20 weeks of ES, which improved
muscle strength and laryngeal function (88).

An implantable microelectrode array (MEA) belongs to the
scope of FES, which is used to prevent muscle atrophy and
acetylcholine receptor degradation during nerve regeneration after
PNI. In one study (89), the tibial nerves of rats were cut, and MEA
was placed on the surface of the biceps femoris muscle. The results
have shown that the atrophy degree of muscle fiber cross-section in
MEA-mediated FES rats was less than that in control rats, and the
area of acetylcholine receptor was significantly increased.

4.3.4. Mechanism

At present, the mechanism hypothesis of FES promoting nerve
regeneration and muscle contraction after PNI is as follows: (1) It
increases the blood flow of the stimulated muscle capillaries and the
flux of red blood cells (90). (2) FES is mainly applied at the motor
point (motor point stimulation, MPS). Some studies have explored
the neural pathways activated by MPS, and the results have shown
that MPS did not induce H reflex or LA sensory nerve activation,
but it could induce H reflex inhibition of stimulated muscles and
skin inhibition (91).

5. Combined application of ES and
other rehabilitation methods (exercise,
phototherapy, etc.)

ES plays a role in promoting the recovery of PNIL Some studies
have combined ES with other rehabilitation methods to achieve
better therapeutic effects. The main combined rehabilitation
methods include exercise training (40, 50, 92), phototherapy,
magnetic stimulation, cryotherapy, etc.
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ES combined with exercise can more strongly promote
peripheral axon regeneration and relieve pain after PNI (40, 50). An
RCT has shown that physical therapy exercise training combined
with TENS was more effective in treating nerve pain in men
(92). In a controlled study, low-level laser (continuous wave: 15
mW, 632.8 nm; Pulsed: 9.4 W, 904 nm) plus microamperes TENS
had a significant effect compared with the control group in the
treatment of carpal tunnel syndrome pain. And the improvement
effect could be maintained for 1-3 years (93). The combination
of low-frequency transcutaneous magnetic stimulation and ES in
the treatment of PNI could counteract the slowing effect of TENS
on the fast conduction fibers, and regulate the slow conduction of
pain afferent fibers, resulting in better analgesic effect (94). Some
scholars have combined cryotherapy with burst TENS to effectively
improve the pain threshold of participants, and the effect of the
combination was better, but the combination of cryotherapy and
ordinary TENS had no improvement (95). Some researchers have
also obtained negative results. Compared with the use of NMES or
motor images alone, the combination of NMES and motor images
did not achieve better results (96).

Similar studies in animal experiments have shown that ES
could achieve better results when combined with exercise training,
magnetic stimulation, and stem cell therapy. After sciatic nerve
transection repair in adult rats, the rats were divided into 4 groups,
the immediate ES after injury (ESA), delayed ES, ES+ exercise,
and exercise groups. The results have shown that compared with
the control group and the rats receiving delayed ES, ESA with
or without exercise group improved muscle reinnervation and
increased the number of regenerated myelin axons. ESA combined
with exercise significantly improved muscle reinnervation at an
early stage (97). In an animal experiment, electrical muscle
stimulation prevented muscle mass loss. Combined with exercise,
twitch characteristics, fatigue index, mechanical sensitivity, and
mechanosensitivity could be further recovered (98). PNI would
enhance the transmission of pain fibers and lead to chronic post-
traumatic pain. Animal experiments have shown that magnetic
stimulation and ES could promote the recovery of PNI and allow
a tolerance of high-intensity output (99). The combined effect of
ES and stem cell therapy could better promote nerve regeneration
and improve functional recovery after sciatic nerve transection in
rats. ES was able to up-regulate the expression of neurotrophic
factors (BDNF, NTF-3) and increase the expression of neurotrophic
factor receptor (Trk) in human neural progenitor cells (hNPC).
Thus, it was capable of promoting angiogenesis, axon dendrite
growth, myelin sheath thickening, and accelerate peripheral nerve
regeneration and functional recovery (39).

6. Limitations of clinical application

In conclusion, ES can accelerate the recovery of body function
after PNI, but ES still has the following problems to be solved, (1)
What are the changes in brain activity induced by ES. (2) Optimal
ES parameters are expected. (3) Further clinical applications
provide more authority evidence to verify the effectiveness of ES.
(4) Solving the side effects of ES.

Most importantly, the changes in the central nervous system
after PNI are not well understood, which is the basis for
determining the appropriate method of ES and finding new
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methods. Although there are many positive results of ES, there are
also some doubts about perceptions. For example, some studies
have shown that ES could aggravate muscle fiber atrophy, reduce
muscle excitability, and inhibit peripheral nerve regeneration (100).

7. Conclusion

The advantage of NMES can activate type II fibers that are
most affected by aging and responsible for the decline in functional
activity (18). The disadvantage of high-frequency continuous
NMES is easy to causes muscle fatigue. PNS patients have higher
comfort than NMES patients.

TENS has a good effect on the treatment of stubborn pain
caused by PNI, and non-invasive or minimally invasive TENS is
easy to be accepted by patients. The disadvantages of TENS are that
the effect is short, and the elderly are less effective than the young
because of their decreased sensitivity.

The advantage of FES is that targeted stimulation of a
nerve or muscle can produce stable effects for different motor
functions. However, it is uncomfortable to wear an ES instrument
for a long time. Prolonged FES may cause muscle fatigue and
decrease responsiveness.

With the number of patients with PNI increasing, more
attention should be paid to the repair effect of peripheral nerves.
This paper believes that ES can accelerate neurological recovery of
PNI, effectively relieve pain and increase muscle mass and strength
in patients, and it is necessary to select appropriate ES methods and
parameters according to the actual situation of patients.
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Introduction: Brachial plexus injury (BPI) is one of the most destructive peripheral
nerve injuries and there is still a lack of effective treatment.

Methods: This study was conducted to evaluate the effects of melatonin
in the treatment of acute brachial plexus compression injury in rats
using histopathological, histomorphometric, immunohistochemical and
electrophysiological methods. Forty-eight adult male Sprague Dawley rats
were randomly allocated into three groups: sham, melatonin and vehicle groups.
The brachial plexus compression injury model was performed by a vascular
clamp. Melatonin group received intraperitoneal injection of melatonin at doses
of 10 mg/kg for 21 days after crush injury. The conduction velocity and amplitude
of compound muscle action potential (CAMP) in the regenerated nerve, and
nerve histomorphometry, as well as levels of myelin protein zero (PO) protein of
the crush region were assessed.

Results: Compared with the vehicle group, the melatonin group which reported
significant increased CMAP conduction velocity and amplitude also showed
thicker myelin sheath and lower levels of PO protein.

Discussion: Our results suggest that melatonin effectively promotes nerve
regeneration and improves the function of damaged nerves. Melatonin
treatment is a promising strategy for the treatment of acute brachial plexus
compression injury.

KEYWORDS

acute brachial plexus compression injury, melatonin, rat model, myelin protein zero, nerve
regeneration

1. Introduction

Brachial plexus injury (BPI) is one of the most destructive peripheral nerve injuries,
which can result in notable motorsensory deficits (1-3). Despite neurosurgical techniques
are available to repair the lesion, function restoration of BPI remains unsatisfactory in
clinical practice (2). The outcomes after nerve reconstruction are adversely affected not only
by mechanical injury, also by several secondary factors such as inflammatory responses,
oxidative stress and regenerative misdirection (4). Several recent studies have focused on the
promising approaches involving therapeutic management of the secondary cascade resulting
from BPI (4, 5).
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Melatonin, the main hormone of the pineal gland, daily
regulates circadian rhythms (6, 7). Various formulations of
melatonin have been patented and used in the treatment of
sleep dysfunction. Some previous studies show that melatonin
can regulate various physiological functions including anti-
inflammation, free radical scavenging and anti-oxidative properties
(7). Due to these biological properties, melatonin has been used
as potential pharmacotherapy for traumatic events in the central
nerve system. Recently, it has been demonstrated that melatonin
has have beneficial effects on peripheral nerve repair in models of
sciatic nerve injury (8-13).

In this study, we evaluated the potential neuroprotective roles
of melatonin in brachial plexus compression injury models of rats.

2. Materials and methods

A total of 48 adult male Sprague Dawley (SD) rats, weighing
about 250 g, were obtained from experimental animal center of
Zhejiang University. The animal experiment was approved by the
Zhejiang University’s Animal Experimentation Ethics Committee.
All rats were housed in a room with constant and appropriate
temperature and humidity and are subjected to a 12-h diurnal
cycle. Drinking water and standard laboratory feed were available
in sufficient quantities. They were allowed to acclimatize for 1
week prior to the experiments. Efforts were made to minimize
animal suffering and to reduce the number of animals used during
the experiments.

The animals were randomly divided into 3 groups (n = 16
each group): sham, vehicle and melatonin groups. Sham group
had no operation on the brachial plexus nerve, instead, they just
underwent skin incision and suturing. In melatonin and vehicle
groups, all surgical procedures were performed after anesthesia
with an intraperitoneal injection of xylazine and ketamine (10 and
80 mg/kg). The left brachial plexus was identified and exposed using
an operating microscope. Distal to the suprascapular nerve branch,
the upper trunk of the brachial plexus were crushed by a mosquito
vascular clamp (Shanghai Medical Instruments Corp. Ltd.) that
was fixed to the maximun extent for 30 s. Afterwards, the incision
was closed by using 4.0 silk sutures. Melatonin group received
intraperitoneal injection of melatonin at doses of 10 mg/kg for 21
days after injury. Normal saline was injected intraperitoneally in
vehicle group (Figure 1).

By 7 and 14 days after surgery, 6 rats were anesthetized
and perfused transcardially with 0.5% glutaraldehyde in 0.1 M
phosphate buffer. Short 5 mm segments of the brachial plexus were
collected. The specimens were fixed in 2.5% phosphate-buffered
glutaraldehyde solution (PBS) for 1 h at room temperature and then
at 4°C, until processed. Tissue paraffin blocks were fabricated by
post-fixing specimens in 1% OsO4 in PBS, dehydrating in a graded
series of alcohol and propylene oxide, embedding in resin, and
then polymerizing at 60°C. Transverse semi-thin sections (1 mm)
were obtained using an ultramicrotome, and were respectively
stained with Fast blue (Abcam, UK), silver (Amresco, USA) and
H&E staining (Abcam, UK). By 7 days after surgery, ultrathin
sections (70 nm) of nerve samples were stained with uranyl acetate
and citrate and were evaluated by JEM1400 transmission electron
microscope (JEOL Ltd., Tokyo, Japan).
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FIGURE 1

The modeling diagram.

Three weeks after surgery, the injured sites of the brachial
plexus were excised and lysed, and resolved by 10% sodium dodecyl
sulfate polyacrylamide gel electrophoresis, and then transferred to
a polyvinylidene difluoride membrane, blocked with 5% non-fat
dry milk. Subsequently, the membrane was incubated with mouse
polyclonal antibody to PO (1:1,000; Santa Cruz Biotechnology,
USA) and mouse monoclonal antibody to GAPDH (1:5,000; Santa
Cruz Biotechnology). After washing with 0.1 M Tris buffered
saline (Ph 7.2) containing 0.1% Tween-20 (TBST) for three
times (10 min for each), the membranes were incubated with
rabbit anti-mouse IgG (1:5,000; Santa Cruz Biotechnology), for
2h at room temperature. Band optical density values were
determined using Gel-Pro Analyzer Software, version 4.0 (Media
Cybernetics, USA).

Three weeks after surgery, 4 rats were anesthetized and
the left brachial plexus was isolated. Bipolar stimulating
electrodes were placed near the injury site while the bipolar
recording electrode was placed in the upper limb muscle. The
amplitude and latency of compound muscle action potential
(CMAP) were recorded with an electromyogram instrument.
The bipolar stimulating electrodes were used to stimulate
the regenerated nerves and the bipolar recording electrodes
inserted into the muscle were to record electrical activity
through a digital MYTO electromyograph machine (Esaote,
Genoa, Italy).

All pathological manifestations, Fast blue staining, HE staining,
silver staining or transmission electron microscopic images, were
evaluated by a pathologist who was blinded to this study.
Quantitative variables were described using means and standard
deviations (SD), and compared using t-tests. The level of
significance was set to p < 0.05. All analyses were done in
SPSS 23.0.
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FIGURE 2

The general views of histological sections stained by Fast blue, silver and H&E. (A—C) Sham group: well-arranged and distributed nerve fibers were
observed; (D-I) vehicle groups at 7 and 14 days: typical features of peripheral nerve injury after 7 days could be seen in (D—F), including myelin loss
with Wallerian degeneration (arrow), and endoneurial edema (*). (G-I1) A further decrease in nerve fiber density, disruption of fiber arrangement, and a
marked increase in fibrosis (triangle) and axonal vacuolization (arrowhead) at day 14. (J—O) Melatonin groups at 7 and 14 days: compared with
vehicle group, less axonal degeneration and vacuolization, as well as fibrosis were observed, with more regenerating axon clusters (star) and the
nerve fibers were are neatly aligned.
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FIGURE 3

Transmission electron micrographs showing the ultrastructure of
brachial plexus day 7 after injury. (A) Vehicle group; (B) melatonin
group. Nerves in the melatonin group showed thicker myelin
sheaths and narrower endoneural gaps compared to the vehicle
group. Scale bar =5 mm.
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FIGURE 4

PO protein/GAPDH protein levels were assessed using western
blotting in the injured sites of rats in all 3 groups, 3 weeks after
injury. p-value " <0.05.

3. Results

Well-arranged and distributed nerve fibers were observed
in sham group (Figures2A-C). On the contrary, the typical
characteristics of peripheral nerve injury were present in
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vehicle group on day 7, including axonal degeneration, myelin
(Figures 2D-F). By
day 14, the density of nerve fibers was further reduced, and

abnormalities, and endoneurial edema
the axonal degeneration was increased markedly. More axons
had collapsed and the number of Schwann’s cells increased
(Figures 2G-I). Compared with vehicle group, less axonal
degeneration and vacuolization were observed in melatonin
group (Figures2]-O). And the vehicle group showed slightly
more increase in endoneural space than the melatonin group.
Similarly, the transmission electron microscope analysis showed
there was a significant difference in myelin sheath thickness
and endoneural space between the vehicle and melatonin group
(Figures 3A, B).

The levels of PO protein at 3 weeks after surgery in
all three groups were shown in Figure4. The levels of PO
protein were significantly decreased in vehicle group compared
with the sham group (P < 0.05). Whereas, the PO protein
levels in the melatonin group, although slightly lower than the
sham group, were significantly higher compared with vehicle
group (P < 0.05).

Table 1 showed the results of electrophysiological assessment at
3 weeks after surgery in all three groups. The CMAP amplitude
was reduced markedly (p < 0.05), while the CMAP latency was
prolonged significantly (p < 0.05) in vehicle group compared
with that in Sham group. Moreover, melatonin-treated group
displayed distinctly higher CMAP amplitude (p < 0.05) and
markedly shorter CMAP latency (p < 0.05) compared with
vehicle group.

4. Discussion

Peripheral nerve injury of the upper limb is a common and
extremely inconvenient clinical disease. The main mechanisms
of its occurrence are compression, trauma, peripheral nerve
tumor, inflammation, neuronal degeneration, and radiation
exposure (14-16). The brachial plexus is not only the most
complicated structure in the peripheral nervous system, but
highly susceptible to trauma, or may be damaged secondary
to lesions of adjacent structures (17). The present study
demonstrated continuous treatment with melatonin can
significantly increase CMAP conduction velocity, enhance
myelin sheath thickness and at the same time, increase PO
protein levels in the regenerated brachial plexus nerve after
injury compared with vehicle treatment. These results suggest
that melatonin can effectively promotes nerve regeneration and
improves the function of damaged nerves. Melatonin treatment
is a promising strategy for the treatment of acute brachial plexus
compression injury.

There are some basic pathological changes in the early stage
of peripheral nerve injuries, including axonal degeneration,
myelin abnormalities, and endoneurial edema (4). And severe
peripheral nerve injuries can finally lead to the Wallerian
degeneration of the distal segment of the nerve, which means
rupture of the axonal membrane, degradation of cytoskeletal
components and lysis of myelin sheaths (4, 18). Therefore,
several pharmacological agents have been investigated to

frontiersin.org


https://doi.org/10.3389/fneur.2023.1111101
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org

Lietal.

TABLE 1 The results of electrophysiological evaluation in all three groups.

Group Sham Vehicle Melatonin
CMAP latency (ms) ‘ 221+ 0.08 ‘ 3.57 £ 0.16* 3.08 £ 0.06°
CMAP amplitude (Mv) | 11.68 +0.8 ‘ 1.92 + 0.24% 534+ 0.14°

*P < 0.05 for the sham compared with vehicle group; *P < 0.05 for the melatonin compared
with vehicle group.

facilitate myelination and functional recovery after peripheral
nerve injury.

In the process of peripheral nerve repair, Schwann cells
proliferate and construct the myelin sheath to enhance axonal
regeneration from proximal to distal (18). PO, the major peripheral
nervous system myelin protein, belongs to the immunoglobulin
supergene family of membrane proteins and can mediate
homotypic adhesion (19, 20). PO is considered as a fundamental
structural component of peripheral nervous system myelin, and
is directly or indirectly involved in the regulation of myelin
gene expression and myelin morphogenesis (20). And the levels
of PO expression are related to Schwann cell myelination in
peripheral nerve repair (21). The experimental results of the
present study showed that PO protein levels in the myelin sheath
were increased after melatonin treatment, from which it can
be inferred that melatonin treatment triggered Schwann cell
proliferation and myelination, thus promoting the repair and
regeneration of damaged nerves. Other histomorphological
findings corroborate this supposition. The electrophysiological
assessment showed that injured nerve after melatonin treatment
can provides lower latency recordings and higher amplitude
measures, which indicated a higher number of normally
functioning axons in the melatonin treatment group. And
histological observation manifested the presence but not
nimiety of Wallerian degeneration, more regenerating axon
clusters, higher myelin thickness and nerve fiber density,
more orderly nerve fiber arrangement in the melatonin
group, all of which support the promotion of melatonin for
nerve regeneration.

Melatonin is a hormone secreted by the pineal gland of
brain and produce a marked effect on the regulation of sleep
and circadian rhythm (1, 2).
melatonin has neuroprotective effects in the treatment of

Previous studies demonstrated

peripheral nerve injury (8-13, 22). Melatonin treatment can
markedly increase the number of axons and thickness of myelin
sheath in rat models of sciatic nerve injury (8-13, 22). And
structural protection of the myelin lamellae can be preserved
following repeated low dosage of melatonin administration
(13). Even a single injection of high-dose melatonin can act
to protect myelin sheath, prevent axonal loss, and accelerate
functional recovery of the injured sciatic nerve (12). Pan
et al. (11) illustrated that melatonin might promote peripheral
nerve regeneration by improving the proliferation and migration
of Schwann cells through the Shh signaling pathway after
sciatic nerve injury. Moreover, recently simultaneous use of
melatonin and chondroitin sulfate ABC synergistically promoted
nerve regeneration in the brachial plexus nerve-root avulsion
model (23). All these experimental results were consistent with
our findings.
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Overall, this study strengthens the idea that melatonin
promoted axonal regeneration after brachial plexus compression
injury, which may provide a promising therapeutic strategy
for peripheral nerve injury. However, our study had some
limitations. Firstly, histomorphometric changes with experimental
injury and healing response were assessed only by histology and
immunohistochemistry. Secondly, we did not conduct functional
evaluation. In addition, further experiments should be conducted
on the proper dosage and possible side effects.
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Case report: A case of injury to
the infrapatellar branch of the
saphenous nerve caused by
medial approach in knee
arthroscopy
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and Jingyi Mit*

*Department of Sports Medicine, Wuxi 9th People’s Hospital Affiliated to Soochow University, Wuxi,
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We present the case of a 72-year-old man who was referred to our department
for treatment of pain on the anteromedial infrapatellar side of the right knee with
sensory disturbance that began 2 years earlier. The patient previously underwent
right knee arthroscopy at another hospital for a meniscus injury 2 years earlier,
which relieved his knee pain, but pain and discomfort near the incision of the
medial portal persisted. Given this situation, various physical treatments, such as
ice compress, were administered postoperatively. However, the symptom was
only partially relieved before discharge. Subsequently, the patient visited two
other hospitals and began taking oral pregabalin and duloxetine for treatment
of the pain based on a diagnosis of right common peroneal nerve injury. The
pain in the same dermatomal distribution was slightly relieved, but a withdrawal
reaction was observed. However, the results of an ultrasound at our hospital
indicated that the right medial quadriceps femoris tendon showed a hypoechoic
area suggesting inflammatory changes. Physical examination of the right knee
detected atrophy of the quadriceps femoris muscle, decreased muscle strength
(M4), obvious tenderness in the medial side, radiating pain along the anterior
tibia, and sensory disturbance (S3+); the results of a drawer test, McMurray test,
pivot shift test, and lateral stress test were negative. Based on the aforementioned
evidence, a diagnosis was made of injury to the infrapatellar branch of the
saphenous nerve, after which neurolysis of the nerve in question was carried
out. An enlarged incision was made along the original medial approach. Scar
hyperplasia was observed after careful separation of the subcutaneous tissue.
During neurolysis, branches were found wrapped in the scar; their continuity
and integrity were confirmed after relief. The released nerve was placed in a
physiological position. The patient’s pain was clearly relieved, and numbness
disappeared on the first postoperative day. At 1-month follow-up, all symptoms
were found to have resolved.

KEYWORDS

saphenous nerve, knee arthroscopy, medial approach, pain, numbness

Introduction

Injury to the infrapatellar branch of the saphenous nerve (IBSN) can be triggered by
many factors, including arthroscopic portals, incision for drilling of the tibial tunnel or
dissection, and graft harvest. Most studies report that IBSN injury IBSN leads to sensory
comorbidities in most cases. Problems can include loss of sensation, paresthesia, neuralgia,
or hypersensitivity in the medial infrapatellar area of the lower extremity (1). Persistent pain
after knee arthroscopy is rarely reported. We recently admitted a patient with pain on the
anteromedial infrapatellar side of the right knee due to knee arthroscopy.
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Case presentation

Chief complaints

A 72-year-old man presented with complaints of pain on the
anteromedial infrapatellar side of the right knee with sensory
disturbance that began 2 years earlier.

History of present illness

The patient previously underwent right knee arthroscopy at
another hospital for a meniscus injury in May 2020, which gave
him relief from knee pain, but pain and discomfort near the
incision of the medial portal persisted. Given this situation, various
physical treatments, such as ice compress, were administered
postoperatively. However, the symptom was only partially relieved
before discharge. Subsequently, the patient visited two other
hospitals and began taking oral pregabalin and duloxetine for
treatment of the pain based on a diagnosis of right common
peroneal nerve injury. Pain in the same dermatomal distribution
was slightly relieved, but a withdrawal reaction was observed. The
patient still felt migratory pain at the inner foretibia.

History of past illness

The patient had high blood pressure for 5 years and had no
other history of chronic disease or surgery.

Family history

The patient’s parents were deceased, cause of death unknown;
he had one brother in good health. The patient denied (1) any
similar disease in the family; (2) tuberculosis, hepatitis, or other
infectious diseases in the family; and (3) hereditary or familial
diseases, such as diabetes or hemophilia, in the family.

Physical examination

Physical examination of the right knee detected atrophy of
the quadriceps femoris muscle, decreased muscle strength (M4),
obvious tenderness in the medial side, radiating pain along the
anterior tibia, sensory disturbance (S3+), and positive Tinel’s sign.
The results of a drawer test, McMurray test, pivot shift test, and
lateral stress test were negative.

Imaging examinations

Color ultrasound and magnetic resonance imaging (MRI)
examination of the patient’s right knee were performed. Color
ultrasound showed a hypoechoic area suggesting inflammatory
changes in the right medial quadriceps femoris tendon. MRI
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showed level II injury in the posterior horn of the medial meniscus
of the right knee joint and edema of the infrapatellar fat pad.

Final diagnosis

The final diagnosis was injury to the infrapatellar branch of the
saphenous nerve.

Treatment

The patient underwent neurolysis for the infrapatellar branch
of the saphenous nerve under epidural anesthesia in July 2022. An
enlarged incision was made along the original medial approach.
Scar hyperplasia was observed after careful separation of the
subcutaneous tissue. During neurolysis, branches were found
wrapped in the scar; their continuity and integrity were confirmed
after relief. We translocated the nerve and embedded it under the
fat (Figure 1). After surgery, the patient took 0.5 mg mecobalamin
orally three times per day for 4 weeks.

Outcome and follow-up

The patients pain was clearly relieved, and numbness
disappeared on the first postoperative day. One month after
surgery, the pain had disappeared completely and the patient was
satisfied with the outcome.

Discussion

The saphenous nerve is the longest cutaneous branch of the
femoral nerve. It divides into the IBSN, which serves the proximal
tibia inferior medial to the patella (2, 3). The infrapatellar branch
of the saphenous nerve splits off from the saphenous nerve in a
highly variable way. It penetrates the sartorius muscle, after which
it runs on a superficial course and generally forms two branches.
Both branches cross the patellar tendon in the transverse direction
to form the infrapatellar plexus. The infrapatellar branch of the
saphenous nerve innervates the anteromedial aspect of the knee,
the anterolateral aspect of the proximal part of the lower leg, and
the anteroinferior part of the knee joint capsule (4-6). There are
many reports of IBSN injury caused by surgery, especially knee
arthroplasty (7), tendon extraction incision for anterior cruciate
ligament reconstruction (8), and incisions for anteromedial knee
surgery (9). Among these reports, the proportion of IBSN injuries
caused by total knee replacement is 50-100% (10). Because the
IBSN is highly variable, nerve damage in this area is considered
inevitable (11). The most common symptoms associated with IBSN
injury are hypoesthesia, numbness, or allergy in the anteromedial
knee joint (12). Usually, these symptoms trouble the patient
only for a short time, but in this case, the symptoms continued
over a long period of time. We believe that the patient’s IBSN,
which was not completely disconnected, was the reason for the
continued presence of sensory conduction; therefore, the patient’s
symptoms were primarily pain rather than numbness. The presence
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FIGURE 1
(A) An enlarged incision was made along the original medial approach. (B) Branches were found wrapped in the scar. (C) Continuity and integrity of
the IBSN were confirmed after relief.

of scarring around the nerve, trapping the nerve, was what caused
the symptoms to persist.

Prior to surgery, we had suspected subpatellar fat pad
inflammation to be the cause of the patients pain, but it was not
until we observed positive Tinel’s sign that the diagnosis was biased
toward nerve damage or neuroma formation. However, this patient
only underwent arthroscopic meniscus formation, and no large
surgical incision was found; this made our diagnosis questionable,
because the incision made by arthroscopic portal is small, and
IBSN injury due to arthroscopic portal is rarely reported (13).
Therefore, we used ultrasound to examine the affected area before
the surgery (14). Unfortunately, ultrasound did not detect the
formation of neuroma. Eventually, we had to make an enlarged
incision along the original incision, and finally discovered the
trapped nerve.

In general, symptoms of nerve entrapment do not progress
rapidly, and there are few reports of neuroma formation leading
to persistent pain 1 week after surgery. However, this patient
felt pain 1 day after surgery, with a VAS score of up to
5. We do not believe that direct injury to the nerve was
caused by the arthroscopic portal, but rather that the cause
was unintended irritation of the nerve by the suture used to
close the portal. Over the course of a few weeks, the sutures
were absorbed and caused scarring around the nerve, which
further perpetuated the symptoms. Therefore, we believe that the
arthroscopic approach does not need to pursue aesthetics too
strongly, and the epidermis can be directly sutured with less
irritating sutures, without the need to apply too much suturing to
subcutaneous tissue.

Krijgh et al. dissected 18 cadavers from adult donors and
found a total of 23 infrapatellar branches. Based on this, they
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argued that the origin of the infrapatellar branch from the
saphenous nerve is highly variable, as well as the position
at which the infrapatellar branch passes the knee joint (15).
This makes IBSN injury difficult to avoid. Gousopoulos et al.
dissected the space between the subcutaneous and the capsule;
this dissection is performed by grasping and knotting the sutures
through the anteromedial portal to avoid iatrogenic saphenous
nerve injury (16). Although there are many ways to avoid
nerve injury, diagnosis and early treatment after injury are
more important.

There are many ways to diagnose IBSN. Riegler et al. have
reported that ultrasound successfully pinpoints the variable course
of the IBSN from the origin to the most distal point and
may therefore enable the correct identification of (iatrogenic)
nerve damage in any location (17). We also initially used
ultrasound to examine the patients nerves after suspecting
IBSN injury. Unfortunately, no positive results were observed in
our examination.

After knee arthroplasty and other procedures that can
lead to IBSN injury, denervation is usually the choice of
most surgeons if IBSN injury occurs (18). The current
for IBSN neuritis is traditionally
performed with nerve blocks steroid and
a local (19).  Reports of
have also published  (20).
treatments can provide symptomatic relief but with variable

conservative treatment
containing a
anesthetic cryoneurablation

been Existing  nonsurgical
long-term outcomes.

This case report still has several shortcomings. First, our follow-
up time for this patient was short, and the long-term outcome
remains unclear. Second, we have reported on only one case,

so we are unable to present more useful information, such as
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Guidance on how to avoid IBSN injury and the incidence of
IBSN injury.

Conclusion

In conclusion, we should always be vigilant in relation to
the possibility of IBSN injury during surgery, since there is
a risk of saphenous nerve injury even if only a l-cm long
incision is made during arthroscopic surgery. The symptoms
after an IBSN injury can easily confuse clinicians and make
treatment difficult.

Author’s note
The authors have read the CARE Checklist (2016) and the

manuscript was prepared and revised according to the CARE
Checklist (2016).

Data availability statement
The datasets presented in this article are not readily available

because of ethical and privacy restrictions. Requests to access the
datasets should be directed to the corresponding author.

Ethics statement

The
reviewed and approved by Wuxi 9th People’s Hospital. The

studies  involving human  participants  were

patients/participants provided their written informed consent

References

1. Shi SM, Meister DW, Graner KC, Ninomiya JT. Selective denervation
for persistent knee pain after total knee arthroplasty: a report of
50 cases. ] Arthroplasty. (2017) 32:968-73. doi: 10.1016/j.arth.2016.
09.043

2. Nagai K, Muratsu H, Matsumoto T, Fujibayashi I, Kuroda R, Kurosaka
M. Early-onset severe neuromatous pain of the infrapatellar branch of
the saphenous nerve after total knee arthroplasty. Asia Pac ] Sports Med
Arthrosc  Rehabil ~ Technol.  (2014)  1:102-5. doi:  10.1016/j.asmart.2013.
11.002

3. McArthur BA, Henry SL, Rothy A, Bashour LE. Peripheral nerve injury in total
knee arthroplasty. In: Dy CJ, Brogan DM, Wagner ER, editors. Peripheral Nerve Issues
after Orthopedic Surgery: A Multidisciplinary Approach to Prevention, Evaluation and
Treatment. Cham: Springer International Publishing (2022). p. 297-323.

4. Boyle ], Eason A, Hartnett N, Marks P. Infrapatellar
branch  of the saphenous nerve: a review. | Med Imaging
Radiat Oncol. (2021) 65:195-200. doi: 10.1111/1754-9485.
13141

5. Kerver AL, Leliveld MS, den Hartog D, Verhofstad MH, Kleinrensink GJ. The
surgical anatomy of the infrapatellar branch of the saphenous nerve in relation to
incisions for anteromedial knee surgery. J Bone Joint Surg Am. (2013) 95:2119-
25. doi: 10.2106/JBJS.L.01297

6. McGinnis Dt M, Gonzalez R, Nyland ], Caborn DN. The posteromedial knee
arthroscopy portal: a cadaveric study defining a safety zone for portal placement.
Arthroscopy. (2011) 27:1090-5. doi: 10.1016/j.arthro.2011.02.031

Frontiersin Neurology

10.3389/fneur.2023.1083871

Written informed consent

was obtained from the individual(s) for the publication

to participate in this study.
of any potentially identifiable images or data included in
this article.

Author contributions

JT and XW reviewed the literature and contributed to drafting
of the manuscript. FX and QY followed up the patients. JQ was
the patient’s first doctor. JM was responsible for revision of the
manuscript for important intellectual content. All authors issued
final approval for the version to be submitted.

Conflict of interest

The authors declare that the research was conducted
in the absence of any commercial or financial relationships
that could be
of interest.

construed as a potential  conflict

Publisher’s note

All claims expressed in this article are solely those
of the authors and do not necessarily represent those of
their those of the publisher,
the editors and the reviewers. Any product that may be

affiliated organizations, or

evaluated in this article, or claim that may be made by
its manufacturer, is not guaranteed or endorsed by the
publisher.

7. Lee SR, Dahlgren NJP, Staggers JR, de Cesar Netto C, Agarwal A, Shah A, et al.
Cadaveric study of the infrapatellar branch of the saphenous nerve: can damage
be prevented in total knee arthroplasty? J Clin Orthop Trauma. (2019) 10:274-
7. doi: 10.1016/j.jcot.2018.03.005

8. Luo J, Li S, Wang C, Li Q, Lin J, Shen Y, et al. Optimization of surgical
exposure for harvesting gracilis-semitendinosus tendons. Int Orthop. (2023) 47:131-
40. doi: 10.1007/500264-022-05598-5

9. Ngbilo C, Ouabo EC, Jovanovic B, Saithna A, Gillain L, Cottet BS. Partial
denervation for neuroma pain after knee anterior tibial tuberosity exostectomy: a case
report. ] Orthop Case Rep. (2019) 9:10-3. doi: 10.13107/jocr.2019.v09.i04.1456

10. Haraguchi T, Kume S, Jimbo K, Gotoh M, Shiba N, Okawa T. Saphenous nerve
entrapment neuropathy after closed tibial fracture: A case report. JBJS Case Connect.
(2021) 11:€20. doi: 10.2106/JBJS.CC.20.00670

11. Le Corroller T, Lagier A, Pirro N, Champsaur P. Anatomical study of the
infrapatellar branch of the saphenous nerve using ultrasonography. Muscle Nerve.
(2011) 44:50-4. doi: 10.1002/mus.22004

12. Phruetthiphat OA, Apinyankul R, Chanpoo M, Chotanaphuti T, Kosuwan W,
Callaghan JJ. Anterior skin numbness after total knee arthroplasty: a prospective
comparison study between diabetic and non-diabetic patients. ] Orthop. (2020) 22:12-
6. doi: 10.1016/j.jor.2020.03.017

13. Henry BM, Tomaszewski KA, Pekala PA, Graves M]J, Pekala JR, Sanna B, et al.
Oblique incisions in hamstring tendon harvesting reduce iatrogenic injuries to the
infrapatellar branch of the saphenous nerve. Knee Surg Sports Traumatol Arthrosc.
(2018) 26:1197-203. doi: 10.1007/s00167-017-4590-y

frontiersin.org


https://doi.org/10.3389/fneur.2023.1083871
https://doi.org/10.1016/j.arth.2016.09.043
https://doi.org/10.1016/j.asmart.2013.11.002
https://doi.org/10.1111/1754-9485.13141
https://doi.org/10.2106/JBJS.L.01297
https://doi.org/10.1016/j.arthro.2011.02.031
https://doi.org/10.1016/j.jcot.2018.03.005
https://doi.org/10.1007/s00264-022-05598-5
https://doi.org/10.13107/jocr.2019.v09.i04.1456
https://doi.org/10.2106/JBJS.CC.20.00670
https://doi.org/10.1002/mus.22004
https://doi.org/10.1016/j.jor.2020.03.017
https://doi.org/10.1007/s00167-017-4590-y
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org

Tan et al.

14. Shi GG, Schultz DS Jr, Whalen ], Clendenen S, Wilke B. Midterm
outcomes of ultrasound-guided local treatment for infrapatellar saphenous neuroma

following total knee arthroplasty. Cureus. (2020) 12:¢6565. doi: 10.7759/cur
€us.6565

15. Krijgh DD, List EB, Teunis T, Bleys R, Coert JH. The origin and course of the
infrapatellar branch of the saphenous nerve: an anatomical study. JPRAS Open. (2022)
34:144-51. doi: 10.1016/j.jpra.2022.08.006

16. Gousopoulos L, Grob C, Ahrens P, Levy Y, Vieira TD, Sonnery-Cottet B.
How to avoid iatrogenic saphenous nerve injury during outside-in or inside-out
medial meniscus sutures. Arthrosc Tech. (2022) 11:e127-32. doi: 10.1016/j.eats.2021.
09.012

Frontiersin Neurology

147

10.3389/fneur.2023.1083871

17. Riegler G, Jengojan S, Mayer JA, Pivec C, Platzgummer H, Brugger PC, et al.
Ultrasound anatomic demonstration of the infrapatellar nerve branches. Arthroscopy.
(2018) 34:2874-83. doi: 10.1016/j.arthro.2018.05.043

18. Giannetti A, Valentino L, Giovanni Mazzoleni M, Tarantino A, Calvisi V.
Painful total knee arthroplasty: infrapatellar branch of the saphenous nerve selective
denervation. A case series. Knee. (2022) 39:197-202. doi: 10.1016/j.knee.2022.09.010

19. Kramer DE, Bahk MS, Cascio BM, Cosgarea AJ.
arthroscopy:  anatomy, technique,  application.  JBJS.
21. doi: 10.2106/00004623-200612001-00013

Posterior knee
(2006)  88:110-

20. Trescot AM, Brown MN, Karl HW. Infrapatellar saphenous neuralgia-diagnosis
and treatment. Pain Phys. (2013) 16:E315-24. doi: 10.36076/ppj.2013/16/E315

frontiersin.org


https://doi.org/10.3389/fneur.2023.1083871
https://doi.org/10.7759/cureus.6565
https://doi.org/10.1016/j.jpra.2022.08.006
https://doi.org/10.1016/j.eats.2021.09.012
https://doi.org/10.1016/j.arthro.2018.05.043
https://doi.org/10.1016/j.knee.2022.09.010
https://doi.org/10.2106/00004623-200612001-00013
https://doi.org/10.36076/ppj.2013/16/E315
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org

:' frontiers ‘ Frontiers in Neurology

‘ @ Check for updates

OPEN ACCESS

EDITED BY
Lei Xu,
Fudan University, China

REVIEWED BY
Giovanna Squintani,

Azienda Ospedaliera Universitaria Integrata
Verona, Italy

Bo Cui,

Xuanwu Hospital, Capital Medical
University, China

*CORRESPONDENCE
Wei Yu
yuweiwei@jlu.edu.cn

SPECIALTY SECTION
This article was submitted to
Neuromuscular Disorders and Peripheral
Neuropathies,

a section of the journal

Frontiers in Neurology

RECEIVED 25 October 2022
AccepTED 07 February 2023
PUBLISHED 10 March 2023

CITATION

Fan Z, Wen X, Ding X, Wang Q, Wang S and
Yu W (2023) Advances in biotechnology and
clinical therapy in the field of peripheral nerve
regeneration based on magnetism.

Front. Neurol. 14:1079757.

doi: 10.3389/fneur.2023.1079757

COPYRIGHT
© 2023 Fan, Wen, Ding, Wang, Wang and Yu.
This is an open-access article distributed under
the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or
reproduction in other forums is permitted,
provided the original author(s) and the
copyright owner(s) are credited and that the
original publication in this journal is cited, in
accordance with accepted academic practice.
No use, distribution or reproduction is
permitted which does not comply with these
terms.

Frontiersin Neurology

TYPE Review
PUBLISHED 10 March 2023
Dol 10.3389/fneur.2023.1079757

Advances in biotechnology and
clinical therapy in the field of
peripheral nerve regeneration
based on magnetism

Zheyuan Fan, Xinggui Wen, Xiangdong Ding, Qiangian Wang,
Shoushuai Wang and Wei Yu*

Department of Hand Surgery, China-Japan Union Hospital of Jilin University, Changchun, China

Peripheral nerve injury (PNI) is one of the most common neurological
diseases. Recent studies on nerve cells have provided new ideas for the
regeneration of peripheral nerves and treatment of physical trauma or
degenerative disease-induced loss of sensory and motor neuron functions.
Accumulating evidence suggested that magnetic fields might have a significant
impact on the growth of nerve cells. Studies have investigated different
magnetic field properties (static or pulsed magnetic field) and intensities, various
magnetic nanoparticle-encapsulating cytokines based on superparamagnetism,
magnetically functionalized nanofibers, and their relevant mechanisms and clinical
applications. This review provides an overview of these aspects as well as their
future developmental prospects in related fields.

KEYWORDS

magnetic nanoparticles, magnetical nanofibers, peripheral nerve regeneration, magnetic
field, repetitive peripheral magnetic stimulation

1. Introduction

Peripheral nerve injury (PNI) is a major clinical concern, which is caused by the
loss of structure or function of peripheral nerves. In developed countries, ~ 13-23 per
100,000 persons are affected by PNI every year (1). It is a common complication in trauma.
The regeneration of the peripheral nerve should be improved to recover its function.
The core difficulties in nerve regeneration are the directional prolongation of neurites
and the proliferation of Schwann cells (SCs), which provide well-functional axons and
myelin sheaths. Currently, the studies on peripheral nerve regeneration involve growth
factors, nerve conduits, tissue engineering, and genetic engineering (2-5). Since the 1980’s,
researchers have been continuously studying the effects of magnetism on nerve cells. The
magnetic field can induce the orientation of cellular growth. In 1965, Murayama et al.
reported that sickled erythrocytes were oriented perpendicular to the magnetic field (6).
This was the first study on this phenomenon. Since then, erythrocytes, collagen, fibroblasts,
osteoblasts, human glioblastoma A172 cells, SCs, smooth muscle cells, and PC12 cells
have been reported to be related to magnetic fields (6-13). In addition, nerve cells have
a better growth potential in the magnetic field [16]. Based on the theoretical effects of
magnetic fields on nerve cells, biomaterial interventions have shown promising results in cell
cultures and animal studies, providing contact guidance for extending neurites or a sustained
release of various drugs and growth factors. Moreover, researchers further investigated the
magnetic stimulation of peripheral nerves to obtain a better sense and function. This review
summarizes the recent studies on the effects of magnetism on peripheral nerves and proposes
future developmental directions in this field.
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2. PNI and regeneration

PNI is a common clinical issue worldwide, and its prognosis
varies with the degree of injury. Unlike the central nerve,
the peripheral nerve has a limited regenerative capacity after
being injured. After PNI, Wallerian degeneration occurs; the cell
bodies of neurons swell, dissolving the chromatin and making
Nissl's body disappear, which makes the cell body relatively
eosinophilic, shifting the nucleus to the periphery. Moreover,
SCs and macrophages phagocytize the myelin and axons, thereby
degenerating the myelin sheaths at the distal portion of the nerve
injury site. In addition to clearing myelin debris, macrophages and
SCs also produce cytokines, which enhance axon growth. After
clearing debris, regeneration begins at the proximal portion and
continues toward the distal stump. New axonal sprouts generate
from the Ranvier nodes (14, 15).

Different cells participate in repairing the injured nerves. SCs
are arranged longitudinally to form the bands of Biingner, guiding
the direction of regeneration and providing a microenvironment,
which promotes regeneration. The tips of the regenerated axons,
called growth cones, are composed of flat sheets of cellular matrices
with finger-like protrusions (filopodia). Actin polypeptides, which
can contract to produce axonal elongation, are in filopodia. The
growth cones release proteases, which dissolve the matrix on its
path, thereby clearing the way for regeneration. The recovery of
nerve function depends on the extension of regenerated axons from
the injured site to the target organ at the distant portion (14).

3. Theoretical study based on
magnetism and peripheral nerve
regeneration

3.1. Properties of magnetic fields and
superparamagnetism

Magnetic properties are generated by electrons, spinning
around the nuclei of atoms and their axis (16). The magnetic field
intensity of a magnetic material is related to its atomic structure and
temperature. In some atoms, the magnetic dipoles, arising from the
spinning of electrons, do not cancel each other out, thereby creating
a permanent dipole. The permanent dipole aligns with the external
magnetic field. The magnetism of superparamagnetic materials
disappears with the disappearance of the external magnetic field.
This provides a basis for strengthening the magnetic field intensity
and reducing the adverse effect of a magnetic field (17).

3.2. Growth of nerve cells in a magnetic
field

Static magnetic fields (SMFs) or pulsed magnetic fields (PMFs)
are usually used in the studies of nerve cells. PMFs are safe
and eflicient to promote nerve regeneration (18-20). SMFs have
constant intensity and direction and a frequency of 0 Hz. Recently,
studies have been conducted on the effects of SMFs on nerves
at the cellular level. Numerous studies showed that the effects of

Frontiersin Neurology

10.3389/fneur.2023.1079757

exposure to SMFs on cellular proliferation varied depending on
the cell type (21, 22). Moreover, most studies, investigating the
effects of SMFs on cell cycle distribution, showed that there was
no statistical difference between the exposed and control group
(23). There are two necessary pathways for the regeneration of
peripheral nerves: the growth of neurites and myelin sheaths.
Mann et al. provided new ideas for the correlations between these
two enhanced pathways (24). They reported that a slight nuclear
magnetic resonance therapy (NMRT) could induce an increase in
SCs proliferation; however, its effect on repair-associated genes
was not statistically significant. Furthermore, NMRT could not
only enhance the neuronal maturation of individual neurons
but also encouraged neurite outgrowth. Interestingly, they also
showed that NMRT could induce the secretion of neurotrophic and
neuritogenic factors in SCs, leading to the survival of dorsal root
ganglia (DRG) neurons and neurite outgrowth.

These studies suggested that the differences in growth direction
in response to magnetic field direction depended on the cell
type. Macias made two coils of individual copper sheets folded
into a square coil to establish a PMF (25). DRG showed a
growth tendency parallel to the electric field (perpendicular to
the magnetic field). Interestingly, Eguchi showed that SCs and
collagens exhibited different growth directions under strong SMFs
(8-T). The directions of the SCs and collagen groups were parallel
and vertical to that of the magnetic field, respectively. Moreover,
SCs oriented in the direction vertical to the magnetic field in
a mixture of Schwann cells and collagen under 2h of magnetic
field exposure. DRG showed the same growth tendency as that of
collagens, thereby providing theoretical support for the use of a
magnetic field to guide peripheral nerve regeneration. Other studies
demonstrated that fibrin (26, 27), PC12 cells (12), erythrocytes (28),
and osteoblasts (9, 29) aligned parallel to the magnetic field. This
property of the magnetic field might be significant in selecting
different ways to guide peripheral nerve regeneration.

A strong magnetic field has a destructive effect on cells and
can cause genetic mutation and DNA damage (30, 31). Liu
et al. reported that the high-intensity magnetic field might be
unfavorable for the growth of Schwann cells. When PMF was set
to a frequency of 50 Hz, different from 5.0 or 10.0 mT (T = tesla),
0.5, 1.0, or 2.0 mT each was safe for the growth of Schwann cells
(32). Interestingly, Eguchi reported that SCs and collagen exhibited
normal growth under strong SMFs (8-T) (11). The reasons for
these dramatic differences have not been explored yet, and it was
speculated that the effects of magnetic field intensity on cellular
growth were related to the type of magnetic field. SCs could better
withstand SMF as compared to PMF.

3.3. Magnetic nanoparticles

A major challenge in peripheral nerve regeneration is the
local and sustained delivery of bioactive factors. Studies on MNPs
showed that the intervention of an external magnetic field was
a type of conventional means. Due to good biocompatibility,
MNPs can also be used alone as drug-loading tools to promote
peripheral nerve regeneration (33). Magnetic liposomes could
enhance neurite outgrowth with a nerve growth factor (NGF)
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through phosphorylated extracellular regulated protein kinases
(ERK) 1/2, which simultaneously upregulated the B-tubulin and
integrin B1 (34). Hu et al. showed an increased extension of
spiral ganglion neurons (SGNs) in MNPs and MNPs + magnetic
field groups as compared to those in the control group (2).
Mitrea et al. used oral chitosan-functionalized MNPs to promote
neural regeneration in the PNI experimental model and obtained
satisfactory results (35). The mechanism for this phenomenon
might be the release of Fe ions from iron oxide NPs inside the
cells, promoting neurite outgrowth. Numerous approaches used
MNPs to assist in drug or gene delivery, including liposome
or micelle encapsulation, polymer coatings, and direct surface
functionalization (16). Other applications of MNPs include the
directional migration of cells induced by external magnetic fields
(2, 36-39). In a review, Gilbert divided MNP-mediated cellular
manipulations into two categories: magnetic cell guidance and
magnetic cell transplantation (16). In essence, both these methods
are based on the combination of MNPs and target cells induced by
external magnetic fields.

To solve the problem of instability, aggregations, and cellular
toxicity of MNPs, Qin et al. synthesized a novel nanomedicine
composed of NGF-functionalized Au-coated MNPs. They showed
that both the static and rotation magnetic groups could significantly
increase the number of differentiated cells and neurites, exhibiting
longer average neurite length and clearer directionality, as
compared to the no magnet group (36). Liu et al. designed a
type of fluorescent-magnetic bifunctional superparamagnetic iron
oxide nanoparticles (SPIONs) to control the phenotypic stability
of repaired SCs (37). The SMF-induced SPIONs group showed
a significantly higher mRNA expression level of brain-derived
neurotrophic factor (BDNF), glial cell-derived neurotrophic factor
(GDNEF), oligodendrocyte transcription factor 1 (Oligl), and
vascular endothelial growth factor (VEGF) (qRT-PCR and ELISA).
Western blot analysis showed that the expression levels of Beclinl
and 1c3b in the experimental group were higher than those in
the control group, while the expression level of p62 protein was
lower, suggesting the activation of autophagy in Schwann cells
by the magnetic stimulation SPIONs. Moreover, for their effects
on elongation and branching, there was a statistically significant
increase in the expression levels of immune-related cytokines
and transcription factors associated with repair phenotypes in the
SPION + MF groups. In vitro experiments also verified the effects
of SPIONs on promoting peripheral nerve regeneration. Hu et al.
reported that the combination of SGNs with poly-L-lysine-coated
SPIONSs could promote the extension of neurites and growth along
the direction of a magnetic field (2). Huang et al. reported that the
number of SCs with ChABC/PEI-SPIONs, which migrated into the
astrocyte region, was 11.6- and 4.6-fold higher than that of control
groups under the driven effect of a directional magnetic field (40).
Raffa et al. observed that PC12 cells also exhibited more neurite

extension and orientation under the guidance of MNPs (39).

3.4. Biomaterials based on magnetic fibers

Due to the advantageous features of nanofibers and MNPs,
numerous researchers have combined MNPs with biodegradable
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nanofibers to produce magnetic nanofiber scaffolds. Nanofibers
have the characteristics of a large surface-to-mass ratio, high
porosity, and superior mechanical performance (41-43). Based on
electrospinning (ES), there are three techniques for obtaining iron
oxide-loaded composite fibers: the introduction of pre-synthesized
SPIONSs in a polymer solution before ES (used in biodegradable
polymers mostly), mixing a precursor before a post-ES process
to yield the SPIONs within the fibers, and in situ synthesis
techniques (44, 45). There are two major drawbacks in the classical
precipitation of NPs on the surface of biomaterials, including
difficulty in controlling the morphology and aggregation of NPs
and the incompatibility of SPIONs formation with a wide range
of biopolymers (44). Silanization, polymer brush coating, and
grafting have been used for ameliorating the dispersibility of NPs
in polymeric matrices (44). Sodium citrate, polyacid, or oleic acid
has also been applied for the dispersion of iron oxide NPs. Nottelet
et al. combined thiolyne photoaddition with free ligand exchange
to anchor SPIONs on the surface of nanofibers, which maintained
the initial fiber morphology and avoided the unwanted aggregation
of MNPs.

A variety of materials have been used in the preparation of
magnetic nanofibers, such as chitosan/poly (vinyl alcohol) (PVA),
poly (e-caprolactone) (PCL), hydroxyapatite (HA), magnetic poly
(L-lactic acid) (PLLA), poly (D, L-lactic acid) (PDLLA), and poly
(glycolide-co-L-lactide) (PGLA) (46-50). Due to the tunability,
porosity, hydrophilicity, capacity for the incorporation of biological
factors, and the polymeric nature of hydrogels, they are increasingly
used in bone or nerve regeneration, cancer therapy, and tissue
engineering (51). Gilbert et al. designed a method to inject the
small conduits of aligned fibers within a hydrogel to reduce
fiber tangling (52). They observed that SPION could increase the
elongation of neurites by 30%. In addition, they also concluded
that SPION content in the electrospinning fibers could be set
between 2 and 6% by weight to balance the magnetization and fiber
diameter, alignment, and/or density. Gilbert et al. also synthesized
aligned control PLLA and SPION-grafted PLLA electro-spun fibers
to induce DRG growth. They set up three different types of
magnetic fields to study the induction of nerve regeneration
by magnetic nanofibers under different magnetic fields: SMF,
alternating magnetic field, and linearly moving magnetic field.
They observed that neurites could extend 24 and 30% farther on
SPION-grafted fibers as compared to that of untethered SPIONs
on PLLA fibers under the static or alternating magnetic field.
Moreover, 40 and 27% longer neurites were observed in the
alternating and linearly moving magnetic fields as compared to that
in the SMF (53).

In addition to inducing nerve regeneration under a
paramagnetic action, the magnetic field can also be used to
form aligned columnar structures in biological scaffolds, especially
systematically tuning the mechanical properties of hydrogel
scaffolds (54-56). Schmidt et al. used polyimide, magnetic alginate
microparticles, and glycidyl methacrylate hyaluronic acid to invent
a magnetically aligned regenerative tissue-engineered electronic
nerve interface (MARTEENTI) (57). This new technology combined
TEENI technology with magnetically templated scaffolds to
overcome the challenges of prosthetic-limb neural-interfacing
technology, such as stiffness mismatch, low axonal population
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sampling, and long-term signal decay. After 6-8 weeks of exposure,
MARTEENI groups showed similar results in the expression
levels of extracellular matrix (ECM) proteins and axonal density
as compared to the autograft groups. Under the induction of an
external magnetic field, magnetic nanofibers can accelerate drug
release. Ming-Wei Chang et al. reported that magnetic hollow
fibers could induce greater drug release as compared to the
non-treated samples under AMF (~40kHz) (58). This might be
due to the magnetocaloric effect caused by superparamagnetism.
This kind of nanofiber might have a good prospect in drug delivery
with precise positioning.

3.5. Mechanism of magnetic effects on
nerve cells

Since the 1970%, increasing evidence has confirmed the
neuron-promoting effects of SMF and alternating magnetic fields.
The mechanism of the magnetic field, including both external or
micromagnetic fields based on superparamagnetism, which affects
peripheral nerves, is unclear. A comprehensive understanding of
the mechanism at the cellular level might help in developing
strategies to use magnet-mediated therapy for PNI. This part of
the review highlights the mechanism of stimulating the effects of
a magnetic field on cells (Figure 1).

One of the mechanisms of the magnetic field on cells is
its effect on the molecular structure of excitable membranes,
modifying the function of embedded ion-specific channels (59).
Strong magnetic fields can alter the preferred orientation of
different diamagnetic anisotropic organic molecules. Low magnetic
field intensity relies on the molecular structure of excitable
membranes. Researchers have focused on the changes in ion
channels under a magnetic field. The voltage-gated channels,
including potassium, sodium, and calcium ion channels, are
affected by magnetic field exposure, thereby making neurons
highly sensitive to magnetic field exposure (60-62). Numerous
studies have investigated the internal flow of calcium ions (3, 63).
In previous studies, Aldinucci simultaneously exposed human
lymphocytes to 4.75T SMFs and 0.7 mT PMF at 500 MHz for
1 h. The combined SMF and PMF groups could increase the Ca**
influx (64). Balassa et al. reported that the calcium ion channels
might play significant roles in synaptic functions under magnetic
field stimulation (65). Finberg et al. reported that SMFs could
mediate the Ca** influx through L-type voltage-gated calcium
channels (VGCCs), providing a neuroprotective activity related
to their anti-apoptotic capacity. They reported that the cellular
apoptosis of primary cortical neurons, which were exposed to
SMF (50 G), decreased, showing a lower expression level of pro-
apoptotic markers, including cleaved caspase-3, cleaved poly ADP
ribose polymerase-1, the phospho-histone H2A variant (Ser139),
and active caspase-9. Moreover, the expression levels of Cavl.2
and Cavl.3 channels were significantly enhanced (63). Currently,
these protective effects on these cells are only reflected in the SMF,
while the strong PMF accelerates cellular apoptosis. Prasad et al.
reported that the moderate-intensity SMF (0.3 T) could induce
the oligodendrocytes precursor cells to increase the intracellular
Ca?" influx by increasing the expression levels of L-type channel
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subunits—CaV1.2 and CaV1.3 (3). Numerous studies showed that
the changes in ion channels were an important part of this process.

Studies on MNPs in various magnetic fields have shown that
they have great potential for nerve regeneration. After the binding
of MNPs to target cells, the magnetic force acting on the target cells
becomes the most intuitive mechanism. Schwann cells, which are
the commonly used target cells, are essential for the rapid saltatory
propagation of action potential. Studies have focused on the effects
of mechanical stimulation on Schwann cells (66). Recent studies
showed that Schwann cells could create “stimuli” for themselves
even in the absence of external mechanical stimulation (67, 68).
They secrete basal lamina, an essential component of the SC’s ECM,
to enhance mechanical resistance. Mechanical stimulation might
have a positive impact on SCs based on mechano-sensors and
mechano-transducers (66). The stimulation can activate ECM, cell
adhesion molecules, and some mechano-transduction pathways
(69) and can enhance the expression levels of 1 integrins (70,
71). Moreover, low-level mechanical stimulation can promote the
proliferation of SCs accompanied by demyelination and apoptosis
(72-74). Xia et al. reported that miR-23b-3p from the extracellular
vesicle of SCs might be a key factor of mechanical stimulation,
promoting peripheral nerve regeneration (75). Meanwhile, force
generation is downstream of many signaling cascades activated
by neurotrophic factors, such as netrin-1 and NGF (76, 77).
Raffa et al. quantified the correlations between the magnitude of
mechanical force and nerve elongation (78, 79). This provided a
theoretical basis for the quantitative design of MNPs to promote
axonal regeneration.

Another possible mechanism is the magnetocaloric effects of
MNPs in an external magnetic field, promoting nerve regeneration.
This effect has been applied in bioengineering for a long time.
Lin et al. completed and applied the localized heating of magnetic
nanofibers to inactivate tumor cells (80). Although there is a lack
of studies on the correlation of the magnetocaloric effect with
nerve regeneration under a magnetic field, the correlation between
temperature and neurite growth has been confirmed. He et al.
reported that suitable temperature increased the serum levels of
TGF-B and IL-10 and decreased the serum levels of TNF-a and
IL-1B (81). This result is the same as the cytokine changes of
nerve cells under the magnetic field. Numerous studies proved
that the increase in temperature could positively affect the growth
of neurites, and the temperature of 37-42°C might be the most
suitable temperature for nerve growth (82).

The effects of the magnetic field on peripheral nerves are also
reflected in growth factors and inflammatory factors. Zhang et al.
reported that the low-intensity PMF could enhance the expression
levels of myelin basic protein (MBP), myelin oligodendrocyte
glycoprotein expressions (MOG), and transforming growth factor
(TGF) (TGF-p1, TGF-BR1, and TGF-BR2) in the central nervous
system (83). The TGF-B inhibitor could reduce the expression levels
of NGF in a mouse model, which suggested that the stimulation
of a magnetic field might promote the release of NGF (4). Mert
et al. reported that the low-frequency PMF (1, 3, 5, 7Hz) not
only increased compound action potential (CAP) amplitude and
sciatic nerve conduction velocity (SNCV) but also reduced the
expression levels of chemokines, such as CXCL1 and CCL3, which
prevented the infiltration of immune cells and migration of neural
progenitors (84). Moreover, PMF treatment could increase the
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Magnetism-related nerve regeneration strategies can be divided into simple magnetic fields and magnetic nanoparticles. The growth trend of
neurites and Schwann cells in the simple magnetic fields is different. Schwann cells tend to grow parallel to the magnetic field, while neurites tend to
be vertical. In addition, this process is accompanied by macrophage transformation, cytokine regulation, and changes in ion channels. Strategies
based on magnetic nanoparticles generally combine particles with Schwann cells. In this process, Schwann cells are subject to mechanical action
and magnetocaloric effect. In the process of mechanical stimulation, Schwann cells are directionally proliferated in the magnetic field by F-/G-actin,
YAP/TAZ, MRTF, LINC pathway, and the downregulation of NRP1 induced by microRNA 23b-3p proliferation.

expression levels of bFGF and decrease that of VEGF in the sciatic
nerve. Interestingly, VEGF and bFGF indicated different results in
diabetic mouse models, showing decreased expression levels (85).
The mRNA expression levels of BDNF, GDNF, and VEGF were
higher in the magnetic field-induced Schwann cells than those in
the control group, while those of NT-3 were similar (86). There was
no reasonable explanation for this phenomenon. It was speculated
that this might be related to the differences in the growth directions
of Schwann cells and neurites in the magnetic field.

During peripheral nerve regeneration, macrophages gradually
convert from the pro-inflammatory (M1) phenotype to the anti-
inflammatory (M2) phenotype (87-90). They are also associated
with cellular proliferation and differentiation as well as the release
of growth factors (91). Dai et al. reported that the combination of
MNPs and alternating magnetic fields could promote macrophage
to M2 polarization (92). In addition, they also suggested that this
regulation might be directly related to the internalization of MNPs
involved in activating the expression of interleukin 10 (IL-10),
which might be amplified by the external magnetic field.

Brief exposure to SMF at 100 mT for 15min led to a
marked but transient potentiation of binding of a radiolabeled
probe for activator protein-1 (AP1) in immature cultured rat
hippocampal neurons. It caused a high expression level of growth-
associated protein-43 and increased AP1 DNA binding through
the expression of Fra-2, c-jun, and jun-D proteins. A study by
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Hirai provided a basis for finding the signaling pathway of the
magnetic stimulatory effects on neurons (93). Liu et al. studied the
mechanism of remyelination using in vitro and in vivo experiments
on MNPs bound to SCs under SMFs. They suggested that
Raf-MEK-ERK1/2, Racl-MKK7-JNK-c-Jun, and TORCI-c-Jun
pathways might be related to peripheral nerve regeneration under
superparamagnetism. Notably, although there was a statistically
significant increase for regeneration-related protein in the SPION
+ MF group as compared to the pure magnetic field group, it
was not possible to determine whether this effect was due to
superparamagnetism or mechanical stimulation (37).

Numerous high-quality studies are still required to establish
a complete system for the mechanistic effects of magnetism on
peripheral nerves, which should include all the aforementioned
experimental phenomena.

4. Clinical applications

With the continuous theoretical studies on peripheral nerve
regeneration using a magnetic field, relevant clinical applications
are also being developed. Due to its muscle contractions
and sensory afferents, repetitive peripheral magnetic stimulation
(rPMS) is a non-invasive treatment for the nervous and
musculoskeletal system (94) and has been widely used in many
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fields, such as reducing spasticity and improving the motor control
of paretic limbs (95-97).

There is no conclusion about the underlying mechanism of
rPMS. Researchers showed that the cortical plastic effects might be
a key factor (98). The activation of the frontoparietal loops and an
increase in corticomotor excitability are also important effects after
magnetic stimulation (96). Liu et al. reported that the peripheral
nerve electrical stimulation for 1h could increase corticomotor
excitability and hand dexterity improvement in patients with motor
impairment after stroke (99). Other studies have shown similar
results (100, 101).

A randomized controlled trial of 46 samples showed that the
repetitive magnetic stimulation of the median nerve with 2,400
pulses (20 Hz over 10 min) could increase the peak motor evoked
potential (MEP) amplitudes and RC slope in the contralateral
hemisphere (98). Furthermore, the improvement in the Purdue
Pegboard Test (PPT) score was significant after 24 h as compared
to the baseline (P = 0.003) and immediately after rPMS
(*P=10.012). Savulescu et al. reported that rPMS in association
with physiokinesiotherapy (PKT) groups showed more improved
results in the pain score and electromyography (EMG) analysis
than in monotherapy groups (102).

rPMS has therapeutic effects on stroke-induced neurological
and muscular sequelae. Jiang et al. reported that rPMS groups
showed a better arm function and muscle strength for grip and
elbow flexion and an extension of patients suffering from an early
subacute stroke with severe upper extremity impairment than
conventional physiotherapy groups (103). Zschorlich et al. reported
that a 5-Hz rPMS could reduce the tendon reflex amplitude, which
reduced muscle stiffness and increased mobility (104). Although
rPMS involves the direct effect of magnetic field and peripheral
nerve, there are few clinical studies on rPMS and peripheral nerve
injury. The aforementioned research suggests that rPMS may play
a role in promoting peripheral nerve regeneration. We need more
high-quality studies to verify the efficacy and specific parameters
of IPMS.

Magnetic fields are also applied in chemotherapy-induced
peripheral neuropathy (CIPN), which is performed by axonal
degeneration (vinca alkaloids) and demyelination (platinum
compounds) (105, 106). Rick et al. reported that the 3-month
magnetic field treatment could significantly improve NCV and
subjectively perceived neurotoxicity (107). Moreover, there was
no statistically significant difference in the pain detection
end scores.

The International Commission on Non-Ionizing Radiation
Protection (lower than 300 Hz for the general public and 400 Hz
for occupational exposure) and the Institute of Electrical and
Electronics Engineers International Committee on Electromagnetic
Safety (lower than 750Hz) have set limits on electromagnetic
field thresholds for protection against stimulation and thermal
effects (108-110). Moreover, the threshold of electromagnetic field
strength is conservative due to a lack of correlation between
internal and external field strengths and nerve activation (108).
Hirata et al. used a multi-scale computation to study the threshold
of peripheral magnetic stimulation based on a human anatomical
model (108). They showed a margin factor of 4-6 and 10-24
times between internal and external protection limits of the
international standards.
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It is worth noting that the preliminary or explorative studies
on the nature of rPMS have reported single cases, case series,
or different stimulation protocols (111-115). Sollmann et al.
made a checklist, including eight subject-related items, such as
age, gender, handedness, or footedness; 16 methodological items,
such as coil location, coil type, pulse duration, and shape; and
11 stimulation protocol items, such as stimulation frequency,
stimulation intensity, and duty cycle, to guide the research direction
of rPMS and contribute to new interventional or exploratory rPMS
studies (116).

5. Conclusion and future prospects

This
intensities, MNP-encapsulating various cytokines based on

review discusses magnetic field properties and
superparamagnetism, magnetically functionalized nanofibers,
relevant mechanisms, and some clinical applications. This review
attempted to completely and systematically analyze the latest
studies on these topics.

At the same time, there are numerous problems in this
field, which should be solved by researchers in their future
studies. First, a suitable magnetic field mode and methods to
be used are needed to be formulated. Gleich et al. reported
that the cornered FOS8 coil was more effective, which could
reduce the stimulation voltage, current, and energy of the
stimulation device (117). Abe et al. also used a newly developed
stimulator to reduce the pain and discomfort of magnetic
stimulation (118). Heiland et al. reported that the magnetization
transfer ratio in the peripheral nerve tissue altered with age
(119). This indicated that the mode setting of peripheral nerve
magnetic stimulation therapy should be adjusted based on the age
of patients.

In addition, the relevant mechanism requires further
exploration. The molecular mechanisms of these problems are
still unknown. Using experiments based on MNPs-Schwann
cells under SMFs, Liu et al. showed that Raf-MEK-ERK1/2,
Racl-MKK7-JNK-c-Jun, and TORCI-c-Jun pathways might
be related to peripheral nerve regeneration; however, there
is no evidence determining whether this effect was due to
superparamagnetism or mechanical stimulation. Moreover, the
direction of cell growth was correlated with the cell type under
different magnetic fields. According to previous studies, Schwann
cells tended to grow parallel to the direction of the magnetic
field, while neurites grew perpendicular to the magnetic field.
This difference might limit the potential of axon and myelin
sheath growth under a magnetic field. Future studies should
focus on finding a more reasonable magnetic field placement
mode, strength, and time to obtain the best effects with the
smallest damage.

The effects of magnetism on peripheral nerves have always
been a research hotspot. A suitable application of magnetic
field or magnetic biomaterials can shorten the regeneration
time of peripheral nerves, enhance the orientation of nerves,
and promote the release of growth factors. In future, more
high-quality studies are warranted, which could further clarify
the mechanism of magnetic action and formulate guidelines for
magnetic therapy.
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This retrospective study was to compare clinical outcomes of ultrasound-guided
needle release with corticosteroid injection vs. mini-open surgery in patients
with carpal tunnel syndrome (CTS). From January 2021 to December 2021,
40 patients (40 wrists) with CTS were analyzed in this study. The diagnosis
was based on clinical symptoms, electrophysiological imaging, and ultrasound
imaging. A total of 20 wrists were treated with ultrasound-guided needle release
plus corticosteroid injection (Group A), and the other 20 wrists were treated
with mini-open surgery (Group B). We evaluated the Boston carpal tunnel
questionnaire, electrophysiological parameters (distal motor latency, sensory
conduction velocity, and sensory nerve action potential of the median nerve), and
ultrasound parameters (cross-sectional area, flattening ratio, and the thicknesses
of transverse carpal ligament) both before and 3 months after treatment. Total
treatment cost, duration of treatment, healing time, and complications were
also recorded for the two groups. The Boston carpal tunnel questionnaire and
electrophysiological and ultrasound outcomes at preoperatively and 3 months
postoperatively had a significant difference for each group (each with P < 0.05).
There were no complications such as infection, hemorrhage, vascular, nerve,
or tendon injuries in both groups. Ultrasound-guided needle release and mini-
open surgery are both effective measures in treating CTS patients. Ultrasound-
guided needle release plus corticosteroid injection provides smaller incision,
less cost, less time of treatment, and faster recovery compared with mini-open
surgery. Ultrasound-guided needle release plus corticosteroid injection is better
for clinical application.

KEYWORDS

ultrasound, mini-open surgery, carpal tunnel syndrome, transverse carpal ligament,
needle release

Introduction

Carpal tunnel syndrome (CTS) is the most frequent musculoskeletal disorder of
compressive neuropathy (1). It is caused by compression of the median nerve within the
carpal tunnel between the carpal bones and the transverse carpal ligament (TCL) (2). CTS
usually causes sensory (paresthesia and hypoesthesia), pain, sleep disturbance, and motor
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deficit. It affects ~1-2 men and 4-5 women in every 1,000
persons and always occurs between the age of 40 and 60 years
(3). In most cases, CTS is idiopathic (4). Sometimes, diabetes,
pregnancy, amyloidosis, and rheumatic synovitis can also cause
CTS (4). In essence, CTS is a multifactorial condition (5). CTS
is diagnosed by clinical symptoms and physical examination. The
Boston carpal tunnel questionnaire, electrophysiological testing,
and ultrasonography as supplementary tools can confirm it (6-10).
The electrophysiological test of the median nerve is the key point in
diagnosing CTS (11). However, when electrophysiological testing
is normal in clinically suspected CTS patients, ultrasound imaging
seems to be effective in diagnosing (8). Recently, ultrasound was
often used for musculoskeletal diseases, especially in peripheral
nerve pathologies and median nerve abnormity (12, 13).

There are mainly two types of CTS treatments: surgical and
conservative. The choice of treatment depends on the severity of
CTS. Conservative treatments are usually for those patients who
are in minor and modest circumstances. Conservative treatments
include wrist splinting, local corticosteroid injections, laser therapy,
and therapeutic ultrasound (14). When conservative ways cannot
alleviate CTS symptoms, or the patients case was severe at the
beginning, surgical treatment should be the preferred option (15).
Surgery is also a treatment of choice for persistent or progressive
CTS patients, and it mainly includes dividing TCL in order to
relieve median nerve compression (16). There are five kinds of
incision sizes for carpal tunnel release (CTR), namely classic
(>4 cm), limited (2-4 cm), mini (1.0-2cm), percutaneous (0.4-
0.6 cm), and ultra-minimally invasive (<1 mm) (17-22). Smaller
incision size shows faster recovery time and lower pain (17, 19).
Although endoscopic CTR has superiority compared with classic
open CTR (OCTR), it has damage complications to neurovascular
structures and tendons (19). Cause mini carpal tunnel release has
good outcomes in clinical set-up, and we use mini-incision open
surgery when conservative ways cannot alleviate CTS symptoms.

Nowadays, ultrasound-guided  corticosteroid  injection
combined with needle release of the TCL is a new minimally
invasive method to treat CTS. Under ultrasound guidance, it is
accurate to identify anomalous anatomy, thus avoiding damaging
the surrounding tissues of the median nerve. We can observe the
median nerve cross-sectional area reduction to demonstrate the
effectiveness of corticosteroid injection into the carpal tunnel (23).
The purpose of our study was to evaluate the efficacy of surgery
and ultrasound-guided corticosteroid injection combined with
needle release.

Materials and methods

Patients

Our study was approved by the ethical and scientific review
board of our hospital. Written informed consent was obtained
from every patient. Between January 2021 and December 2021, we
included 40 patients (5 men and 35 women) who were diagnosed
with CTS in this retrospective study. CTS diagnosis standard was
made by clinical history, physical examination, ultrasound, and
electrophysiological evaluation. Clinical history included tests of
sensibility and muscle strength, questioning symptoms of sensory
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and thenar atrophy examinations. We checked Phalen’s test and
Tinel’s sign on percussion of the wrist. The criteria of CTS in
electrophysiological were median distal motor nerve latency of
>4.2 ms (stimulation, 2 cm proximal to the wrist crease) or median
sensory nerve conduction velocity of <45 m/s (between the 2 cm
proximal to the wrist crease and middle crease of the long finger).

The exclusion criteria were poor general physical condition,
pregnancy, carpal fractures, contraindicate for corticosteroid drugs,
previous wrist surgery, and previous treatment of CTS. A total of
20 patients (Group A) underwent ultrasound-guided corticosteroid
injection combined with needle release, and the other 20 patients
(Group B) had mini-open surgery. All patients finished the Boston
carpal tunnel questionnaire, ultrasound, and electrophysiological
examination before and 3 months after treatment.

Ultrasound-guided treatment procedures

Ultrasound-guided treatment as an outpatient procedure was
routinely performed in the ultrasound interventional room.
Ultrasound examinations were performed by a senior ultrasound
doctor using the Mindray Resona7 with a 5-12 MHz transducer
(Mindray, Shenzhen, China). We set the median nerve in the
middle of the screen, and a 5-ml disposable sterile syringe (with
a needle) was used for the administration of local anesthesia and
release of TCL.

The patient was asked to sit on a chair, and the affected hand
was positioned to the side with the palm up in an extended
position. All treatment procedures were performed by C.C.X with
the probe covered with surgical gloves. An acoustic coupling agent
was used on the probe inside the surgical gloves. The patients
skin was disinfected with complex iodine three times from the
metacarpophalangeal joint to 5cm above the carpal canal. The
probe was placed on the wrist with the longitudinal section, and
then, the long axis of the median nerve was clearly seen. The
insertion point is 0.5cm proximal to the compression point of
the median nerve. The direction of the needle entry is from the
proximal to the distal end of the median nerve. When inserting
the needle, care was taken to avoid stabbing the median nerve,
radial artery, and ulnar neurovascular bundle. The needle entry
point was wiped with complex iodine cotton balls under ultrasound
guidance, and a 4-ml mixture solution which contained 2 ml 2%
lidocaine and 2 ml 0.9% sodium chloride (in a ratio of 1:1) was
injected. Thereafter, local anesthesia was performed layer by layer
on the median nerve surface under the continuous guidance of
ultrasound, and acupuncture compression of the TCL at the median
nerve was continuously performed from proximal to distal and
from shallow to deep. The operation was completed until there
was no resistance to the acupuncture of TCL. Under real-time
ultrasound guidance, a 2-ml mixture solution containing 1 ml of
2% lidocaine and 1 ml of betamethasone (Schering Pharmaceutical
Co., Ltd. in Shanghai, China) (in a ratio of 1:1) was injected,
and the mixture solution could be seen diffusing in the carpal
tunnel (Figure 1). After the needle was pulled out, the needle
path was pressed with hand for 5min and then pasted with an
adhesive bandage at the insertion point. To prevent infection,
the wound should be kept dry for 48h. The whole process
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NEEDLE

FIGURE 1

Ultrasound-guided needle release plus corticosteroid injection procedure of a Group A patient. (a) The transverse carpal ligament (TCL) was
compressed (white arrow) in the ultrasound image before treatment. (b) Acupuncture process (c) 2 ml mixture solution (white ellipse) which
contained 1 ml of 2% lidocaine and 1 ml of betamethasone were injected into the carpal tunnel. (d) TCL was normal (no compression) after 3-month
follow-up in the ultrasound image. (e) Sonographer held the probe covered with surgical gloves with one hand and acupuncture compression of the
TCL at the median nerve continuously under the continuous guidance of ultrasound. (f) Postoperative image (no scar).

NEEDLE

!

lasted for approximately 5-10min. During the operation, all
patients had no pain or discomfort. There were no postoperative
complications, and the patient was reexamined 3 months after
the operation.

Mini-open surgery procedures

The patient was placed in a supine position under general
anesthesia. A pneumatic tourniquet was set at 40 kpa pressure,
with a total time of 1h and an interval of 15min. The size
of the incision was ~2cm, and its shape was longitudinal.
The skin and subcutaneous tissues were cut open in turn
to expose the carpal canal; the thickened and adherent
transverse carpal ligament was cut open; the epineurium and
bundle membrane of the nerve were loosened; the nerve
bundle decompression was performed; and the wound was
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rinsed after complete hemostasis (Figure 2). After checking
nerve release, it was reclosed layer by layer until it reached
the skin.

Boston carpal tunnel questionnaire, and
ultrasonic and electrophysiological
evaluations before and after treatment

The Boston carpal tunnel questionnaire is the most widely
used to assess symptom severity and functional status. It includes
two parts: the Symptom Severity Scale (SSS) and the Functional
Status Scale (FSS) (6). SSS has 11 questions, and FSS contains 8
items. According to the mean score, patients are divided into five
grades: minimal (0.1-1 point), mild (1.1-2 points), moderate (2.1-3
points), severe (3.1-4 points), and extreme (4.1-5 points).

frontiersin.org


https://doi.org/10.3389/fneur.2023.1158688
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org

Zeng et al.

10.3389/fneur.2023.1158688

FIGURE 2

Mini-open surgery of a Group B patient. (a) The transverse carpal ligament (TCL) was compressed (white arrow) in the ultrasound image before
treatment. (b) TCL was normal (no compression) after 3-month follow-up in the ultrasound image. (c) Postoperative image (with a 2-cm scar).

In ultrasound examinations, the median nerve’s flattening ratio
(FR) and cross-sectional area (CSA) were measured according to
El Miedany and colleagues’ grading system (24). Depending on
the CSA of the median nerve at the inlet, severity is divided into
follows: mild, 10-13 mm?; moderate, >13-15 mm?; and severe,
>15 mm? (25). FR was the ratio of the nerve’s transverse axis to
the anteroposterior axis. It was assessed at the level of the pisiform
bone. The transverse carpal ligament (TCL) was measured on the
cross-section at the level of the hamate bone.

In electrophysiological examinations, we recorded the median
nerve’s distal motor latency (DML), sensory conduction velocity
(SCV), and sensory nerve action potential (SNAP). According to
recommendations of the American Association of Neuromuscular
and Electrodiagnostic Medicine (26) and the American Academy
of Orthopedic Surgeon (AAOS) work group (27), CTS severity
was classified as follows: negative when all tests had normal
findings (both comparative and segmental studies); minimal
when abnormal on comparative or segmental tests; mild when
normal DML with finger-wrist tract SNCV slowed; moderate when
increased DML with finger-wrist tract SNCV slowed; severe when
increased DML with a finger-wrist tract absence of the sensory
response; and extreme when there is a thenar motor absence of
the response.

Statistical analysis

Statistical analyses were performed using SPSS version 22.0
(SPSS Inc., Chicago, IL, USA). All quantitative data were expressed
as mean =+ standard deviations (SD). All qualitative data were
expressed as numbers and percentages. We used Student’s ¢-test to
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compare quantitative data between groups and Mann-Whitney U-
test to compare qualitative data. A p-value of < 0.05 was considered
to be statistically significant.

Results

In our study, we included 40 eligible patients (40 wrists) with
CTS. There were no significant differences between Group A and
Group B with respect to average age, gender, side, and duration of
disease (each with P > 0.05) (Table 1). For the treatment duration,
total treatment cost, and healing time, Group A had significance
compared with Group B (each with P < 0.05). Group A had a
shorter treatment duration, costed less, and had a quicker healing
time than Group B. There were no complications such as infection,
hemorrhage, vascular, nerve, or tendon injuries in both groups.
Patients had no recurrent symptoms after treatment in 3 months.

Table 2 shows Boston carpal tunnel questionnaire results before
and 3 months after the treatment of the two groups. It showed a
significant difference for both groups with respect to the Symptom
Severity Scale (SSS) and the Functional Status Scale (ESS) before
and 3 months after treatment (each with P < 0.05). There was
no significance regarding SSS and FSS between the two groups 3
months after treatment (P = 0.73).

The results of electrophysiological examinations for two groups
before and 3 months after treatment are shown in Table 3. There
was no significant difference with respect to DML, SCV, and SNAP
before treatment between the two groups (each with P > 0.05).
Both the groups showed significance in their DML, SCV, and SNAP
3 months after treatment which suggested that both ultrasound-
guided needle release plus corticosteroid injection and mini-open
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TABLE 1 Clinical data of two groups.

Group A Group B
(n = 20 wrists) (n = 20 wrists)

Number of patients 20 20 NA
Gender 0.633

Male 3 2

Female 17 18
Side 0.507

Right 12 14

Left 8 6
Age (years) 54.05 £ 9.40 53.70 £ 8.22 0.927
Duration of CTS (months) 19.05 £ 15.74 10.50 4 7.98 0.526
Duration of treatment (minutes) 5.75+ 1.37 19.00 £+ 1.30 0.000*
Total treatment cost (dollars) 54.30 + 3.38 644.55 £ 58.49 0.021*
Healing time (months) 1.16 +£0.14 244 +0.24 0.000*

*P-value < 0.05.
TABLE 2 Boston carpal tunnel questionnaire before and 3 months after treatment for two groups.

Group A Group B After treatment
Group A vs.

(n = 20 wrists) (n = 20 wrists) Group B

Before After P-value Before After P-value P-value

Symptom severity scale (SSS)

Normal 0(0) 9 (45) 0.00* 0(0) 7 (35) 0.00% 0.73
Minimal 0(0) 10 (50) 0(0) 11 (55)

Mild 1(5) 1(5) 2(10) 2(10)

Moderate 6 (30) 0(0) 8 (40) 0(0)

Severe 10 (50) 0(0) 8 (40) 0(0)

Extreme 3(15) 0(0) 2(10) 0(0)

Functional status scale (FSS)

Normal 0(0) 9 (45) 0.00% 0(0) 7 (35) 0.00% 0.73
Minimal 0(0) 10 (50) 0(0) 11 (55)

Mild 1(5) 1(5) 2(10) 2(10)

Moderate 6(30) 0(0) 8 (40) 0(0)

Severe 10 (50) 0(0) 8 (40) 0(0)

Extreme 3(15) 0(0) 2(10) 0(0)

*P-value < 0.05.

TABLE 3 Electrophysiologic results before and 3 months after treatment for two groups.

Group A Group B
(n = 20 wrists) (n = 20 wrists)
Median nerve Before After Before After
Distal motor latency (DML, ms) 481+ 1.85 3.50 4+ 1.83+ 4.80 4+ 0.92 3.80 4+ 0.89"
Sensory conduction velocity (SCV, m/s) 40.65 & 5.75 51.50 + 4.51+* 38.69 £ 3.09 50.11 +6.217
Sensory nerve action potential (SNAP, LV) 7.24 £330 17.42 £7.31% 7.10 £5.75 19.53 +6.76"

+vs. Before treatment, P-value < 0.05.
#ys. Group B after treatment, P-value < 0.05.
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TABLE 4 Ultrasound results before and 3 months after treatment for two groups.

Group A Group B
(n = 20 wrists) (n = 20 wrists)
Median nerve Before After Before After
Flattening ratio at the level of hamate (FR) 2.89 £0.36 231 +0.208 2.88 £0.39 234 +0.18%
Cross-sectional area at the level of pisiform bone (CSA, cm?) 0.15 £ 0.02 0.09 +0.018 0.14 £ 0.03 0.09 + 0.028
Transverse carpal ligament-Thickness on the cross-section at 4.30£0.34 3.45 4 0.308 4.10£0.43 3.48 +0.418
the level of hamate bone (TCL, mm)

8ys. Before, P-value < 0.05.

surgery had effectiveness in treating CTS (each with P < 0.05).
Furthermore, in terms of DML and SCV 3 months after treatment,
there was a significant difference between the two groups (each with
P < 0.05). It suggested that ultrasound-guided needle release plus
corticosteroid injection was superior to mini-open surgery in the
matter of DML and SCV.

Ultrasound examination results of both groups before and after
treatment are shown in Table 4. There was no significant difference
with respect to FR, CSA, and TCL before treatment between the
two groups (each with P > 0.05). There was a significant difference
before and 3 months after treatment in the values of FR, CSA,
and TCL for both groups (each with P < 0.05), which indicated
the effectiveness of the two therapeutic approaches. In addition,
we found that there was no significant difference between the two
groups in the values of FR, CSA, and TCL 3 months after treatment.
We performed approximately 1-year follow-up after intervention
for our patients. We followed all patients by phone, and the results
were that all patients did not develop CTS again.

Discussion

CTS is usually diagnosed by illness history and physical
examination (28). Electrophysiological examination is often used
to confirm it (29). Ultrasound as a new way to diagnose CTS
has now been widely used in clinics because it is easy and non-
invasive (30). The principle of treating CTS is the decompression
of carpal tunnel by opening the median nerves flattening ratio.
This is usually performed by using conventional open surgery
(incision size of ~5cm), mini-open surgery (incision size of
~2 cm), or endoscopy (incision size of ~1.5 cm) (11). Jugovac et al.
found that compared with conventional open surgery, mini-open
surgery had smaller incisions and returned to work in a shorter
time (ie., 15 days vs. 30 days) (31). In the 1990’s, endoscopy
came into effect. It is a safe technique that reduces morbidity,
postoperative pain, and recovery time (11). However, endoscopy
has its own shortcomings with a potential risk of injury to
adjacent neurovascular structures (32). Nowadays, a new procedure
that uses a needle to release the nerve based on ultrasound as
guidance came into use in clinics. Compared with open surgery and
endoscopic treatments, ultrasound-guided needle release allows
for a fast recovery and easy postoperative care due to almost
no wound.

Our research found that CTS was more common in women;
we retrospectively studied 40 CTS patients, and 35 of them were
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female, which was consistent with the study of Tang et al. and Baysal
et al. where they found that hand-intensive housewives had a higher
incidence of CTS (33, 34). The higher incidence of CTS in women
may be due to physiological differences, hormonal changes, and
intense housework (35). The mean ages of Group A and B patients
were 54.05 & 9.40 and 53.70 % 8.22, respectively. CTS incidence
peaks for individuals were those people in the age bracket of 40 to
60 years (3).

In our study, we compared the clinical outcomes of ultrasound-
guided needle release plus corticosteroid injection and mini-open
surgery and found that both groups had significant improvement
with respect to BCTQ, electrophysiological, and ultrasound results
after treatment. Both groups had no recurrent symptoms or pain
syndrome 3 months after treatment. These findings indicated that
ultrasound-guided needle release plus corticosteroid injection and
mini-open surgery had the same effect in treatment. However,
in terms of cost, operation time, recovery time, and recurrence,
ultrasound-guided needle release plus corticosteroid injection is
better than mini-open surgery. Furthermore, ultrasound-guided
needle release plus corticosteroid injection has almost no scar and
was deemed to be preferable in terms of cosmesis.

In Group A patients, no complications were reported during or
after treatment due to the proper visualization of the carpal tunnel
structure under ultrasound guidance. Recent studies demonstrated
that corticosteroid injection under ultrasound guidance is better
than blind injection (17, 31, 36). The advantage of ultrasound
guidance can be clearly listed as follows: (1) The structure can be
seen so that the doctor knows the location and reaches the carpal
tunnel and injects the medicine without damaging the neighbor
tissue; (2) offers a great degree of needle control: the doctor
can change the distance of the needle and the median nerve in
visualization so that the needle can reach close to the median nerve;
and (3) ensures uniform distribution of injection solution around
the carpal tunnel and peels the median nerve away from adhesions
(37, 38). Studies had shown that the injection of corticosteroids was
widely used in the field of pain management because it can reduce
pain and swelling. In CTS patients, injecting corticosteroids into
the flexor pollicis longus tendon sheath and common flexor sheath
can relieve pain and improve functional impairment (39, 40).

During ultrasound-guided needle release plus corticosteroid
injection, the following points should be noted: (1) The puncture
was carried out along the long axis of the median nerve. During the
process of releasing the transverse carpal ligament by acupuncture,
attention should be paid to protecting the median nerve deep in
the transverse carpal ligament. (2) Since the puncture space of the
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carpal tunnel is relatively small, appropriate wrist extension can
increase the puncture space. The puncture angle should not be too
large in the process of puncture, 15°-30° with the skin of the wrist
is suitable. (3) Due to the density of the transverse carpal ligament,
when the lesion occurs, it will be more tenacious. There will be
a sense of resistance during acupuncture, and when the sense of
resistance disappears, it indicates that the release is thorough. (4)
The puncture should be carried out in the plane so that the needle
tip can be observed at all times to avoid injury to the median nerve.
(5) Finally, the mixture of lidocaine and betamethasone should not
be injected into the transverse carpal ligament during the injection
into the carpal canal. When the relationship between the tip and
median nerve is not clear, a small amount of normal saline can
be injected.

There are many new methods for detecting CTS disease. Shear-
wave elastography (SWE) is a new method in the quantitative
measurement of tissue stiffness, especially in assessing neuropathy.
Several studies have reported the meaning of elastography in
diagnosing CTS. Wu et al. investigated the value of both ultrasound
and real-time shear wave elastography (SWE) in evaluating the
median nerve with CTS and demonstrated that SWE was useful
in assessing the median nerve both before and after the operation
(41). Recently, some research studies indicated that in CTS patients,
blood flow changes of the median nerve can help to confirm. Endo
et al. pointed out that using superb microvascular imaging can help
clarify CTS patients’ blood flow changes (42). They concluded that
the diagnostic utility of superb microvascular imaging was superior
to conventional color Doppler ultrasound and equivalent to power
Doppler ultrasound (42).

There are several limitations to our study. First, the
sample size is small, and more data are needed for further
study. Second, we only compared ultrasound-guided needle
release plus corticosteroid injection with mini-open surgery,
and it is still not clear how effective it is compared with
endoscopic or other treatment procedures. Furthermore,
we only selected 3-month follow-up because some patients
returned to work after treatment, and many factors may
affect the outcome of follow-up. The long-term effects are still
worth watching.

Conclusion

Both ultrasound-guided needle release plus corticosteroid
injection and mini-open surgery had great benefits in the
treatment of CTS. Ultrasound-guided needle release plus
corticosteroid injection had the advantages of a shorter operation
time, quicker recovery time, smaller wounds, and less cost
compared with mini-open surgery. According to those advantages,
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Introduction: Over the years, most back pain-related biological studies focused
on the pathogenesis of disk degeneration. It is known that nerve distributions at
the outer layer of the annulus fibrosus (AF) may be an important contributor to
back pain symptoms. However, the types and origins of sensory nerve terminals in
the mouse lumbar disks have not been widely studied. Using disk microinjection
and nerve retrograde tracing methods, the current study aimed to characterize the
nerve types and neuropathway of the lumbar 5/6 (L5/6) disk in mice.

Methods: Using an anterior peritoneal approach, the L5/6 disk of adult C57BL/6
mice (males, 8—12 weeks) disk microinjection was performed. Fluorogold (FG) was
injected into the L5/6 disk using the Hamilton syringe with a homemade glass
needle driven by a pressure microinjector. The lumbar spine and bilateral thoracic
13 (Th13) to L6 DRGs were harvested at 10 days after injection. The number of
FGt neurons among different levels was counted and analyzed. Different nerve
markers, including anti-neurofilament 160/200 (NF160/200), anti-calcitonin gene-
related peptide (CGRP), anti-parvalbumin (PV), and anti-tyrosine hydroxylase (TH),
were used to identify different types of nerve terminals in AF and their origins in
DRG neurons.

Results: There were at least three types of nerve terminals at the outer layer
of L5/6 AF in mice, including NF160/2007 (indicating Ap fibers), CGRPT (A8 and
C fibers), and PVT (proprioceptive fibers). No TH* fibers (sympathetic nerve
fibers and some C-low threshold mechanoreceptors) were noticed in either.
Using retrograde tracing methods, we found that nerve terminals in the L5/6
disk were multi-segmentally from Th13-L6 DRGs, with L1 and L5 predominately.
An immunofluorescence analysis revealed that FGt neurons in DRGs were co-
localized with NF160/200, CGRP, and PV, but not TH.

Conclusion: Intervertebral disks were innervated by multiple types of nerve fibers
in mice, including AB, A8, C, and proprioceptive fibers. No sympathetic nerve
fibers were found in AF. The nerve network of the L5/6 disk in mice was multi-
segmentally innervated by the Th13-L6 DRGs (mainly L1 and L5 DRGs). Our results
may serve as a reference for preclinical studies of discogenic pain in mice.

KEYWORDS

lumbar intervertebral disk, dorsal root ganglia (DRG), neuron, nerve terminal, retrogade
tracing, neural pathways
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Introduction

Back pain is a common disorder in the lumbar spines of
adults, affecting over 50% of people during their lifetimes (1).
Although pathologies in a variety of anatomical structures, such as
intervertebral disks, facet joints, myofascial tissues, and sacroiliac
joints, may lead to back pain (2), intervertebral disk pathology
is thought to be a significant contributor to back pain, termed
discogenic pain (3). Identifying the innervation patterns of nerve
terminals in the disk may serve as an important reference in
studying discogenic pain.

The disk is referred to as the largest avascular tissue of the body,
which comprises an outer ring of collagen-rich annulus fibrosus
(AF) and proteoglycan-rich gelatinous nucleus pulposus (NP) in
the center, providing both the mechanical support for compressive
forces and the flexibility necessary for the movements (4). Previous
studies indicated that the outer one-third layers of the normal
AF are innervated by different types of sensory nerve terminals,
including both myelinated and unmyelinated fibers (5, 6). Using
immunohistochemical staining and structure analysis, peptidergic
nerve fibers, containing calcitonin gene-related peptide (CGRP) or
substance P (SP), and mechanoreceptors, containing neurofilament
heavy polypeptide (NEFH), were found in disks and suggested to
sense nociceptive and mechanical stimuli (7, 8). After disk injury
and degeneration, those nerve terminals can sprout and extend
deeper, even up to the inner two-thirds of AF and NP, which was
considered as a possible pathomechanism of discogenic pain (9).

Moreover, during disk degeneration, AF and NP cells
upregulate the expression of proinflammatory cytokines, including
interleukins, tumor necrosis factors (TNFs), and metalloproteases
(MMPs), which interact with corresponding receptors on
nerve terminals to promote nerve ingrowth, and therefore
facilitate ectopic action potentials and discogenic pain (10-12).
Using the mouse model of disk degeneration, disk puncture
induced progressive disk degeneration, along with the increased
expression of colony-stimulating factor 1 (CSF1) in dorsal root
ganglion (DRG) and activated microglia in the lumbar spinal
dorsal horn (13), suggesting that neural plasticity was involved
in back pain.

Anatomically, the intervertebral disk is assumed to receive
afferent fibers principally from DRG neurons of the same
segment. Yet, the lower lumbar intervertebral disks are multi-
segmentally innervated by DRG neurons, whose nerve terminals

Abbreviations: AF, Annulus fibrosus; CGRP, Calcitoningene-related peptide;
CSF1, Colony stimulating factor 1; DAPI, 4,6-diamidino-2-phenylindole;
DRG, Dorsal root ganglion; EDTA, Ethylene diamine tetra-acetic acid;
FG, Fluorogold; HCN, Hyperpolarization-activated cyclic nucleotide-gated
channel; HE, Hematoxylin and Eosin; L, Lumbar; P2X3, Purinergic receptor
P2X; PFA, Paraformaldehyde; PV, Parvalbumin; MMPs, Metalloproteases;
MRGPR,D MAS-related GPR family member D; NF160/200, Neurofilament
160/200; NEFH, Neurofilament heavy polypeptide; NGF, Nerve growth factor;
NP, Nucleus pulposus; PGP9.5, Protein gene product 9.5; S, Sacral; SEM,
Means + standard errors of the means; SP, Substance P; TH, Tyrosine
hydroxylase; Th, Thoracic; TNF, Tumor necrosis factors; TRP  Transient

receptor potential.
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enter the paravertebral sympathetic trunks and ascend to upper-
level DRGs (2, 14, 15). Local anesthetic blocks to sympathetic
ganglia at the L2 level alleviated discogenic pain in patients
(16, 17), and experimental studies in rats demonstrated a
raised pain threshold after sympathectomy (18). However, due
to the adjacent distance between the disk and corresponding
DRG, proinflammatory cytokines are presumed to affect the
adjacent DRG neurons, largely complicating the origin of
discogenic pain.

Previous studies mainly used rats as experimental models
to distinguish the distribution and innervation patterns of
the disk (2, 5,
of sensory nerve terminals in the lower lumbar disks in

14, 19-22). However, the types and origins

mice remain elusive. Moreover, transgenic tools and genetic
manipulations are limited in rats, conferring a disadvantage in
uncovering the mechanistic clues of the disease. Using disk
microinjection and nerve retrograde tracing methods, the present
study was conducted to get a better understanding of the
nerve types and neural pathways of the lower lumbar disk
in mice.

Materials and methods

Animals

Adult C57BL/6] mice (males, 8-12 weeks) were used
in the present study. All animals were housed in the Lab
Animal Center at Zhejiang University, and the group was
housed on a 12-h light/dark cycle with water and food
available. The use and care of animals in all experiments
followed the guidelines of The Tab of Animal Experimental
Ethical Inspection of the First Affiliated Hospital, College
of Medicine, Zhejiang University, Hangzhou, China (No.
2017054). For each experiment, at least three mice per group
were used.

Disk injection

To minimize the disk injury, we connected the 10 L Hamilton
syringe (Cat# 701N) with a glass needle (diameter ~ 20 um) before
disk injection. Before the experiments, the mice were fasted for
8h prior to disk injection. After being anesthetized with sodium
pentobarbital (100 mg/kg) intraperitoneally, the mice were placed
and fixed in a supine position on a warming pad. Under the sterile
surgical condition, a 1-1.5 cm midline longitudinal incision in the
lower abdomen region was made in mice. Under a stereoscopic
microscope (SZX7, Olympus), the gut, connective tissues, vessels,
and psoas major muscles were gently retracted to expose the
ventral aspect of the L5/6 and L6/sacral 1 (S1) intervertebral disk
(Figures 1A, B). The weight/volume (w/v) ratio of 1% FG was
infused using the homemade Hamilton syringe with a glass needle
and driven by a pressure microinjector (KD Scientific) at a rate over
at least 5min (Figure 1C). The injection depth was 1 mm, and the
total injection volume was 100 nL, which avoided breaking through
the posterior annulus. To allow diffusion and reduce backflow, the
needle remained in the disk for 5 min. The incision was then closed
with 5-0 silk sutures.
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FIGURE 1

Surgical procedure of disk microinjection through a transabdominal approach. (A) A middle longitudinal incision was made to expose the aorta
abdominalis (arrow). The gut and caecum were gently pushed aside to expose the psoas muscles (dotted line). (B) Using smooth clamps, the L5/6 disk
was further exposed (black arrow). (C) Using a glass micropipette and a nano-electronic microinjection pump, FG was slowly injected into the disk.

Disk and DRG dissection

Ten days after the surgery, mice were anesthetized and
perfused with saline and subsequently 4% paraformaldehyde
(PFA). The lumbar spine and DRGs were dissected and
post-fixed in 4% PFA for at least 6h. After decalcifying
in 10% ethylene (EDTA) for
14 days sucrose for 2 days,
the lumbar

tetra-acetic acid
in 30%

sagittally

diamine
and dehydrating
spine sectioned with  10-

DRGs

was

pm  thickness. were sectioned in transverse with

15-pm thickness.

Counting of FG+ neurons

All DRG sections from bilateral Th13-L6 levels were used in
counting FG' neurons. FG was visualized as granular particles
within neurons. The FG-positive neurons were defined as the
white-blue rounded cells under a fluorescence microscope (BX53,
Olympus), whose fluorescence intensity was much higher than
the background. To avoid double counting of FG-labeled neurons,
the second one in the adjacent section was ignored if FG-
labeled neurons appeared at the same location in two adjacent
sections. The number of FG™ neurons was mounted by each
DRG level.

Hematoxylin and Eosin (HE) staining

After rehydrated in alcohol, the sagittal lumbar spine sections
were washed with distilled water. The sections were stained with
hematoxylin for 1 min and differentiated with acid alcohol. After
that, sections were stained with eosin for 1 min and dehydrated
in ascending alcohol. Rinse the staining with xylene to make
it transparent and mount. The figures were acquired using a
microscope (BX53, Olympus).
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Immunofluorescence and
immunohistochemical analysis

To label different types of nerve terminals in disks, the
midsagittal sections of the lumbar spine were stained using
a specific rabbit (Cat# K401011) and mouse (Cat# 400611)
IHC Kit (DAKO) according to the manufacturer’s instruction.
Shortly, sections were antigen-retrieved in citrate buffer (10 mM
sodium citrate, 0.05% Tween-20, pH 6.0) at 95°C for 20 min
and permeabilized with 0.5% Triton X-100 for 10 min at room
temperature. After being blocked with 10% (wt/vol) BSA, sections
were incubated overnight at 4 °C with the following primary
antibodies: mouse anti-NF160/200 (1:2000, Cat# n2912, Sigma-
Aldrich), mouse anti-CGRP (1:1000, Cat# sc-57053, Santa Cruz
Biotechnology), mouse anti-parvalbumin (PV, 1:1000, Cat# P3088,
Sigma-Aldrich), rabbit anti-tyrosine hydroxylase (TH, 1:1000,
Cat# AB152, Millipore), and rabbit anti-flurogold (FG, 1:1000,
Cat# 52-9600, Fluorochrome). To label disk nerve terminals,
sections were washed in TBS with 0.5% tween (TBS-T) and
incubated with HRP-conjugated secondary antibodies (1:1000)
for 1h at room temperature. Images were acquired using
a microscope (BX53, Olympus). For DRG and spinal cord
slides, sections were incubated with fluorophore-conjugated
secondary antibodies for 2 h at room temperature. 4 ,6-diamidino-
2-phenylindole (DAPI, C1005, Beyotime, China) was used to label
cell nuclei. Images were acquired using a confocal microscope
(FV1200, Olympus).

Statistical analysis

The number of FG™ neurons from Th13 to L6 DRGs
was counted under a fluorescent microscope (BX53, Olympus,
Japan). The percentage of DRG neurons per lumbar level was
calculated as the number of DRG neurons in each lumbar
level divided by the total number of FG' neurons. Data are
presented as means =+ standard errors of the means (SEM).
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TABLE 1 Number of FG* neurons in DRGs.

Mouse Thl3 L1

1 6 19 8 3 2 4 0 42
2 2 5 2 2 3 4 3 21
3 6 22 5 7 8 9 2 59
4 12 9 4 10 9 30 13 87
5 0 8 1 1 0 3 4 17
Total 26 63 20 23 22 50 22 226

One-way ANOVA followed by Bonferroni’s post hoc tests was
used to compare the distribution of FG' neurons among
DRG levels. Significance was considered with a p-value of
< 0.05.

Results

Segmental distribution of FG-labeled DRG
neurons in mice

To label DRGs that innervate the L5/6 disk, the disk with
FG injection and bilateral lumbar DRGs were acquired and
observed under fluorescent microscopy. Compared with the disk
that underwent sham surgery, HE staining demonstrated that
the glass needle puncture did not induce disk degeneration 10
days after surgery (Figure 2A). As shown in Figure 2B, FG was
visualized as white-blue colors. First, we recognized that FG was
dispersed but limited in the L5/6 disk, without penetrating the
vertebral bodies (Figure 2B). Although FGT neurons were present
from Th13 through L6 DRGs (Figure 2B, Table 1), FG" neurons
were most frequently observed in L1 DRGs (27.9% of all labeled
neurons), followed by L5 DRGs (22.1%) (Figure 2C). Only 18.8%
of FG* neurons were identified in L5 DRG in mice. About 10%
of FG neurons were found in Th13, L2, L3, L4, or L6 DRGs,
respectively (Figure 2C). These data suggested that sensory fibers
in the L5/6 disk in mice were segmentally innervated by Th13-
L6 DRGs.

Types and distributions of nerve terminals
in the intervertebral disks in mice

To identify types of DRG neurons whose nerve fibers
project to the disk, we co-labeled FG with different neuronal
markers, which are thought to cover major portions of sensory
neurons (23). Consistent with previous studies, CGRP, the marker
of small peptidergic neurons with AS8- or C-type fibers, was
observed in the outer layer of the AF (Figure 3A). NF160/200,
the marker of large peptidergic neurons with Af-type fibers,
was also identified in the superficial region of AF (Figure 3B).
Intriguingly, we found that PVT fibers (Figure 3C), the marker
of proprioceptors, were densely aligned within AF, demonstrating
that intervertebral disks may sense proprioception, such as
position and movement. However, we were unable to identify
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THT fibers (Figure 3D), which indicated unmyelinated C-low
threshold mechanoreceptors (C-LTMRs) and sympathetic nerve
fibers, in the AF. Immunofluorescent staining of the DRG
sections demonstrated that FG in DRGs was partially co-
localized with NF160/200, CGRP, and PV, but not TH in mice
(Figure 4). Together, our data demonstrated that disks were
innervated with different types of sensory nerve fibers, which were
susceptible to sensing mechanical and chemical stimuli in the
internal environment.

Discussion

Although there have been several reports about the sensory
innervation of lumbar disks in rats, our study describes the
distribution patterns of sensory nerves in the mouse lumbar disk
and their origins in DRG neurons. Consistent with rats, the sensory
fibers of the L5/6 disk were shown to be derived from DRGs
at Th13 through L6. Moreover, immunohistochemical staining
demonstrated that there were diverse types of nerve terminals,
including NF160/200, CGRP, and PV, in the outer layers of AF,
suggesting that such neural structures of disks may be susceptible to
sense stimuli by mechanical or chemical mediators after herniation
and degeneration, and further contributed to discogenic pain.

There have been efforts trying to identify the distribution
patterns of disk innervations in rats and humans. Anatomically,
the lumbar disk is innervated by sinuvertebral nerves consisting
of spinal sensory fibers from the adjacent DRG and postganglionic
sympathetic fibers, which demonstrates that the lumbar disk is
innervated by DRG at corresponding levels and upper DRGs (24).
However, using retrograde tracing methods in rats, the ventral
portion of the L5-L6 disk was innervated predominantly by L1
and L2 DRGs (14), whereas the dorsal portion of the L5/6 disk
was innervated extensively by L1-L6 DRGs (2). To avoid FG
leakage, we used the microinjection pump with a tiny tip to deliver
FG. Consistent with previous studies, our findings support the
multi-segmental innervation patterns of L5/6 disk in mice: the
origin of nerves was thought to enter the paravertebral sympathetic
trunks and ascended to L1 and L2 DRGs, whereas some fibers
passed through the sinuvertebral nerves and reached L3-L6 DRGs
(15). Indeed, the human L4/5 disk, which is related to the L5/6
disk in rodents, may be innervated predominantly by L1 DRG
ventrally and by L2 DRG dorsally (25). As L1 and L2 DRGs
innervate the inguinal region, it may explain why patients with
lower lumbar intervertebral disk lesions are suffered from inguinal
pain. Moreover, blocking L2 DRG alleviated some but not all of the
low back pain, inguinal pain, and buttock pain in patients (17).

Nerve terminals in the outer layers of disks, which penetrated
deeper after disk degeneration or herniation, provide a
morphologic basis for discogenic pain (5). Disk injury and
degeneration result in the upregulation of pain-related molecules,
including CGRP and Substance P in DRGs, which are known to
irritate the spinal nerve roots and probably also the nerve terminals
to promote discogenic pain. Other than CGRP, the present study
revealed that there were other types of nerve terminals in the
outer layers of disks, including PV and NF160/200. Peripheral pain
perception is thought to be mediated primarily by nociceptive
C-fiber neurons and thinly myelinated A8 fibers (soma diameter
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FIGURE 2

In mice, the L5/6 disk was multi-segmentally innervated by Th13-L6 DRGs (mainly L1 and L5 DRGs). (A) HE staining of L5/6 disks at 10 days after
sham surgery (upper) or glass needle puncture (bottom). Scale bar: 200 um. (B) Representative images of the disk and DRG after FG injection. Arrows
indicate FGT DRG neurons. (C) The distribution of FGT DRG neurons of different spinal levels (n = 5 mice). The percentage represents the number of
FG* neurons for each level of DRG to total FG* neurons from Th13 to L6 (n = 5 mice). Scale bars: 200 pm for DRG and 500 um for disk. Values are
means + SEM. *p<0.05 and **p<0.01, one-way ANOVA followed by Bonferroni's post-hoc tests.
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FIGURE 3
Types of nerve terminals in L5/6 disk in mice. Representative images of NF160/200" (A), CGRP* (B), PV* (C), and TH* (D) staining in disks. Scale bar:
500 pm.

< 30um) (26). Growing evidence indicated that CGRP, one of  fibers, was upregulated in DRG neurons after disk degeneration,
the inflammatory mediators and the marker for nociceptive C  as well as in aging-induced degenerated disks (5). These findings
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indicate co-labeled neurons. Scale bar: 100 pm.

Sensory innervation of L5/6 disk in mice. Immunofluorescence labeling of FG with NF160/200 (A), CGRP (B), PV (C), and TH (D) in DRG. Arrows

suggest that increased innervation by C-fibers is associated with
discogenic pain.

Intriguingly, we observed the density of NF160/200- and PV-
positive nerve fibers in AF. As NF160/200 and PV are regarded
as markers of myelinated nerve fibers and mechanoreceptors that

Frontiersin

are derived from large-sized DRG neurons, they are responsible for
transducing vibratory and position sensation (27). It is noteworthy
that myelinated fibers have been implicated in neuropathic pain,
largely through the activation of sodium channels (27). Blocking A-

fiber neuron activity alleviated neuropathic pain (28). Intriguingly,
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our recent study demonstrated that mTOR activation in large-sized
DRG neurons promoted nociceptor excitability and neuropathic
pain (29). PV is a calcium-binding protein that presents in
proprioceptors and low-threshold mechanoreceptors (30, 31). The
mean PV expression was 25% of L4 or L5 DRG neurons, and
this was unchanged 2 weeks after peripheral nerve injury (30).
More recently, hyperpolarization-activated cyclic nucleotide-gated
channel (HCN) was found on PV* neurons, and the excitability
of proprioceptive afferents may contribute to the sensorimotor
properties (32). Although the presence of mechanoreceptors was
more frequent in diseased disk patients with pain (7, 33), further
studies are warranted to define the functional role of myelinated
fibers in discogenic pain. It should be noted that, other than four
markers used in the present study, there are more nerve subtypes,
including MRGPRD (MAS-related GPR family member D), P2X3
(purinergic receptor P2X, ligand-gated ion channel, 3), and TRP
(transient receptor potential) family, have been proved to play a role
in pain development and maintenance (34-36). Further studies are
needed to distinguish these nerve subtypes in the disks and examine
their roles in discogenic pain.
The innervation of the disk is the structural base for
inducing discogenic pain. Growing evidence suggested that disk
degeneration can induce increased innervation of CGRP protein
gene product 9.5 (PGP9.5, a broad neuronal marker) fibers (37).
Although our findings and previous findings indicated that the
number of DRG neurons innervated disk is limited (2, 14), disk
degeneration has been proven to induce the upregulation of
neurotrophins and neuropeptides, such as nerve growth factor
(NGF), CSF1, CGRP, and NPY in both disks and DRG neurons,
and activate microglia and astrocytes in the spinal dorsal horn (5,
13, 38). These findings indicated that disk degeneration upregulates
various pain-related neuropeptides in DRG neurons as well as
immune responses in the spinal dorsal horn. Moreover, these
changes contribute to neuronal plasticity, which may enhance
nociceptive signaling and lead to discogenic pain (3, 5, 26, 39).
There are some limitations in the present study. First,
the distribution and
and dorsal portions of the lumbar disk in mice should be

innervation patterns of the ventral
separately studied. However, due to the limited efficiency of FG
retrograde tracing (2), the percentage of FG' neurons to a total
number of DRG was relatively low. Although myelinated fibers
have been found in healthy disks, the changes in distribution
patterns after disk degeneration and herniation remain elusive.
DRG neurons that
it is important to

Moreover, the quantification of subtype
innervate disks is needed. In addition,
elucidate the roles of myelinated fibers
Further
and clinical studies are required to elucidate the functional

in discogenic pain.
electrophysiologic, optogenetics, chemical genetics,
implications of this study. Although there are differences between
humans and rodent nociceptors in pain sensitization, rodents
serve as important models for back pain research. Further
studies, such as single-cell RNA sequencing, are warranted to
investigate similarities and differences between humans and
rodents regarding cellular and molecular aspects of sensory
neurobiology (40).

In conclusion, our current study demonstrated that sensory

neurons, which multi-segmentally innervated the L5/6 disk, existed
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in Th13 to L6 DRGs in mice. Such an innervation pattern may
explain why patients with lower disk degeneration experience
inguinal and anterior thigh pain corresponding to the upper levels
(L1 and L2) of DRGs. Using retrograde tracing methods, we also
observed different types of nerve terminals derived from DRG
neurons in mouse disks, including CGRP, NF160/200, and PV.
The densely innervated structures of the lumbar disk may be
responsible for sensing internal mechanical and chemical stimuli,
and further contribute to discogenic pain.
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