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A B S T R A C T

Currently, prosthesis users rely on visual cues to control their prosthesis. One reason for this is 
that prostheses cannot provide users with proprioceptive functional signals. For this reason, we 
propose an agonist-antagonist myoneural interface (AMI) surgery. We examined how this surgery 
affects the restoration of motor function and proprioceptive reconstruction in the hind limb of 
Sprague–Dawley rats. The procedure entails grafting the soleus muscle, suturing the two tendon 
ends of the soleus muscle, and anastomosing the tibial and common peroneal nerves to the soleus 
muscle. We found that, following surgery, AMI rats exhibited improved neurological repair, 
shorter walking swings, braking, propulsion, and stance times, and greater compound action 
potentials than control rats. This means that in rats with neurological impairment of the hind 
limb, the proposed AMI surgical method significantly improves postoperative walking stability 
and muscle synergy. AMI surgery may become an option for regaining proprioception in the lost 
limb.

1. Introduction

Numerous individuals experience high-energy injuries each year owing to industrial construction, and traffic accidents, natural 
disasters, and injuries caused by heavy object in machines and automobiles. These injuries can in turn result in neurovascular injuries, 
significant trauma, extensive soft tissue defects, and severe fractures. Amputation may eventually be necessary for some patients. One 
of the main types of prostheses used to help amputees regain limb function is the myoelectric prosthesis, which uses surface electrodes 
to collect nerve signals and control the movement of the prosthesis by sending cortical motor signals to the motor nerve of the limb 
stump according to the needs of the patient [1–6].

Kuiken et al. [7] proposed method for targeted muscle reinnervation. Simultaneously, Kung et al. [8] proposed the regenerative 
peripheral nerve interface (RPNI) method to enable amputees to manage their prosthesis more naturally. For prosthetic technology to 

* Corresponding author. the CAS Key Laboratory of Human-Machine Intelligence-Synergy Systems, Shenzhen Institute of Advanced Technology 
(SIAT), Chinese Academy of Sciences (CAS), No.1068 Xueyuan Avenue, Nanshan District, Shenzhen, 518000, China.
** Corresponding author. the CAS Key Laboratory of Human-Machine Intelligence-Synergy Systems, Shenzhen Institute of Advanced Technology 

(SIAT), Chinese Academy of Sciences (CAS), No.1068 Xueyuan Avenue, Nanshan District, Shenzhen, 518000, China.
E-mail addresses: aiyzwll@aliyun.com (L. Yang), zy.liu1@siat.ac.cn (Z. Liu). 

1 Authors contributed equally as first.

Contents lists available at ScienceDirect

Heliyon

journal homepage: www.cell.com/heliyon

https://doi.org/10.1016/j.heliyon.2024.e38041
Received 15 March 2024; Received in revised form 27 August 2024; Accepted 16 September 2024  

Heliyon 10 (2024) e38041 

Available online 18 September 2024 
2405-8440/© 2024 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
( http://creativecommons.org/licenses/by-nc-nd/4.0/ ). 

mailto:aiyzwll@aliyun.com
mailto:zy.liu1@siat.ac.cn
www.sciencedirect.com/science/journal/24058440
https://www.cell.com/heliyon
https://doi.org/10.1016/j.heliyon.2024.e38041
https://doi.org/10.1016/j.heliyon.2024.e38041
http://creativecommons.org/licenses/by-nc-nd/4.0/


fulfill the bidirectional feedback function of the peripheral nervous system, these procedures recover the efferent signal from the 
transected peripheral nerve and reproduce the afferent signal buried deep in the residual tissue [9–12]. Proprioception, which includes 
position, motion, and vibration sensations, cannot be reconstructed because the subset of afferent signals responsible for proprio-
ception is still notably challenging to capture in the models described above. Amputees must rely on visual cues to perform specific 
actions in order to compensate for their lack of profound sensation [13–15]. However, none of these systems can provide the naturally 
occurring neural pathways that would produce muscle-based proprioceptive functions [16].

When conscious regulatory capacity is established, proprioceptive impairment can significantly and negatively affect motor 
control, balance, and postural regulation [17–19]. Anterior cruciate ligament (ACL) reconstruction surgery is clinically recommended 
to maintain more joint ligaments in patients with hind limb knee injuries [20–23]. The ACL contains proprioceptors, such as Ruffini 
and Vater-Pacini, which is why this surgery is necessary. The mechanical functions of the ACL and protective and stabilizing muscle 
reflexes can only be engaged by maintaining more proprioceptive information [24]. Moezy et al. [25] suggested whole-body vibration 
training as a replacement for conventional knee training. Lin et al. [26] proposed goal-matched walking training to improve the ef-
ficacy of proprioceptive function rehabilitation by strengthening the proprioceptive feedback connections at later stages of functional 
reconstruction. All of the above methods are useful in helping patients with knee and ligament injuries regain their proprioception. 
Simple healing is insufficient for amputees who have lost all their muscles, nerves, or even joints because the loss of effectors and 
receptors directly disrupts the proprioceptive feedback loop.

Herr et al. [27] validated a proprioceptive construction method known as the agonist-antagonist myoneural interface (AMI) 
method in 2017. This method directly connects two muscle tendons in series, one representing the agonist muscle and the other the 
antagonist muscle, through the replication of the agonist-antagonist muscle-tendon pair. This creates a synergistic muscle relationship 
that maintains the stretching of the agonist muscle. Distal organs and other tissues are removed during standard amputation surgery to 
isotonically stabilize the remaining distal muscle tissue. This tissue is typically buried deep into the remaining limb or fatty tissue to 
prevent the distal end of the amputated nerve from developing phantom pain upon mechanical stimulation [28,29]. To reconstruct the 
proprioceptive loop system, the AMI method primarily establishes tendon connections to nearby residual muscles and directly sutures 
the tibialis anterior muscle to the gastrocnemius tendon. However, in patients with late amputation, the opportunity to create a 
muscle-tendon connection is limited due to severe muscle-tendon deficit. Pjillip et al. [30] proposed the RPNI approach, which in-
volves the implantation of free muscle grafts to reconstruction peripheral neuromotor function in the upper extremity. In seven upper 
limb amputation patients, the donor muscle was chosen to be the patient’s ipsilateral lateral femoral muscle, and the severed distal 
peripheral nerves of the upper limb residual limb were then sutured into the muscle graft to create a closed biological peripheral nerve 
interface. Therefore, we believe that the RPNI-based approach can be used to wrap the dissected active and antagonist nerves, based on 
which the tendons of the free agonist-antagonist muscles can be connected, which is more in line with the mechanism of locomotion in 
the physiological state. This is because the antagonist muscles are of great significance in maintaining the stability and precision of 
joint movement. Second, since antagonist muscles are built to modulate motor stability and coordination primarily through propri-
oceptive control mechanisms. Therefore, in this study, we mainly wanted to measure the proprioceptive recovery using changes in gait 
characteristics.

Fig. 1. AMI construction and proprioceptive reconstruction mechanism. 
(A) Proprioceptive feedback mechanism: The proprioceptive pathway is mainly controlled by the cortical motor-sensory areas of the brain, with the 
first level of neuronal cytosol in the spinal ganglia. The muscle spindles in the skeletal muscles of the limb transmit information to the higher 
nervous system about the relative position and movement of muscles and joints based on the changes in the muscle length. 
(B) Agonist-antagonist myoneural interface (AMI) model diagram: the soleus muscle was transplanted as the tibial and common peroneal nerve 
target muscles to establish an AMI model in SD rats. When the agonist muscle contracts in response to electrical stimulation, it evokes proprioceptive 
signals and stretches the antagonist muscles. Thus, electromyographic and neuroelectric signals can be recorded in the antagonist muscle and nerve. 
(C) Prosthetic application: the AMI model offers the advantage of being suitable for patients with severe amputation and an unlimited source of 
donor muscles. As the anatomical relationship between the agonist and antagonist muscles is preserved in this case, it can evoke proprioceptive 
signals when the agonist muscle contracts. Therefore, recording the proprioceptive signals is more conducive to controlling the prosthetic actions.
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This article presents a graft-targeted tendon pair strategy that expands the options for nerve implantation to the entire body. To 
assess the efficacy of this approach in restoring motor balance and stability in the hind limbs of rats, we constructed an AMI Spra-
gue–Dawley (SD) rat model to analyze the changes in proprioceptive information sources and effector signals. We used the rat soleus 
muscle with tendons as the donor, implanted the severed tibial and common peroneal nerves in the soleus muscle belly, and anas-
tomosed the soleus tendon end to end to form a complete anatomical closure of the nerve-muscle-tendon pair (Fig. 1). The AMI method 
expands upon the RPNI method by transplanting two target muscles as nerve bio-amplifiers and joining the tendons to form the 
fundamental motor unit. This approach has the advantage that donor muscles are readily available and the patients can choose the best 
donor based on their conditions. Patients can undergo a nearly unlimited degree of amputation. Moreover, this surgical method can be 
used if the primary functional nerve is preserved. Furthermore, as a result of the fundamental anatomical relationship stimulating the 
agonist-antagonist-tendon pair, the agonist muscle proprioceptors are activated when tibial nerve signaling causes the agonist muscle 
to contract, and the coupled antagonist muscle activates its receptors when it stretches. They then provide proprioceptive afferent 
signals via the common peroneal and tibial nerves. This method offers stable nerve signal transmission, making it appropriate for 
patients with high degrees of muscle, tendon, and nerve loss. To verify the effectiveness of this method, we created a rat amputation 
model using nerve dissection as a control. We then analyzed the neurologic and muscular evoked potentials post-surgery to determine 
whether AMI surgery could create morphological loops that directly connect the signal feedback chain. Furthermore, we investigated 
the mechanisms underlying proprioceptive repair using gait and histological analysis. We used the above methods to determine the 
nerve and muscle survival after AMI surgery and whether closed-loop feedback could effectively repair the motor balance and stability 
of the lower limb in rats. We aim to provide an experimental basis for the theory and technological innovation of the reconstruction of 
the organism’s proprioceptive function after amputation, and to provide an option for patients with physical disabilities to regain the 
proprioception of the missing limb.

2. Materials and methods

2.1. Animal preparation

The anatomical structure, functional characteristics, and physiological responses of SD rats are similar to those of human beings. 
The experiments are reproducible, economically priced, and easy to feed and manage, so rats are proposed to be used as the research 
object in this work. Twelve male SD rats weighing 450 ± 50 g were kept in a specific pathogen-free class animal room with a tem-
perature of (22 ± 2) ◦C, 40%–60 % relative humidity, and a 12 h light/dark cycle. The rats were acquired from the Guangdong 
Experimental Animal Center under animal permit number SCXK (Guangdong) 2017-0119. Six rats were randomly divided into AMI 
and control group. The Experimental Animal Ethics Committee of Shenzhen Institute of Advanced Technology, Chinese Academy of 
Sciences, approved the experiment (No. SIAT-IACUC-210907-JCS-HJP-A2050).

Fig. 2. Agonist-antagonist myoneural interface (AMI) and control group surgical diagram. 
(A) A 1-cm incision was made along the lateral aspect of the hind limb to the Achilles tendon. 
(B) The bilateral soleus muscles were removed as donor muscles. 
(C) The left tibial and common peroneal nerves were dissected. 
(D) The tibial and common peroneal nerves were anastomosed at the belly of the two soleus muscles. 
(E) Two soleus muscles were sutured to the surface of the biceps femoris muscle membrane. The soleus muscle tendons were then anastomosed end- 
to-end in the AMI group. 
(F) the soleus tendons were not anastomosed in the control group and were replaced with a surgical suture attachment.
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2.2. Establishment of the rat model

In the AMI group, the lateral side of the left and right hind limbs of SD rats was incised 1 cm along the heel tuberosity, and general 
inhalation anesthesia was administered using isoflurane. The subcutaneous tissues were separated layer-by-layer, and the distal soleus 
tendon was liberated by carefully peeling off the fascia and connective tissues surrounding the tendons of the distal extremities of the 
two muscles. After removing the residual blood, the excised graft was promptly washed in a sodium heparin solution (400 units/mL) 
and submerged in saline. Subsequently, the common tibial and peroneal nerves were divided and detached distally, and their proximal 
ends were inserted at the belly of the two soleus muscles using a 12-0 suture. A 6-0 suture was used to end-anastomose the two soleus 
tendons, and a 8-0 sutures were used to implant the soleus muscle at the surface fascia of the biceps femoris. They were then sutured 
layer by layer onto the skin. The blood supply to the graft is provided by the donor muscle. Free soleus muscle sutured to the surface of 
the biceps femoris muscle reconstruction the blood supply to the muscle and provides access to the nerves and tendons, ensuring the 
survival of the nerves, muscles and tendons after AMI.

In the control group, two soleus muscles were implanted at the biceps femoris muscle membrane, after which, the two muscles were 
only penetrated and slightly fixed with 6-0 suture, and the two tendons were not anastomosed. Muscle grafting and nerve implantation 
were performed as described for the AMI group (see Fig. 2).

2.3. Gait analysis

The postoperative footprints and gait of the rats were recorded using a gait analysis system (BT60101; Shenzhen Zhongshi 
Company, China). The system was outfitted with a 1/4” CCD high-speed camera featuring a 640 × 480 lens resolution, ultra-low 
illumination (0.05 1X), 120 frames per second, and a cold light source. This device monitored the soles of the feet with a camera 
using the footprint light refraction technique to determine the walking gait of the animal.

The distances between the heel and tip of the foot, first and fifth toes, and second and fourth toes were measured from three 
complete footprints taken from the operated side and three from the non-operated side. The sciatic nerve function index (SFI), tibial 
nerve function index (TFI), and standard peroneal nerve function index (PFI) were computed by substituting the abovementioned 
measurements the Bain’s method:

SFI = − 38.3 × [(operative PL − healthy PL)/healthy] + 109.5 × [(operative TS − healthy TS)/healthy TS] + 13.3 [(operative ITS 
− healthy ITS)/healthy ITS] − 8.8, TFI = − 37.2 × [(operative side PL − healthy side PL)/healthy side] + 104.4 × [(operative side TS 
− healthy side TS)/healthy side TS] + 45.6 [(operative side ITS − healthy side ITS)/healthy side ITS] − 8.8, PFI = − 174.9 ×
[(operative PL − healthy PL)/healthy] + 80.3 × [(operative TS − healthy TS)/healthy TS] + 13.3 [(operative ITS − healthy ITS)/ 
healthy ITS] − 13.4,PL, heel-to-toe distance of each hindfoot; TS, distance from the first toe to the fifth toe of the hindfoot; ITS, distance 
from the second toe to the fourth toe of the hind foot.

One of the primary indices used to evaluate the restoration of neurological function after surgery in rats is the neurological function 
index. Additional statistics were synchronized to the paw angle (PA), vector, paw angle-body angle (PABA), measurement of walking 
swing duration, braking duration, propulsion duration, stance duration, and average pressure-contact intensity of the hind foot:

Walking swing duration = time maintained before plantar contact with the running platform.
Braking duration = duration from plantar contact with the running platform to the maximum contact surface of the plantar foot 

with the running platform.
Propulsion duration = duration from the maximum contact area between the plantar foot and running platform to the duration of 

platform exit.
Stance duration = entire duration of plantar contact with the running platform.
The average pressure-contact intensity of the hindfoot is reflected by the optical density ratio after contact between the sole and 

running platform.

2.4. Characteristics of electromyographic signals and neuroelectrical information

Hook-shaped microelectrodes (stainless steel, 0.25 mm diameter) were positioned at the tibial and common peroneal nerves, 
respectively, and the Plexstim stimulator (OPX-D2; Plexon, USA) provided stimulation signals with varying 50 μs pulse width and 1 Hz 
frequency. When a signal is received for a given stimulus, it is customary, to begin with no target muscle contraction and progressively 
increase the signal as the stimulus enhancement becomes more intense until the target muscle contraction remains unchanged. After 
the stimulus is repeated, the intensity IS = IA × (1 + 20 %) is recorded as the initial stimulus intensity, or IA. The microelectrodes 
(stainless steel, 0.25 mm diameter) collected the corresponding tibial nerve and common peroneal nerve compound nerve action 
potential (CNAP),compound muscle action potential (CMAP) of the tibial nerve innervated graft and the CNAP of the standard 
peroneal nerve graft. The latency (t) is the amount of time that passes between stimulation artifacts and evoked potentials. The dis-
tance (s) between the stimulating electrode and each recording electrode (tibial nerve to the left soleus muscle and common peroneal 
nerve to the right soleus muscle) was measured. It was determined that the motor nerve conduction velocity (MCV) was MCV = s/t. 
The CMAP and CNAP were pre-processed by filtering and noise reduction to extract the signals in the influential frequency domain 
band, and the Omniplex system software, provided by Plexon was used to handle the raw signals. After feature configuration, the signal 
bands corresponding to the sensory stimuli were acquired, and the spectra and peaks were further produced. It was established that 
stimulus-muscle and nerve signals corresponded to each other.
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2.5. Body and muscle wet weights

The gastrocnemius, tibialis anterior, and graft tendons were removed after anesthesia and weighed two months after surgery. The 
body weights of the rats in the two groups were also recorded before and two months after surgery.

2.6. Histological staining

Rat muscle-tendon pairs were extracted, clipped, and fixed in 4 % formaldehyde solution. After staining, the sections were regularly 
sectioned to a thickness of 5 μm, sequentially transparent, dehydrated, paraffin-embedded, and sealed with a neutral resin. The skin 
morphology and pathological alterations were examined under a microscope. The distribution and constructive characteristics of 
muscle spindles and tendons in the target tissues were observed using hematoxylin and eosin (HE) staining (BH0001; Boerfu 
Biotechnology, Inc., China), with particular attention paid to the morphology of muscle myocytes, number and morphology of tendons 
and spindles, growth of blood vessels, and healing of anastomosis. The degree of tendon fibrosis was observed using Masson staining 
(BH0002; Boerfu Biotechnology, Inc., China).

Fig. 3. Gait analysis data after surgery. 
(A) The atrophy of the left foot (lower panel) in the AMI group compared to the right foot (upper panel) was evident, while the atrophy in the 
control group was more severe. 
(B) The absolute values of SFI, TFI, and PFI in the AMI group (red) were significantly smaller than those in the control group (blue). This indicates 
that the postoperative motor functions of the sciatic, tibial and common peroneal nerves of the rats in the AMI group were superior to those of the 
control group. 
(C) The duration of walking, swinging, braking, propulsion, and stance of the rats in the AMI group (red) were all smaller than those in the control 
group (blue). This indicates that the rats in the AMI group moved faster than the control group during walking and had better control of all stages of 
walking than the control group. 
(D) The angle between the walking direction and the rat body position in the AMI group was minor, while that in the control group was more 
deviated toward the affected foot. This indicates that AMI rats have better body balance during walking than the control group. 
(E) The PA, vector, and PABA of the rats in the AMI group (red) were smaller than those in the control group (blue). This suggests that the control 
rats that did not undergo AMI surgery during walking mainly increased the left hind walking angle to control body balance. 
(F) The pressure intensity of the left foot in contact with the flat surface of the rats in the AMI group was less than that in the control group, and the 
right foot did not show statistically different outcomes from the control group. 
(G) The contact area and pressure of the plantar surface of the left limb of the rats in the AMI group were slightly weaker than those of the right side, 
while the contact area of the plantar surface of the affected limb of the control group was very small. 
(H) The pressure of the left limb in the AMI group was unstable during walking, showing only brief lifting movements, while the control group 
showed a continuous decrease in pressure. 
(I) The mean pressure-touch intensity of the AMI group’s left-to-right and right-to-left walking process was less than that in the control group.
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2.7. Statistical analysis

The measurement results of statistical analysis, including the SFI, TFI, PFI, were represented as mean ± standard deviation. 
Repeated measurements were performed using the Statistical Package for Social Sciences software (version 22.0). The repeated 

Fig. 4. Signal analysis. 
(A) State of graft repair in both the groups of rats at 2 months postoperatively. 
(B) Electrical stimulation of the tibial nerve (agonist), recording of CMAP (agonist-antagonist myoneural) in the soleus muscle, and CNAP 
(antagonist) in the common peroneal nerve. It can be seen that the two grafts in the AMI group were connected together, while the control group 
grafts were spaced far apart from each other. 
(C) On stimulation of the tibial nerve in the AMI group, CMAP of the tibial nerve (blue) and common peroneal nerve (red) innervated side grafts and 
CNAP of common peroneal nerve (orange) could be collected. On the stimulation of the common peroneal nerve in the AMI group, CMAP of 
common peroneal nerve (blue) and tibial nerve (red) innervated side grafts and CNAP of common peroneal nerve (orange) could be collected. Only 
CMAP for tibial nerve (blue) innervated side grafts could be recorded on the stimulation of the tibial nerve in the control group. CMAP of the 
common peroneal nerve innervated side grafts (red) and CNAP of the common peroneal nerve (orange) could not be evoked. Only CMAP of the 
common peroneal nerve (blue) innervated lateral grafts were collected on the control common peroneal nerve stimulation. CMAP of the tibial nerve 
innervated lateral grafts (red), and CNAP of the tibial nerve (orange) were not evoked. The above results indicate that when the active nerve was 
stimulated, both the antagonist muscle and the nerve could be evoked in the AMI group, whereas in the control group, only the active muscle 
wrapping the nerve could be evoked, and neither the antagonist muscle nor the antagonist nerve could be evoked. 
(D) Gradual increase in the stimulation intensity to evoke CMAP/CNAP. (E) Both tibial and common peroneal nerve conduction velocities were 
higher in the AMI group than in the control group. It indicates that the repair effect of neuromotor function in the AMI group was better than that in 
the control group.
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measures ANOVE test were assessed using analysis of variance. Intra-group comparison was made using the least significant difference- 
t test. The differences between the two groups that shared the same index were examined using the independent sample t-test. 
Normalcy transformation was necessary when the measurement data did not fit the expected distribution; and the differences were 
examined usingan α = 0.05 test. To account for two comparisons of different groups, the test was modified as follows: α’ = α/k × (k – 
1)/2.

3. Results

3.1. Tendon anastomosis facilitates gait stability in rats

The AMI group showed significantly less functional deficit, as indicated by the SFI, TFI, and PFI, as well as the PA, vector, the PABA 
of the gait angle values two months after surgery. These differences were considered statistically significant (P < 0.05). There was a 
significant difference (P < 0.05) in the walking swing, braking, propulsion, and stance durations between the AMI and control groups. 
The left hind-foot in both groups had a lower mean pressure-touch intensity than that in the control group. In addition, the left-to-right 
walking process in the AMI group had a lower pressure-touch intensity than that in the control group. These differences were sta-
tistically significant (P < 0.05), as shown in Fig. 3, Supplementary 1, 2.

3.2. The higher amplitude of evoked CMAP & CNAP indicates better neuronal remodeling and muscle repair

In the AMI group, the CMAP of the graft on the innervated side of the common peroneal and tibial nerves, and CNAP of the tibial 
nerve were all stronger when the left common peroneal nerve was stimulated. Additionally, the CMAP of the graft and the CNAP of the 
tibial nerve were gradually enhanced as the stimulation intensity increased (Fig. 4, Supplementary 3, 4). The AMI group collected the 
CMAP of the graft on the innervated side of the peroneal and tibial nerves, and CNAP of the peroneal nerve. In the control group, only 
the CMAP of the graft on the innervated side of the peroneal nerve was recorded. Grafts on the innervated side of the tibial nerve and 
their CNAP could not be recorded. Three points were selected and stimulated independently to determine the conduction velocities of 
the tibial and common peroneal nerves. The time interval between the evoked potentials and stimulation artifacts were recorded. As 
shown in Fig. 4, Supplementary 5,6, 7 we found that the AMI group had faster peroneal and tibial nerve conduction velocities than the 
control group. This difference was statistically significant (P < 0.05).

3.3. Loss of innervation leads to severe atrophy of muscle and tendon tissues

The differences in body weight, graft mass, and tibialis anterior and gastrocnemius muscle mass between the left and right hind 
limbs of rats in both groups prior to and two months after following surgery were not statistically significant (P > 0.05). However, 
Table 1 illustrates that the tibialis anterior and gastrocnemius muscle masses of the right hind limb were significantly higher than those 
of the left hind limb in both groups, and the differences were statistically significant (P < 0.05).

3.4. Re-establishment of the innervation and formation of closed-loop anatomy facilitates tissue repair

The HE staining results showed that the tendon pairs in the AMI group healed entirely and were connected. However, some muscles 
in this group showed atrophy with few standard muscle spindles. Likewise, the tendons and muscles in the control group showed 
atrophy and a loss of normal morphology and structure. Collagen fibers in the tendons of the AMI group were structurally intact, 
whereas those in the control group were dispersed and fragmented (Fig. 5).

4. Discussion

Human limbs possess a sophisticated sensory system as well as robust and flexible motor functions. Proprioceptive receptors in 
muscles, tendons, and joints regulate limb position and movement accuracy through position, kinesthetic, and vibration senses [31,
32]. In contrast, fingertips use superficial senses such as touch pressure to perceive information about the surrounding environment 
and issue commands to control limb activities. Nevertheless, amputees who use conventional prostheses cannot sense their 

Table 1 
Comparison of body weight and muscle weight between two groups of rats (g).

Group n Weight Graft mass TAM(L) TAM(R) GAM(L) GAM(R)

AMI group 8 615.50 ± 56.26 0.13 ± 0.08 0.25 ± 0.04 1.12 ± 0.11* 0.79 ± 0.15 3.95 ± 0.29*
Control group 6 581.83 ± 61.33 0.15 ± 0.03 0.22 ± 0.06 1.07 ± 0.06* 0.78 ± 0.16 3.64 ± 0.38*
t  1.067 0.578 1.126 1.001 0.120 1.737
P  0.307 0.574 0.282 0.337 0.906 0.108

Note: *P < 0.05 compared to the left. TAM(L) indicates the tibialis anterior muscle of the left hind limb. TAM(R) indicates the tibialis anterior muscle 
of the right hind limb. GAM(L) indicates the gastrocnemius muscle of the left hind limb. GAM(R) indicates the gastrocnemius muscle of the right hind 
limb.
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environment, perform precise movement commands, or perceive the position, speed, and direction of motion of the prosthesis in the 
same manner as they would in a normal limb [33].

There are two types of proprioceptive dominance modalities: conscious and nonconscious. The motor sensory areas integrated in 
the brain cortex control the conscious proprioceptive pathway [34]. Unconscious proprioception features conditioned reflex mode 
(low level) and motor regulation of muscles and joints by the cerebellum and vestibule (intermediate level) [35]. Although a highly 
focused motor intent from the user is crucial for controlling a prosthetic limb, a person typically uses a combination of conscious and 
unconscious pathways to operate their limbs [36]. More trunk balance, postural adjustment, and motor control are needed for lower 
limb control than for upper limb control. However, owing to the loss of proprioceptive receptors or the absence of limb muscles and 
tendons, patients with lower limb amputation experience a severe lack of sensory information while processing limb position and 
spatial movement [37–41]. To compensate for this, we reconstructed the proprioceptive pathway by optimizing the conscious pathway 
and fixing the unconsciously controlled anatomical pathway.

What, therefore, is the secret that helps amputees of lower limbs regain their proprioception? The goal is to rebuild the closed-loop 
structure between the receptor, afferent nerve, center, efferent nerve, and effector or to strengthen the feedback function of the initially 
lost proprioceptors. First, the fast-transmitting afferent feedback dispersed throughout the skeletal muscle of the limb predominantly 
encodes the analysis of muscle length signal and muscle extension changes. It then modulates the joint mobility during postural control 
in response to the extension reflex. However, the afferent input of kinesthetic information is significant for limb movement phase and 
pattern switching, and the tendon spindle senses changes in limb weight-bearing to assist the with pedestrian motor load control to 
move the limb forward [42–44]. This delicate pattern of muscle movement regulation informs the higher nervous system about the 
relative position and movement of relevant muscles and joints. In prosthetic patients, the absence of tissues, including muscles and 
joints, results in the loss of receptors and effectors, directly disrupting the reflex loop [45]. Second, walking is not unconscious; instead, 
it involves “low-level” regulation of muscle and tendon spindle receptors and “high-level” cognitive control. This makes walking 
significantly more difficult for prosthesis users in terms of motor executive function and attentional control [46].

Herr et al. tandemly coupled the gastrocnemius-anterior tibialis muscle in mice to determine the fundamental anatomical rela-
tionship of the agonist-antagonist myoneural. The agonist muscle was contracted using an external device to activate the agonist 
proprioceptive receptors on the efferent nerve. Meanwhile, the antagonist’s muscle was stretched in tandem to activate its receptors, 
producing proprioceptive afferent signals via the tibial and common peroneal nerves [47–50]. The AMI method restores deep sensory 
functions, such as motion position and vibration perception in the limb to provide amputees with natural limb sensation by rees-
tablishing this fundamental motor synergy between the agonist-antagonist myoneural pair. It also uses existing flexible interface 
technologies and physiologically relevant proprioceptive feedback from biological neural pathways to convert prosthetic sensory 
information related to muscle stretching and tension into neural signals. Thus, by developing a successful method for reconstructing 
the proprioceptive function in the missing limb using an animal model of limb disability, we examined the effects of proprioceptive 
rehabilitation in rats following AMI surgery.

In this study, we used a microscopic nerve anastomosis method to create a rat model in which the tibial and common peroneal 
nerves of the left hind limb were disarticulated. This study addressed the loss of limb proprioceptive function caused by disruption of 
the connection between proprioceptive signals and receptors after amputation. The ventral aspect of the soleus muscles was grafted, 
the severed nerve was anastomosed to the ventral aspect of the soleus muscles, and the grafted tendon was anastomosed to complete 
AMI surgery. The postoperative muscle synergistic effects in the rats were assessed using electrophysiological methods, gait analysis, 
and the expression of TIMP-1 and MMP-1 in the tendon during a two-month repair period. These indicators confirmed the efficacy of 
the proposed model. The gastrocnemius and tibialis anterior muscles in the AMI group (tendon anastomosis) and control group (tendon 

Fig. 5. Histological staining. 
(A) HE staining of the AMI group (2X): soleus muscle-tendon pairs. 
(B) HE staining of the AMI group (10X): partial muscle atrophy with essentially intact structure. 
(C) Masson staining of the AMI group (2X): soleus muscle-tendon pair. 
(D) Masson staining of the AMI group (10X): complete healing of the soleus muscle-tendon pair with the intact connection. 
(E) HE staining of the control group (2X): single soleus muscle. 
(F) HE staining of the control group (10X): severe muscle atrophy with the loss of normal tissue structure. 
(G) Masson staining of the control group (2X): single soleus muscle. 
(H) Masson staining of the control group (10X): complete atrophy of the tendon, severe fattening, and structural disorder.
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dissection) exhibited significant atrophy compared to the healthy side (right side) of the body, and the degree of atrophy did not differ 
significantly between both groups. Two months after surgery, the gait balance ability and repair status of the injured nerve function in 
the AMI group appeared to be better than those in the control group, as evidenced by the significantly lower absolute values of SFI, TFI, 
and PFI, as well as the values of PA, vector, and PABA.

We have always emphasized the importance of proprioception, but it is very difficult for us to directly detect proprioception in 
animals. Simply put, each of us can feel the speed and angle of movement of our own limbs, but no one else can. One of the important 
roles of proprioception is to maintain motor stability and limb balance by antagonizing the muscles, so we indirectly evaluated the 
recovery of proprioception after surgery by observing the movement control ability and the angle of limb movement during the 
walking process. The amount of time spent walking before the hind limb touches the ground is known as the walking swing duration, 
which is generally shorter when the pace at which one walks is faster. A lack of kinesthesia and position sensation extends the swing 
duration before the hind limb touches the ground [51]. Pain and hind limb motor function limitations caused by muscle and joint 
illnesses can also prolong the swing duration. When the limb reaches the stage of deceleration and control of the standing posture, the 
hind limb begins to contact the ground following the swing phase. This is the period during which the hind limb braking. The delay at 
this stage could indicate that the body requires more time to distribute and regulate the standing load evenly to maintain limb balance. 
The distance between the maximum contact area of the rear foot with the ground and the next swing phase is known as the propulsion 
duration; that is, this is the time required to continue the forward motion. The shortened duration of this accelerated movement 
suggests increased trunk strength and control [52]. The entire period of rear foot-ground contact is known as the stance duration, and it 
often has a positive correlation with walking speed. Many influencing factors are related to hind limb-ground contact intensity, and the 
rat body weight, plantar area, ground friction, motor status, and limb control can all change the contact intensity [53]. Herr’s team 
primarily illustrated the signal feedback loop problem through muscle force-electrical signal correlation.

The results of this study demonstrate that the rats that underwent AMI surgery presented significantly shorter walking swing, 
braking, propulsion, and stance durations than those underwent tendon dissection after two months. This means that the hind limb 
motor control of the rats could be restored through the intact neurofeedback loop created by AMI.

According to the stimulation-evoked electrical signal experiment, the CMAP signal of the peroneal nerve innervated graft (agonist 
muscle) gradually strengthened with higher stimulation of the common peroneal nerve (agonist nerve) in rats that underwent AMI. 
Simultaneously, there was an increase in the CMAP signal of the tibial nerve (antagonist nerve) and an enhancement of the CNAP 
signal of the tibial nerve innervated graft (antagonist nerve). The antagonist muscle and antagonist nerve of the control group with the 
severed tendon presented no evident feedback effect on the stimulation signal, and the results showed that the co-motor unit of the 
muscle-tendon pair-nerve could form a closed loop to complete the feedback of afferent and efferent signals. The rats in the AMI group 
featured faster conduction velocities for both the tibial and common peroneal nerves than those in the control group. This suggests that 
following AMI surgery, the agonist and antagonist muscles of the hind limb had a positive synergistic effect, and that the motor 
function of the injured nerve had significantly recovered.

The tibial and common peroneal nerves in rats can be restored to function in the hind limb by transplanting normal muscle tendons 
from other parts to create an agonist-antagonist myoneural basic motor unit. This method can significantly improve postoperative 
motor stability and muscle synergy in rats, and overcome the previous restriction that dissociated nerve implantation can only select 
nearby target organs without affecting electromyography, electroencephalogram collection, and extraction. However, this study has 
some limitations. First, this study used an animal model, and the sample size is limited, so the practical application value is insufficient, 
and the applicability of this approach to amputation patients’ needs to be further verified by clinical trials. Second, it was not possible 
to precisely separate individual proprioceptive signals from composite ENG signals for reference, and it was not possible to examine the 
impact of this model on the innervation of the cerebral sensory cortex. Third, this study did not explore all proprioceptive receptors, 
including those in the tendons and muscle spindles. Fourth, considering the complex construction process of this model and gradual 
healing of tendons, further research is required to determine whether drugs, and thermal, electrical, and motor stimulations can aid in 
rehabilitating the hind limb motor function.
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