
ARTIC
LE

 IN
 PRESS

Article in Press

Regenerative Peripheral Nerve Interface 
(RPNI) and vascularized Denervated Muscle 
Targets (VDMT): a preclinical rabbit model as 
a translational feasibility and methodological 
platform

Journal of Translational Medicine

Received: 29 January 2026

Accepted: 7 June 2026

Cite this article as: González-Prieto J., 
Arenillas M., Sanz Barbero E. et al. 
Regenerative Peripheral Nerve Interface 
(RPNI) and vascularized Denervated 
Muscle Targets (VDMT): a preclinical 
rabbit model as a translational 
feasibility and methodological platform. 
J Transl Med (2026). https://doi.
org/10.1186/s12967-026-08453-y

Jorge González-Prieto, Mario Arenillas, Elisa Sanz Barbero, Ana Gutiérrez 
Pecharromán, José Daniel Muñoz, Eduardo Alonso, María del Carmen Morillo, Lara 
Cristóbal, Romano Giannetti & Andrés A. Maldonado

We are providing an unedited version of this manuscript to give early access to its 
findings. Before final publication, the manuscript will undergo further editing. Please 
note there may be errors present which affect the content, and all legal disclaimers 
apply.

If this paper is publishing under a Transparent Peer Review model then Peer 
Review reports will publish with the final article.

https://doi.org/10.1186/s12967-026-08453-y

© The Author(s) 2026. Open Access This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 International 
License, which permits any non-commercial use, sharing, distribution and reproduction in any medium or format, as long as you give appropriate credit 
to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if you modified the licensed material. You do 
not have permission under this licence to share adapted material derived from this article or parts of it. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not included in the 
article’s Creative Commons licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain 
permission directly from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by-nc-nd/4.0/.

https://doi.org/10.1186/s12967-026-08453-y
https://doi.org/10.1186/s12967-026-08453-y
https://doi.org/10.1186/s12967-026-08453-y
http://creativecommons.org/licenses/by-nc-nd/4.0


1 

Regenerative Peripheral Nerve Interface (RPNI) and Vascularized Denervated Muscle 

Targets (VDMT): a preclinical rabbit model as a translational feasibility and 

methodological platform. 

 

Jorge González-Prieto, MD
1,2

; Mario Arenillas, PhD
3
; Elisa Sanz Barbero, MD

4
; Ana 

Gutiérrez Pecharromán, MD
5
; José Daniel Muñoz, PhD 

6
; Eduardo Alonso, PhD

6
; María del 

Carmen Morillo, PhD
7
; Lara Cristóbal, MD, PhD

1,2
; Romano Giannetti, PhD

+6
,
 
Andrés A. 

Maldonado, MD, PhD
+1,2

. 

  

1.      Department of Plastic Surgery, Peripheral Nerve Unit, Hospital Universitario de 

Getafe, Madrid, Spain. 

2.      Department of Medicine; Faculty of Medicine, Health and Sports; Universidad 

Europea de Madrid, Spain. 

3. Department of Animal Medicine and Surgery, Veterinary Faculty, Universidad 

Complutense de Madrid, Madrid, Spain. 

4.      Department of Clinical Neurophysiology, Peripheral Nerve Unit, Hospital 

Universitario de Getafe, Madrid, Spain. 

5. Department of Pathological Anatomy, Peripheral Nerve Unit, Hospital Universitario de 

Getafe, Madrid, Spain. 

6.      Institute for Research in Technology, ICAI School of Engineering, Comillas 

Pontifical University, Madrid, Spain. 

7. Department of Topographic Engineering and Cartography, 

Polytechnic University of Madrid, Spain. 

 

+These authors shared senior authorship in this work. 

ACCEPTED MANUSCRIPTARTICLE IN PRESSARTICLE IN PRESSARTICLE IN PRESS

ARTIC
LE

 IN
 PR

ES
S

ARTICLE IN PRESS



2 

  

Corresponding author: 

Andrés A. Maldonado 

Department of Plastic Surgery 

University Hospital of Getafe Madrid 

Carretera de Toledo Km 12.5, 

28905-Getafe, Madrid (Spain). 

mail@andresmaldonado.es 

 

Financial disclosure: This study has been funded by Instituto de Salud Carlos III (ISCIII) 

through the project PI22/00862 and co-funded by the European Union. The funders had no 

role in the study design, data collection or analysis, decision to publish, or manuscript 

preparation. 

Conflicts of Interest: The authors declare that there are no relevant conflicts of interest. 

Presented at (if applicable): 

 This study has not been presented at any meeting or conference. 

Short Running Head: 

 RPNI and VDMT in Rabbit Model 

Keywords: Regenerative Peripheral Nerve Interfaces, Vascularized Denervated Muscle 

Targets, prosthetic control, preclinical model, neuromuscular interfaces, rabbit model. 

 

  

ACCEPTED MANUSCRIPTARTICLE IN PRESSARTICLE IN PRESSARTICLE IN PRESS

ARTIC
LE

 IN
 PR

ES
S

ARTICLE IN PRESS



3 

Abstract 

Background: Regenerative Peripheral Nerve Interfaces (RPNIs) and Vascularized 

Denervated Muscle Targets (VDMTs) are emerging strategies for nerve regeneration and 

myoelectric prosthesis control. Most preclinical studies have been conducted in rodents, 

limiting the evaluation of implantable electromyographic devices due to anatomical and 

scale-related constraints. This study aimed to develop and evaluate the first RPNI and VDMT 

models in rabbits as a translational platform for implantable neuromuscular interfaces. 

Methods: A total of 8 rabbits (4 per group) were randomly assigned to RPNI (n = 4) and 

VDMT (n = 4) groups and evaluated at an 8-week follow-up. RPNIs were created using 

biceps femoris muscle grafts attached to the peroneal nerve. VDMTs were constructed using 

denervated, vascularized gastrocnemius muscle flaps sutured to a peroneal motor branch. The 

contralateral leg served as a denervated control. Electrophysiological and histological 

analyses were performed 8 weeks postoperatively. Between-group comparisons were 

conducted using exact Mann–Whitney U and Fisher’s exact tests. 

Results: VDMTs showed a trend toward better macroscopic vascularization and integration 

under the present experimental conditions. Electromyographic activity was detected in 3 of 4 

VDMTs, whereas no signal was observed in RPNIs. Histological analysis demonstrated more 

favorable muscle tissue preservation in VDMTs, with no detectable necrosis (0% necrotic 

area in all specimens), while RPNIs exhibited substantial necrosis (20%–95% of the analyzed 

muscle area), which was significantly greater than in VDMTs (p = 0.0286). Neuroma 

formation occurred in all RPNIs and in 2 of 4 VDMTs. 

Conclusions: This study presents a feasible rabbit model for the preclinical evaluation of 

RPNI and VDMT constructs. Under the present experimental conditions, VDMTs were 

associated with more favorable tissue preservation and more frequent signal detection under 

ACCEPTED MANUSCRIPTARTICLE IN PRESSARTICLE IN PRESSARTICLE IN PRESS

ARTIC
LE

 IN
 PR

ES
S

ARTICLE IN PRESS



4 

the present experimental conditions. These findings support the feasibility and translational 

potential of the rabbit as a methodological platform for future neuromuscular interface 

research. Further studies with optimized surgical protocols and larger cohorts are required to 

confirm these findings. 
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Introduction 

Human–machine interfaces play a fundamental role in the restoration of motor function after 

peripheral and central nervous system injuries, enabling individuals with chronic tetraplegia 

to regain limb movement [1]. However, developing advanced and reliable interfaces for 

precise control of bionic prostheses remains a challenge, requiring preclinical evaluation of 

biocompatibility and functionality [2,3].  

Regenerative Peripheral Nerve Interfaces (RPNIs), introduced by the Michigan group [4–7], 

involve grafting a small muscle segment onto a nerve stump of a residual limb [4–10]. 

Peripheral axons sprout and reinnervate the muscle graft within 2–4 months, forming a 

"bioelectrode" that transmits signals from the nervous system to external prostheses 

[4,6,7,11–15]. 

The RPNI technique has been widely studied in rodents, showing promising histological and 

neurophysiological results, including muscular neoangiogenesis, axonal regeneration, and 

minimal fibrosis [4,5,7,8,12,14,16–25]. Although applied in rats [4,5,8,10,12,14,16–41] and 

macaques [25,42,43], no single species fully replicates human physiology, supporting the 

need for complementary animal models [44]. While primates provide valuable insights 

[45,46], ethical and financial concerns limit their use [46]. 

Vascularized Denervated Muscle Targets (VDMTs) have emerged as an alternative strategy 

for neuroma management and potential myoelectric interfacing [7,47–51]. Unlike RPNIs, 

VDMTs (also described as pedicled vascularized RPNIs) use a vascularized, denervated 

muscle flap wrapped around the nerve stump, improving viability and eliminating size 

constraints of non-vascularized grafts. 
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We propose RPNI and VDMT models in rabbits as potentially clinically relevant due to their 

practical advantages. Rabbits are manageable, easy to house, and relatively cost-effective 

compared to macaques. Furthermore, the size of rabbits facilitates the implementation of 

implantable devices for electrical activity recording and the investigation of the human-

machine interface. The aim of this study was to develop and evaluate the first preclinical 

rabbit models of RPNI and VDMT as an exploratory methodological platform for 

translational research and future testing of implantable neuromuscular interfaces. 

 

Material and methods 

Animals 

Three-month-old New Zealand rabbits (Granja San Bernardo, Madrid, Spain) were used (4 

males, 4 females). Animals were randomly allocated to the RPNI (n = 4) or VDMT (n = 4) 

groups with balanced sex distribution (2 males and 2 females per group).  

Rabbits were housed under standard temperature and light cycles with unrestricted access to 

food and water. All procedures were performed in accordance with European animal research 

legislation (Directive 2010/63/EU), minimizing pain and distress. The study was approved by 

the institutional ethics committee and the regional authority (PROEX 80.5/23, Madrid, 

Spain). 

 

Experimental design 

Eight rabbits were randomized as described above to receive either an RPNI (n = 4) or a 

VDMT (n = 4). The right hind limb received the assigned construct, while the contralateral 

limb served as an internal denervated control. Evaluations, including macroscopic inspection, 

nerve conduction studies, and histological analysis, were performed 8 weeks postoperatively. 

All animals were euthanized humanely with intravenous pentobarbital. 
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The sample size (n = 8) was intentionally minimal in accordance with European ethical 

restrictions and the “Three Rs” principles (Replacement, Reduction, Refinement). No formal 

sample size calculation was performed, as the study was designed as a pilot exploratory 

model in accordance with ethical principles of animal reduction. Accordingly, the study was 

designed to assess feasibility and generate preliminary data rather than to establish definitive 

comparative efficacy between constructs. Randomization and allocation concealment were 

performed by an investigator not involved in the surgical procedures. Histological and 

electrophysiological assessments were conducted by evaluators blinded to treatment 

allocation. 

 

Anesthesia technique 

All anesthetic procedures were performed by the same anesthesiologist (M.A.) to ensure 

protocol consistency. Rabbits were sedated intramuscularly with medetomidine (50 µg/kg) 

and ketamine (10 mg/kg). After 15 minutes, intravenous and arterial catheters were placed in 

the auricular vessels, followed by preoxygenation with 100% oxygen via face mask for 3–5 

minutes. General anesthesia was induced with intravenous propofol (2–5 mg/kg) and 

maintained with continuous IV infusion (0.1–0.5 mL/kg/min). A rabbit-specific laryngeal 

mask was used with a Mapleson F system for oxygen delivery. 

 

Analgesia included a lumbosacral epidural injection of bupivacaine (1 mg/kg) and morphine 

(0.1 mg/kg), using aseptic technique. Postoperative analgesia was maintained with 

meloxicam (1 mg/kg SC) and a fentanyl patch (25 µg/h) placed between the scapulae. 

Physiological monitoring included ECG, pulse oximetry, capnography, invasive arterial 
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pressure, and core temperature. Lactated Ringer’s solution was administered at 5 mL/kg/h. 

Temperature was maintained between 37.5–38.5°C. 

For electrophysiological assessments, the same sedation and monitoring protocol was 

applied. Atipamezole (100 µg/kg SC) was administered to facilitate recovery. Antibiotic 

prophylaxis (enrofloxacin) and analgesics were continued for five days post-procedure. 

 

Surgical technique 

All surgical procedures were performed by the same surgical team, composed of two 

surgeons, a neurophysiologist, and a veterinary specialist in anesthesia. 

 

A. RPNI 

In the right hind limb of each rabbit, a single RPNI was constructed using a free muscle graft 

harvested from the biceps femoris, measuring 15 × 5 × 2 mm (Fig. 1A). A longitudinal 

incision was made on the lateral distal thigh to expose the sciatic nerve within the biceps 

femoris. The peroneal nerve was carefully dissected and transected distally at its entry into 

the lateral and medial compartments below the stifle joint. 

 

The muscle graft was harvested as demonstrated in Additional file 1 and transferred to the 

proximal stump of the peroneal nerve. The nerve stump was implanted into the muscle graft 

and secured using 6-0 Prolene® sutures (Ethicon, New Brunswick, NJ) (Fig. 1B and 

Additional File 2). The muscle was then wrapped around the nerve in a configuration 

analogous to the previously described “burrito” technique (Fig. 1C) [41]. 
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For electrophysiological recording, one bipolar stainless steel needle electrode (Inomed, 

Emmendingen, Germany) was inserted intramuscularly within the RPNI (Fig. 1D). 

Electrodes were positioned approximately 2–3 mm into the center of the graft and secured to 

the epimysium with a 4-0 Vicryl stitch to prevent displacement. Electrode leads were 

tunneled and buried within the subcutaneous abdominal wall to ensure stability and minimize 

mechanical interference. 

 

B. VDMT 

In the right hind limb of each rabbit, a VDMT was constructed. A longitudinal incision was 

made along the lateral aspect of the leg, followed by meticulous dissection to expose the 

peroneal nerve and the gastrocnemius muscle [52]. The motor branch of the peroneal nerve 

was identified and confirmed by intraoperative electrical stimulation, then transected to 

achieve complete denervation. Successful muscle denervation was verified intraoperatively 

by the absence of contraction following proximal peroneal nerve stimulation. 

A vascularized pedicled gastrocnemius muscle flap measuring 20 × 20 × 10 mm was 

subsequently elevated at the site corresponding to intraoperatively identified muscle 

contraction, with preservation of its native vascular supply. The distal stump of the transected 

motor branch was implanted into the thickness of the vascularized muscle flap (Fig. 2A) and 

secured using 6-0 Prolene® sutures (Ethicon, New Brunswick, NJ) (Fig. 2B; Additional File 

3), in accordance with previously described VDMT techniques [47–51]. No recording 

electrode was implanted at the time of VDMT construction. 

 

C. Control 
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In both groups, the contralateral (left) hind limb served as the control. An incision was made 

on the lateral thigh to expose the peroneal nerve. The peroneal nerve was carefully dissected, 

transected, and marked with a 6-0 Prolene® suture. The distal stump was left free and not 

coapted to prevent spontaneous reinnervation. A bipolar electrode (Inomed, Emmendingen, 

Germany) was implanted 2–3 mm into the center of the biceps femoris and secured to the 

epimysium with 4-0 Vicryl; electrode cables were buried subcutaneously in the abdominal 

wall. 

 

No intraoperative complications were recorded. One rabbit developed postoperative 

paraparesis, likely related to epidural anesthesia, and was humanely euthanized. This animal 

was replaced to maintain the predefined sample size (n = 8). 

 

 

Electrophysiology 

Nerve conduction studies were performed 8 weeks postoperatively to evaluate reinnervation 

and signal detection in both RPNI and VDMT constructs. Lower temperature (35°C) was 

maintained during electrophysiological studies to ensure recording stability. All 

electrophysiological studies were performed by the same senior neurophysiologist (E.S.B.) to 

ensure methodological consistency. 

 

In the RPNI group, the electrode leads were exposed through the abdominal wall. The 

peroneal nerve was carefully dissected. Motor nerve conduction (MNC) testing was 

performed by stimulating the proximal stump of the peroneal nerve with a concentric probe, 

always by the same neurophysiologist. Recorded parameters included presence of activity, 
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threshold, latency, amplitude, and the ability to isolate RPNI-specific signals. Equivalent 

assessments were performed in the contralateral denervated limb. 

 

In the VDMT group, the construct was similarly exposed, and a bipolar intramuscular 

electrode was placed at the time of electrophysiological evaluation and connected to the 

recording system. MNC studies were performed using the same stimulation protocol and 

outcome measures. Control limbs were tested to confirm absence of reinnervation and to 

validate signal specificity. 

 

Electrophysiological recordings were performed under standardized conditions using a 

subcutaneous needle electrode as ground to ensure signal stability and minimize electrical 

noise. Baseline activity was assessed prior to stimulation (amplified to 100 µV/division), 

confirming the absence of relevant electrical interference in all animals. Compound motor 

action potentials (CMAPs) were obtained by direct stimulation of the proximal stump of the 

peroneal nerve using a concentric probe, employing low-intensity thresholds (0.2–1.2 mA) to 

minimize activation of adjacent nerves and reduce crosstalk. Signals were considered valid 

when reproducible responses were obtained across repeated stimulations, with appropriate 

amplitude, latency, and waveform morphology consistent with muscle activation. Recordings 

lacking reproducibility, showing inconsistent morphology, or obtained in the presence of 

electrical noise were excluded from analysis. 

 

Histology 

For each rabbit, nerve–muscle units from RPNI and VDMT constructs, as well as denervated 

control muscles, were harvested for histopathological evaluation. Samples were fixed in 10% 
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buffered formalin for 24 hours, sectioned at 5 mm, embedded in paraffin, cut into 3 μm 

slices, and stained with hematoxylin–eosin. 

 

Evaluated features included necrosis—quantified as a percentage (0–100%) of the total 

analyzed muscle area by microscopic examination using image-analysis software, with 

necrotic regions identified by established morphological criteria (loss of tissue architecture, 

hypereosinophilia, fragmentation/degeneration of muscle fibers, and associated inflammatory 

infiltrate) and delineated relative to apparently viable tissue, applying the same evaluation 

criteria across both experimental groups and with the evaluating pathologist blinded to group 

allocation—granulation tissue (absent or peripheral), inflammation (graded 0: absent; 1: 

mild—scattered foci; 2: moderate—multiple non-confluent foci; 3: severe—confluent foci), 

muscle fiber atrophy, and epimysial fibrosis (both classified as present or absent). 

All histological analyses were performed by the same senior pathologist (A.G.P.) with 

extensive experience in peripheral nerve and muscle pathology. The parameters assessed—

necrosis, inflammation, fibrosis, and muscle atrophy—are standard, well-validated criteria in 

RPNI and VDMT research and have demonstrated high reproducibility across previous 

studies [4,5,7,8,12,14,16–25].   

 

Statistical analysis 

Non-parametric tests were used to compare outcomes between groups: exact Mann–Whitney 

U test for quantitative necrosis (expressed as percentage of the analyzed muscle area) and 

inflammation, and Fisher’s exact test for fibrosis and neuroma formation. All tests were two-
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sided, and significance was set at p < 0.05. Samples with complete necrosis were excluded 

from fibrosis analysis. 

 

Statistical analyses were performed using SPSS Statistics version 29.0 (IBM Corp., Armonk, 

NY, USA). Non-parametric methods were selected because of the small sample size and non-

normal data distribution, as confirmed by the Shapiro–Wilk test [53]. 

Given the strict limitations on animal numbers in survival rabbit studies, no a priori power 

calculation was feasible; accordingly, this study was designed as an exploratory feasibility 

model. 

 

Results 

Macroscopic Evaluation 

In the RPNI group (Fig. 3), the implanted muscle exhibited macroscopic signs of impaired 

viability, including pale coloration, poor vascularization, and visible atrophy (rabbits #2, #3, 

#4). Specimen #1 additionally demonstrated overt necrosis. 

In contrast, VDMT constructs (Fig. 4) maintained a well-perfused appearance with preserved 

muscle volume and no gross evidence of necrosis or ischemic compromise. 

 

Electrophysiology (Additional File 4) 

In the RPNI group, no nerve-evoked electrical activity was recorded from any construct at 8 

weeks. Although the control limb also showed no activity, as expected, proximal musculature 

generated reproducible signals, confirming appropriate system calibration and recording 

system integrity. 
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In the VDMT group, electrical activity was detected in three of four constructs. Rabbits #7 

and #8 demonstrated clear and reproducible electrical responses (Fig. 5 and 6), while no 

activity was detected in rabbit #6. No electrical activity was observed in any VDMT control 

limb. A summary of electrophysiological outcomes is provided in Table 1. 

 

Histological evaluation  

In RPNI-treated limbs (Fig. 7 and 8), marked histopathological alterations were observed. 

Quantitative morphometric assessment showed a substantial necrotic muscle area in all RPNI 

specimens (rabbit #1: 95%; #2: 20%; #3: 30%; #4: 80%). Histologically, necrosis displayed a 

caseous necrotic pattern surrounded by intense inflammation and multinucleated giant cells, 

consistent with chronic tissue degeneration. Granulation tissue, when present, was located in 

the subepimysial region. All RPNI specimens exhibited inflammation (mild in #2; severe in 

#1 and #4), peripheral muscle atrophy, and epimysial fibrosis (rabbits #2, #3, and #4). 

Traumatic neuromas were identified in all RPNI cases. 

 

In VDMT-treated limbs (Fig. 9 and 10), histological changes were considerably less severe. 

No necrosis was detected in any specimen (0% necrotic area in all cases). Granulation tissue 

appeared in the subepimysial region of rabbits #5, #7, and #8. Inflammation was mild in 

rabbit #5 and absent in #6, #7, and #8, suggesting a reduced immune response. Peripheral 

muscle atrophy was observed in all VDMT constructs but was less pronounced than in 

RPNIs, indicating better preservation of muscle architecture. Epimysial fibrosis was present 

only in rabbit #5. Traumatic neuromas were visualized in rabbits #5 and #6, occurring less 

frequently and appearing less extensive than in the RPNI group. 

 

Control limbs exhibited mild inflammatory changes and muscle atrophy, with no evidence of 
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necrosis or neuroma formation. A summary of histological findings for both groups is 

provided in Table 2. 

 

Statistical analysis 

Between-group comparisons showed a significantly higher percentage of muscle necrosis in 

the RPNI group compared with the VDMT group (RPNI: median [IQR], 55% [25–87.5] vs 

VDMT: 0% [0–0]; exact Mann–Whitney U test, U = 16, p = 0.0286). Inflammation remained 

higher in the RPNI group, showing a nonsignificant trend (p = 0.14). Epimysial fibrosis was 

also more frequent in RPNIs but did not reach statistical significance (p = 0.14). No 

significant difference in neuroma formation was observed between groups (p = 0.4). 

 

 

Discussion 

To our knowledge, this exploratory  study represents the first attempt to establish a rabbit 

model for both RPNI and VDMT. A major translational challenge for these constructs is the 

need for implantable devices capable of reliably recording electromyographic (EMG) signals. 

The anatomical scale of the rabbit accommodates components that approximate human 

implant dimensions, enabling integration and testing of near–clinical grade interfaces. 

Ultimately, the goal is to develop a compact implantable system, similar in size to a 

pacemaker [54]
,
 capable of stable signal acquisition and transmission. In this context, the 

rabbit provides a scalable and suitable platform for evaluating the performance and 

biocompatibility of bioelectronic devices. Therefore, this work should be interpreted 

primarily as a feasibility and methodological study designed to establish a scalable rabbit 

platform, rather than as a definitive comparative efficacy study between both constructs. 
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Taken together, these findings position the rabbit as a valuable intermediate model between 

small-animal studies and clinical translation. 

 

This study further supports the relevance of rabbits in biomedical research due to their 

anatomical and inflammatory similarities to humans. Their phylogenetic proximity to 

primates and larger muscle mass offer advantages over rodent models for human–machine 

interface studies [55,56]. RPNI constructs have been extensively evaluated in rats 

[4,5,8,10,12,14,16–41]
 
and macaques [25,42,43] and our recent systematic review [7] showed 

that approximately 80% of published work originated from the University of Michigan. 

 

In the present study, RPNIs in rabbits showed limited tissue vascularization and poor 

viability. Several factors may explain this outcome. First, the biceps femoris, selected for its 

accessibility, has relatively high metabolic and oxygen demands [57,58], which may hinder 

early graft revascularization in a non-vascularized construct. Second, placing the bipolar 

electrode immediately after suturing the RPNI may have partially interfered with early 

revascularization and tissue integration, promoting localized fibrosis and compromising the 

regenerative microenvironment required for graft survival [59].  We avoided electrode 

insertion at 8 weeks (and prefer the insertion at the initial RPNI-surgery) to prevent 

compromising the graft’s vascular integrity, as isolating the muscle after 8 weeks for the 

placement of the electrode might disrupt neovascularization and yield false-negative 

electrophysiological results. Finally, the Michigan group proposed an alternative inlay 

technique in rats, showing improved outcomes compared to the traditional 'burrito' method 

[41]. Although the burrito technique has been successful in rats [4,5,8,10,12,14,16–26,29–

32,37,39–41], macaques [42,43] and humans [6,9,48,51,60–101]; it may not be optimal for 

rabbit anatomy.  
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Given the limited viability and insufficient vascularization of RPNIs in this model, we 

implemented a vascularized alternative (VDMT). This strategy ensures continuous perfusion 

even in the absence of innervation, improving graft survival and overcoming the size 

constraints of free muscle grafts. Although VDMTs have been described in other species 

[7,47–51], this is the first application in rabbits. 

 

Several technical differences between RPNI and VDMT constructs may have influenced the 

observed outcomes and limit direct comparability between both models. These include the 

immediate implantation of electrodes in RPNIs but not in VDMTs, the use of a non-

vascularized muscle graft versus a vascularized pedicled flap, and the relatively large size and 

high metabolic demand of the biceps femoris [57,58].  In RPNI constructs, electrodes were 

implanted at the time of construction to avoid potential devascularization or disruption of the 

graft during the secondary dissection required at the 8-week evaluation. These factors should 

therefore be considered when interpreting the comparative results. 

 

Muscle size and metabolic demand may play a critical role in construct viability, particularly 

in non-vascularized models. RPNI constructs rely on diffusion and secondary 

neovascularization during the early postoperative phase, and therefore may be more 

susceptible to failure when using larger muscles with high metabolic demand. Experimental 

evidence has shown that increasing muscle graft mass in RPNI models is associated with 

reduced graft viability and increased necrosis [10], highlighting the limitations of non-

vascularized muscle constructs. In our model, the muscle graft was harvested as thin as 

technically feasible. In contrast, VDMT constructs are based on vascularized pedicled flaps, 

providing immediate perfusion and potentially reducing dependence on muscle size or 
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metabolic requirements. These differences likely reflect inherent biological distinctions 

between both constructs rather than muscle selection alone. 

 

The Burrito-RPNI technique was selected in this study as it represents one of the most widely 

used and historically established approaches in preclinical models. As reported in previous 

systematic analyses [7], this technique has been consistently employed across a substantial 

number of experimental studies. Although different RPNI configurations have been described 

in the literature [41], the aim of the present study was not to compare surgical techniques but 

rather to establish a reproducible and scalable rabbit model. Future studies should directly 

evaluate the impact of different RPNI configurations on functional and histological outcomes. 

 

Electrophysiology 

The VDMT constructs displayed stable and consistent electrical activity with adequate 

amplitude at the 8-week endpoint, with the exception of rabbit #6. Because no necrosis or 

inflammatory changes were identified on histological analysis, this isolated absence of signal 

is most likely attributable to a technical factor (such as suboptimal electrode positioning or 

insufficient nerve–muscle contact) or to early neuroma formation. Rabbit #8 also 

demonstrated increased latency, suggesting delayed or incomplete maturation of the 

reinnervating axons. Together, these findings indicate that VDMT reinnervation may show 

some variability under the present experimental conditions [7,47–51]. 

 

Importantly, although neuromuscular junction maturation may not be complete at the 8-week 

timepoint, the detection of reproducible electrophysiological signals in the majority of 

VDMT constructs suggests that at least early-stage functional reinnervation had already 
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occurred. These findings should therefore be interpreted as reflecting an early stage of 

neuromuscular integration rather than full maturation, while supporting the feasibility of 

detecting construct-specific signals within this timeframe. Conversely, the absence of 

detectable EMG activity in RPNI constructs may also be partly attributable to the relatively 

short follow-up period rather than true construct failure, as longer time intervals may be 

required to achieve complete neuromuscular maturation and stable signal generation. 

 

Several explanations may account for this variability. First, muscle reinnervation may not 

have occurred, or a longer postoperative interval may be required for functional maturation. 

Second, the limited muscle volume inherent to the model makes it technically challenging to 

obtain a clean, isolated signal. Electrical noise and crosstalk from adjacent muscles may 

obscure the true signal, increasing the risk of false-positive or misleading recordings. 

 

Accurate interpretation therefore requires strict confirmation that recorded potentials 

originate from the transected nerve and not from surrounding tissues. This includes verifying 

appropriate amplitude, duration, and latency in response to stimulation, as well as 

reproducibility across repeated trials, which is particularly important in distinguishing true 

construct-derived signals from background muscle activity. 

 

Rabbit #6, which did not show detectable electrophysiological activity, was male; however, 

given the limited sample size, no conclusions can be drawn regarding the influence of sex on 

the observed variability. 

 

Histology (Fig. 11 and 12) 

ACCEPTED MANUSCRIPTARTICLE IN PRESSARTICLE IN PRESSARTICLE IN PRESS

ARTIC
LE

 IN
 PR

ES
S

ARTICLE IN PRESS



20 

The histopathological findings revealed clear differences in tissue response between RPNI 

and VDMT constructs. Although both groups exhibited inflammatory and fibrotic changes, 

the severity and distribution of these features diverged considerably, highlighting potential 

limitations of RPNI relative to VDMT under the present experimental conditions. 

 

Importantly, quantitative morphometric assessment demonstrated significantly greater muscle 

necrosis in RPNIs compared with VDMTs (p = 0.0286). This finding is particularly relevant, 

as graft necrosis represents a critical limiting factor for long-term signal stability and 

implantable interface performance in large-animal models. 

Neither model demonstrated flawless histological outcomes; however, VDMT specimens 

consistently displayed better tissue preservation, with no detectable necrosis across all 

samples.  

In contrast, RPNIs exhibited substantial necrosis, accompanied by inflammation and 

epimysial fibrosis, supporting the notion that non-vascularized free grafts struggle to survive 

in a large-animal setting. The biceps femoris was selected as the donor muscle due to its 

accessibility and predictable anatomy. However, its relatively large volume and high 

metabolic demand [57,58] may pose challenges for early graft integration, particularly in 

RPNIs, which rely initially on diffusion-based oxygenation prior to neovascularization. 

Although alternative donor muscles were not assessed in this study, such intrinsic 

characteristics may have contributed to the poor viability observed in several RPNI 

constructs. Future studies should evaluate muscle grafts with lower metabolic requirements to 

enhance free-graft survival in large-animal models. 

 

Two VDMT constructs showed traumatic neuroma formation (rabbits #5 and #6), whereas 

the remaining two did not. Because neuroma development is a common consequence of nerve 
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transection, it is plausible that all VDMTs developed some degree of neuromatous tissue, but 

that the affected region was not captured within the histological plane of sectioning in all 

cases. Only rabbit #6 did not show consistent electrical activity. It is possible that the 

neuroma observed in rabbit #5 allowed some axonal ingrowth into the muscle, which may 

have been sufficient to generate detectable electrical activity. 

 

Macroscopic identification of neuroma formation was limited by the need to preserve 

construct integrity for histological analysis, as exposure of the distal nerve end would have 

required dismantling the constructs. Therefore, neuroma assessment was primarily based on 

histological evaluation, which provides a more sensitive and specific assessment of neural 

architecture. 

 

Limitations 

Although rabbits share relevant anatomical and physiological features with humans, several 

limitations must be acknowledged when interpreting the translational value of these findings.  

Firstly, the small sample size (n = 8), imposed by strict ethical regulations mandating 

reduction of animal use in survival studies, inherently limits statistical power and may mask 

biologically meaningful differences between groups. 

Furthermore, some aspects of neuromuscular junction maturation may require longer 

observation periods; prior studies report significant maturation around 10–12 weeks [8,9], 

whereas the present study assessed constructs at 8 weeks. Consequently, the present work 

should be regarded as a preliminary feasibility investigation that provides foundational 

insight into early RPNI and VDMT behavior in rabbits. Larger studies with extended follow-

up will be essential to confirm these findings and refine the translational relevance of both 

ACCEPTED MANUSCRIPTARTICLE IN PRESSARTICLE IN PRESSARTICLE IN PRESS

ARTIC
LE

 IN
 PR

ES
S

ARTICLE IN PRESS



22 

constructs. For these reasons, the present findings should be interpreted within the context of 

an exploratory and methodological framework. 

Operative time and intraoperative blood loss were not systematically recorded, as they were 

not predefined outcome measures in this exploratory study. However, all procedures were 

completed within approximately one hour (RPNI ~45 minutes; VDMT ~35 minutes), and 

intraoperative blood loss was minimal and did not require specific management. These 

parameters should be formally evaluated in future studies. 

These limitations should be considered when interpreting the results and their potential 

clinical implications. 

 

Future Directions and Translational Perspective 

This study highlights the feasibility of detecting construct-specific electrical signals in a 

rabbit model, establishing a solid foundation for future translational work.  

The anatomical scale of the rabbit accommodates implantable devices with dimensions and 

configurations comparable to those intended for human use, enabling a more clinically 

relevant evaluation of emerging bioelectronic interface technologies than is possible in small-

animal models. The encouraging biological behavior observed in VDMTs supports continued 

investigation into long-term reinnervation, functional activation, prosthetic integration, and 

improved signal specificity under near-clinical conditions. Future studies should incorporate 

delayed electrode placement, optimized muscle selection, and extended follow-up to refine 

construct performance, assess long-term signal stability, and better replicate clinical 

implantation scenarios. 
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From a clinical perspective, both RPNI and VDMT constructs may play a relevant role in the 

management of peripheral nerve injuries, particularly in the context of limb amputation. By 

providing a physiological target for regenerating axons, these interfaces may contribute to the 

prevention and control of symptomatic neuromas after amputation. At the same time, their 

ability to generate stable and detectable electrophysiological signals supports their potential 

use in the development of advanced myoelectric prosthetic control strategies, where reliable 

biological signal sources are required to improve functional outcomes. 

 

Conclusions 

This investigation presents the first exploratory rabbit model allowing preclinical evaluation 

of RPNI and VDMT constructs in a large-animal setting. VDMTs demonstrated superior 

structural preservation, including the absence of detectable necrosis with quantitative 

morphometric assessment, and more consistent electrophysiological activity at 8 weeks. 

However, these findings should be interpreted cautiously given the pilot design, small sample 

size, and technical variables. Larger studies incorporating expanded cohorts and longer 

follow-up intervals will be essential to determine the comparative performance and 

translational potential of both constructs. The present findings should be interpreted within 

the exploratory and methodological nature of the study. 

 

List of abbreviations 

RPNI: Regenerative Peripheral Nerve Interface, VDMT: Vascularized Denervated Muscle 
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Table legend 

Table 1. Electrophysiological results of RPNI and VDMT at 8 Weeks.  

 

Table 2. Histopathological analysis of RPNI and VDMT at 8 Weeks. 

 

Figure legend 

Figure 1. (A) Donor muscle graft harvested from the right biceps femoris muscle for the 

RPNI construction. Example of RPNI. (B) The proximal stump of the peroneal nerve is 

sutured into the free muscle graft; an arrow indicates the site of nerve-to-muscle coaptation. 

(C) The free muscle graft is sutured in a manner described as a "burrito". (D) Location of the 

bipolar recording electrode in the RPNI. 

 

Figure 2. Example of VDMT. (A) The distal end of the motor branch was placed within the 

thickness of the vascularized muscle flap; the triangle indicates the vascularized muscle flap, 

and the arrow identifies the motor branch used to construct the VDMT. (B) The vascularized 

muscle flap is sutured with the nerve inside. 

 

Figure 3. Macroscopic findings of the RPNI (#1 to #4) at 8 weeks. The asterisk (*) indicates 

the RPNI muscle graft, and the star (★) identifies the nerve used for its construction. 

 

Figure 4. Macroscopic findings of the VDMT (#5 to #8) at 8 weeks. The asterisk (*) indicates 

the VDMT muscle graft, and the star (★) identifies the nerve used for its construction. 
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Figure 5. Example of electrophysiology analysis from VDMT in rabbit #7. A response is 

present with CMAP (Compound Muscle Action Potential) recording after nerve stimulation. 

The threshold is low (1 mA). The amplitude after supramaximal stimulation is 0.63 mV.  

 

Figure 6. Example of electrophysiology analysis from VDMT in rabbit #8. A response is 

present with CMAP recording after nerve stimulation. The threshold is very low (0.6 mA). 

The amplitude after supramaximal stimulation is 2.162 mV. Note increased latency in all 

traces (≥4 ms), suggesting demyelination. 

 

Figure 7. Histological assessment of muscle injury in rabbits subjected to regenerative 

peripheral nerve interface (RPNI) (#1–#4). Histological sections are organized by animal 

(rows) and pathological features (columns), including necrosis, inflammation, neuroma 

formation, and normal control muscle. Non-evaluable samples are indicated when extensive 

tissue necrosis precluded reliable assessment of specific histological parameters. 

 

Figure 8. Histological assessment of tissue remodeling in rabbits subjected to regenerative 

peripheral nerve interface (RPNI) (#1–#4). Histological sections are organized by animal 

(rows) and pathological features (columns), including granulation tissue, fiber atrophy, 

epimysial fibrosis, and normal control muscle. Non-evaluable samples are indicated when 

extensive tissue necrosis precluded reliable assessment of specific histological parameters. 

 

Figure 9. Histological assessment of muscle injury in rabbits subjected to vascularized 

denervated muscle targets (VDMT) (#5–#8). Histological sections are organized by animal 

(rows) and pathological features (columns), including necrosis, inflammation, neuroma 

formation, and normal control muscle.  
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Figure 10. Histological assessment of tissue remodeling in rabbits subjected to vascularized 

denervated muscle targets (VDMT) (#5–#8). Histological sections are organized by animal 

(rows) and pathological features (columns), including granulation tissue, fiber atrophy, 

epimysial fibrosis, and normal control muscle.  

 

Figure 11. Histological comparison: Mean histologic scores for RPNI and VDMT constructs 

at 8 weeks. Granulation tissue (0–1), inflammation (0–3), fiber atrophy (0–1), epimysial 

fibrosis (0–1), and neuroma (0–1) were evaluated using semiquantitative ordinal scales. For 

each parameter, the bar height represents the mean score across available specimens in each 

group (RPNI vs VDMT). Error bars indicate the standard deviation (SD), reflecting inter-

animal variability in histologic involvement. n = 4 per group. 

 

Figure 12. Quantitative assessment of muscle necrosis in RPNI and VDMT constructs at 8 

weeks. Each data point represents an individual animal. RPNIs exhibited a significantly 

greater necrotic area compared with VDMTs (exact two-sided Mann–Whitney U test, p = 

0.0286). 

 

Additional files 

Additional file 1 

 File format: MP4 

 Title: RPNI construction: harvesting of the muscle graft 
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 Description: Video demonstrating the harvesting of a free muscle graft from the right 

biceps femoris muscle for Regenerative Peripheral Nerve Interface (RPNI) 

construction. 

 

Additional file 2 

 File format: MP4 

 Title: RPNI construction: nerve implantation into the muscle graft 

 Description: Video showing the implantation of the proximal stump of the peroneal 

nerve into the free muscle graft during RPNI construction. 

 

Additional file 3 

 File format: MP4 

 Title: VDMT construction: nerve coaptation to a vascularized muscle flap 

 Description: Video illustrating Vascularized Denervated Muscle Target (VDMT) 

construction, in which the proximal end of the motor branch of the peroneal nerve is 

sutured into a vascularized muscle flap derived from the previously denervated 

gastrocnemius muscle. 

 

Additional file 4 

 File format: MP4 

 Title: Electrophysiological assessment of VDMT in a rabbit model 

 Description: Video showing an example of a neurophysiological study in rabbit #7. 

Compound muscle action potentials (CMAPs) recorded after low-intensity nerve 

stimulation demonstrate a stable and highly reproducible response, despite low signal 

amplitude. 
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