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ABSTRACT 

 
 Traumatic peripheral nerve injuries suffered during amputation commonly results in debilitating 
neuropathic pain in the affected limb.  Modern prosthetic technologies allow for intuitive, simultaneous 
control of multiple degrees of freedom. However, these state-of-the-art devices require separate, 
independent control signals for each degree of freedom, which is currently not possible.  As a result, 
amputees reject up to 75% of myoelectric devices preferring instead to use body-powered artificial limbs 
which offer subtle sensory feedback. Without meaningful and intuitive sensory feedback, even the most 
advanced myoelectric prostheses remain insensate, burdensome, and are associated with enormous 
cognitive demand and mental fatigue. The ideal prosthetic device is one which is capable of providing 
intuitive somatosensory feedback essential for interaction with the environment. Critical to the design of 
such a bioprosthetic device is the development of a reliable biologic interface between human and machine. 
This ideal patient-prosthetic interface allows for transmission of both afferent somatosensory information 
and efferent motor signals for a closed-loop feedback system of neural control.  Our lab has developed the 
Regenerative Peripheral Nerve Interface (RPNI) as a biologic nerve interface designed for stable integration 
of a prosthetic device with transected peripheral nerves in a residual limb.  The RPNI is constructed by 
surgically implanting the distal end of a transected peripheral nerve into an autogenous muscle graft.  
Animal experiments in our lab have shown recording of motor signals from RPNI’s implanted into both 
rodents and monkeys.  Here, we achieve high amplitude EMG signals with a high signal to noise (SNR) 
ratio.   
 
Keywords: nerve injury, regeneration, regenerative peripheral nerve interface, prosthetic control, 
neuroma 
 

INTRODUCTION 
 
 Nerve injury is a significant disease burden in the industrialized countries worldwide with the 
economic impact of treating such injuries in the US alone estimated to be $18 billion1, 2.  Despite the 
capacity of peripheral nerves to regenerate their axons following injury, functional outcomes in patients 
are frequently poor3, 4.  Nerve injury is significant in people who have undergone amputation of a limb.  
One in 190 Americans has an amputated limb, with over 185,000 new amputations performed annually5.  
Currently, the prevalence of major limb loss is predicted to be 1.6 million, and this number is projected to 
increase to over 3.6 million by 20506.  While there have been impressive advancements in the field of 
neuroprosthetics for restoring extremity function after amputation, the ideal prosthesis has yet to be 
realized.  The medical and engineering communities have championed the development of complex 
prosthetic limbs capable of multiple joint manipulations7 with the potential to emulate intricate functions of 
the native extremity8.  However, these advanced devices are not intuitive to use since the patient must 
rely entirely on visual cues instead of sensory feedback to control the prosthetic9. 
 Unlike forearm amputations, where myoelectric signals from remaining muscles can be isolated to 
power a prosthetic hand, high amputations of the upper arm remain a difficult functional challenge to the 
patient.  Currently, targeted muscle reinnervation has been introduced for select upper extremity 
amputees, but this method is dependent on surface electromyogram (EMG) signals to link the 
reinnervated muscle and the prosthetic limb10.  However, this interface exhibits signal instability, 

Invited Paper

Micro- and Nanotechnology Sensors, Systems, and Applications IX, edited by Thomas George, 
Achyut K. Dutta, M. Saif Islam, Proc. of SPIE Vol. 10194, 1019415 · © 2017 SPIE 

CCC code: 0277-786X/17/$18 · doi: 10.1117/12.2264130

Proc. of SPIE Vol. 10194  1019415-1
Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 7/19/2018
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



Regenerative Peripheral Nerve Interface
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interference, and requires daily pattern recognition calibration by a computer11, 12.  Furthermore, although 
this technique is currently the best form of prosthetic control available, it is difficult with this approach to 
achieve high fidelity motor function or high fidelity sensory feedback.  Therefore, in an effort to optimize 
signal strength and fidelity, recent work has concentrated on a variety of peripheral nerve interfaces that 
have been developed to bridge the gap between bioelectric and mechanical signals13.  These include non-
invasive devices such as extraneural cuff electrodes14, 15, and invasive options such as flexible nerve 
plates16, intrafascicular electrodes13, 17, and penetrating electrodes18, 19.   However, these constructs are 
limited by several major shortcomings.  For example, scarring and nerve encapsulation remain a 
substantial problem with conductive materials introduced into a peripheral nerve20.  Furthermore, these 
interfaces do not account for the inherent ability of the transected peripheral nerve to continue sprouting 
and form neuromas, which can be painful for the patient and creates signal interference for the 
neuroprosthesis. 
 The Regenerative Peripheral Nerve Interface (RPNI) is a novel strategy for motor control of 
neuroprosthetic devices in transected peripheral nerves in an animal model of major limb amputation.  The 
RPNI consists of a residual peripheral nerve that is implanted into a free skeletal muscle graft after excision 
of a terminal neuroma bulb (Figure 1).  Because the muscle fibers within the free graft are both 
nonvascularized and denervated, they undergo a process of degeneration followed by regeneration and 
are subsequently reinnervated by the sprouting axons of the implanted nerve.  In contrast to existing 
methods of surgical intervention, the RPNI encourages the formation of new neuromuscular junctions within 
the free muscle graft, thereby greatly reducing the number of axons at the end of the nerve without a 
functional connection and reducing the chance of neuroma recurrence.  Multiple RPNIs can be performed 
within the residual limb using a piece of free muscle graft for each available peripheral nerve end. The 
following study examined the use of RPNIs for prosthetic control in both rodents and non-human primate 
(macaque) animal models. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 Figure 1. Schematic of a surgical RPNI construct for motor control of a neuroprosthetic. 
 

MATERIALS AND METHODS  
Animals 

All procedures were approved by the University of Michigan University Committee on the use and 
care of animals.  Fisher 344 rats were used for our rodent studies, while Rhesus macaques were used for 
our non-human primate studies. All surgical interventions were carried out using inhalational anesthetic 
(2% Isofluorane in 98% oxygen; Halocarbon Laboratories, River Edge, NJ).  All animals were administered 
Rimadyl (0.3 mL/100 g body weight (Pfizer) for post-operative pain relief.  All animals were maintained in a 
temperature and humidity controlled environment and all animals were allowed food and water ad libitum, 
with a 12:12 h light:dark cycle.  All surgical procedures were carried out in an aseptic manner under an 
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operating microscope (Leitz, Willowdale, ON).  All animals were sacrificed at study termination under deep 
anaesthesia with Euthanol (sodium pentobarbital, 240 mg/mL concentration, 1 mL/kg, Bimeda-MTC, 
Cambridge, ON) aincdministered intracardially.   
 
Surgical Procedure 
[i] Fisher 344 Rats 
             Each regenerative peripheral nerve interface was fabricated in the same fashion while the rat was 
deeply anesthetized using intraperitoneal pentobarbital sodium. An incision was made on the lateral aspect 
of the left hind limb, and intramuscular dissection proceeded through the biceps femoris muscle until the 
common peroneal nerve was encountered. The peroneal nerve was meticulously dissected and then 
sharply divided at its entrance into the lateral compartment of the lower leg. The left extensor digitorum 
longus muscle(EDL) was exposed and its attachments were incised to elevate it out of the anterior 
compartment using handheld cautery to divide the pedicle. The muscle was then freely transferred into the 
ipsilateral thigh in its original orientation and secured by means of its tendons to the femur and fibular head 
using 7-0 Prolene (Johnson & Johnson Co., San Lorenzo, Puerto Rico) sutures.  A superficial myotomy 
was created through the epimysium of the EDL at the junction of its proximal and middle thirds to 
accommodate neurotisation by the peroneal nerve.  Several interrupted 9-0 nylon sutures secured the 
epineurium of the peroneal nerve to the epimysium of the transferred EDL.  The surgical site was closed 
in layers. 
 [ii] Rhesus Macaques 
  First, the distal end of the target peripheral nerve is identified, isolated, and, if necessary, 
dissected into smaller branches or individual fascicles. For each resulting nerve, a small muscle graft, 
approximately 1×3 cm, is harvested from any healthy, native donor muscle. The distal end of each nerve 
is then placed centrally in its corresponding muscle graft and secured in place with sutures from 
epineurium to epimysium. The muscle graft is then folded around the nerve to create a stable housing and 
sutured together.  Implantation of multiple RPNIs is achieved by making small access incisions over the 
nerves of interest and the muscle for harvesting grafts. The above procedure is then simply repeated as 
necessary to create the desired number of RPNIs. Once implanted, RPNIs can be placed anywhere in the 
limb, but in most cases would be left at the original site of the nerve ending in order to minimize anatomical 
disruption.  Following these procedures, we implanted a total of nine RPNIs on separate branches of the 
median and radial nerves in the forearms of two rhesus macaques L and R. These branches terminated 
on the extrinsic finger flexors and extensors, providing a basis for prosthetic hand control. To preserve 
motor function, we transected only minor, redundant terminal motor nerve branches  
 Electrophysiology 
             For our rodent studies, testing began 1 month after regenerative peripheral nerve interface 
surgery, and continued on a monthly basis. Rats were anesthetized with isoflurane and recording occurred 
through an electrophysiologic monitoring system (Natus Medical, Inc., San Carlos, Calif.). A stainless steel

 ground electrode (Chalgren Enterprises, Gilroy, Calif.) was placed into the third webspace of the foot, and
 another was inserted subcutaneously over the left hip as the reference. Insertional needle 

electromyography was performed to follow reinnervation of the EDL muscle after neurotization. This was
 accomplished by first identifying the position of the regenerative peripheral nerve interface by palpation
 and then briskly inserting a 26-gauge concentric electromyography needle (Natus Medical) percutaneously
 into the regenerative peripheral nerve interface muscle. The contralateral EDL was tested in a similar
 fashion. Findings indicative of persistent denervation of the regenerative peripheral nerve interface muscle
 included increased insertional activity (amplitude and duration compared with the control), fibrillation
 potentials, and positive sharp waves.  Regenerative peripheral nerve interface muscles (regardless of
 electrode type) and control muscles demonstrating any of these indicators were counted each month and
 the frequency of these signs of denervation for each group was expressed as percentages. 

            Nerve conduction studies were performed on the regenerative peripheral nerve interface by means 
of bipolar percutaneous needle stimulation of the peroneal nerve with recording of the resultant compound 
muscle action potential in the regenerative peripheral nerve interface.  The peroneal nerve was stimulated 
in two locations: distally near the regenerative peripheral nerve interface and proximally at the sciatic 
notch. The stimulus (1 pulse per second, 0.1-msec duration) was incrementally increased manually to 
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identify the stimulation required to generate a maximal compound muscle action potential. Similarly, nerve 
conduction studies were carried out on the control muscle with a recording needle electrode inserted into 
the contralateral EDL. 
            During the first RPNI implantation surgery in rhesus macaques, we implanted several bipolar 
epimysial EMG electrodes (Plastics One). The electrodes consisted of insulated stainless steel leads 
attached to a silicone backing. The electrodes were placed on the surface of the RPNI muscle grafts and 
secured in place by wrapping small intestinal submucosa (SIS) around the muscle-electrode construct 
and suturing it together. The leads were then tunneled subcutaneously along the arm and back to a 
connector on the animal’s headcap. Leads were looped at the RPNIs and at each joint for strain relief.  
Shortly after surgery, the animal was able to break the leads at the margin of the headcap, leaving no 
intact electrodes for recording. In a revision surgery, it was noted that the stiffness of the silicone patch 
had caused significant scar formation and presumably impeded RPNI regeneration, so the epimysial 
electrodes were extracted and not used further on either monkey. 
            Prior to chronic electrode implantation in both animals (during epimysial electrode extraction in the 
first animal and during the initial implantation surgery in the second animal), RPNIs were placed 
superficially in the subcutaneous plane in order to facilitate acute, percutaneous recording. During task 
behavior, we recorded EMG from the superficial RPNIs via fine-wire electrodes (Natus Medical). The 
RPNIs were located using surface landmarks and surgical photos. The wires were inserted into the RPNI 
muscle via hypodermic needle.  As the RPNIs were located directly subcutaneously, the needle was 
inserted at a shallow angle and advanced just far enough to bury both contacts under the skin in order to 
avoid contact with the muscle within the deep compartments.  Recording locations were verified in further 
revision surgeries.  Percutaneous recordings of healthy, intact muscles were also obtained for 
comparison. 
          To subsequently facilitate chronic recording of RPNI activity, we implanted bipolar intramuscular 
electrodes (IMMES, Ardiem Medical). The IM-MES electrodes consist of two insulated stainless steel 
leads coiled in a double helix formation and potted in silicone tubing. Contacts are formed by exposing 
the leads and wrapping them around the tubing, and a polypropylene anchor at the distal end secures the 
electrode in the muscle. In the first animal, the two contacts on the electrode were 4 mm long with a 
diameter of 1.27 mm (the diameter of the silicone tubing), and were separated by 6 mm. After noting that, 
in some cases, this was too large to fit both contacts within the muscle belly of an RPNI, a reduced contact 
size of 1.5 mm and inter-contact spacing of 2.5 mm were used for the second animal. A single IM-MES 
electrode was placed in the muscle belly of each RPNI, as well as in a healthy control muscle, by making 
a small incision and manually feeding the electrode anchor-first into the muscle. Leads were tunneled 
subcutaneously to a transcutaneous port on the animal’s back and attached to a connector protected by 
a primate jacket. 
          During task performance, EMG signals from the RPNIs were input into either a DAM50 differential 
EMG amplifier (WPI), which filtered the signal between 10 and 1000 Hz with a gain of 1000x, or directly 
into a Cerebus neural signal processor (Blackrock Microsystems), which filtered the signal between 3 and 
7000 Hz (unity gain). For real-time signal analysis, the Cerebus was used to record from multiple 
electrodes simultaneously. The DAM50 was used for lower noise recordings of a single electrode. In both 
cases, the processed signal was digitized and saved to disk by the Cerebus at 30 ks s−1. The signal was 
further sent from the Cerebus to the behavioral rig via ethernet, where it could be 
processed in real-time. 
          During several revision surgeries after RPNI maturation in both animals, we tested the mature 
RPNIs for reinnervation and tissue health by evoking compound muscle action potentials (CMAPs) via 
stimulation of the implanted nerve. Using a Teca Synergy evoked potential system (Viasys Healthcare), 
we either stimulated the nerve just proximal to the point of entry to the RPNI or stimulated the muscle of 
the RPNI itself while simultaneously recording from bipolar electrodes in the belly of the RPNI muscle. 
Stimulation parameters varied between surgeries, consisting primarily of a pulse width of 200 μs and 
current amplitude between 1 and 20 mA when stimulating the nerve directly and a pulse width of 20 or 
200 μs and current amplitude between 30 and 60 mA when stimulating the nerve through the RPNI 
muscle. 
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peroneal nerve were removed. The contralateral control EDL was also harvested. Tissues were preserved 
for histology and transmission electron microscopic imaging. Immunohistochemical analysis for 
neurofilament 200 and [alpha]-bungarotoxin enabled identification of axons and motor end plates, 
respectively. Activated macrophage response was visualized by immunostaining with ED1.  

RESULTS 
 RPNI muscles survived long-term implantation in a rat model, and showed preservation of whole muscle 
structure after regeneration and subsequent reinnervation (Fig.1A).  The muscle serves to both amplify 
neural signals and provides a viable site for axons to sprout and restore mature neuromuscular junctions. 
Histologic analysis of the RPNIs revealed several important findings: (1) muscle fibers comprising the free 
muscle grafts robustly regenerate within several weeks after implantation; (2) the implanted peripheral 
nerve ends from new neuromuscular junctions within the free muscle grafts (Fig.2B), and; (3) no evidence 
of neuroma was detected within the RPNIs. 

Our success in rodent models led to RPNI experiments in a non-human primate model.  Multiple 
RPNIs were implanted into two rhesus macaque monkeys and extensive electrophysiological tests were 
successfully conducted for up to 20 months (Fig.1C). These electrophysiological studies established that 
the neuromuscular junctions within the RPNIs are functional and that action potentials can be reliably 
transduced through the RPNI from the nerve into the muscle graft.  This study further demonstrated that: 
(1) RPNI implantation did not result in any adverse effects in the two macaque subjects; (2) all RPNI free
muscle grafts displayed robust regeneration and reinnervation; (3) RPNIs successfully transduced volitional
high fidelity motor signals from divided motor nerve fascicles, indicating that functional neuromuscular
junctions were formed within the RPNIs (Fig.1D), and; (4) no evidence of neuromas were found on
histologic examination.

Figure 2. RPNI for motor control of neuroprosthetic devices.  A.  In situ rat RPNI: Extensor  
digitorum longus muscle (EDL) transferred to ipsilateral thigh and reinnervated with common 
peroneal nerve (RPNI outlined in white).  B. Rat RPNI stained with alpha-bungarotoxin displaying 

 Following electrophysiological assessment, the regenerative peripheral nerve interface muscle, and 

Immunohistochemistry 
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histological nerve regeneration and neuromuscular junction (NMJ) formation (axons in green, motor 
endplates in yellow, and new NMJs in red).  C. In situ monkey RPNI (FDP = flexor digitorum 
profundus; FDS = flexor digitorum superficialis).  D. EMG signals from rhesus macaque RPNIs 
display alternating patterns of EMG activation corresponding to hand flexion and extension. 

CONCLUSIONS 

     The studies presented here show that RPNI grafts are successfully revascularized, regenerate, and 
become reinnervated after transfer to the end of a divided nerve.  It takes approximately 3 months for an 
RPNI to mature and at that time, the muscle grafts have a mass similar to that of healthy control muscles. 
We have observed reliable EMG from these muscle constructs for up to at least 20 months post-
implantation, which means that RPNI constructs still function in aged rats.  Our results with two macaque 
monkeys further demonstrated the reliability and feasibility of RPNI constructs in animal models.  These 
signals can be used for voluntary prosthetic control in a freely moving animal.  These EMG signals recorded 
from RPNIs have high amplitude and a high signal-to-noise ratio. 
     We believe that our preclinical animal data presented here supports translation of the RPNI technique 
into human subjects for the purpose of utilizing RPNIs for prosthetic control in patients who have sustained 
major limb amputations.  Our future work involves implanting multiple RPNIs into 5 patients with limb loss.  
Using ultrasound guidance, we will be able to place percutaneous fine-wire electrodes into each RPNIs to 
record volitional motor signals from each individual RPNI.  We believe that we are capable of achieving 
very large efferent motor signals for very fine dexterous movements.  As in our animal models, we hope to 
observe individual RPNIs amplify signals by 10-15 fold providing high signal-to-noise (SNR) ratio recording. 
     The results presented here are extremely encouraging, however, the next critical step is the 
development of a single interface that is capable of transferring afferent sensory information and efferent 
motor signals for intuitive prosthetic control. This interface would be especially ideal for patients with 
residual mixed sensorimotor nerve fascicles.  In this way, we expect mixed peripheral nerves to regenerate 
in a target specific manner with sensory axons reinnervating dermal tissues and motor axons reinnervating 
muscle. This innate axonal regenerative specificity permits spatially distinct signal transduction and 
stimulation within the RPNI. Furthermore, this preferential distribution would be particularly useful for 
patients with proximal amputations where mixed sensorimotor nerve fascicles are more common.  
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