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Abstract  
Epidural stimulation of the spinal cord is a promising technique for the recovery of motor function after spinal cord injury. The key challenges 
within the reconstruction of motor function for paralyzed limbs are the precise control of sites and parameters of stimulation. To activate 
lower-limb muscles precisely by epidural spinal cord stimulation, we proposed a high-density, flexible electrode array. We determined the 
regions of motor function that were activated upon epidural stimulation of the spinal cord in a rat model with complete spinal cord, which 
was established by a transection method. For evaluating the effect of stimulation, the evoked potentials were recorded from bilateral lower-
limb muscles, including the vastus lateralis, semitendinosus, tibialis anterior, and medial gastrocnemius. To determine the appropriate 
stimulation sites and parameters of the lower muscles, the stimulation characteristics were studied within the regions in which motor 
function was activated upon spinal cord stimulation. In the vastus lateralis and medial gastrocnemius, these regions were symmetrically 
located at the lateral site of L1 and the medial site of L2 vertebrae segment, respectively. The tibialis anterior and semitendinosus only 
responded to stimulation simultaneously with other muscles. The minimum and maximum stimulation threshold currents of the vastus 
lateralis were higher than those of the medial gastrocnemius. Our results demonstrate the ability to identify specific stimulation sites of 
lower muscles using a high-density and flexible array. They also provide a reference for selecting the appropriate conditions for implantable 
stimulation for animal models of spinal cord injury. This study was approved by the Animal Research Committee of Southeast University, China 
(approval No. 20190720001) on July 20, 2019. 
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Introduction 
Spinal-cord injury (SCI) caused by falling from high altitude, 
traffic accidents, and disease are common and serious (Jain 
et al., 2015). In 2016, there were more than 900,000 new 
cases SCI globally (GBD 2019 Viewpoint Collaborators, 2020). 
Different degrees of SCI can affect or even completely cut off 
the functional communication from the brain to the spinal 
cord below the injured site (Maynard et al., 1997). This leads 
to functional disorders of the motor, sensory, and autonomic 

nerves below the level of injury, including symptoms, such 
as dyspnea, limb paralysis, and urethral dysfunction. Spinal-
cord neurons cannot regenerate (Wang et al., 2013). Thus, the 
impact of SCI is lifelong and bring heavy burden to patient, 
family, and society. The treatment of SCI remains a major 
unmet need in medical science (World Health Organization, 
2013; Griffin and Bradke, 2020). 

Common treatment methods to recover the motor function of 
lower limbs of persons with SCI include biomedical approaches 
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Graphical Abstract A high-density flexible array was used to determine the epidural-spinal-
cord-stimulated motor function regions (ESCSMFRs) in rat models of 
complete spinal cord injury (SCI)
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(Fischer et al., 2020; Xu et al., 2020; Zheng et al., 2020), 
physical rehabilitation (Young and Ferris, 2017), transcutaneous 
stimulation (Luo et al., 2020), and spinal-cord stimulation 
(Ichiyama et al., 2005; Harkema et al., 2011; Angeli et al., 2018; 
Dalrymple et al., 2018; Gill et al., 2018; Wagner et al., 2018). 
The modalities of spinal-cord stimulation include intraspinal 
microstimulation and epidural spinal-cord stimulation (ESCS) 
(Grahn et al., 2014). ESCS places stimulating electrodes on the 
surface of the spinal dura to activate the spinal-cord neural 
network. ESCS was first proposed in 1967 by Sheary et al. to 
relieve the pain of cancer patients. It has since been used 
to achieve clinical effects on analgesia, urination, and motor 
function recovery (Khanna, 2016). In contrast with intraspinal 
microstimulation, ESCS is non-invasive to the spinal cord 
(Khanna, 2016), giving it greater clinical utility. Recent clinical 
reports (Angeli et al., 2018; Gill et al., 2018; Wagner et al., 2018; 
Gorgey et al., 2020) showed that, with the combination of ESCS 
and long-term rehabilitation training, motor functions were 
recovered in persons with SCI, such as standing and walking 
with the help of rehabilitation devices. Theoretical (Struijk et al., 
1993; Rahal et al., 2000; Holsheimer, 2002) and experimental 
studies (Minassian et al., 2004; Lavrov et al., 2008) on the use 
of ESCS for the recovery of limb motor functions showed that 
the stimulation may directly activate the posterior root fibers 
of the spinal cord, thereby activating the spinal motor network 
and restoring muscular movement of lower-limb muscles. 

Our research group proposed a novel method to reconstruct 
motor functions using a micro-electronic neural bridge (MENB) 
(Wang et al., 2008, 2009; Shen et al., 2013; Huang et al., 
2016). A MENB consists of a micro-electronic module with two 
micro-electrode arrays, the first for neural signal detection and 
the second for functional electrical stimulation of nerves. The 
module amplifies the spontaneous neural signals detected by 
the first micro-electrode array from the spinal cord above the 
injured site. It then processes and regenerates the amplified 
signals for electrical stimulation using a sorting algorithm. The 
regenerated signals are used to stimulate spinal cord below 
the injured site, so that the neural function of the injured 
spinal cord can be rebuilt. Thus, an MENB system acts as a 
multiple point-to-point relay and as neural-function rebuilder. 
Because ESCS can be more easily promoted in clinical practice 
than intraspinal microstimulation (Harkema et al., 2011), we 
chose ESCS as the stimulation mode for MENB.

The recovery time for persons with SCI is varied and 
determined by the ESCS strategy (Formento et al., 2018). 
Although most ESCS strategies have constant stimulation 
sites and parameters (Harkema et al., 2011; Angeli et al., 
2018; Gill et al., 2018), spatiotemporal neuro-modulation of 
ESCS (Wagner et al., 2018) can lead to be greater recovery 
of movement, and reduced rehabilitation duration. This has 
demonstrated that the position, parameters, and sequence of 
ESCS are crucial to recovery (Lavrov et al., 2008). Therefore, 
to optimize the ESCS technique, it is necessary to study 
the relationship between the stimulation site, stimulation 
parameters, and the motion responses to stimulation.

At present, the ESCS electrodes used in clinical trials are mainly 
designed to treat analgesia (Harkema et al., 2011; Wong et al., 
2017; Gill et al., 2018). For the recovery of movement, a higher 
spatial resolution is needed than for treating analgesia. Some 
studies have designed ESCS electrode arrays for animal modes 
(Zhou et al., 2012; Gad et al., 2013; Xu et al., 2015; Wenger 
et al., 2016; Wang et al., 2021), but these electrodes do not 
provide sufficiently high spatial resolution for animal models 
and humans. Gad et al. (2013) showed that increasing the 
number of electrodes can improve control of the stimulation 
responses and the stimulation site. Their high-density 
flexible electrode array improved the spatial resolution of 
experimental and commercial epidural stimulation electrodes, 
thereby enhancing the selective activation of lower limb 
muscles in a rat model of complete SCI.

In this paper, we present a high-density flexible electrode 
array that can determine the regions of motor function of the 
lower-limb muscles that respond to spinal-cord stimulation 
(we refer to these regions as ‘epidural-spinal-cord-stimulated 
motor function regions’ or ESCSMFRs). Furthermore, the 
relationship between the stimulation site and parameters 
of different spinal segments and the motion response of 
lower-limb muscles was studied. By identifying the optimal 
stimulation parameters, our findings will serve to improve the 
accuracy of activation of lower-limb muscles.

Materials and Methods   
Animals 
A total of eight specific-pathogen-free female Sprague-Dawley 
rats weighing 180–200 g and aged 7–8 weeks were provided 
by Zhejiang Experimental Animal Center, China (license No. 
SCXK (Zhe) 2019-0002). All experimental processes mentioned 
below comply with Guidelines for the Care and Use of 
Laboratory Animals of the US National Institutes of Health 
(No. 85-23, revised 1996), and all surgical operations were 
performed under sterile conditions. All rats were housed in a 
clean incubator under controlled conditions of 25°C and a 12-
hour light-dark cycle. This study was approved by the Animal 
Research Committee of Southeast University, China (approval 
No. 20190720001) on July 20, 2019.

Preparation of the SCI animal model
The rats were anesthetized with isoflurane gas in oxygen-
enriched air (1.5%) (RWD, Shenzhen, Guangdong Province, 
China), followed by a partial laminectomy performed at the 
T8 vertebrae to expose the spinal cord. A section of spinal 
cord (approximately 2 mm) was taken out with ophthalmic 
scissors. Afterwards, fine-pointed forceps were used to 
clear the residual tissue along the spinal canal wall, and the 
incision was plugged with a hemostatic sponge. All wounds 
were washed by injecting a sodium chloride solution (Hualu, 
Liaocheng, Shandong Province, China) and then sutured in 
layers. During the operation, a constant temperature of 37.5°C 
was maintained using a heating pad (Xinong, Beijing, China). 

After the operation, the rats were given food and water 
three times a day in individual incubators. In the first 3 days 
after the operation, the rats were treated with 10-mg oral 
amoxicillin per day (Macklin, Shanghai, China) to prevent 
infection. The bladders of SCI rats were massaged and the 
urethral orifice was cleaned three times a day for 4 weeks. To 
maintain the mobility of the joint, a full range of exercises was 
also performed with human assistance for the hind limbs of 
the rats once a day (Roy et al., 1992).

Design and implementation of epidural-stimulation 
electrodes
The size of the spinal cord of the rats was measured for 
electrode design after the operation. The designed length and 
width of two high-density flexible electrode arrays (Figures 
1 and 2) were 5.8 × 2.2 mm2. The electrode arrays shown in 
Figure 1A and 1B were 9 × 3 and 9 × 2, respectively. Because 
of the limitation of the electrode technology, we could not 
realize 9 × 5 array in this area. The 9 × 2 array can fill the 
unused space in the 9 × 3 array. 

As shown in Figure 2, each electrode was round with a 
diameter of 0.2 mm, and the horizontal and vertical distance 
between the centers of adjacent electrodes were 0.9 and 
0.6 mm, respectively. Figure 1C and 1D show extended maps 
of two arrays, including the electrode wiring and positions 
of the electrodes. Figure 2A and 2B show scanning electron 
microscope images of two electrode arrays; the gold-plated 
distribution of the electrodes is demonstrated by energy-
dispersive spectroscopy analysis. Figure 2C presents the 
scanning electron microscope image of a single electrode; 
the associated the energy-dispersive spectroscopy image is 
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shown in Figure 2D. 

The substrate of the electrodes was a polyimide film with 
an upper and lower thickness of 28 μm. Internal wiring was 
formed through semiconductor processes by a development 
and etching process. Then, the whole electrode wiring was 
covered by hot pressing. The thickness of the electrode wiring 
was 35 μm; the wiring width and distance were 50 μm; and 
the overall thickness of the electrode was 55 μm. Finally, the 
shape of electrode was cut with a laser. 

Stimulation procedures 
Because of spinal shock (Ko et al., 1999), the stimulation 
experiments were performed 4 weeks after the operation. 
First, a skin incision at T12–L3 vertebrae of the rat model 
with SCI was opened to remove the spinous process of the 
vertebrae, and then the space between the vertebrae was 
opened to insert the epidural electrode array. The front of the 
vertebrae was used as the reference point of the electrode 
position, which was observed with an optical microscope (WPI, 
Sarasota, Florida, USA). It was easier to use the vertebrae 
level as the reference point than the level of the spinal cord, 
which avoided unnecessary injury. We conducted high-
density stimulations for the combination of two arrays with 
segmental movement. The position for effective stimulation 
corresponding of the spinal cord segment was recorded. After 
operation, the spinal-cord segments of rats were determined 
upon removing their vertebrae. 

Charge-balanced biphasic current stimulation signals were 
generated by a Master 9 multi-channel programmable 
stimulator (AMPI, Jerusalem, Israel) and two ISO-Flex stimulus 
isolation units (AMPI). The current amplitude of the negative 
pulse was five times greater than the amplitude of the positive 
pulse. Because the threshold of SCS at the cathode was lower 
than that at the anode (Holsheimer et al., 2002; Lavrov et 
al., 2008), the stimulation effect was mainly the effect of the 
negative pulse within the first phase. The smaller current of 
the positive pulse was unable to activate the nerves, and did 
not interfere with the experimental results. To keep the charge 
balance and protect the nerves, the width of the negative 
pulse (200 μs) was one fifth of that of the positive pulse. As 
shown in Figure 3, the cathode was moved sequentially to all 
electrode sites in the two arrays, and the anode was placed 
subcutaneously on the side of the rats. Because the threshold 
of the response to single-synaptic stimulation during repeated 
stimulation, the interval between stimulating pulses was at 
least 2 seconds. The stimulation signal was recorded using 
a 16-channel data acquisition system (AD Instruments, 
Bellavista, New South Wales, Australia). 
 
Recording of the EMG signals
EMG signals  were col lected during the st imulat ion 
experiments. An incision was opened on the skin of the 
lower-limb muscles to expose the vastus lateralis (VL), 
semitendinosus, tibialis anterior, and medial gastrocnemius 
(MG) muscle. As shown in Figure 3, stainless-steel wire 
electrodes (KD-MW-316, Suzhou, Jiangsu Province, China) 
were inserted into the muscles by a needle. Then, the tails 
of the stainless-steel wires were knotted to fix their position. 
The 10-mm coating in front of the knot in the muscles was 
exposed to record the electromyographic (EMG) signal. The 
coating on the heads of the wire electrodes was removed 
to connect them with a multi-channel physiological signal 
amplifier (A-M systems, USA) to record the EMG signals of the 
muscles. The gain was set to 1000 to amplify the EMG signals 
and the passband of EMG filtering was 10–1000 Hz. The EMG 
signals were sampled at 40 kHz, and saved, processed, and 
displayed in real time using a 16-channel Power Lab data-
acquisition system (AD Instruments). Electrical stimulation was 
used to verify the positions of the electrodes in each muscle. 

Determination of the ESCSMFRs
The vertebral segments T12–L3 were mapped with two 
high-density flexible electrode arrays, which were placed on 
the surface of the dura mater. Initially, a charge-balanced 
biphasic pulse with a negative phase amplitude of 300 μA 
and a frequency of 0.2 Hz was applied. The responses of the 
muscles to stimulation were evaluated from the EMG signals. 

The stimulation current was increased or decreased with a 
step size of 10 μA from 300 μA to determine the responses of 
specific muscles. When the target muscle began to respond, 
no response of the other muscles was detected, and the 
responses of the antagonistic muscle of the target muscle 
appeared at currents of at least 30 μA. We defined the 
positions of such stimulation as the ESCSMFRs of the target 
muscle and recorded the center coordinates (X, Y) of the 
stimulation site. 

We normalized the data to reduce the effect of differences 
in the spinal cord of rats and to precisely locate the 
ESCSMFRs. Specifically, the upper transverse diameter, D, 
and length, L, of the vertebral segment from T12 to L3 were 
measured. The center coordinates (X, Y) of the stimulation 
site were normalized by D and L of the vertebral segment 
being stimulated (Tao et al., 2019). After normalization, the 
distribution maps of the ESCSMFRs in each rat were drawn in 
the same coordinate system. The difference in the transverse 
diameter of the spinal cord in the upper or lower segments of 
the spinal cord was ignored. From the results of eight rats, a 
distribution map of ESCSMFRs was drawn. 

Differences among ESCSMFRs
To precisely locate the stimulation sites, we investigated the 
differences between the responses at different stimulation 
sites in the ESCSMFRs of the VL and MG. We used single 
stimulation pulses with amplitudes of either 380 and 330 μA 
(median of the maximum and minimum stimulation current 
thresholds) to separately stimulate the ESCSMFRs of the VL 
and MG with the two electrode arrays. The root mean square 
(RMS) of the stimulation responses in each stimulation site 
was calculated, as shown in Equation (1):

                                                                                         Equation (1)

through the motor-evoked potentials within 10 ms after its 
first deflection (Wenger et al., 2016), where N is the number of 
recording points and xi is a sampling value of the motor-evoked 
potentials. Ten stimulation responses were recorded for each 
electrode within the two electrode arrays in the ESCSMFRs. 
The average RMS of 10 stimulation responses with these 
electrode sites was calculated after normalization. Finally, the 
data were processed with a cubic spline interpolation, and the 
RMS heat maps of ESCSMFRs were drawn.

Effect of stimulation frequency
The relationship between the stimulation frequency 
and response was explored to optimize the stimulation 
parameters. The electrode sites with the strongest average 
stimulation responses in the ESCSMFRs of the VL and MG 
were selected. These sites were stimulated with an amplitude 
of either 330 or 380 μA, and at frequencies of 10–100 Hz. 
With the step size of 10 Hz, 20 stimulation responses of eight 
rats at each stimulation frequency were recorded to calculate 
the average peak-to-peak value. The peak-to-peak values 
(Hofstoetter et al., 2015) instead of the RMS of the stimulation 
responses were used as the assessment indicator to avoid 
errors in the stimulation time. 

Data analysis
The motor-evoked potentials and stimulating signals were 
recorded using a 16-channel data-acquisition system (AD 
Instruments), which transmitted data with a sampling rate of 
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40 kHz to LabChart software (AD Instruments) on a personal 
computer for real-time monitoring, processing, and storage. 
The RMS and peak-to-peak values of the motor-evoked 
potentials were used to evaluate the effect of ESCS. These 
values were calculated with an algorithm written in Matlab 
2017 (MathWorks, Natick, MA, USA). 

Data were expressed as the mean ± standard deviation. The 
data were analyzed using SPSS 24.0 software (IBM, Armonk, 
NY, USA). The normal distribution and variance’s homogeneity 
of data was tested. The data followed a normal distribution 
and the variance between groups was homogeneous. The 
significance in the stimulation responses and current of 
the ESCSMFRs was analyzed using a paired Student’s t-test 
and a one-way analysis of variance. Tukey’s post hoc test 
was performed when multiple comparisons were needed 
after one-way analysis of variance. A value of P < 0.05 was 
considered statistically significant. 

Results
ESCSMFRs in the different lower-limb muscles 
Figure 4 is the ESCSMFR map drawn from the experimental 
results of eight SCI rats. The lengths and widths of the 
vertebral and spinal-cord segments were averaged for the 
eight rats. In the map, the electrode is round for the sake of 
clarity. As shown in Figure 4, the ESCSMFRs of the VL were 
in the L1 vertebral level, whereas the ESCSMFRs of the MG 
were in the L2 vertebral level. This means that the L1 and L2 
vertebral segments were the optimal stimulation regions for 
VL and MG, respectively. 

Within the ESCSMFRs of the VL and MG, the semitendinosus 
and TA were simultaneously stimulated when the current 
was increased to 400 μA. However, no obvious ESCSMFRs 
of the semitendinosus or TA were found in the experiment. 
Activation of the waist and hip muscles was found in the 
T12 and T13 vertebral segments, and the spinal cord of the 
L3 vertebrae level was associated with the activation of the 
tail and toe muscles. In addition, ESCS applied in the region 
between the bilateral ESCSMFRs of the TA or MG irregularly 
stimulated the leg muscles.

Differences of the response among ESCSMFRs 
As il lustrated in Figure 5,  even in one ESCSMFR, the 
stimulation responses differed among different stimulation 
sites for a given current. The RMS of the yellow areas was 
higher (meaning the response to stimulation was stronger) 
than that of the blue areas. In the ESCSMFRs of the VL, the 
stimulation responses at the different sites were significantly 
different (P < 0.001). The stimulation responses in the lateral 
sites of the spinal cord were much stronger than those in the 
medial sites. By contrast, there was little difference among 
sites in the MG, with the stimulation responses in the medial 
sites of the spinal cord being slightly stronger than those in 
the lateral sites. In Figure 5, the highlighted sites in the heat 
map are those with the strongest stimulation response in 
the ESCSMFRs. These sites required the smallest stimulation 
current for a given response and the least unnecessary 
activation of spinal neuronal circuits. Therefore, stimulation 
in the highlighted areas was able to accurately control lower-
limb movement.

Effects of the stimulation current on the response
To determine the appropriate stimulation current, we studied 
the relationship between the current and response. We 
selected the sites that had the largest average stimulation 
response after normalization in the bilateral ESCSMFRs of 
the VL and MG. At the selected sites, the average maximum 
and minimum stimulating currents of the SCI rats are shown 
in Figure 6. The threshold of the ESCSMFRs of the VL (310–
400 μA) was larger thanthat in the MG (280–350 μA). The 
difference in the currents required to activate lower-limb 

muscles should be considered for the stimulation of fine 
movement. 

We presented the relationship between the stimulation 
current and the muscle responses as the RMS of the 
stimulation response, as described by Equation (1). The 
average and variance of the 10 stimulation responses at the 
selected sites in the eight SCI rats are shown in Figure 7. 
The responses of the muscles to stimulation increased with 
increasing current. When the current exceeded the maximum 
threshold, the rate of increase of the response with current 
substantially decreased, and other muscles (in particular, 
antagonist muscles) began to respond, which is an undesirable 
side effect. Thus, there are maximum and minimum current 
thresholds for effective stimulation.

Effect of stimulation frequency
As shown in Figure 8, the peak-to-peak intensity of the 
response increased with increasing stimulation frequency. 
Hence, the intensity of the response was enhanced by ESCS. 
The rate of change in the intensity decreased with increasing 
frequency. When the frequency was lower than 25 Hz, the 
lower-limb muscles of the rats experienced unfused tetanus; 
at frequencies above 25 Hz, tonic contraction occurred. 

The response of the left VL to stimulation in the rat model is 
shown in Figure 9. These results correspond with those of 
Figure 8A. Specifically, a higher stimulation frequency resulted 
in a shorter response interval. Moreover, the peak-to-peak 
intensity of the stimulation response for a constant current 
increased from 4 to 7 Hz as the frequency was increased from 
20 to 80 Hz. 

Discussion
We investigated the selectivity of the regions of motor 
function activated by epidural spinal-cord stimulation 
(ESCSMFRs) in rats using high-density electrode arrays. This 
technique is already widely used to explore the functional 
positioning of the nerve-fiber tract, cerebral cortex, and deep-
brain structures in animals and humans (Britten and Wezel, 
1998; Thier and Andersen, 1998). Although the use of tracers 
or anatomical methods to dissect nerves can locate the 
position of motor neurons in the spinal cord (Nicolopoulos-
Stournaras and Iles, 1983; Rivero-Melián, 1996), these 
methods do not capture the responses to stimulation 
under different parameters. In addition to determining the 
ESCSMFRs of SCI rats, we determined the characteristics of 
movement of their lower-limb muscles by ESCS using high-
density electrode arrays.

There is currently no specialized stimulating electrode for the 
recovery of motor function in clinical practice. Therefore, it 
is imperative to develop a high-density electrode to realize 
the clinical potential of ESCS. In this study, we developed 
a high-density flexible electrode array to compensate for 
the lack of specificity and spatial resolution of ESCS. Our 
proposed electrode array had a higher spatial resolution than 
commercially available electrode arrays (Wong et al., 2017) and 
experimental electrode arrays (Zhou et al., 2012; Gad et al., 
2013; Xu et al., 2015; Wenger et al., 2016; Wang et al., 2021). 
The diameter of the electrode contact used in this experiment 
was 0.2 mm. This limits the effective range of stimulation to a 
small area, such that it only affects the nervous tissue in the 
spinal cord near the site of stimulation. Our results showed 
that the bilateral VL and MG in rats with complete SCI can be 
selectively activated using our electrode arrays. By combining 
two high-density flexible electrode arrays as we have done in 
this study, ESCS could be used in the future to screen for the 
optimal stimulation sites for individuals with SCI and to control 
the muscle force output to accurately activate the movement 
of the lower limbs.  
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Figure 5 ｜ Stimulation-response heat maps in the regions activated by 
spinal-cord stimulation.
(A) Heat map of the RMS of stimulation responses of the left VL ESCSMFR; 
(B) RMS map of the right VL ESCSMFR; (C) RMS map of the left MG ESCSMFR; 
(D) RMS map of the left MG ESCSMFR. The stimulation currents of the VL 
and MG were 330 and 380 μA, respectively. The mean RMS value of the 
stimulation response was averaged for eight rats. The stimulation response 
was higher in the yellow areas than the blue areas. ESCSMFR: Epidural-spinal-
cord-stimulated motor function region; MG: medial gastrocnemius; RMS: root 
mean square; VL: vastus lateralis.

Figure 6 ｜ Maximum and minimum 
current thresholds in the vastus lateralis 
and medial gastrocnemius. 
The data are shown as the mean ± 
standard deviation (n = 8). There was 
a significant difference between the 
maximum and minimum thresholds of 
the VL and MG (Student’s t-test; ***P < 
0.001). LMG: Left medial gastrocnemius; 
LVL: left vastus lateralis; RMG: right 
medial gastrocnemius; RVL: right vastus 
lateralis.

Figure 4 ｜ Regions of the muscles activated upon epidural stimulation of 
the spinal cord. 
The left side of the figure represents the levels of the vertebral segments, and 
the right side represents the levels of the spinal-cord segments. The sites of 
electrodes in ESCSMFRs were normalized with the experiment outcome of the 
eight rats. The red arrows indicate the ESCSMFRs of the lower-limb muscles. 
The red, yellow, green, and blue regions represent the ESCSMFRs of the left 
VL, right VL, left MG, and right MG, respectively. ESCSMFR: Epidural-spinal-
cord-stimulated motor function region; MG: medial gastrocnemius; VL: vastus 
lateralis.
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The ESCSMFR was represented as the region in the spinal 
cord from which ESCS can selectively activate individual 
muscles or muscle groups. Through analysis of the movement 
characteristics of ESCSMFRs, this study provides guidance 
for both animal experiments and clinical application. The 
ESCSMFRs of the VL and MG represented the activation pools 
of the quadriceps and gastrocnemius, respectively, which are 
key to flexion and extension of the lower limbs. From Figure 
5, we find that the suitable stimulation sites for the VL and 
MG are in the lateral area of the L1 and the medial site of the 
L2 vertebrae segment, respectively. Our work suggests that 
ESCS primarily activates the spinal afferent nerve and engages 
proprioceptive feedback circuits. Therefore, the difference 
between the ESCSMFRs of the VL and MG may be due to the 
distribution of afferent neurons in the spinal cord. We did not 
locate the ESCSMFRs of the TA and semitendinosus. The TA 
and semitendinosus were activated between the ESCSMFRs of 
the VL and MG, and simultaneously with other muscles. 

BA

DC

Figure 1 ｜ Diagrams and maps of the stimulating electrode.
(A) Diagram of the 9 × 3 electrode array. (B) Diagram of the 9 × 2 electrode 
array. (C) Map of the 9 × 3 electrode array. (D) Map of the 9 × 2 electrode 
array.

Figure 2 ｜ Scanning electron microscopy analysis of the electrode.
(A) SEM image of the 9 × 3 electrode array. (B) SEM image of the 9 × 2 
electrode array. (C) SEM image of a single electrode in the array. (D) Energy-
dispersive X-ray spectrum for a single electrode. The yellow arrows indicate 
the sites of the electrodes in the array. Scale bars in A–C: 100 μm. The 
impedance of the electrode ranged from 39 to 172 kΩ (0.1 V, 1000 Hz). SEM: 
Scanning electron microscope. 

Figure 3 ｜ Schematic diagram of the experimental process. 
The experiment was performed 4 weeks after the operation to determine 
the regions in which motor function was activated upon epidural stimulation 
of the spinal cord with the combination of two electrode arrays. In the level 
of the T12–L2 vertebrae segment, the cathode was moved sequentially 
among all electrode sites of the two arrays, and the anode was placed 
subcutaneously on the side of the rats. The EMG and stimulation signals were 
collected for evaluation. EMG: Electromyography.
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For a given stimulation frequency, increasing the ESCS current 
would activate more efferent fibers in the spinal cord (Nelson 
and Mendell, 1978) and enhance the stimulation response. 
An excessive current not only triggered a response of the 
antagonistic muscles, but also other unrelated muscles, 
which was unfavorable to selective stimulation. There was a 
difference in the stimulating currents and responses between 
the ESCSMFRs of the VL and MG. The maximum and minimum 
threshold currents of the VL were higher than those of the 
MG. This meant that different muscles required different 
stimulating currents. The threshold currents of the ESCSMFRs 
determined in this study are important design parameters.

Increasing the stimulation frequency would raise the firing 
rate of motor neurons to enhance the response (Gorgey et 
al., 2006, 2009; Hofstoetter et al., 2015). In this study, with 
increasing stimulation frequency, the peak-to-peak value 
of the muscle responses increased. This indicates that a 
smaller current can be applied by increasing the stimulation 
frequency, thereby avoiding the activation of undesired 
muscles. A large stimulating current can block proprioception 
information and affect the function of the stimulation current  
(Formento et al., 2018).

ESCS with different frequencies can activate different neural 
circuits in the spinal cord. For example, stimulation at 50–100 
Hz strongly activates the spinal interneurons and inhibits the 
primary afferent presynaptic nerve of lower limbs (Murg et al., 
2000). However, in clinical practice, a stimulation frequency 
of 25–60 Hz is more commonly used (Minassian et al., 2004; 
Harkema et al., 2011; Angeli et al., 2018). By optimizing the 
stimulation parameters (i.e. the frequency and intensity), 
unnecessary lower-limb movements can be avoided by 

activating the fewest spinal nerve circuits.

We achieved a high stimulation density by combining two 
arrays. Our results can be used to design stimulation electrode 
arrays and stimulation parameters for implantable ESCS and 
MENB experiments. Future studies need to realize higher-
density electrode arrays with more electrodes with smaller 
diameters within the one electrode slice. This will afford more 
precise stimulation with finer control of motor function. 

Several limitations should be noted regarding this study. 
First, a high density of electrodes in a single electrode slice 
was not realized because of limitations of our electrode 
technology. Second, because the experiment was conducted 
in anesthetized rats, we could not detect the change of the 
stimulation responses in SCI rats over time.  

In conclusion, our high-density electrode array precisely 
activated lower-limb muscles, and allowed us to determine 
the motor-function regions activated by ESCS in the VL and 
MG. Our results demonstrate the potential of high-density 
flexible electrode arrays in developing effective treatment 
methods for SCI. 
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