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SUMMARY:
This protocol presents a reproducible rat model using sensory nerves to mimic human neuroma pain and assess surgical treatments, offering a valuable tool for translational neuroma research.

ABSTRACT:
This protocol describes a novel surgical model to study nerve pain and surgical treatment in rats. Traditional neuroma models use mixed nerves, although it is most often the case that sensory nerves give rise to painful neuromas in the clinical setting. By selecting the saphenous nerve, this approach reflects the clinical reality of neuroma formation and provides a relevant platform for evaluating surgical strategies. This method aims to replicate the pathophysiology of human neuroma formation and to evaluate a common surgical intervention for neuroma pain, particularly targeted muscle reinnervation (TMR), a widely used intervention for neuroma-associated pain. The article provides a detailed, step-by-step description of the procedure, beginning with animal preparation and perioperative care. Surgical technique is explained with attention to anatomical landmarks, instrument requirements, and technical considerations that improve accuracy and consistency. Postoperative monitoring and welfare measures are outlined to ensure adherence to ethical standards and reproducibility across laboratories. This model is reproducible, technically accessible, and translationally relevant, as it mimics the clinical reality of sensory neuroma formation. It provides a platform for evaluating surgical strategies and preclinical neuroma research.

INTRODUCTION: 
Neuromas are painful nerve tumors formed after nerve injury1,2. They represent a significant clinical problem with far-reaching societal consequences and increased medical costs3-7. Treatment options such as pharmacological therapy are often symptomatic, addressing pain but failing to resolve its underlying causes8. Surgical interventions have been shown to have variable success rates (56%-82%), and the mechanisms driving painful neuroma formation remain poorly understood9-11.

Pain from neuromas is thought to arise from sensory fascicles in the damaged nerve, underscoring the importance of modeling purely sensory contributions to neuroma-associated pain12. Animal models remain an essential platform for exploring the complex mechanisms underlying neuroma pain and also for developing effective surgical therapies13. However, most available animal models use mixed motor sensory nerves, which limits their translational applicability, since approximately 74% of painful neuromas in the clinical setting originate from purely sensory nerves14,15. 

[bookmark: _Hlk209010571]Several animal models have been developed to simulate neuropathic pain and evaluate potential interventions16. Firstly, the chronic constriction injury (CCI) model has been described17. This model induces partial nerve damage through loosely tied ligatures around the sciatic nerve, mimicking neuropathic pain conditions. It provides insight into peripheral sensitization, axonal degeneration, inflammatory responses, and central changes in the spinal cord, and is widely used to evaluate potential analgesic therapies17,18. Secondly, the Spared Nerve Injury (SNI) induces injury to two of the three terminal branches of the sciatic nerve (tibial and common peroneal nerves), leaving the remaining sural nerve intact19. Thirdly, the tibial neuroma transposition (TNT) model, developed by Dorsi et al. The tibial nerve is surgically transected and transposed subcutaneously to facilitate the evaluation of neuroma formation and associated pain16,20. This model allows for primary hypersensitivity assessment by Von Frey stimulation of the skin overlying the transposed neuroma at the pretibial site, and secondary hypersensitivity assessment in the adjacent sural or residual tibial nerve dermatomes. The TNT model was surgically designed to replicate neuroma development, without incorporating any surgical or non-surgical intervention aimed at preventing or treating neuroma-related pain20. As such, it does not allow evaluation of therapeutic strategies, like targeted muscle reinnervation (TMR), in the primary setting (Figure 1). 

TMR is a technique that connects a transected (sensory) nerve to an expendable motor branch of a target after resecting the neuroma. This concept uses the principle of give the nerve something to do, whereby the nerve will regenerate into a nerve connected to a muscle target. The philosophy aims to prevent the formation of a neuroma per se by allowing the nerve to regenerate into a denervated muscle11.

In the present study, we describe a rodent model involving the transection of the saphenous nerve. This purely sensory nerve is transected, transposed to the gastrocnemius muscle, and either left untreated (saphenous neuroma transposition, SNT) or coapted to a motor branch (TMR). This model enables investigation of the effects of TMR applied to the saphenous nerve on secondary mechanical hypersensitivity in adjacent dermatomes of anatomically intact nerves, specifically within the tibial territory on the central plantar surface of the hind paw (Figure 1)21,22. This anatomical context also highlights the clinical relevance in patients. Due to its superficial anatomical course, the saphenous nerve is particularly vulnerable to iatrogenic or traumatic injury, especially following knee surgery, often resulting in neuropathic pain; notably, 55.2% of patients report persistent symptoms despite revision surgery such as neurolysis or neurectomy23,24.

[bookmark: _Hlk210033019][bookmark: _Hlk209107737][bookmark: _Hlk209005851][bookmark: _Hlk209006275]This study aims to establish a reproducible rodent model in order to replicate the clinical setting of painful neuroma formation. This model is particularly suited for investigating pure sensory neuroma pathophysiology and the effects of TMR, while its primary outcome measure focuses on secondary mechanical hypersensitivity.

PROTOCOL:
This protocol aligns with ethical animal research guidelines and emphasizes its translational potential. Project number: AVD1150020198824.

1. Von Frey measurements 

1.1 Perform Von Frey testing of the plantar surface of the hind paw according to the adapted protocol of Brakkee et al. to assess secondary mechanical hypersensitivity20.

1.1.1 [bookmark: _Hlk209016407]Determine the baseline sensitivity of the innervation areas of the tibial and sural nerves on the plantar surface of the hind paw. Perform three baseline measurements on separate days using Von Frey filaments to obtain reliable and reproducible data20,25-30. 

1.1.2 [bookmark: _Hlk209017742][bookmark: _Hlk209088300]Acclimate the rats to mesh-bottom cages for at least 5–7 days before baseline measurements. Handle the animals daily to reduce stress responses. Baseline Von Frey data are provided in Supplementary Table 1. Assess surgery-induced hypersensitivity in the tibial and sural innervation areas using Von Frey testing starting 7 days after surgery.

1.2 Position the animal calmly in the testing cage and confirm that spontaneous movements are minimal before starting.

1.3 Apply a series of calibrated monofilaments (0.6 g, 1 g, 1.4 g, 2 g, 4 g, 6 g, 8 g, 10 g, 15 g) perpendicular to the skin until the filament bends slightly. Hold contact for approximately 3 s. 

NOTE: Do not perform testing when the animal is grooming, urinating, standing, or defecating. Conduct testing only when the weight is evenly distributed on all four paws.

1.4	Vary the order of dermatomes across animals to avoid systematic bias as described below.
Sural nerve territory: lateral plantar surface, close to the hairy–glabrous border.
Tibial nerve territory: central plantar surface, avoiding the pads. 

1.5	Use the up–down method: start with the 4 g filament. If a withdrawal occurs (sudden paw lift, flinch, licking, or vocalization), apply the next lower force; if no response occurs, apply the next higher force. Continue until 5–6 responses after the first change in behavior are obtained. Record a positive response as any brisk withdrawal, flinch, licking, or vocalization. Record the absence of these behaviors as a negative response.

1.5.1	Calculate the 50% withdrawal threshold using the Dixon up-down method, which determines the force at which there is a 50% probability of a withdrawal response based on a sequence of increasing and decreasing von Frey filament applications31.

1.6	For assessment of secondary hyperalgesia, compare post-operative thresholds in the tibial and sural zones to baseline values and to the contralateral paw.

[bookmark: _Hlk209018633]NOTE: Conditioned place preference (CPP) is a validated behavioral paradigm for assessing ongoing pain and treatment effect in animal models of peripheral nerve injury, particularly when mechanical testing is not feasible due to the anatomical location of neuroma formation, such as deep in the thigh32-34. It is mentioned here as background information only and was not applied in the present study. 

2. Preoperative preparation 

2.1	Book an animal surgery room and prepare/order sterile instruments (See Table of Materials).

2.2	Analgesia, anesthesia, and preparation

NOTE: This study was conducted on 12 (6 female and 6 male) Sprague Dawley rats that were 12 weeks old.

2.2.1	Inject 0.5 mg/kg of analgesic carprofen subcutaneously in the abdominal region 1 h prior to surgery.

2.2.2	Anesthetize the animal using 5% isoflurane for induction, maintaining anesthesia with 2%–3% isoflurane.

2.2.3	Place the animal on its back with its head either left or right to be operated on, opposite to the surgeon’s position. 

[bookmark: _Hlk209015480][bookmark: _Hlk209015531]2.2.4	Place the animal on a heating pad set to 37 °C to maintain its body temperature during the procedure. Distribute the heating surface evenly and prevent overheating. Monitor temperature with a rectal thermal probe, secured to the tail using paper tape. Adjust the heating pad as necessary to maintain normothermia. 

NOTE: This step is crucial for preventing hypothermia induced by anesthesia and ensuring physiological stability throughout the surgery.

[bookmark: _Hlk209015581]2.2.5	Apply a sterile ophthalmic ointment to the eyes to prevent dryness caused by gas anesthesia.
 
NOTE: This step ensures that the corneal surface remains moist and protected during the procedure, minimizing the risk of ocular irritation or damage.

[bookmark: _Hlk209016043]2.2.6	Shave the surgical site from thigh to ankle using an electric razor. After shaving, use the adhesive side of a piece of tape to remove any remaining loose hairs for optimal preparation of the skin.

2.2.7	Disinfect the shaved area with three alternating rounds of 0.5% chlorhexidine digluconate using a sterile gauze pad. Allow each application to dry completely before proceeding to the next round.

[bookmark: _Hlk209016105]NOTE: Three alternating rounds provide thorough sterilization of the surgical site and minimize infection risk.

[bookmark: _Hlk209015795][bookmark: _Hlk209013435]2.2.8	Verify anesthesia by gently pinching the webspace of the animal’s foot with forceps. Absence of withdrawal indicates suppressed and adequate anesthesia. 

NOTE: Proceed only when reflexes are absent to confirm effective anesthesia and compliance with ethical standards for minimizing animal distress during surgery. Proceed only when you can confirm that reflexes are absent.

3. Surgical technique
 
3.1 Place the animal in a supine position and rotate the operative leg laterally to expose the surgical site.

3.2 [bookmark: _Hlk209093919]Under 6x microscope magnification, mark the incision line using a sterile skin marker. Inject 0.05 mL of lidocaine 1% subcutaneously using a 1 mL syringe with a 25G needle along the marked line to provide local anesthesia and reduce surgical site pain. Distribute the injection evenly and confirm the absence of any immediate adverse reactions before proceeding. This step minimizes discomfort and improves surgical precision. 

3.3 Create an 8-10 mm longitudinal dermal incision over the medial hind limb using a scalpel 15 blade (Figure 2A). Only the dermis should be incised.

NOTE: Extra care should be taken regarding the depth of the incision. If possible, initiate the excision and continue along the marked line using scissors to open the skin. As the saphenous nerve lies directly underneath the skin, meticulous attention is given to avoid a deep incision (Figure 2B).

3.4 Identify the superficial neurovascular bundle, including the saphenous artery, vein, and nerve. Carefully pass and isolate the saphenous nerve by needle dissection to prevent accidental damage. Use electrocautery if necessary to control minor bleeding from surrounding vessels.

3.4.1 Perform needle dissection by orienting the bevel of a fine needle towards the operator and gently sliding the tip along the tissue plane. This technique creates a sharp edge at the underside of the needle tip, allowing precise separation of delicate connective tissue without exerting excessive traction or pressure on adjacent structures.

3.5 Increase isoflurane anesthesia to 5% prior to nerve transection. After completing the transection, reduce the isoflurane anesthesia back to 2%-3% to maintain adequate but controlled anesthesia levels.

3.6 Change the microscope magnification to 16x. 

3.7 [bookmark: _Hlk209013870]When approaching the adductor muscles medially and performing careful separation, a perpendicularly crossing vein, the vena caudalis femoris, is encountered centrally within the dissection area, accompanying the ramus nervi obturatorii. This vein becomes visible when dissecting the adductors longitudinally deeper towards the medial motor branch of the tibial nerve, which innervates the gastrocnemius muscle. Perform careful dissection either medially or laterally to preserve the venous integrity before establishing the coaptation field.

NOTE: The vena caudalis femoris crosses perpendicular to the fiber direction of the adductor muscles; take care to avoid placing excessive traction on this vessel to prevent damage and unnecessary blood loss. 

3.8 Apply 1 mA stimulation with the nerve stimulator to assess muscle activity to the motor branch of the tibial nerve and confirm a response in the gastrocnemius muscle.

3.9 [bookmark: _Hlk209013939]During the preparation of the recipient nerve, dissect precisely along its trajectory and transect it with microsurgical scissors less than 3 mm from the muscle surface. Place the coaptation site close to the motor branch’s muscle entry point to facilitate optimal axonal regeneration. Increase isoflurane to 5% briefly when transecting the nerve.

[bookmark: _Hlk210033556]NOTE: This technique ensures that the coaptation site remains near the insertion of the motor branch into the muscle, facilitating optimal axonal regeneration and functional recovery in TMR procedures. An increased distance between the coaptation site and the entry point of the motor branch may lead to axonal dispersion and impaired signal conduction.

3.10 Tunnel the saphenous nerve through the adductor muscles and coapt it with the medial motor branch of the tibial nerve using 11.0 nylon sutures (Figure 3). Make two sutures and ensure the sutures do not obstruct the interface to allow for effective neural coaptation. For untreated controls, after tunneling, do not perform coaptation; instead, transpose the distal stump of the saphenous nerve and secure it to the gastrocnemius muscle fascia.

NOTE: Two sutures should be sufficient to establish an optimal contact surface between the two nerves. A single suture is not suitable since it may cause one of the nerves to rotate. 

[bookmark: _GoBack][bookmark: _Hlk209016492]3.11	Adjust the microscope magnification to 6x before proceeding with skin closure. Use 8-0 sutures to approximate the epidermal edges with an intradermal technique. Maintain minimal tension on the wound. After closure, clean the skin with 0.9% NaCl using a sterile cotton swab to remove residual debris and maintain an optimal healing environment.

4. Postoperative care


4.1 Place the animal in a clean, temperature-controlled cage with a heating pad partially positioned beneath the cage to maintain optimal warmth. Provide access to food and water. Adjust the lighting to a dim setting and shield the cage from the bright lights of the operating room. 

[bookmark: _Hlk209016333]NOTE: These measures minimize stress and support smooth recovery after surgery. 

4.2 After waking up, the animal can be returned to its shared cage after approximately 40 min. Confirm full alertness and normal behavior before reintroducing to cage companions. This minimizes the risk of injury or stress during reintegration.

4.3 Administer a dose of carprofen (0.5 mg/kg) in the abdominal region subcutaneously at 24 h and 48 h after surgery.

4.4 [bookmark: _Hlk209016311]Monitor for weight loss no greater than 15%. Provide adequate hydration and food intake.

5. Waste disposal

[bookmark: _Hlk209016692]5.1	Dispose of sharps immediately in an approved sharps container. Collect anesthesia waste in accordance with institutional biosafety guidelines. Handle animal remains according to institutional and national regulations for biological waste disposal.

6. Specimen collection and euthanasia 

6.1 [bookmark: _Hlk209014234][bookmark: _Hlk209084535]At 6 weeks after surgery, euthanize the rats after collection of tissue samples for optimal differentiation between nerve and surrounding tissue.

6.2	Induce anesthesia and administer analgesia as described in steps 2.2.1 to 2.2.5.

6.3	Reopen the previous incision line on the medial thigh with a scalpel. Extend the incision by 2 cm if required. Perform blunt dissection through the subcutaneous layer.

6.4	Retract or divide the adductor muscles to expose the saphenous nerve.
For reconstructed nerves: identify the regenerated segment and any neuroma. Excise the coaptation site together with 2 mm of proximal and distal nerve.
For untreated controls: identify the distal stump of the saphenous nerve and excise a 4 mm segment.

6.5	Transfer the specimen directly into fixative. Embed longitudinally in paraffin or resin for morphological analysis.

6.6	Euthanize the animal under terminal anesthesia (5% isoflurane) by cardiac puncture. Handle all tissue samples according to standard laboratory protocols to preserve structural and biochemical integrity for subsequent analysis (Figure 4).

RESULTS:
[bookmark: _Hlk209124494]Assessment of secondary hypersensitivity (log-transformed 50% withdrawal thresholds) showed group differences in the tibial dermatome (Figure 5A). Transection of the saphenous nerve without treatment (SNT) resulted in the highest sensitivity across the 6-week follow-up. In contrast, animals treated with TMR displayed a consistent trend toward reduced hypersensitivity in the tibial territory. The divergence between groups was most evident at week 2, when the mean 50% withdrawal threshold in the TMR group reached 0.87 g (95% CI 0.68–1.07), compared to 0.58 g (95% CI 0.25–0.92) in the SNT group. These findings indicate that reinnervation of the transected saphenous nerve by TMR may mitigate maladaptive sensory changes in the adjacent tibial distribution. Sural sensitivity Von Frey measurements showed no significant differences (Figure 5B).

Histological analysis further confirmed differences in neuroma morphology between groups (Figure 4). In the SNT group, neuroma stumps exhibited clear signs of disorganized axonal sprouting, characterized by irregular swirling and fragmentation of axons within and around the lesion site. In contrast, TMR samples were distinguished by the presence of organized nerve fascicles extending into muscle tissue, suggesting more controlled axonal regeneration and reduced neuroma formation.

This heightened sensitivity is likely due to the anatomical proximity of the tibial nerve to the saphenous nerve, which was transected in the SNT group without surgical intervention. The observed secondary hypersensitivity suggests that disruption of the saphenous nerve may contribute to altered sensory processing in the adjacent tibial nerve territory. 

FIGURE AND TABLE LEGENDS:
Figure 1: Sensory nerve distribution on the plantar surface of the hind paw. Orange: sural nerve distribution (lateral); green: tibial nerve distribution (central); purple: saphenous nerve distribution (medial).

Figure 2: Surgical exposure of the saphenous nerve in the medial hindlimb. (A) External view of the medial hindlimb with the marked skin incision site. (B) Right hindlimb of a rat positioned in external rotation. A longitudinal skin incision is made along the hindlimb to expose the underlying fascia, providing a clear view of the trajectory of the neurovascular saphenous bundle. This dissection allows for the precise identification of anatomical landmarks relevant for subsequent surgical procedures. The course of the saphenous nerve is located between the two black lines.

Figure 3: Coaptation of the saphenous nerve to the tibial motor branch. (A) This schematic illustrates the adductor muscles, which are approached during the surgical procedure by carefully splitting along the fiber orientation. This method minimizes tissue damage and preserves the surrounding anatomy. (B) A diagram showing the coaptation of the saphenous nerve to the motor branch of the tibial nerve, which is directed towards the medial gastrocnemius muscle. (C) An intraoperative photograph captures the surgical field, emphasizing the exposed nerves and the precision required during coaptation to achieve optimal alignment and tension.

Figure 4: Histological comparison between TMR and untreated saphenous neuroma. Representative images of a 6-week-old specimen showing either nerve reconstruction (top row, TMR, targeted muscle reinnervation) and untreated saphenous nerve injury (bottom row, SNT, saphenous neuroma transposition). (A) Hematoxylin and Eosin staining, (B) Masson’s trichrome staining, and (C) Neurofilament immunohistochemistry. Green arrows indicate disorganized axonal sprouting, visible as irregular swirling and fragmentation of axons within and around the neuroma. Red arrows point to remaining fascicles of the saphenous nerve, located proximal to the site of the neuroma. Yellow arrows highlight adjacent muscle fibers. Scale bar = 250 µm.

Figure 5: Postoperative mechanical sensitivity in tibial and sural dermatomes. (A) Tibial nerve dermatome sensitivity. The x-axis denotes postoperative weeks, while the y-axis represents the 50% withdrawal threshold (g). The SNT group exhibited increased mechanical sensitivity, likely due to the anatomical proximity of the tibial nerve to the transected saphenous nerve. This heightened sensitivity persisted over multiple time points. No significant changes were observed between TMR compared to SHAM and SNT. Weeks 1, 2, and 4 TNT showed significantly different results compared to the other groups. Measurements were performed weekly, and statistical significance is indicated accordingly. (B) Sural nerve dermatome sensitivity. The x-axis represents postoperative weeks (Wk), while the y-axis shows the 50% withdrawal threshold (g), indicating the minimum force required to elicit a withdrawal response. A lower threshold reflects increased mechanical sensitivity. In the SNT group, a transient increase in sensitivity was observed postoperatively, with a drop in threshold values in the first weeks after surgery, followed by a gradual recovery. In contrast, the SHAM and TMR groups showed no significant changes over time. N=12; error bars: standard error of the mean (SEM); mixed model analysis with multiple comparisons and Tukey test. * = p = 0.05, ** = p < 0.01, *** = p < 0.001, **** = p <0.0001. Abbreviations: Ipsilateral = same side as surgery; Ns = not significant; SNT = saphenous nerve transposition; TNT = tibial neuroma transposition; TMR = targeted muscle reinnervation; SHAM = sham surgery; IPSI = ipsilateral paw. 

Supplementary Table 1: Baseline Von Frey data of the sural and tibial dermatomes. 

DISCUSSION:
[bookmark: _Hlk209088904][bookmark: _Hlk209018162]This approach has several strengths. The stepwise description allows reproducibility across laboratories, the procedure can be performed efficiently with microsurgical skills, and the use of a purely sensory nerve enhances its translational relevance. Together, these aspects make the model practical for comparative studies and useful for testing new interventions. Critical steps, such as maintaining aseptic conditions, precise dissection of the saphenous nerve, and careful handling of the vascular structures like the vena caudalis femoris, are vital for reproducibility. Furthermore, it allows for histological analysis of neuroma morphology, including axonal organization, inflammatory cell infiltration, and response. This study observed trends toward reduced hypersensitivity in the tibial dermatome in TMR compared with SNT, although statistical significance was not consistent across all time points. After the transection of a nerve, the neighboring innervation zone, served by a different, uninjured nerve, may become hypersensitive due to central sensitization mechanisms27-29. TMR is hypothesized to mitigate this maladaptive process30. By establishing a baseline and comparing post-intervention changes in these adjacent areas, we can infer the efficacy of TMR in preventing the spread of hypersensitivity beyond the denervated zone. 
[bookmark: _Hlk209005801][bookmark: _Hlk209089132][bookmark: _Hlk210032046]
The clinical application of TMR surgery in amputee patients shows considerable promise32,33. In addition to facilitating prosthetic control by enabling the activation of alternative muscle groups, it appears effective in both the prevention and treatment of neuroma pain30,35. Pain relief of 87% to 92% has been reported in the literature for both lower and upper extremities5,10. While surgical techniques have been described in animal research, no model in the literature incorporates validated pain assessment methods for comparative evaluation in TMR procedures30. To our knowledge, this is the first preclinical study to implement a TMR procedure using a purely sensory nerve within a rodent model. Despite increasing interest in neuroma prevention and neuropathic pain mechanisms, there is a need for a clinically relevant platform to study neuropathic pain following injuries such as iatrogenic saphenous nerve damage and to evaluate preventive strategies for secondary hypersensitivity in adjacent dermatomes. There remains a lack of validated methods to assess spontaneous pain in such models. CPP has been established as a reliable and translationally relevant paradigm for evaluating the affective component of pain, particularly in the context of substance dependence in rats and mice. However, not in a peripheral nerve transection model36-38. In addition, supplementary behavioral assays, including grimace scales, weight-bearing analysis, and gait assessment, may be employed to further characterize pain-related behavior in freely moving animals39-41.

[bookmark: _Hlk209019602]Troubleshooting of the method
Pain assessment in this model focuses only on mechanical hypersensitivity. There is currently no validated method to measure spontaneous pain (such as CPP) in peripheral nerve injury models. This restricts interpretation to stimulus-evoked outcomes in adjacent dermatomes and precludes conclusions about ongoing pain at rest. In practice, dissection of the saphenous nerve can be technically demanding, as standard blades are sometimes too large for the delicate exposure. Using a fine needle as a dissection tool offers greater precision and reduces the risk of accidental injury. Another challenge is posed by a vein that crosses perpendicularly through the dissection field; inadvertent damage may lead to unnecessary bleeding and complicate the procedure. Careful handling and meticulous separation of surrounding tissue are essential to preserve vascular integrity. These considerations highlight the technical and interpretational limitations of the model and should be taken into account when comparing results across laboratories.

Limitations of the method
[bookmark: _Hlk209092582]This protocol can be reproduced but requires prior training in microsurgery and support from a trained assistant to allow precise handling of the small peripheral nerves. A second limitation is that pain at rest cannot be assessed in this model; in our experience, CPP was not conclusive, which restricts outcome measures to secondary hypersensitivity. Furthermore, behavioral responses vary between animals, and larger group sizes are advised to detect differences between treatment conditions.

Future application
When assessing pain in experimental models utilizing TMR or SNT, it is essential to include measures of spontaneous pain, as this serves as a critical indicator of ongoing neuropathic pain and provides a more comprehensive evaluation of the intervention’s effectiveness beyond evoked pain responses. This study supports evidence that TMR structures nerve regeneration in sensory nerves, potentially reducing pain caused by neuroma, based on findings in secondary hypersensitivity testing. While previous research has established its efficacy in motor nerves, its effect on purely sensory nerves has not been described40,41. Our findings suggest that TMR may lower hypersensitivity in adjacent nerves, indicating that directing a severed nerve towards a defined target could help alleviate allodynia. TMR surgery faces several practical challenges in clinical implementation. These include size mismatch between the donor and recipient nerves, limited availability of nearby motor branches for successful coaptation, and potential muscle weakness resulting from the sacrifice of the donor muscle targeted for TMR14,35. The results of this study underscore the relevance of TMR in optimizing amputation nerve management and accentuate the need for further studies to assess spontaneous pain in translational studies in neuropathic pain studies. In the future, organoid-based systems may offer an unprecedented opportunity to model human neuroma pathophysiology in vitro, providing a controllable 3D environment to dissect cellular interactions and regenerative responses with high precision42.
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