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Abstract

Peripheral Nerve Injury (PNI) often causes partial or complete paralysis and/or loss
of sensation of the segment of the body involved. Traumatic PNI is a global problem

and can result in significant disability and socio-economic impacts.

Clinical translation of new therapeutics for the treatment of PNI is challenged by the
little information that is known about the cellular and molecular features that underpin
human nerve regeneration. Moreover, clinical models and measurements that can
quantify the efficacy of new treatments for PNI are not well established. Therefore,
this PhD explored injured and healthy human nerve samples liberated from
reconstructive nerve procedures to characterise the cellular and molecular features
of human peripheral nerve degeneration. Associated with this theme of
characterisation of human nerve injury, the recovery of motor units in reinnervated
elbow flexor muscles following nerve transfer was quantified using Motor Unit Number
Estimation (MUNE). In order to better understand the relationship of MUNE with the
biological process of nerve regeneration, an animal model of nerve injury was used
to investigate the association between MUNE and histological markers of
regeneration. MUNE was found to be a sensitive marker of muscle reinnervation in
human and animal models of nerve regeneration. Moreover, MUNE demonstrated a

correlation with histological markers of muscle reinnervation.

It is known that these changes in the number of motor units are accompanied by
changes in muscle volume. Therefore, using the same surgical scenario of nerve
transfer to reanimate elbow flexor muscles, this PhD measured the recovery of
muscle volume following nerve transfer to reanimate elbow flexor muscles using
gquantitative Magnetic Resonance Imaging (MRI) techniques. It was found that MRI
assessment of muscle volume is a measure that is sensitive to the biological process

of nerve regeneration. With further data, this has the capacity to determine the
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efficacy of new therapeutics for the treatment of PNI and predict the likely functional

recovery following PNI.

In summary, the findings represent an important step towards understanding the in
vivo cellular and molecular events in human nerve degeneration. In addition, MUNE
and guantitative MRI techniques were found to represent sensitive and responsive
measures of nerve regeneration. With further data, the findings presented here will

help new therapeutic options for human nerve injury advance.
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Impact statement

This thesis contributes to translational research in peripheral nerve injury (PNI). A
number of therapeutics for the treatment of PNI have been developed in animal
models such as engineered neural tissues and drugs that promote nerve
regeneration. However, there are many challenges associated with the clinical
translation of these and other therapies with the potential to improve nerve repair
outcomes in patients. First, little is known about the in vivo cellular and molecular
mechanisms that control the regenerative microenvironment of the distal nerve
segment in humans. Second, assessments that are sensitive and responsive to sub-

clinical changes in the tissue microenvironment are awaited.

The work presented in this thesis has made progress towards addressing these
unmet clinical needs of regenerative neuroscience. Studying the exposure of human
nerve samples retrieved from reconstructive nerve procedures to chemical and
physical factors of the surgical environment has enabled this project to go beyond
rodent models of nerve regeneration. This has led to new insights into the in vivo

cellular and molecular features that underpin human nerve degeneration.

Associated with this theme of characterising human nerve regeneration, this thesis
has made the first steps towards validating sensitive and responsive measures of

muscle reinnervation.

In summary, this project has made advancements in our understanding of the in vivo
biology of human nerve degeneration and investigated sensitive and responsive
measures of muscle reinnervation. Together, this work is informing the development
of a clinical trial to facilitate the translation of new therapies to improve peripheral

nerve repair in humans.
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Chapter 1: Introduction

1.1 Peripheral nerve anatomy

The peripheral nervous system (PNS) consists of neuronal cells, glial cells and
stromal cells. Peripheral nerves relay signals from the spinal cord to the rest of the
body and from sensory receptors to the central nervous system (CNS). Nerve trunks
principally comprise efferent and afferent neurons. Efferent fibres can be made up of
motor and autonomic fibres which receive signals from dendrites at the spinal cord
primarily through the neurotransmitters acetylcholine, glutamate (e.g from sensory
neurons), glycine (inhibitory neurons) and several others. Afferent neurons can be
somatic or autonomic in origin and receive a variety of sensory inputs such as from
the dendrites of specialised cells such as Pacinian corpuscles located in the skin

which detect fine sensation.

Schwann cells, the glial cells of the peripheral nervous system, surround individual

axons and have a number of important functions. These cells produce myelin which

alows saltatory conduction along myelinated f
mo s t heavily myelinated followed by Ab aff e
have a conduction velocity of around 30-120m/s. On the contrary, C fibres are

unmyelinated and therefore the slowest conducting at 1-2m/s. These fibres relay

information from the periphery to the CNS about pain, temperature and also make up

the post-ganglionic sympathetic system. The properties of the different fibres in the

PNS are summarised in Table 1.1.

Non-neuronal cells and connective tissue surrounding the nerve trunk have an
important function in providing a structural scaffold for the nerve and adapting it for
its function. An endoneurium surrounds individual axons. Groups of axons are
surrounded by the perineurium which is a multi-cellular layer composed of specialised

perineurial cells with tight junctions forming a fluid barrier. Surrounding this is a layer
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of the epineurium which contains a network of cellular, lymphatic and vascular
structures which penetrate to deeper layers of the nerve trunk. These are important
for the normal functioning of nerves and their response to injury. A visual
representation of the nerve trunk and its corresponding microanatomy is shown in
Figure 1.1. The extent of damage to this network is important in classifying nerve

injuries (Geuna et al., 2009).

. : : Conduction .
Fibre | Myelin | Diameter Velocity Spinal Cord Location Function
Class | Sheath (um) Tract
(m/s)
- Ipsilateral Efferent to
AU ves 6-22 30-120 dorsal column | muscles Motor
Contralateral Afferent Tactile
Ab Yes 6-22 30-120 spinothalamic | from skin . "
> proprioception
tract and joints
. Efferent to
Ao Yes 3-8 15-35 dolrpszll:agglrl?rlnn muscle Muscle tone
spindles
Contralateral Afferent Pain, cold,
Al Yes 14 5-30 spinothalamic | sensory temperature,
tract nerves touch
Pregﬂ]?:gllo A number of
B Yes 1-3 3-15 Preganglionic autonomic
sympathet ¢ .
i unctions
Posotg{acngll A number of
sC No 0.3-1.3 0.7-1.3 - autonomic
sympathet f .
i unctions
A number of
Contralateral Afferent fur?c?ttigggrg:in
dc No 0.4-1.2 0.1-2.0 spinothalamic | sensory warm '
tract nerves ’
temperature,
touch

Table 1.1 - The properties of different nerve fibre types (Simon et al., 2016b). Nerve
fibres can be classified according to the presence of a myelin sheath, diameter,

conduction velocity, spinal cord tract, location and function.
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Epineurium

Endoneurium

Figure 1.1 - Anatomy of the nerve trunk. Axons are arranged into fascicles
surrounded by perineurium. Individual axons are encased by an endoneurium.

lllustration by Mr. Tom Quick.

1.2 Classifications of Peripheral Nerve Injuries

Nerve tissue is viscoelastic. Therefore, in closed injuries the severity (grade) of nerve
injury largely depends upon the magnitude, rate of application and duration of the
forces applied to the nerve trunk. A number of systems exist for the classification of
PNI which are based upon the extent of damage to the microanatomy of the nerve
trunk. The Seddon and Sunderland classification systems have been widely deployed
to assist in determining the severity, prognosis and treatment strategy of PNI (Table
1.2) (Seddon, 1943, Sunderland, 1951, Dellon and Mackinnon, 1988). Mackinnon and
Dell on modified Sunderl andds <cl assi fi
refl ect clinical practice. Mill esi6s
severity of focal nerve injuries requiring reconstruction to the surgical steps necessary

to reconstruct these (Millesi, 1985).
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Grade | injuries (neurapraxia) may be secondary to a single or persistent event. This
type of injury is particularly prevalent in anatomical locations where nerves may be
susceptible to stretch or compression such as in osseofascial tunnels and following
blunt trauma or stretch injuries. Spontaneous recovery almost always ensues in
weeks to months following injury. Neurapraxia can be described as a conduction

block which means the nerve is anatomically intact but physiologically broken.

Grade Il injuries (axonotmesis), lie within the mild end of the degenerative spectrum.
Here, there is discontinuation of the axons but preservation of the surrounding
connective tissue usually following blunt trauma. Spontaneous recovery is common

and surgical intervention is rarely indicated in the absence of intra-neural scar tissue.

In Grade lll-Grade V injuries (Grade Ill and Grade IV: axonotmesis, Grade V:
Neurotmesis) there is more widespread disruption to the anatomy of the nerve trunk.
These grades of injuries are more common in blunt, stretch and/or penetrating

trauma. The restoration of function is often not possible without surgical intervention.

Whilst these classification systems may be a useful tool in determining the anatomical
extent of nerve damage and likely functional outcomes, they are unlikely to reflect the
clinical picture. Injuries often do not damage the nerve trunk uniformly meaning that
these classification systems most likely do not reflect the heterogenous pathology. It
is more likely that nerves demonstrate a mixed classification of nerve injuries (Dellon

and Mackinnon, 1988, Mackinnon and Dellon, 1988, Timothy, 2014).

The biological processes that underpin functional recovery depend largely upon the

grade of the injury.
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Seddon Sunderland | . Surglce_ll L|kgly
e Neuropathology e intervention | functional
classification classification .
required? outcome
Not unless Complete
Segmental the recovery most
Neurapraxia o Grade | . likely without
demyelination pathology is :
: surgical
persistent . :
intervention
Transection of Often
the axons but complete
Axonotmesis the remaining Grade |l Not likely recovery
endoneurium, without
perineurium and surgical
epineurium intact intervention
Transection of
axons, Unlikely
endoneurium complete
Axonotmesis | with preservation Grade Il Maybe without
of the surgical
perineurium and intervention
epineurium
Transection of
axons ,
endoneuri,um Poor without
Axonotmesis . . N Grade IV Yes surgical
perineurium with . :
_ intervention
preservation of
the epineurium
Disruption of the Requires
Neurotmesis entire nerve Grade V Yes surgical
trunk intervention
Combination of Requires
Mixed Sunderland Grade VI Yes surgical
Grade | to Grade , :
Vv intervention

Table 1.2 - A summary of the Seddon and Sunderland classification systems and

their likely functional outcomes and required surgical intervention (Dellon and
Mackinnon, 1988, Mydlarz and Boahene, 2013, Kaya and Sarikcioglu, 2015).
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1.3 Neurobiology of peripheral nerve regeneration

An understanding of the biological processes that underpin regeneration and
functional recovery in those who have suffered neural trauma is necessary in order

to understand and interpret pathological changes on clinical tests.

1.3.1 Neurapraxia (grade | injury)

Pathologically, neurapraxia has a number of potential causes of physiologic
dysfunction. The most well characterised is focal demyelination. Degeneration of the
myelin sheath impairs conduction of action potentials by changing the mechanical
and physical properties of the internodal and paranodal membranes. The capacitance
of the membranes increases accompanied by a reduction in the resistance between
the paranodal and internodal regions (Bostock and Sears, 1976). The result is a
deficiency of current which is able to depolarise the next node of Ranvier. The
demyelination of the paranodal segment with the increased exposure of the K*
channels leads to persistent hyperpolarisation (Smith and Knight, 2011). The activity
of the Na*/K* ATPase pump further pushes the resting potential towards the K+
equilibrium potential (Bostock et al., 1981). The result is the block of conduction

leading to clinical signs that are comparable to a lesion that has led to axonal loss.

1.3.2 Biological processes that underpin neural regeneration (grade Il i V injuries)

Neural regeneration is a key biological process in those recovering from lesions which
have resulted in axonal degeneration. A number of cellular and molecular
mechanisms at multiple levels are involved: the CNS, neuron cell body along with the

proximal and distal stumps.

Changes at the CNS

The CNS undergoes rapid and long lasting remodelling following PNI. The

mechanisms which underpin plasticity and reorganisation in the spinal cord and brain
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following axon transection are highly complex and remain poorly understood.
Changes within these systems may result in beneficial adaptive functional changes
or may cause maladaptive changes which result in symptoms such as neuropathic
pain, hyper-reflexia and dystonia. There are currently no effective treatments which
can ensure full sensorimotor recovery (Churchill et al., 2001, Hansson and Brismar,

2003, Duff, 2005).

Changes at the cell body and proximal stump

Cellular and molecular changes at the neuronal cell body and the proximal stump are
dependent upon a number of factors such as the severity of the injury and the
proximity of the lesion to the cell body. At the site of the nerve injury, there is Wallerian
degeneration back to the previous node of Ranvier (Waller Augustus and Owen,
1851, Beirowski et al., 2004). In severe injuries, degeneration may extend more
proximally and include the cell body in which case the whole proximal segment
disintegrates and is phagocytosed. The nerve cell body reacts to injury through a
process known as chromatolysis which involves migration of the nucleus to the cell
periphery and Nissl granules from the rough endoplasmic reticulum disintegrating and
dispersing. Simultaneously, there is proliferation of peri-neuronal glial cells. The glial
cell processes extend and interrupt synaptic connections to isolate the nerve as it

enters a regenerative phase (Lee and Wolfe, 2000, Severinsen and Jakobsen, 2009).

These events are accompanied by a change in the phenotype of axons and Schwann
cells from one that supports myelination and the propagation of action potentials, to
one that promotes axonal regeneration and sprouting from the proximal stump
(Jessen and Arthur-Farraj, 2019, Jessen and Mirsky, 2019). Axons sprouting from the
proximal stump are reduced in diameter especially when functional connections to
appropriate end organs are not re-established (Giannini et al., 1989, Ikeda and Oka,

2012). As axonal regeneration and reinnervation of the target end organ ensues,
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axonal diameter increases although this rarely returns to pre-injury levels (Giannini et
al., 1989, lkeda and Oka, 2012). The recovery of the axon and the cell body appear
to have some symbiosis; the cell body does not fully recover until functional
connections are re-established with the target end organ and the final diameter of the
regenerating axons depends to a large extent on the recovery of the cell body (Burnett

and Zager, 2004, Mar et al., 2014).

Changes at the distal stump

Almost immediately after PNI, there is Wallerian degeneration along a proximo-distal
gradient (Waller Augustus and Owen, 1851, Lubinska, 1982). This biological process
can be stratified into two distinct stages; a latent phase followed by an aggressive
granular phase of neural degeneration (Burnett and Zager, 2004). The time course
for complete degeneration of the axons takes around 4-7 days (Chaudhry and
Cornblath, 1992, Gaudet et al., 2011, Smith and Knight, 2011). As a result, Schwann
cells distal to the injury site lose contact with axons as they degenerate. This
represents a radical change in the tissue microenvironment since the key signals that
control the phenotype of Schwann cells come from axons (Cattin et al., 2015,
Parrinello et al., 2010, Jessen and Arthur-Farraj, 2019). Further stimulus for change
is provided by biological factors secreted by immune cells such as macrophages
which infiltrate the damaged nerve segment (Rotshenker, 2011, Martini et al., 2008).
In response, Schwann cells demonstrate a significant biological response;
myelinating and Remak Schwann cells convert to a repair phenotype in order to

promote axonal regeneration (Jessen and Mirsky, 2016).

A principal component of this repair phenotype is reversal of myelin differentiation
which is marked by the downregulation of genes coding for Krox-20, cholesterol
related enzymes and myelin-related proteins such as Myelin Associated Glycoprotein

(MAG) and Myelin Basic Protein (MBP) (Boerboom et al., 2017, Jessen and Mirsky,
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2016). On the other hand, molecules that characterise developing Schwann cells and
mature adult Remak cells such as P75 neurotrophin receptor (P7NTR) are up-
regulated (Boerboom et al., 2017, Jessen and Mirsky, 2016). The second component
of this response is characterised by the appearance of unique repair-supportive
phenotypes. This includes factors that enhance the survival and elongation of injured
axons such as Nerve Growth Factor (NGF) and P75NTR (Grothe et al., 2006,
Fontana et al., 2012, Brushart et al., 2013). Second, an innate immune response is
stimulated which includes upregulation of a plethora of cytokines such as Interleukin-
10 -1 U) and | e u kydaetoni(LtF) whishhaktract rhacrophages to the
injury site (Martini et al., 2008, Rotshenker, 2011) and act on the injured axons to
encourage regeneration (Cafferty et al., 2001, Hirota et al., 1996). Thirdly, there is
extensive Schwann cell proliferation and elongation as they form aligned columns
(Bungner bands) which are critical to guide axons back to their targets (Gomez-
Sanchez et al., 2017b). Finally, Schwann cells activate molecular pathways which
encourage myelin autophagy (Gomez-Sanchez et al., 2015, Lutz et al., 2017, Jang et

al., 2016, Suzuki et al., 2015).

The transcription factor c-Jun plays a critical role in this Schwann cell injury response.
c-Jun levels in uninjured nerves are low and are rapidly and strongly up-regulated in
injured nerve segments (Shy et al., 1996, De Felipe and Hunt, 1994). When c-Jun
upregulation is prevented in c-Jun knockout mice, the regeneration of axons and
functional recovery is significantly impaired whilst uninjured nerves retain a normal
phenotype (Arthur-Farraj et al., 2012). Together, this suggests that c-Jun is essential
for mediating the response of Schwann cells to injury but have a limited role in
maintaining normal axonal function (Arthur-Farraj et al., 2012). Studies have since
shown that c-Jun indirectly regulates the expression of a number of genes which are

implicated in the Schwann cell injury response, de-differentiation of myelin cells and
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activation of the repair programme (Arthur-Farraj et al., 2012, Arthur-Farraj et al.,

2017).

Animal paradigms of chronic denervation have shown that this response fades over
time (Eggers et al., 2010, Hoke and Brushart, 2010). A number of studies have shown
that nerve stumps which have suffered a neurotmesis injury demonstrate full or mildly
reduced capacity for supporting axonal regeneration for approximately a month (Li et
al., 1997, Sulaiman et al., 2002). By two months, the support for regeneration remains
unchanged or diminished by up to 50% (Kou et al., 2011, Sulaiman and Gordon,
2000). This further declines over subsequent months to very low levels after six
months (Gordon et al., 2011, Li et al., 1997). This loss in the ability to support
regenerating axons is particularly pertinent in the context of human nerve injuries
where the slow rate of axonal regeneration (around 1mm/day) (Sunderland, 1947)
often results in chronic denervation of the distal environment. This deterioration in
support for axonal regeneration has been attributed to a number of different
mechanisms. For a number of years it was thought that Schwann cell proliferation is
critical for successful nerve repair (Hall, 2005, Hall and Gregson, 1977). However,
more recent findings have brought this into question (Kim et al., 2000, Yang et al.,
2008). It is more likely that the fading of the repair Schwann cell phenotype combined
with declining cell numbers are majority contributors to the failure of repair Schwann

cells to support regeneration (Jessen and Mirsky, 2019).

Whilst the cellular and molecular mechanisms that underpin the success and failure
of this critical Schwann cell response to nerve injury have been extensively studied in
rodent models of nerve repair (Jessen and Mirsky, 2019), corresponding studies in
humans are not well documented. Addressing this issue would be an important step
towards the development of new therapies to improve human peripheral nerve repair

and improving the clinical management of patients (Wilcox et al., 2020b, Rayner et
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al., 2019). Unfortunately, progress is limited by ethical and practical challenges

associated with studying human nerve injury.

1.3.3 Retrieving human nerve samples for study in the laboratory

Investigative methods such as RNA seq (RNA sequencing) and/or RT-qgPCR are
often deployed in studies to characterise the cellular and molecular mechanisms that
underpin the regenerative capacity of the rodent PNS (Bosse, Kury, and Muller 2001;
Clements et al. 2017; Jiang et al. 2014; Yi et al. 2017). Whilst it is possible to liberate
human nerve tissue for study during reconstructive nerve repair, samples that can be
extracted are often small and have varied morphology. Further, nerve samples are
exposed to the complex surgical environment, which includes chemical and physical
environmental factors, time pressures and other priorities which are not present when
sampling animal tissues in a laboratory setting. This affords numerous challenges
when optimising protocols for the extraction of RNA with sufficient quantity and quality
for quantitative analysis (Wilcox et al.,, 2019b). Studies that have explored and
measured these challenges in detail are needed to develop an optimised protocol for
quantitative analysis of mRNA. This will be a pertinent step towards better
understanding the cellular and molecular mechanisms that underpin human nerve

regeneration.

1.3.4 Changes at the neuromuscular junction and within the muscle

Following neural injury, the neuromuscular junction (NMJ) and the target muscle
endure significant changes. The NMJ undergoes extensive remodelling with
increases in gutter depth, fragmentation and plate area (Ma et al., 2005).
Simultaneously, the muscle begins to atrophy and the diameter of muscle fibres
begins to decline with a reduction in muscle fibre conduction velocity (Kraft, 1990).
There are also a number of changes at cellular and molecular levels; mRNAs coding

for nicotinic acetylcholine receptor synthesis and myogenic regulatory factors are up-
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regulated initially followed by a regression back to normal (or subnormal levels) as
denervation time increases or reinnervation ensues (Kraft, 1990, Voytik et al., 1993,

Adams et al., 1995, Weis et al., 2000, Ma et al., 2005, Ma et al., 2007).

After denervation the overall quantity of muscle fibres has been shown to remain
constant for up to one year in animal models (Ashley et al., 2007). However, the
individual fibres atrophy and change types altering the distribution and proportion of
muscle fibre types (Ashley et al., 2007). The direction and extent of this shift is
complex and variable within different muscles (Pette and Vrbova, 1985, Windisch et
al., 1998, Kostrominova et al., 2005, Mendler et al., 2007). For example, type 11B and
IIC fibres in rat Extensor Digitorum Longus (EDL) and tibialis anterior muscles shift
towards type | and IlA slow fibres following denervation (Pette and Vrbova, 1985,
Windisch et al., 1998). If reinnervation is achieved, the signal generated by the motor
cortex is thought to determine the proportion and distribution of muscle fibre types

(Hughes et al., 1993).

For many years, it was thought that changes within the muscle were largely
responsible for poor functional outcomes in patients where nerve repair was delayed
(Fu and Gordon, 1995). However, animal models have shown that axons still have
the capacity to grow into chronically denervated muscle (Fu and Gordon, 1995, Saito
and Dahlin, 2008). This suggests that in the absence of intra-neural scar tissue,
changes within the chronically denervated distal nerve stump are majority
contributors to making the environment increasingly antagonistic to nerve

regeneration (Ronchi and Raimondo, 2017).

In summary, considering clinical observations in the light of findings in animal
paradigms of reinnervation, it is thought that optimum functional recovery is largely
dependent on a sufficient quantity and quality of axons reinnervating the muscle

within 1 year following injury (Dellon and Mackinnon, 1988, Mackinnon et al., 2005,
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Tung and Mackinnon, 2010). Beyond this time frame, it is thought that phenotypic
changes of Schwann cells, axons and irreversible degenerative changes at the motor
endplate create an environment that becomes increasingly antagonistic to
regeneration (Tung and Mackinnon, 2010, He et al., 2014, Jessen and Mirsky, 2019).
Despite significant advancements in surgical interventions for the treatment of PNI,
muscle recovery is often seen by the patient as being functionally incomplete (Scheib
and Hoke, 2013). A number of treatments have been developed in preclinical models
that modulate these biological processes to promote axonal regeneration, preserve
denervated muscle and/or modulate complex remodelling of the CNS (Lee and Wolfe,
2000, Faroni et al., 2015). Clinical translation is hindered by the lack of outcome
measures that are responsive and/or sensitive enough to detect and quantify the
biological changes associated with muscle denervation and reinnervation. The
success or failure of these biological events can be monitored to an extent through

clinical evaluations of nerve regeneration.

1.4 Clinical measurements of nerve injury and regeneration

Clinical assessments are ultimately an evaluation of function and do not measure
nerve regeneration in isolation. The Tinel sign, described over a century ago (1917),
measures the advancement of regenerating axons by percussing on the skin along
the anatomical course of the nerve (Macdonald, 1918). It is the only test that can
monitor the recovery of axons following a degenerative lesion prior to any end-organ

reinnervation.

It should be recognised that there is unlikely to be a linear relationship between the
quantity and quality of neuronal regeneration and functional recovery. This is because
there are many layers of complexity within the regenerating system. For example,
within a certain range (down to around 20% of the original number of axons) a

denervated muscle can still become fully reinnervated and may still develop pre-injury
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peak force. However, it may be reinnervated by axons which were originally from a
differing muscle (a process called axonal confusion) (Seitz et al., 2011, Alvarez et al.,
2011). This may lead it to function incorrectly or not be under the patient& easy
conscious control. As a result, the muscle is likely to have reduced gradeability of
force, increased fatigue and co-contract with antagonists. It may also demonstrate
decreased proprioception, altered tendon reflex and overall tension. Moreover, the
joints the nerve serves may become stiff and the overlying skin may become dry and
painful. These peripheral mechanisms are accompanied by parallel central processes
demonstrating that there is a highly complex system at play here. The relationship
between axonal recovery and subjective measurements of function is also further
complicated by psychological and environmental aspects. Normal nerve function in
humans allows interaction with our environment through experiences such as pain,
touch and temperature. Therefore, it is not surprising that injury to this complex
system also results in changes to the way in which one perceives themselves. It
follows that clinical assessments should be holistic to mirror the multimodal functions
of the PNS. Measures reported by the clinician such as reported pain, sensibility,
motor function, electro-diagnostics and imaging should be considered alongside
patient reported measures. Some of the commonly deployed and recommended

clinical measures of functional recovery are discussed.

1.4.1 Sensibility

Sensibility can be defined as the ability to perceive and assimilate sensation.
Detection, discrimination, quantification and identification represent the four levels of
sensibility which include all the characteristics of touch, stereognosis and
proprioception. This provides some indication as to the integrity of afferent/sensory

neurons which receive input from a variety of sources such as free sensory nerve
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endings in addition to dendrites from specialised cells such as Pacinian corpuscles

among others. This information is then relayed to the somatosensory cortex.

The ability of patients to detect static touch and cutaneous pressure is most
commonly determined using the Semmes-Weinstein monofilament test and/or the
Weinstein Enhanced Sensory Test (WEST) (Weinstein, 1993, Jerosch-Herold, 2005).
These tests have yielded good sensitivity and reliability in detecting changes over
time (Jerosch-Herold, 2005). The next level of sensibility is discrimination. The most
commonly deployed by clinicians is the two-point discriminatory test which is included
in the Medical Research Council (MRC) assessment of sensory recovery providing a
measurement of recovery across an 8 point scale. However, a number of studies
have raised concerns over the sensitivity of this measure (Chassard et al., 1993,

Jerosch-Herold, 2005).

The final component of sensibility is stereognosis which is defined as the ability to
recognise an object without any visual cues. The Shape Texture Identification (STI)
test is commonly used and has demonstrated good reliability and sensitivity in
monitoring outcomes during the recovery of median and ulnar nerves (Rosen and

Lundborg, 2003, Jerosch-Herold, 2005).

A complex relationship exists between the communication of afferent neurons with
the CNS. By extension, this affords numerous challenges when trying to determine
what relationship each of these assessments has to the biological processes

associated with nerve regeneration.

1.4.2 Pain

Nociceptive and neuropathic pain are highly prevalent following PNI. The incidence
of neuropathic pain following traumatic injuries that involve the brachial plexus in
adults has been reported to be as high as 50% (Ciaramitaro et al., 2010). The

symptom of pain is measured in clinical practice by using visual or verbal scale of
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intensity from 0-10 (Delgado et al., 2018). Other scales exist with written descriptors
ranging from Ano pai no t o(Defgado etslt, 2018h The
PNI score is a simplified version of this assessment (Birch, 2011a). However,
assessment of intensity in isolation is unlikely to reflect the complexity of the lived
experience of pain. The International Association for the Study of Pain (IASP)
definition of pain is fan unpl easantwib
actual or pot ent (1286). This definition reftbetsnthay maid goes
beyond severity alone to better reflect the lived experience of the patients. Outcome
measures such as the McGill pain questionnaire which measure pain beyond intensity

alone are likely to better reflect this.

In summary, this symptom is likely to have biological effects at multiple levels as well
as psychological impacts which can complicate any attempt to establish outcome
measures that relate the biological processes of nerve regeneration with patient

function and experience.

1.4.3 Motor function

The function of an innervated muscle provides active range of movement (AROM)
across a joint. The function of multiple muscles across joints leads to the coordination
of movement. The movement across numerous joints allows us to carry out functional
tasks. It 