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Abstract

Limb loss is disabling and carries significant functional and psychological repercussions to both the individual and
society. The numbers of amputees are forecasted to double by 2050 from vascular disease and diabetes alone.
Europe has 4.66 million amputees (431,000 amputations per year) and the United States 2 million amputees
(185,000 amputations per year). Microvascular expertise is now more commonplace, increasing the likelihood of
limb salvage and replantation. Further reconstructive input can take advantage of nerve and tendon
grafting/transfers, free tissue transfer, and complex bone reconstruction. When this strategy does not satisfy
individual needs, such as that seen with unstable soft tissues, amputation may be requested or offered. In part, the
decision for salvage, replantation, or amputation in the future is likely to be guided by the sophistication of limb
substitutes. This review will introduce the growing domain of bionics and where research in this area may deliver a
sought clinical need.
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INTRODUCTION

Major lower extremity trauma presents itself as one of the most complex, challenging, and multi-
disciplinary areas in the field of reconstructive surgery. This demands dedicated expertise to manage both
the acute presentation and rehabilitative process. Outcomes are causally related to the magnitude and level
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of injury, patient condition, and available expertise. Depression, anxiety, substance abuse, and suicidal
ideation can be significant months after injury, emphasising the importance of delivering a holistic
approach".

Further reconstructive surgery using autologous tissues (nerve, muscle, soft tissue flaps, bone) provide a
platform to replace and rebuild missing parts when available. When the desired outcome is unachievable,
amputation with or without the incorporation of prostheses remains an acceptable treatment option. A
healed and anatomically well-shaped residuum is crucial if not compromised by obesity, diabetes,
cardiovascular disease and phantom limb pain (PLP)"*. Corrective surgery at the residuum to address PLP
(affects the quality of life in 65%-80% of lower limb amputees*), complex regional pain syndrome, bone
spurs and delayed healing equally prohibit the use of prostheses'” increasing the rate of revision'. A
proportion of lower limb amputees with the aid of a prosthesis return to work (50%). Few are able enough
to return to their premorbid occupations [3 in 9 below-knee amputees (BKA)"']. During ambulation, mean
oxygen consumption rises (9% increase after BKA, 49% unilateral above knee and 280% bilateral above
knee)". This review briefly addresses the limitations that can be encountered using the conventional
reconstructive armamentarium. Competing technologies continue to evolve, and bionic solutions may offer
widespread functional benefit as a limb replacement strategy in the absence or presence of severely
compromised tissues [Figure 1].

LOWER LIMB RECONSTRUCTION

Complex lower limb injury after open fracture results in considerable loss of function and is primarily
accounted for by road traffic accidents in 65% of cases'"". The last two decades have seen significant
advances in surgical approach and service-led management, such that limbs previously deemed non-
salvageable forego amputation. In spite of this, after salvage, infection, thrombosis, impaired bone healing,
and revision surgery are not uncommon'?. The Lower Extremity Assessment Project”” found that the
likelihood of amputation increases in the presence of complex fractures, muscle injury, vascular injury and
large skin defects with mass contamination and absent plantar sensation"”. It has been argued that limb
salvage outcomes are not dissimilar from amputation, but formal comparisons do not always address the

wider complexities after lower limb injury"*.

The current reconstructive armamentarium often satisfies the common goal of limb length preservation,
adequate stable soft tissue cover for weight bearing and sensory recovery"”. Recognising the zone of injury
can be challenging, and the failure rate of fasciocutaneous and muscle flaps are reportedly 8%-9%"*'"". Limb

[15

shortening after segmental tissue loss can lead to a discrepancy that, when significant, gives rise to
unfavourable function". Bone transport/distraction osteogenesis often require prolonged recovery and
rehabilitation, and in some instances, patients request a voluntary amputation**". Isolated bone defects can
be addressed by grafts (vascularised/non-vascularised)”*! or more advanced techniques
(Masquelet et al.””!, Capanna®). Collectively, this comes at the expense of a donor site and, in complex
cases, delays rehabilitation.

TRANSPLANTATION

The most achievable yet realistic strategy to replace “like with like” is transplantation. Vascularised
composite allotransplantation (VCA) enables the transfer of multiple tissues (skin, muscle, bone, nerve,
vessel). The enthusiasm for lower limb transplantation has yet to mirror that of the upper extremity. This is
despite United States estimates suggesting the pool of lower limb amputees exceeds the upper limb by three
times"”. Though rare, lower limb transplantation has witnessed active knee flexion, extension, ankle motion
and sensory recovery.
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Figure 1. Decision making for complex lower limb reconstruction in the future will likely be bespoke and utilize autologous
reconstructive techniques where possible. When this is unsatisfactory, transplantation, bionics and tissue engineering may offer
alternative solutions.

It can be argued, amongst other reasons, that there are two caveats to performing VCA on a routine basis.
Firstly, cell death and necrosis after procurement and reperfusion impact donor health and the allograft.
Secondly, VCA is not life-saving, and the need for life-long immunosuppression increases the risk of cancer,
infection, major causes of post-transplant morbidity and mortality®**”. Moreover, the prospect of revision
amputation of the lower limb must be carefully considered given one recipient ceased immunosuppression
after being diagnosed with lymphoma®". Establishing which patients advance best after
salvage/replantation, modern-day prostheses, or VCA is challenging". Given the low number of VCA,
randomised clinical trials providing a meaningful comparison between alternative strategies is yet to exist.

MODERN-DAY PROSTHESES AND STATE OF THE ART

Functional outcomes from modern-day lower limb prostheses can be excellent"* but must be able to
withstand considerable forces transmitted via the residuum®. The goal is a healed residuum with prosthetic
fit that is painless and provides acceptable function”. Socket fit is influenced by trauma, oedema, atrophy,
body habitus and changing temperature and is further complicated by pressure sores, blisters, infection and
pistoning”**”. Bone anchored prostheses were designed to tackle poor prosthetic fit and address many
complicating factors. The theoretical advantage is that bypassing soft tissues and transmitting force to
skeletal components reduces energy expenditure and preserves the health of residuum. This has been met
with a further improvement in gait efficiency, quality of life, range of motion and prosthetic uptake®**.
Movement at the knee is controlled by mechanical (passive, impedance controlled by friction/hydraulics) or
microprocessor-controlled devices (impedance adjusted by kinematics and force via prosthetic sensors
enabling predetermined states in various phases of gait). Foot microprocessors are often non-articulated
such as the solid ankle cushion heel or energy storage and return systems (compression springs for
propulsion). However, current systems still fall short in delivering embodiment and function.

Bionic prostheses are advanced active prostheses that aim to delivery subconscious, intuitive bidirectional
control between an electronic device and the nervous system. Communication is via a human-machine
interface, and despite advancing prostheses, the interface continues to pose numerous challenges. This
technology has witnessed significant advances, primarily from the application of myoelectric systems.
Electrodes in contact with innervated muscle convey electromyographical signals to actuate prosthetic
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movement. A clinical study of 27 patients with 238 electrodes placed in this way recorded a failure rate
below 2% after 16 years'™. However, muscle fatigue and neighbouring “noise” recorded from adjacent
electrical activity limit the quality of information processed™'. Further critique includes many months of
requisite training, meaning 30% of individuals abandon their myoelectric prostheses*. This approach is
limited when few muscle groups remain in the residuum, such as that seen in more proximal amputations.

In a bid to increase muscle targets, targeted muscle reinnervation (TMR) was introduced by Kuiken et al."*”
in 2003 to augment upper extremity function (TMR). TMR has been less investigated and applied for the
lower limb. The premise is that remaining nerves in the amputated limb when surgically coapted to target
nerves supplying a regional muscle, provides intuitive contraction of the recipient’s muscle when the
desired function of the native nerve is required (targets are completely denervated to avoid the generation of
unwanted signals). For example, the tibial nerve, when coapted to semitendinosus and the common
peroneal to the biceps femoris, contractions are recorded months later upon the desired movement of the
absent muscle group™. Moreover, a reduction in neuroma pain, opioid use, and neuromodulator
medication has been observed"’. A surgically related technique employs a regenerative peripheral nerve
interface, whereby residual motor fascicles are coapted with non-vascularised muscle grafts acting as a
bioamplifier once innervated. Multiple fascicles can provide more signals over that from TMR, but the
signals are smaller and less easily recorded*.

Herr has described the agonist-antagonist myoneural interface (AMI). By having muscles of opposing
functions, surgically brought together as a single unit, the proprioceptive relationship is preserved. High
fidelity control of a prosthetic device is seen in a transtibial amputee. Functional electrical stimulation (FES)
gives feedback to the AMI of the prosthetic position'”. Healthy tissues are required making it a more
reliable option at the time of primary amputation. The approaches described are still limited in sensory and
proprioceptive feedback and using muscle targets from unrelated neural inputs make myoelectric systems
feel unnatural and non-intuitive*.

THE EVOLVING ROLE OF BIONIC TECHNOLOGY AND NERVOUS SYSTEM CONTROL

A less investigated approach is to directly communicate with peripheral nerves [Electroneurography
(ENG)]™, and may offer the solution to restore sensibility. This is important given grasp, and object
manipulation is reliant upon afferent feedback. To enable a richer, natural feel and interaction with one’s
environment require an appreciable understanding of the nervous system. Different levels within the
somatosensory system are current research targets ranging from peripheral nerves to the brainstem.
Peripheral nerves have both efferent (motor) and efferent (sensation via cutaneous mechanoreceptors,
proprioceptors, thermoreceptors, and nociceptors) fibres, broadly divided into unmyelinated or myelinated
axons (Schwann cells develop insulating myelin sheath). Large, myelinated fibres have the lowest resistance
due to the increased density of voltage-dependent ion channels. Afferent fibres transmit signals from
mechanical, thermal or noxious stimuli and similarly are unmyelinated or myelinated. The biomimetic
approach faces two major challenges. Firstly, neural interfaces are limited in the number of channels and for
individual channels to reliably stimulate distinct afferents is challenging. Aside from recording, algorithms
for meaningful processing into human translation is complex. Secondly, the nature of the implants is called
into question. As electrodes become more invasive, greater selectivity is achieved in addition to the quality
of recorded signals. This comes at a cost, given invasive electrodes can induce injury to the nerve. The
placement of the electrode can be broadly defined by its relationship with the epineurium [Figure 2].

Extraneural electrodes
The perineurium is not penetrated with the best-known type referred to as the “cuff electrode” that encircles
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Figure 2. Despite electrodes conveying signals from skin and muscle, more recent advances enable direct communication with the
peripheral nervous system. Examples include the (1) Cuff; (2) FINE; (3) Sieve; (4) TIME; (5) USEA electrodes. FINE: Flat interface nerve
electrode; TIME: transverse intra-fascicular multichannel electrode.

the nerve™. Comparatively, they are less selective than those breaching the perineurium but reliable for
large myelinated fibres located in the periphery of the nerve®. Cuff electrodes are considered less traumatic,
invasive and more stable than intra-fascicular electrodes at the current time. Implantation of several cuffs to
reach numerous fascicles is possible and has been used to correct foot drop® and aid in standing after
paralysis from spinal cord injury when wrapped around the femoral nerve using FES*’. A recent variant of
the cuff electrode is the flat interface nerve electrode (FINE), improving selectivity and contacts as the cuff
applies pressure to the nerve enlarging its cross-section and displacing the axons from their central
location™. In humans, FINE placement on the femoral nerve selectively and independently activates
numerous muscle groups supplied by the nerve. Concerns have been raised about electrode induced
induced injury, and this remains unknown.

Interfascicular electrodes

Interfascicular electrodes aimed to supersede extraneural electrodes with the appreciation that motor and
sensory nerve topography is heterogenous, changing course along the length of major nerves. The slowly
penetrating interfascicular nerve electrode bluntly separates the epineurium on insertion to embed itself
between fascicles. Selective axonal recruitment is seen in cat sciatic nerve with recruitment at different
points in the nerve, suggestive of greater selectivity*. Given that restoration of sensation is crucial, this has
driven research to investigate whether a stable direct communication with nerve fibers can be achieved.

Intraneural electrodes

These electrodes are in direct contact with nerve fibres. There is close contact with fascicles in both
superficial and deep locations, meaning thresholds for axonal stimulation are lowered, improving selectivity
and minimising noise®”. One advantage is that lower stimulation currents are required for sensation’.
Examples include the longitudinal intra-fascicular multichannel electrode (LIFE), whereby contacts are
aligned along the parallel length of fibres. Their location makes them able to record and stimulate small
groups of axons with high selectivity after implantation, seen in several amputees with meaningful sensory
feedback™. The transverse intra-fascicular multichannel electrode implant is placed perpendicular to the
nerve to access several fascicles’™. In rat sciatic nerve, high selectively enabled activation of multiple
downstream muscles. Less axonal injury is seen 2 months after implantation and shown to have higher
selectivity than LIFE and cuff electrodes”".
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Multielectrode arrays have multiple electrode needles permitting multi-site recording and stimulation
penetrating the nerve at varying depths perpendicularly along the length of the nerve®. The concern is
intraneural damage and the potential for poor stability of recorded signals over time. A single array
implanted in cat sciatic nerve for 350 days found persistent inflammation'’, and electrically stimulating a
large population of afferents via a single electrode is unnatural and can evoke paraesthesia’s'*”.

Regenerative electrodes

Regenerative electrodes are the most invasive yet have the greatest contact with the largest number of axons.
The earliest example, devised 50 years ago, is the “sieve electrode”. Fine holes reside close to the nerve, and
as fibres regenerate, they regrow through holes for selective stimulation. The prospect of growth factor
delivery targeting specific neural populations electrodes will enable targeted delivery', and seems a
plausible method considering our understanding of how nerves attempt to regenerate. Nerve regrowth takes
time, and some concerns are that motor and sensory axons regrow in a disarrayed fashion than intact
nerves®. Small unmyelinated axons have a higher growth capacity than large, myelinated axons, favouring
centrally located small axons and large at the periphery of the electrode™. Promising results after 30
months is observed in cats"®. One potential avenue for exploration includes the guidance of regenerating
axons into small fascicles via neurite growth promotion down microchannels augmented by neurotrophic
factors or scaffolds'”. This has been seen to work well experimentally in the tibial nerve of rats.
Limitations of ENG decoding include overcoming the fibrotic response, minimised by increasing the degree
of charge stimulated with further concerns about neural injury™.

FUTURE CHALLENGES IN DEVELOPING LOWER LIMB BIONIC TECHNOLOGY

Commercially available prostheses do not have volitional control, especially where it is needed, the ankle.
We know that sensorimotor interruption after limb loss leads amputees to have reduced confidence in
maintaining balance, increasing falls risk and bearing greater cognitive burden®. Humans combine
sensory, visual, vestibular, cognitive, and proprioceptive inputs to their surrounding environment”. A
sensory neuroprosthesis that modulated stimulated-evoked sensation in response to interactions between
the prosthesis and the environment was developed to study unilateral lower-limb amputees and their
adaptation to the loss of plantar sensation. Six BKAs were compared with 14 able-bodied individuals, and
they demonstrated higher foot placement accuracy. They were able to demonstrate that sensory
neuroprosthesis provides modulated feedback of plantar pressure that improves lower limb performance in
locomotor tasks"™.

Prostheses are heavy, need power, often noisy and require skilled repair when damaged. This is especially
pertinent to overcome these barriers considering compliance declines with time for prostheses”. Modern
bionic prostheses limit data transfer across biological-mechanical interfaces, making them slow with low
bandwidth with wireless communication a priority, in addition to lead migration and fracture occurring in
24%-50% of events and wireless chips question how such systems can be appropriately powered””".

Similarly, electromagnetic interference can arise from the interface as a result of tissue reactions with blood,
matrix formation, inflammation, granulation tissue, foreign body reaction and fibrosis with the potential for
a hypersensitivity reaction”. Long-term stability and reliability need further insight, and one avenue of
research is tissue engineered neural interfaces that integrate encapsulated neural cells within the electrode to
mitigate scar tissue formation and increase biocompatibility"”.

CONCLUSION

Outcomes after lower extremity trauma continue to improve. The growing expertise in preoperative,
intraoperative, and postoperative management of complex cases, embedded within specialist centres, is now
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met with technological advances that supplant the sole use of autologous and allogeneic options when soft

tissue availability is limited. Bionic technology is not new and has been investigated at numerous stages for

clinical integration. The combined efforts of computational scientists, mechatronics, robotics and material

experts working within the field, each delivering unique input, will one day potentially deliver a bespoke,
intuitively controlled limb that has a human look, feel and functionality.
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