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1. Introduction to sarcopenia 

and motor changes in ageing 
1.1 Introduction 

Sarcopenia ('poverty of flesh') is a disease representing the progressive degenerative 
loss of muscle mass and strength associated with ageing. While most adults lose strength 
with age, sarcopenia represents such a significant failure of muscle function that physical 
performance is affected. While sarcopenia may be secondary to systemic illness (especially 
inflammatory or malignant disease) or obesity (sarcopenic obesity), it may also occur without 
these causes. As part of the frailty syndrome, sarcopenia is a significant obstacle to the 
independence, quality of life, and longevity of 
ageing adults, who are more likely to require 
hospitalisation and additional care (Shafiee et 
al., 2017; Cruz-Jentoft et al., 2018). Age-
related muscle weakness is the leading 
contributing factor to falls (Rubenstein, 2006), 
and 1 in 3 people over the age of 65 suffer a 
fall, with an economic burden to the NHS of 
£2.3 billion (NHS England, 2019). The main 
interventions for sarcopenia at present are 
related to adequate diet and sufficient 
exercise, including good quality resistance 
training (Morley, 2018), however ambiguity 
regarding operational definitions has led to 
inconclusive results regarding future treatment 
strategies. 

Muscle mass has previously been the 
primary factor in defining sarcopenia, as it is 
relatively easy to measure, and clinicians are 
often able to identify those with subjectively low 

Figure 1.1 Diagnostic flowchart for sarcopenia. 
Reproduced from Cruz-Jentoft et. al, 2018. SARC-F = 
Sarcopenia symptomatic questionnaire. DXA=Dual 
energy x-ray absorptiometry. BIA = Bioimpedance 
analysis. SPPB = Short physical performance battery. 
TUG = Timed up and go. 
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muscle mass from a clinical examination. However, muscle mass alone is not sensitive in 
finding individuals with functional limitation due to sarcopenia (Hughes et al., 2001). The 
European Working Group on Sarcopenia in Older People (EWGSOP) has therefore recently 
updated the definition of sarcopenia to place primacy on muscle strength and functional 
parameters rather than muscle bulk (Cruz-Jentoft et al., 2018) (Figure 1.1); so-called muscle 
'quality over quantity', or dynapenia (Clark and Manini, 2008) ('poverty of strength').  

Measuring strength requires only a simple, portable, and affordable grip strength meter, 
but these are not common in the community or on the wards. Grip strength also holds a 
degree of subjectivity according to effort and fails to account for individual variations, which 
may affect the lifetime trajectory of strength (Dodds et al., 2014). Questionnaires which 
assess symptoms of sarcopenia are vital for understanding the personal impact of 
sarcopenia on the patient but lack sensitivity to myriad other causes of weakness. 

There are many current indirect measures of “muscle quality” which assess whole body 
performance. These include the short physical performance battery (Beaudart et al., 2016) 
and timed up and go (Podsiadlo and Richardson, 1991). While these are easily deployed in 
the clinical setting, they are susceptible to limitation by factors external to muscle health, 
including fatigue and dyspnoea. There is a clear need for a better measure of 'muscle 
quality' (i.e. the relationship between muscle size and strength) in order to prognose and 
prevent sarcopenia in ageing adults. Part of this is understanding how the relationship 
between voluntary contraction and force production goes awry in sarcopenia. These can 
include factors ranging from central activation to the peripheral production of force. 

While neurophysiological investigations are unsuitable for screening on a population 
level, a potential diagnostic measure must fulfil the core tenets of a clinical test as defined by 
the UK screening committee (UK Screening Committee, 2003). The criteria especially 
relevant to investigating sarcopenia include: 

1. There should be a simple, safe, precise and validated test. 
2. The distribution of test values in the target population should be known and a 

suitable cut-off level defined and agreed. 
3. The test, from sample collection to delivery of results, should be acceptable to the 

target population. 

Clinical neurophysiologists interpret the electrical signals from the nervous system in the 
context of neurological illness. These specialists have several tools at their disposal to 
interrogate the nervous system at various levels; broadly, these encompass 
Electroencephalography (EEG), Electromyography (EMG), Evoked Potentials (EP), and 
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Transcranial Magnetic Stimulation (TMS). Neurophysiological investigations are already 
gold-standard for diagnosing a number of neurological conditions and could fulfil these 
criteria if applied in the correct clinical context. This review provides background and 
evidence for neurophysiological approaches and their application to sarcopenia. 

1.2 Pathophysiology of sarcopenia 

The regulation of strength is a complex coordination of cortical, spinal, neuromuscular, 
and muscular factors. Changes in any part of this motor pathway may contribute to reduced 
muscle function, and therefore sarcopenia. 

Briefly, the prefrontal cortex and basal ganglia networks are involved in motor planning 
and execution. Corticospinal motoneurons interface monosynaptically from the primary 
motor cortex to lower motor neurons at the spine. The final common pathway of movement 
is the motor unit, which innervates muscle tissue, with hundreds or thousands of motor units 
in each muscle, which enables healthy individuals to make precise and fluid movements. 

Sarcopenia could occur as a result of insults at a number of levels in this system which 
have previously been reviewed (Clark and Manini, 2008), and include: 

1. Decreased cortical excitability 
2. Decreased spinal excitability 
3. Decreased maximal motor unit discharge rate 
4. Slowed nerve conduction velocity 
5. Alterations in muscle architecture 
6. Decreased muscle mass 

This section will examine some of these changes and how they might be interrogated 
using clinical neurophysiological measures.  

1.2.1 Central & spinal changes 

The central coordination of movement is affected at multiple levels with ageing and has 
been reviewed previously (Kwon and Yoon, 2017). To summarise, age-related atrophy of the 
prefrontal cortex and basal ganglia may lead to impaired motor planning and coordination 
(Seidler et al., 2010), however, sarcopenia is often seen even without any cognitive 
prefrontal impairment.  

Two methods may be used to modulate additional force during volitional movement. 
Principally, recruitment of additional motor units is used to modulate force, but motor unit 
firing rate can also be increased to produce additional force. 
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There is clear evidence that maximal motor unit discharge rates are lower with ageing 
(Ling et al., 2009). The motor unit firing characteristics also change, as there are fewer 
instances of doublet discharges (Klass, Baudry and Duchateau, 2008) which are thought to 
produce increased levels of force, and maintenance of force at high levels (Mrówczyński et 
al., 2015). Concomitantly, the normally ordered relationship between recruitment and firing 
rate is disturbed (Erim et al., 1999).  

The central activation ratio (CAR) quantifies the proportion of muscle tissue activated via 
volitional contraction. This is measured by measuring the force at maximum voluntary 
contraction (MVC), compared to MVC with additional stimulation of peripheral motor nerves. 

CAR = MVC force/MVC + peripheral stimulation force 

Young, healthy people are able to recruit almost all of their muscle tissue, and so CAR 
approximates 1, whereas older adults exhibit small but significant activation deficits when 
peripheral stimulation is provided in high-frequency trains of pulses; no such deficit was 
seen in most studies providing a single pulse of peripheral stimulation (Stevens et al., 2003). 
This is a clear indication that there is an inability for the older adult to reliably recruit their full 
range of motor units. 

Transcranial Magnetic Stimulation (TMS) painlessly induces current within the brain 
using an intense transient magnetic field. This is commonly directed to the motor area to 
induce Motor Evoked Potentials (MEP). This is useful for measuring activation thresholds; 
however, TMS can activate neurons either directly or trans-synaptically, leading to increased 
latency variability. Transcranial Electrical Stimulation (TES) can also be used to stimulate 
the motor cortex with a stable latency; however, this procedure is somewhat painful and not 
routinely used. 

Changes in the spinal cord with ageing are not well characterised in the literature, but 
reduced MEP amplitude has been demonstrated with age, indicating loss of around 35% of 
corticomotoneurons (Eisen, Entezari-Taher and Stewart, 1996). In a neurophysiological 
context, MEP amplitude is highly correlated with force production in corticomotoneuronal 
diseases, including stroke (Thickbroom et al., 2002), suggesting that sarcopenia represents 
a similar phenotype. However, TES has not yet been performed to delineate whether these 
are cortical or motoneuronal losses. 

Furthermore, the excitability of efferent corticospinal pathways has been shown to 
reduce with age, as demonstrated via TMS (Sale and Semmler, 2005). These findings are 
consistent with anatomical studies whereby motor neurone cell bodies in the lumbosacral 
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spinal cord of 47 patients of varying ages were counted post-mortem (Tomlinson and Irving, 
1977). This demonstrated a stable count up until the age of 60, after which there was a 
gradual decline, with a profound loss of up to 50% of motor units. A comparable level of 
denervation to patients with spinal muscular atrophy type 3 (Günther et al., 2019); who are 
often significantly functionally limited, or in the affected limbs of stroke (Kouzi et al., 2014). 
The functional status of only some of these individuals was available, however, the authors 
describe two patients with significantly reduced motor unit counts living entirely 
independently prior to their deaths. This survival is likely due to the compensatory 
reinnervation which occurs, which would result in relative preservation of strength (Piasecki 
et al., 2018). 

1.3 Motor Unit Changes 

1.3.1 The normal motor unit 

The motor unit is the final common pathway of human movement, comprising a single 
motor neurone and all of the muscle fibres it innervates. A motor unit behaves as a single 
entity, with all constituent fibres firing together with each activation. Motor units are 
interdigitated, with as many as ten motor units innervating a single region of muscle in a 
glycogen depletion experiment in cats (Bodine et al., 1988).  

In the healthy motor unit, conduction from motor axon to all of the constituent muscle 
fibres happens nearly simultaneously and consistently. In neuropathies, motor neurone 
death is compensated by collateral sprouting of surviving motor neurones to innervate 
stranded muscle fibres, with imperfect neuromuscular junctions formed.  

The motor unit potential (MUP) can be measured by several means. While measures 
such as motor unit number estimation (MUNE) have helped provide estimates of the loss of 
motor units, these techniques reveal little information about the internal structure of the 
motor unit, which may indicate early changes of de/reinnervation crucial in prognosticating 
neuromuscular disease. Alternative techniques including macro, multielectrode and 
scanning EMG all aim to produce a measure of the whole motor unit. 

1.3.2 Conduction velocity 

Nerve conduction studies use surface electrodes to stimulate peripheral nerves and 
measure response. There is a conduction latency between stimulation and response, and by 
stimulating at multiple points, these can be used to calculate conduction velocity between 
the two measured points. 
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The conduction velocity of electrical activity from the spinal cord through peripheral 
nerves reduces with age (Campbell, McComas and Petito, 1973; Palve and Palve, 2018), 
albeit remaining above pathological latencies (Mayer, 1963). This is thought to be due to 
demyelination and loss of larger axonal fibres. While total force should be mostly preserved, 
this process reduces the level of torque an individual can produce by limiting the ability to 
recruit larger motor units early in a contraction (Metter et al., 1998). 

1.3.3 Compound Muscle Action Potential (CMAP) studies 

Surface EMG (sEMG) involves recording the cumulative motor unit activity near an 
electrode attached to the skin surface (Figure 1.2). Many factors can affect the reliability of 

this method, including crosstalk between 
neighbouring muscles, electrode 
placement position, and levels of adipose 
tissue between muscle and skin.  The 
Compound Muscle Action Potential 
(CMAP) represents the summation of the 
motor action potentials within 2cm of the 
active electrode (Kimura, 2013) with 
peripheral stimulation.  

CMAP is traditionally considered a 
proxy for denervation in processes such 
as ALS, however its limitation is twofold. 
Firstly, the CMAP amplitude may be 

maintained due to collateral reinnervation, 
but on the other hand, loss of CMAP 
amplitude could also reflect failure of action 
potential propagation along motor neurone 
fibres, failure of transmission at the 

neuromuscular junction or primary muscle disease. Further limitations of CMAP render it 
inappropriate for sarcopenia in its traditional form. This is because the number of activated 
muscle fibres may have a significant bearing on CMAP amplitude, but equally important is 
the fibre density, size of muscle fibres, and action potential synchronicity. The 
aforementioned asynchronous nature of sarcopenic action potentials and infiltration of 
intramuscular fat and connective tissue may attenuate surface EMG, underestimating 
muscle activation (Figure 1.3) (M Piasecki et al., 2016). 

Figure 1.2 Recording the median motor response 
(CMAP). The nerve is being stimulated at the wrist, and the 
response is measured over abductor pollicis brevis. The 
lower traces are the resulting compound muscle action 
potential recorded at the wrist (top) and at the elbow 
(bottom). Reproduced from Whittaker 2011 
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1.3.4 Motor Unit Number Estimation (MUNE) 

Changes in CMAP at different force and stimulation levels can be measured to estimate 
the motor unit population. This technique is called Motor Unit Number Estimation (MUNE) 
and includes several different analysis methods that have evolved over years of study. One 
of the issues with MUNE measurements that require maximal CMAP is that the extent of the 
muscle must be superficial, as deeper motor units will contribute less to the CMAP. 
Additionally, the major nerve branch of the muscle must also be accessible for superficial 
peripheral stimulation. All MUNE techniques are sensitive to cross-contamination from 
neighbouring muscles, which means that the MUNE value may be an amalgam of multiple 
muscles within the detection radius of the electrode.  

The first use of MUNE to estimate motor unit count through age was by McComas 
(McComas et al., 1971). They selected the extensor digitorum brevis (EDB) muscle in the 
foot, which is relatively flat and lies close to the skin surface. They calculated the MUNE 

A                        B                         C                         

Figure 1.3 Schematic of CMAP generation, consisting of 3 Single Motor Unit Potentials (SMUPs), top, and the 
resulting CMAP, bottom 

A) Normal CMAP 

B) Desynchronization of SMUPs leads to reduced CMAP peak amplitude. Conduction block, demyelination 

C) Denervation of one MU, with collateral reinnervation by the other two, leads to preserved CMAP amplitude 

D) Reduced SMUP leads to reduced CMAP amplitude. Fewer fibres, smaller fibres, reduced fibre density, tissue 

attenuation (fat) 
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value by dividing the average MU potential after incremental stimulation by the maximal 
CMAP from supramaximal stimulation. The authors did not include subjects older than 58, 
and no significant change in MUNE value was found in this group.  

A follow-up study in the same hospital used the same techniques in 28 individuals aged 
60-96, as well as 66 non-aged controls (Campbell, McComas and Petito, 1973). They 
demonstrated a drastic fall in motor unit number estimate above the age of 60 compared to 
controls, with some subjects demonstrating fewer than 10 MUs, compared to matched 
healthy controls who showed between 100-200. The combined findings of these studies 
concur well with anatomical studies mentioned previously.  

Additionally, both studies demonstrated stable CMAP amplitudes, with increased 
potentials from individual motor units. This indicates that there was a loss of motor units with 
compensatory reinnervation, but there were few to no 'stranded' muscle fibres that failed to 
be reinnervated. While there is no discussion of grip strength or fatigue symptoms, the 
participant group selected was fit and active, suggesting that these neurogenic changes 
form part of normal ageing. 

1.3.5 Motor Unit Number Index (MUNIX)  

MUNIX is an alternative measure of MUNE that compares the power of the CMAP during 
supramaximal activity with the interference pattern of voluntary contraction. While it requires 
proprietary software, it is quick and easy to perform, and has good inter- and intra-rater 
agreement (Gooch et al., 2014). Another value produced by MUNIX is the Motor Unit Size 
Index (MUSIX), which reflects the size of each SMUP.  

Drey has reported two studies assessing MUNIX of the hypothenar muscle in sarcopenic 
patients- the first with 27 sarcopenic patients (Drey et al., 2013), and the second with a 
further 75 (Drey et al., 2014). Both compared results to age-matched healthy controls. The 
MUNIX value of sarcopenic patients was 25% lower than controls and demonstrated 
collateral reinnervation, with a strong inverse correlation between MUNIX and MUSIX; 
patients with fewer motor units demonstrated larger single motor units. This is somewhat 
unsurprising as both MUNIX is highly correlated with CMAP amplitude (Jacobsen et al., 
2017) and MUSIX is calculated as MUNIX/CMAP amplitude. Since the CMAP amplitude 
reduces with age (Dorfman and Bosley, 1979), this effect may have led the changes in this 
study, however these findings remain of interest. The second showed a significant 
association between pathological MUNIX values and the incidence of sarcopenia. While 
underpowered to find sub-groups, the link between MUNIX and MUSIX suggests that while 
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there is reinnervation of lost motor units, this is outpaced by denervation, and this net deficit 
leads to sarcopenia. This is consistent with animal glycogen depletion studies which 
demonstrate failure of reinnervation leading to weakness (Edström and Larsson, 1987). 

1.3.6 Decomposition-based Quantitative EMG (DQEMG) 

A further development of the MUNE technique involves using co-located surface and 
intramuscular EMG (iEMG) electrodes. The iEMG is used to trigger sampling of the 
corresponding sEMG- this is called Spike Triggered Averaging (STA-MUNE) and is one form 
of DQEMG. The combined signal is then decomposed into constituent motor units using 
signal decomposition software.  

This was used to perform MUNE in young, aged, and sarcopenic individuals, which 
demonstrated evidence of reinnervation in healthy older people via larger MU potentials 
versus those with sarcopenia who had much smaller MU potentials (Piasecki et al., 2018). 
The authors suggested that while motor unit loss is part of normal ageing, failure to 
reinnervate muscle fibres is the factor that distinguishes sarcopenia. 

A critical limitation in MUNE performed using voluntary techniques such as MUNIX and 
STA-MUNE is related to motor unit recruitment. According to the size principle (Henneman, 
Somjen and Carpenter, 1965; Milner-Brown, Stein and Yemm, 1973), MUs are recruited in 
order of size. EMG becomes much more complex at higher force levels, and so both 
techniques are often performed at low-moderate force levels. This means that sMUPs 
recorded from voluntary activity may be significantly smaller than those from peripheral 
stimulation, which would lead to relative overestimation of MU numbers.  

In normal recruitment, slow-twitch, fatigue-resistant muscle fibres are recruited before 
fast-twitch, fatigable fibres. Other studies have reported preferential loss of fast-twitch motor 
units with reinnervation by slow-twitch motor neurons earlier in the disease course of 
sarcopenia (Narici and Maffulli, 2010). Voluntary evoked MUNE techniques may therefore 
demonstrate larger sMUP at low force levels, and thus considerably underestimate motor 
unit numbers. 

 

1.4 Neuromuscular junction changes 

1.4.1 Single fibre studies 

Single fibre EMG studies involve recording pairs of neighbouring muscle fibres within the 
same motor unit. Normal activation produces single fibre action potentials separated by 
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regular intervals. Any variability in temporal separation between consecutive activations (the 
Mean Consecutive Difference; MCD) is termed 'jitter', whereas differences between 
consecutive amplitudes is called 'jiggle' (Stålberg and Sonoo, 1994). Increased jitter is seen 
in several neuromuscular diseases such as myasthenia gravis, where antibodies to the 
postsynaptic membrane inhibit transmission. It is commonly thought that jitter increases with 
age (Stålberg and Trontelj, 1979); however, single fibre EMG is much less widely performed 
outside the ages of 15-60 due to its main indication for myasthenia gravis, which occurs in 
this age group, and consequently, ageing subjects are poorly represented in the literature. 

Single fibre EMG can also be used to measure the density of muscle fibres within a 
motor unit. To perform this, the EMG needle is positioned so that the amplitude from a single 
fibre potential is maximal. At this position, the number of additional synchronous spikes with 
amplitude above 200µv and rise time less than 300µs are measured. This demonstrates 
how many fibres are in the neighbouring region to the principal fibre. This local measure is 
repeated in 20 different areas to provide a local concentration of fibres in the studied area.  

We are aware of only two studies measuring normative single fibre data through the life 
course. This is likely because of the length of time and procedural skill involved in the 
measurement. 

The first was a multi-centre study (Gilchrist, 1992). This study was underpowered to 
detect significant changes with age and is methodologically flawed in several ways. Firstly, 
there was no attempt to standardise investigators’ techniques which may have impacted 
inter-centre measurements, and muscle selection was left up to individual investigators, 
meaning some muscles (e.g., biceps and quadriceps) were especially understudied. 
Exclusion criteria were not specified, and patients referred for investigation of myasthenia 
gravis but who were found not to have it were included. There was no follow up to ensure 
these symptomatic patients remained disease-free, so the data cannot be considered 
normative. 

Despite these problems, this study demonstrates a modest relationship between jitter 
and age in specific muscles, namely frontalis, extensor digitorum, and orbicularis oculi. 
Separately, fibre density in biceps, extensor digitorum, quadriceps and tibialis anterior 
modestly increased with age, indicating fewer motor units innervated the fibres in that 
region. 

Secondly, a more rigorous multi-centre study to determine jitter values using concentric 
needle electrodes has been performed (Stålberg et al., 2016), with prospective data 
collection, assessment of recording quality, and specific exclusion criteria that reduced the 
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likelihood of accidental inclusion of those with neuromuscular disease. The investigators 
studied only three muscles (frontalis, orbicularis oculi and extensor digitorum). This study 
found a weak relationship between age and MCD, significant only in frontalis, but was 
underpowered for ages above 60. 

If jitter is too high (>100µs), neuromuscular block can occur, with subsequent failure of 
contraction of the muscle fibre. Below this level, the clinical impact of jitter is uncertain, and 
jitter has not been shown to be anywhere near the level for neuromuscular blocking in 
healthy ageing subjects (Ekstedt and Stålberg, 1971). Muscle strength has been shown to 
reduce with increased jitter in mice (Chung et al., 2018), and pathological jitter value 
correlates closely with clinical severity in myasthenia gravis (Konishi et al., 1981). Still, no 
such measurements of subclinical jitter compared to muscle strength have been performed 
in healthy humans.  

On the basis of these results, it appears that while there is a reduction in neuromuscular 
junction function as measured by jitter, this has been shown in animal models not to 
contribute to sarcopenia (Willadt, Nash and Slater, 2016). The current consensus is that 
while there are alterations in the structure of the neuromuscular junction, including increased 
fragmentation and reduced folding, these subthreshold changes are unlikely to result in the 
level of clinical weakness seen (Willadt, Nash and Slater, 2018). 

1.4.2 DQEMG in muscle weakness 

The intramuscular needle used in STA-MUNE can also be used to estimate single fibre 
jitter and jiggle by approximating the measure from timings of MUP segments with consistent 
morphology. 

One study used this to compare the DQEMG in 19 patients classified according to 
EWGSOP criteria as pre-sarcopenic, sarcopenic, or severely sarcopenic (Gilmore et al., 
2017). They found progressive loss of motor units via MUNE values, but the between-group 
difference was not significant. There was significantly reduced neuromuscular stability as 
measured by jitter and jiggle in the sarcopenic groups, and one hypothesis is that this 
impaired stability could have reduced the size of the average SMUP, inflating the MUNE 
value in sarcopenic patients (Arnold and Clark, 2017); a similar problem has been reported 
in similar techniques applied to patients with Amyotrophic Lateral Sclerosis (Shefner et al., 
2004). 

In contrast to motor neurone loss and denervation, neuromuscular function changes are 
modifiable and affected by exercise. Since exercise is the most significant modifiable factor 
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in preventing sarcopenia, it is reasonable to ask what impact exercise has on neuromuscular 
parameters. One study compared 29 world champion master athletes in their ninth decade 
of life with age-matched controls (Power et al., 2016). They found that the retired athletes 
had significantly larger CMAP amplitude and significantly reduced neuromuscular jitter and 
jiggle. 

1.5 Methods of assessing motor unit internal structure 

A concentric needle EMG electrode may be inserted into muscle to sample the electrical 
activity from a single region of muscle fibres. Since the muscle fibres in a healthy motor unit 
all have similar diameters, the fibre action potentials travel at similar speeds, passing by the 
intramuscular EMG electrode almost simultaneously to produce a simple triphasic MUP. In 
neuropathies, inefficient neuromuscular connections and fibre size variability results in 
asynchrony of the fibre action potential, resulting in a more complex MUP with additional 
components. 

It is well understood that the shape and characteristics of the MUP vary with even small 
movements of the EMG needle within the muscle. The EMG needle is targeted clinically to 
optimise the position of the electrode to an adjacent MUP and minimise rise time; however, 
the position of the needle within the motor unit territory is ill-defined. This means that the 
reliability of concentric needle EMG to detect neuromuscular disease is limited by the 
number of regions sampled within the motor unit, and early disease may not be detected by 
the operator, if it is confined to just a few motor units. 

Single fibre EMG uses a significantly smaller recording electrode surface to record from 
a much narrower muscle volume (300µm). This enables a single muscle fibre action 
potential to be recorded. By carefully positioning the electrode, the operator can measure 
the number of SFAPs within the electrode recording volume as a proxy measure of muscle 
fibre density. As with concentric needle recordings, this technique is highly dependent upon 
the region of muscle sampled and operator skill. 

Other attempts to measure the whole motor unit have included macro EMG (Stalberg, 
1980), which involves inserting a sizeable monopolar electrode which samples from the 
length of the needle, triggered by a very fine single-fibre electrode located within the larger 
electrode in order to measure activity from a single motor unit. Macro EMG potentials are 
therefore considered to represent the 'whole motor unit' potential, and the macro EMG 
amplitude is highly correlated with motor unit size (S. Nandedkar and Stålberg, 1983; 
Roeleveld et al., 1997).  
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Multielectrodes comprise a needle with many recording surfaces along their length, with 
electrode numbers varying from 8 to 32 (Stålberg et al., 1976). By having multiple electrodes 
differentially recording from the muscle volume, the internal motor unit structure may be 
revealed at a resolution dependent upon the recording surface geometry. Challenges in 
electrode manufacture have limited these techniques to research environments, and 
multielectrodes have not yet entered routine clinical practice. 

1.5.1 Scanning EMG- advantages & limitations 

Scanning EMG, first described by Stalberg and Antoni in 1980, is where an EMG 
electrode is withdrawn in very small (50µm) increments through a motor unit to build up a 
continuous profile of electrical activity within a corridor of the muscle. 

To perform this method, a single-fibre EMG electrode is inserted into the muscle to act 
as a trigger for single motor unit activity during voluntary contraction. A second concentric 
needle electrode is then inserted 1-3cm from the SFEMG electrode to optimise the single 
MU signal as triggered by the SFEMG electrode. The needle is then advanced deeper into 
the motor unit until a MUP is no longer recorded before being withdrawn in fixed increments. 

One of the critical limitations of scanning EMG has been standardising movement 
increments. In early iterations, this was standardised through markings on the needle visible 
at the skin surface (Stalberg and Antoni, 1980) and later using a fixed stepper motor 
(Stålberg and Eriksson, 1987). 

Using markings on the needle, visible at the skin surface is straightforward, but 
problematic in practice as the needle is likely to move more within the muscle than at the 
skin surface due to skin elasticity and stiction. Stepper motors also do not consider the 
stiction of muscle around the needle (although a Teflon-coated needle is recommended to 
minimise this) and require highly specialised equipment. Therefore, the stiction involved in 
both techniques introduces a non-linearity between the relative position of the needle with 
respect to the muscle tissue it surrounds, which may affect results by under or 
overestimating motor unit territory. This stiction may be different in neuromuscular diseases, 
which cause intramuscular fat infiltration, fibrosis or increased fibre density, which may 
further skew findings in disease. 

1.5.2 Ultrasound in Neurophysiology 

Ultrasound uses the reflection of high-frequency sound waves to determine the cross-
sectional structure of tissue (B-mode) or the motion of tissue through the plane (doppler). 
Ultrasound is a relatively cheap and widely available imaging modality used extensively in 
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clinical practice to study anatomical changes in real-time. Healthy muscle is echolucent on 
ultrasound (Reimers et al., 1993), except for the perimysium bordering muscle fascicles 
(Walker, 1996), while a needle may be visualised directly or by the indirect movement of the 
tissue as the needle displaces it. Improvements in ultrasound resolution have enabled direct 
visualisation of nerves (Bianchi, 2008), producing parameters to diagnose neuromuscular 
disease (Walker et al., 2004; Padua et al., 2007). In nerve, these include cross-sectional 
area, which increases in the median nerve in carpal tunnel syndrome (Nakamichi and 
Tachibana, 2000). In muscle, degenerative changes, including fat & fibrous infiltration and 
increased fibrous density, are demonstrated via increased echogenicity and loss of 
heterogenicity on imaging. This has been used to demonstrate the severity of muscle 
wasting on intensive care (Moukas et al., 2002).  

In neurophysiology, ultrasound has been used to safely target EMG of the diaphragm 
(Boon et al., 2008; Gentile et al., 2020) and to visualise fibrillations (Pillen et al., 2009) and 
larger fasciculations in amyotrophic lateral sclerosis (Bokuda et al., 2020), although 
operators should take care to avoid confusing movement artefacts for fibrillation (Alfen et al., 
2011). Further advantages of ultrasound guidance of the EMG electrode include avoiding 
vascular structures (especially important in those with disordered clotting) and improved 
accuracy when targeting deeper muscles, such as the upper leg (Boon, Smith and Harper, 
2012). 

1.6 Summary 

The neurophysiological evidence indicates that normal ageing is a process of neurogenic 
abscission, with shedding of motor units. In response, there is collateral reinnervation; 
however, in sarcopenia, there is evidence of a failure of reinnervation, with consequent 
muscle strength loss (Figure 1.4). Clinical biomarkers are required to delineate individuals 
with abnormal muscular micro-structure. 

Factors that have been shown to reflect clinical weakness due to sarcopenia accurately 
include fibre density/motor unit size, muscle fibre type, and the neuromuscular stability. 
Taken together, these parameters could better stratify those at risk of sarcopenia prior to 
significant and poorly reversible functional limitation. In particular, combining the motor unit 
size and count provides an indication of those who are failing to reinnervate. Both DQEMG 
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and MUNIX can provide these values, but the latter is non-invasive and, therefore most 
amenable to stratify the sarcopenic phenotype.  

 

Given the limitations associated with the existing techniques, we aimed to develop new 
methods of assessing neurophysiological changes in sarcopenia. Many of the chapters in 
this thesis have been published, or accepted for publication, at the time of thesis submission 
and are included with only minor changes to their appearance in press. 

In this thesis, I will detail several of the experiments performed and how these can 
provide new insights into the neurophysiology of sarcopenia. Firstly, there was a clear need 
to assess the upper motor neurone changes with ageing. To this end, in chapter 2, we 
examine a modification of TMS to elicit ipsilateral motor evoked potentials (iMEPs). I will 
explain the contrast between ipsi- and contralateral MEPs and how comparing these can 
provide insights into the balance of neurological control between the dominant corticospinal 
pathway, and the more resilient, primordial reticulospinal pathway. 

Taking this concept further, in chapter 3, I will demonstrate how I applied the 
measurement of iMEPs in younger and older adults, comparing muscle strength to the 
balance of control between iMEP/cMEP. The changing dynamics of muscle control with age 
and their effect on the iMEP/cMEP ratio supports a hypothesis of shifting balance of motor 
control, significantly affecting the sarcopenic phenotype. This results in individuals who have 
much less reticulospinal activation lacking strength compared to their peers. 

Travelling orthodromically to assess the peripheral motor system and lower motor unit, I 
next aimed to measure the microstructure of the motor unit. We have developed a technique 
enabling the multielectrode measurement of single-fibre EMG potentials, across 32 

Figure 1.4 A) Normal innervation of three motor units and their consequent muscle fibres. B) Denervation of one 
motor unit, with collateral reinnervation. C) Denervation without reinnervation, and consequent loss of muscle fibres. 
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electrodes on a single EMG needle (MicroEMG). This not only allows the measurement of a 
greater region of muscle than traditional single-fibre EMG but also enables the accurate 
localisation of single muscle fibres around the needle. This means that for the first time, we 
can perform "electro-imaging" of the motor unit to demonstrate the actual fibre density of a 
motor unit; a key metric for reinnervation. While covid disruptions unfortunately meant we 
were not able to produce measurements in older adults with sarcopenia, chapter 4 
demonstrates in silico modelling to support signal processing and the first recordings of this 
kind in healthy human controls. 

Finally, while MicroEMG demonstrates the microscopic, intra-fibre structure of the motor 
unit, it was also necessary to develop a technique to assess the macroscopic dimensions 
and internal structure of the motor unit. To do this, we updated the method of scanning EMG 
to utilise ultrasound targeting of an intramuscular EMG needle through the motor unit 
(Ultrasound guided Motor Unit Scanning EMG; UltraMUSE). By synchronising ultrasound 
imaging to EMG sampling, we were able to demonstrate the position of each intramuscular 
trace and directly measure the dimensions of a motor unit. In Chapter 5 we apply this 
technique again to healthy controls and model results against the extant techniques of the 
literature. 

Ultimately, sarcopenia is a complex disorder, which results from the interaction of many 
different factors. By focussing on neurological factors, we can potentially seek new 
preventions and treatments that might help maintain older people's independence and 
strength. This necessitates the development of better techniques to assess the spinal 
pathways and motor unit. 
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2. Review of Ipsilateral MEPs 

(iMEPs) in health and disease 
2.1 Abstract 

iMEPs are an ipsilateral response to magnetic stimulation, not easily elicited in most 
individuals. It is highly likely that iMEPs are conveyed via a reticulospinal or propriospinal 
route and depend on suitable muscle activation through voluntary activity and high TMS 
intensity. 

iMEPs have been used extensively in studying childhood neurodevelopment, including 
mirror movements, as well as disease states ranging from amyotrophic lateral sclerosis 
(ALS) to stroke. 

This section talks through previous attempts to elicit iMEPs, their success and variability, 
and the link to health and disease. 
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2.2 Introduction 

Transcranial Magnetic Stimulation (TMS) involves using an electromagnetic stimulator to 
activate the neurones of the brain, by inducing current with a strong and brief magnetic field. 
The precursor to TMS was Transcranial Electrical Stimulation (TES) (Merton and Morton, 
1980). Although TES inadvertently activates sensory c-fibres of the scalp (Häkkinen et al., 
1995), causing some pain, it nevertheless has been used to study motor systems in healthy 
individuals as well as diseases such as Motor Neurone Disease, Stroke, and MS. TES has 
been shown to elicit fast conducting iMEPs in Mirror Movements (MM) (Farmer, Ingram and 
Stephens, 1990; Cohen et al., 1991). 

TMS was first described in 1985 by (Rouiller et al., 1994), who used it to stimulate the 
brain and peripheral nerves. In the following years, TMS has been widely described for 
measuring cortical excitability, central motor conduction time, and localisation of cortical 
regions, including memory and motor skills. Clinically, TMS is already of utility in detecting 
corticospinal demyelination and spinal cord compression.  

To date, most TMS studies have focussed on crossed corticospinal pathways, consistent 
with the Valsalva doctrine representing the predominant decussation of motor control 
pathways (Kuypers, 1981; Schutta, Abu-Amero and Bosley, 2010). The use of TMS to 
measure cortical control of ipsilateral muscles by producing ipsilateral motor evoked 
potentials (iMEPs) was first described by Wassermann in 1991. Since that first attempt, 
there has been a great deal of interest in using iMEPs to discover the “Northwest passage” 
of motor control via ipsilateral pathways for the rehabilitation of stroke and spinal cord injury, 

as iMEPs remain even when corticospinal control has been lost. 

2.2.1 Proposed routes for iMEPs 

2.2.1.1 Direct current spread 

Before discussing direct current spread, it is important to define a “true” iMEP. While it is 
easily possible to simultaneously activate both hemispheres, eliciting a bilateral MEP, this is 
in fact producing two crossed MEPs originating from both hemispheres. By comparison, an 
iMEP represents activation of a single hemisphere. 

Direct spread of current to the contralateral hemisphere or monosynaptic activation of 
uncrossed corticospinal tract fibres have been rejected as a potential route for iMEPs on 
three counts. Firstly, iMEPs do not increase in amplitude with more medial positioning of the 
TMS coil (Ziemann et al., 1999). Secondly, iMEPs are produced in some hand muscles (FDI, 
APB, ADM, Table 2.1) but not others( opponens pollicis, finger and wrist flexors (Ziemann et 
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al., 1999)) irrespective of MEP threshold, even in TES (Wilson and Peterson, 1981). Finally, 
and most importantly, consistent latency differences of 4-10.5ms have been demonstrated in 
iMEPs, inconsistent with the duration associated with current spread (albeit with some 
exceptions in proximal muscles, which will be reviewed in section 2.3). The latency 
difference due to current spread should be close to zero representing synchronous 
activation of both hemispheres, Figure 2.1. This latency difference is also why branching or 
uncrossed corticomotoneuronal axons are not considered to play a role in iMEPs. 

Figure 2.1 Example of MEP (left) and iMEP (right) in a healthy subject.  

2.2.1.2 Uncrossed/branching 

corticospinal pathway 

Corticospinal axonal branching 
would result in a latency difference 
between iMEP & cMEP of close to zero 
(Farmer, Ingram and Stephens, 1990; 
Carr, Harrison and Stephens, 1994). 
While an uncrossed pathway has been 
proposed as the control mechanism in 
patients with pathological mirror 
movements (Mayston, 1997), this 
mechanism would again be 
inconsistent with the significant latency 
difference experienced. 

Recrossing of the corticospinal tract 
via spinal interneurons may explain the 
enhanced recovery of patients with 
lateral corticospinal tract lesions (Nathan, 1994); however, this has not been demonstrated 
in healthy subjects. Neurophysiological investigations in monkeys showed negligible 
ipsilateral output to the upper limb (Soteropoulos, Edgley and Baker, 2011), while in 
humans, H-reflex/F-wave stimulation only elicits ipsilateral responses without the crossing 
that such a pathway would enable (Caccia et al., 1973; Farmer, Ingram and Stephens, 1990; 
Capaday et al., 1991). 

2.2.1.3 Trans-callosal pathway 
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While trans-callosal projections have been proposed as one potential source for iMEPs, 
and sparse connections between hand areas of motor cortices have been shown (Ziemann 
et al., 1999), patients post-hemispherectomy, or with agenesis of the corpus callosum can 
also produce iMEPs (Wassermann, Pascual-Leone and Hallett, 1994; Ziemann et al., 1999). 
Furthermore, the absolute minimum transcallosal conduction time between motor cortices 
takes at least 7.8ms (Cracco et al., 1989), and most of the latency differences described in 
the literature (Table 2.1) are below this threshold, with the exception of a study of Trapezius 
and Serratus anterior (Alexander et al., 2007) which demonstrated latency differences of 
around 10.5ms. The reason for this prolonged difference is unclear, however the 
investigators rectified the MEPs, which may have affected the reliability of the latency 
measurement, due to the mixed inhibitory and excitatory effects of iMEPs. 

2.2.1.4 Reticulospinal/Propriospinal tracts 

In monkeys, significant functional recovery can occur via the rubrospinal tract (Lawrence 
and Kuypers, 1968); however, in humans, this is largely vestigial (Nathan and Smith, 1955). 
The best candidate pathways for iMEPs are corticoreticulospinal (Nathan, Smith and 
Deacon, 1996) or corticopropriospinal (Pierrot-Deseilligny, 1996). The evidence for the 
former arises from the bilateral innervation of the reticulospinal tract (Rouiller et al., 1994) 
and the fact that the anatomical cortical location which elicits iMEPs is located lateral to the 
area for contralateral MEPs (Wassermann, Pascual-Leone and Hallett, 1994; Ziemann et al., 
1999), a feature shared by a small population of neurones with ipsilateral connections 
(Aizawa et al., 1990) and corticobulbar connections in monkeys (Keizer and Kuypers, 1989) 
and in humans (Goldring and Ratcheson, 1972). Furthermore, neck angle provides input to 
proprio-, reticulo- and vestibulospinal neurones (Wilson and Peterson, 1981), a feature also 
demonstrated in iMEP facilitation (Wassermann et al., 1991; Tazoe and Perez, 2014). 

While around 85% of corticospinal tract fibres decussate at the medulla (Kuypers, 1981), 
the reticulospinal tract is organised bilaterally, with single axons innervating either side of the 
body (Jankowska et al., 2003; Schepens and Drew, 2006; Davidson, Schieber and Buford, 
2007). This organisation is consistent with the pattern of activation of iMEPs, which is also 
predominantly bilateral. 

Given the converging information discussed here, it is highly likely that iMEPs are 
conveyed via a reticulospinal or propriospinal route. 

2.3 How to elicit iMEPs in healthy controls 
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Eliciting iMEPs frequently involves using high levels of TMS output. To improve the 
density of magnetic field current flow within the brain, the most commonly used coils are 
figure-eight (Cohen and Cuffin, 1991; Basu and Turton, 1994)  and double-cone (Cohen and 
Cuffin, 1991) shaped. The only direct comparison between the two coils is from Basu 1994, 
who found better success with double-cone coils, eliciting no iMEPs with the figure-eight 
shape. While direct activation has been rejected as a mechanism for eliciting iMEPs, a 
circular coil produces a much more diffuse electrical current than figure-eight or double-cone 
coils (Turton et al., 1996). This shape should therefore be avoided to prevent inadvertent 
direct activation of the contra-targeted hemisphere.  

The recruitment pattern of iMEPs is non-linear, in comparison to cMEPs (MacKinnon, 
Quartarone and Rothwell, 2004), and this can mean TMS intensities 25% or higher above 
the MEP threshold are often needed to elicit iMEPs. This increased intensity can result in the 
spread of current to the contralateral hemisphere to the one targeted (Meyer et al., 1990; 
Basu and Turton, 1994). If this occurs, the resulting iMEP will be of similar latency to the 
cMEP. This potential spread means that previous investigations have recommended that 
ipsilateral responses <4-6ms of the cMEP should be rejected as possibly due to current 
spread (Farmer, Ingram and Stephens, 1990; Carr, Harrison and Stephens, 1994), although 
there are examples opposed to this, mostly in axial muscles (Table 2.1). These exceptions 
are likely to be conducted by alternative spinal pathways, including masseter, innervated by 
the trigeminal nerve which has bilateral cortical representation, as well as 
sternocleidomastoid and the diaphragm, which both are innervated by nerves originating 
from the cervical spinal cord with complex innervation pathways. 

iMEPs are not readily produced in healthy adult subjects at rest (Bernard, Taylor and 
Seidler, 2011), with the possible exception of ambidextrous individuals (Netz, Lammers and 
Hömberg, 1997). Several techniques have been used to facilitate iMEPs, as shown in Table 
2.1. 

It is now clear that iMEPs depend on suitable muscle activation through voluntary activity 
and high TMS intensity. Wasserman 1991 used contractions of 10-100% MVC with 100% 
TMS intensity and found increases in amplitude of iMEP with increasing effort across limb 
muscles. Carr 1994 used weak contractions with low TMS intensity (30-45%) and failed to 
produce iMEPs except in proximal muscles (masseter, rectus abdominis). Similarly, 
Wassermann, Pascual-Leone and Hallett, 1994 used low MVC (around 10%) and higher 
TMS intensities but still only elicited iMEPs in a minority of participants. 
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Several studies have demonstrated the cortical motor representation of iMEPs, 
demonstrating regions from which iMEPs can be elicited that were spatially distinct (and 
often lateral) to contralateral representations (Wassermann, Pascual-Leone and Hallett, 
1994; Werhahn et al., 1994; Ziemann et al., 1999). Using paired-pulse TMS, iMEPs have 
been shown to be subject to intracortical inhibition (McCambridge, Stinear and Byblow, 
2016), suggesting that iMEPs are modulated by intracortical inhibitory networks. 

The TMS coil may be held in various positions above the head in order to produce 
different activation effects. These are described in terms of the location of the focus of the 
magnetic field, positioned above the area intended to be activated (e.g. primary motor area) 
and the orientation of the TMS coil. In a figure-eight coil, this is described as the anatomical 
direction along the axis of the coil’s field. For example, a coil which is positioned parallel to 
the posteroanterior axis is also described as being posteroanterior (PA), while an orientation 
parallel to an axis running from the lateral edge of the head (mastoid process) to the centre 
of the anterior surface is termed lateromedial (LM). 

A PA coil orientation produces contralateral MEPs 0-3ms later than LM (Sakai et al., 
1997). This is thought to be due to LM orientation activating corticospinal fibres directly, 
whereas PA activates trans-synaptically. An LM orientation is thought to preferentially 
produce D and early I waves (Alagona et al., 2001). 

Furthermore, iMEPs have been shown to completely disappear when changing coil 
position from PA to LM (Ziemann et al., 1999; Tazoe and Perez, 2014), or be produced more 
sporadically albeit with similar amplitude (Christova et al., 2006). This could indicate that 
trans-synaptic activation is necessary for the production of iMEPs; however, these 
theoretical explanations are yet to be confirmed experimentally. 

One reliable method of achieving reliable iMEP activation involves bilateral movements. 
Škarabot et al., 2016 showed facilitation of iMEPs with unilateral antagonistic co-activation, 
but not isometric abduction of the first dorsal interosseus (1DI) muscle. Both Basu 1994 and 
Bawa et al., 2004 used bilateral homonymous movements of limbs to elicit iMEPs at 
muscles throughout the body. Kuppuswamy et al., 2008 showed increased iMEP activation 
of knee extensors using bilateral homonymous movements compared to unilateral 
movement, while Maitland and Baker, 2021 (detailed in Chapter 3) used bilateral phasic 
homonymous movements to elicit iMEPs in biceps. 

By contrast, Tazoe and Perez, 2014 showed reduced iMEP activation of biceps brachii 
during homonymous movements and increased iMEP activation during heteronymous 
movements, compared with unilateral movements. This pattern of heteronymous facilitation 
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was supported by Bawa et al., 2004 who showed facilitation of iMEPs via activation of 
contralateral arm abduction.  

Bawa et al., 2004 also demonstrated a proximal to distal gradient in iMEP: cMEP 
amplitude ratio. iMEPs have been demonstrated frequently in proximal muscles such as 
biceps and deltoid and distal hand muscles such as 1DI (Basu 1994, Bernard 2011, 
Wasserman 1994). Other muscles studied with iMEPs include lingual muscles (Muellbacher, 
Artner and Mamoli, 1999), masseter (Carr, Harrison and Stephens, 1994) and diaphragm 
(Khedr and Trakhan, 2001). 

Ipsilateral MEPs are defined as those having a peak-to-peak amplitude of at least 15µV 
(Wassermann et al., 1992; Bernard, Taylor and Seidler, 2011). Since iMEPs are best elicited 
during voluntary muscle activation, their small amplitude can be difficult to delineate from the 
non-linear summation of rectified voluntary EMG (Baker and Lemon, 1995, 1998). When 
processing iMEP data, it is therefore important to leave traces unrectified (Ziemann et al., 
1999; Bawa et al., 2004).  

The number of iMEPs to average to cancel out background activity and demonstrate 
iMEP activity will vary between muscles and tasks; however, the previously described 
studies average between 5-10 stimuli. An alternative method to quantify iMEP activity has 
been proposed by Ziemann et al., 1999, who measure the ΔEMG peak as:  

("#$% − '()*+",-.-*	$#0) × 	"#$%	3-(4+"56 

2.4 Ipsilateral MEPs in neurological disease 

Historically, the description of iMEPs in patients with certain neurological disorders 
resulted from the observation that some patients develop re-emergent mirror movements 
(MM). However, MM does not equate to producing iMEPs. For example, whilst MM are 
recognised in patients with Parkinson’s disease (Cincotta et al., 2006; Spagnolo et al., 
2013), studies in these patients have consistently shown that MM are not associated with 
iMEPs (Tassinari et al., 2003).  

2.4.1 Persistent Mirror Movement Disorders  

iMEPs have been used to delineate clinical differences in spinal pathways between 
health and disease states, including patients with Klippel-Feil and Kallmann syndrome. 
Given that the bilaterally organised reticulospinal tract has been implicated in iMEPs, MM (in 
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which unilateral movement 
“leaks” to the other side of the 
body) remain an intriguing 
phenomenon to study motor 
control. 

A significant part of the 
early literature using TMS in 
MM utilises circular coils and 
demonstrate ipsilateral 
responses with minimal 
latency difference to 
contralateral responses. 
These include in a subject with 
Klippel-Feil (Farmer, Ingram 
and Stephens, 1990), as well 
as in other congenital & 
acquired causes of MM (Britton, 
Meyer and Benecke, 1991; 
Capaday et al., 1991; Cohen et 
al., 1991). As discussed earlier, 
the non-focal nature of circular 
coils makes these results more 
challenging to interpret, 
although two of these papers 
(Farmer, Ingram and Stephens, 
1990; Cohen et al., 1991) failed 
to demonstrate iMEPs in controls using the same technique, limiting the likelihood of direct 
activation of the contra-targeted hemisphere. Furthermore, Britton 1991 demonstrated 
sensitivity to coil orientation in 2/3 subjects suggesting abnormal projection of 
corticomotoneuronal pathways.  

Despite these limitations, later studies utilising a focal figure-eight coil were supportive of 
the early results and also demonstrated ipsilateral responses with minimal latency 
differences in patients with Kallman syndrome & gene carriers (Danek, Heye and 
Schroedter, 1992; Mayston, 1997) and other patients with congenital MM (Cincotta et al., 

Figure 2.2 Possible mechanisms underlying mirrored activity 
(reproduced from Mayston et. al 1999). Activity in normally occurring 
ipsilateral corticospinal projection from the motor cortex contralateral to 
the voluntarily activated hand (MCcvol) (A), or shared synaptic input to 
pyramidal cortical cells situated in the MCcvol that project to contralateral 
and ipsilateral motoneuron pools of homologous muscle pairs (B), or 
activity in ipsilateral axon collateral caused by branching of the normally 
occurring crossed corticospinal projection from the MCcvol (C). (D) 
Simultaneous activity in crossed corticospinal projection from motor 
cortex contralateral to voluntarily activated hand (MCcvol) and from motor 
cortex contralateral to mirror movement hand (MCcmm). There could be a 
combination of these mechanisms, such as B and D. 1DI vol 5 voluntarily 
activated muscle; 1DI mm 5 homologous muscle of the opposite hand. 
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1994, 1996; Kanouchi et al., 1997). Given these latencies, it is unlikely that the reticulospinal 
tract is involved in producing mirror movements in these patients, and this is more likely to 
be due to corticospinal remodelling (Figure 2.2).  

2.4.2 Stroke 

The use of TMS to measure the entire motor pathway from cortex to muscle is of great 
interest in the non-invasive measurement of stroke (Bembenek et al., 2012). Since iMEPs 
are elicited via alternative neurological pathways (reticulospinal/propriospinal), there has 
been much interest in their potential utility in determining recovery of hand function after 
corticospinal lesion (Caramia, Iani and Bernardi, 1996; Baker, 2011). This is best 
exemplified in stroke, where there is significant damage to the corticospinal tract (Fisher, 
1992) and iMEPs are upregulated (Schwerin et al., 2008). The minor role that the 
reticulospinal tract plays in hand control provides a potential route to recovery via 
strengthening of existing connections rather than regrowing connections. 

The reports investigating the role of iMEPs in stroke are contradictory. While some show 
that patients with positive iMEP responses had a better functional recovery, others show that 
those with positive iMEP responses had a much worse recovery. Still more have shown how 
challenging iMEPs can be to produce in this cohort, with Hömberg et al., 1991 producing 
iMEPs in only 2 out of 51 patients. 

Firmly in the camp of iMEPs being a poor prognostic indicator, Turton et al., 1996, 1995 
found iMEPs in some stroke patients in EDC and FDI, with iMEPs at lower thresholds. 
iMEPs of the unaffected side were most often found in patients with a poorer recovery. 
These iMEPs had similar latencies to the cMEPs but were highly variable, e.g. intact biceps 
ranged from 17.7-40.5ms. One significant limitation is that they used higher stimulation 
currents in more affected patients. Since iMEPs are more likely at higher stimulation 
currents, this could have increased the likelihood of producing iMEP outwith the disease 
process. In agreement, Netz et al., 1997 used TMS to stimulate the unaffected side of 15 
stroke patients. They found iMEPs in those with poor functional recovery and in one patient 
who clinically demonstrated mirror movements. 

By contrast, Caramia et al., 2000 performed TMS at 48hrs and six months after stroke. 
iMEPs persisted in hand muscles, even in patients with good recovery. Alagona et al., 2001 
produced iMEPs in FDI and biceps in healthy controls and stroke patients, showing a slightly 
better functional outcome in those patients with iMEPs. 
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Lastly, Trompetto et al., 2000 produced thenar iMEPs in stroke patients. They 
categorised these patients into three groups: 1) Those without any responses indicating a 
very poor recovery. 2) Those with larger affected muscles iMEPs than cMEPs which 
demonstrated good recovery. 3) Those with larger affected muscles cMEPs than unaffected 
cMEPs which also demonstrated a good recovery. 

The clinical picture of hand recovery in the stroke patient is poor fractionated movement 
with involuntary co-activation of multiple muscles (Lang and Schieber, 2003, 2004; 
Raghavan et al., 2006). Imbalanced activation is also problematic, with stroke flexors being 
overactivated to the point of spasm and spasticity, while extensors are frequently weak 
(Kamper et al., 2003), and this extensor weakness frequently predicts hand function (Fritz et 
al., 2005).  

2.4.3 Neurodevelopmental changes 

TMS also offers a tool to produce insights into neurodevelopmental changes during 
childhood. For instance, Benecke 1991 performed TMS in six patients with 
hemispherectomy, either early or late in life. All six had iMEPs. Individuals with early 
hemispherectomy demonstrated short-latency iMEPs, while those with late had much longer 
iMEPs, suggesting that the process of neurological remodelling adapts with age. 

iMEPs have been elicited during early childhood development but disappeared by 
around age 10 (Müller, Kass-Iliyya and Reitz, 1997; Kim et al., 2019). A systematic review of 
TMS studies in children with hemiplegic cerebral palsy generally showed a pattern that 
iMEPs were often present, with latencies similar to the cMEPs (Nardone et al., 2021). This 
synchronous activation indicates that corticospinal remodelling has occurred, to produce a 
bilateral motor representation in the unaffected hemisphere, and is consistent with the 
clinical picture that children with mirror movements have the most ipsilateral corticospinal 
reorganisation. 

However, there were two notable exceptions within the constituent studies. Nezu et al., 
1999 found that two of nine patients with significantly longer iMEP latencies had synergistic 
activation and severe hemiparesis compared to the others. Meanwhile, in a larger cohort of 
53 children with hemiplegic cerebral palsy (HCP), those who produced iMEPs from the 
unaffected hemisphere (who also had prolonged latencies) had worse motor function than 
those without iMEP responses (Zewdie et al., 2017). If we assume that iMEPs with 
synchronous latency to cMEP are via a corticospinal pathway, and those with longer latency 
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are via a reticulospinal/propriospinal pathway, these studies suggest that reticulospinal 
control hinders recovery.  

 

2.4.4 ALS/MND 

Ipsilateral MEPs were first described in ALS patients in a large study investigating their 
potential application as an indicator of early upper motor neuron disease (Krampfl et al., 
2004). This study documented iMEPs in 61% of 37 patients with possible, probable or 
definite ALS and 47% of 19 patients with suspected ALS. In a subsequent smaller study, 
25% of 12 patients with suspected or probable ALS had iMEPs (Wittstock, Wolters and 
Benecke, 2007). These iMEPs differ from those demonstrated in other studies, as they were 
elicited at rest, representing significant pathology. 

Interestingly, recent studies in patients with ALS investigating the association between 
mirror movements and structural MRI changes in the corpus callosum (Wittstock et al., 2020; 
Hübers et al., 2021) or reduced callosal interhemispheric inhibition (Hübers et al., 2021) 
failed to show any significant correlation. Therefore, these results appear to support the 
contention that MMs and iMEPs in ALS are not a consequence of pathological 
interhemispheric interactions. MMs in ALS might be considered a clinical marker of 
abnormal spinal pathway behaviours (and thus upper motor neurone disease), though 
clinical MMs were only observed in half of the ALS patients with iMEPs (Krampfl et al., 
2004).  

2.4.5 Strength 

The iMEP to cMEP Amplitude Ratio (ICAR) has been shown to have differing effects on 
strength with age (Maitland and Baker, 2021, detailed in Chapter 3). Younger individuals 
demonstrated a negative relationship between standardised strength, while older individuals 
showed a positive relationship. There was no primary relationship between age and ICAR. 
Other studies in monkeys have shown that reticulospinal outputs strengthen after 
corticospinal lesion (Zaaimi et al., 2012), and are related to strength gains (Glover and 
Baker, 2020). 

2.5 Conclusion & Recommendations 

iMEPs are a potentially useful tool in determining the upper motor neurone contributions 
to a wide range of neurological diseases and provide a non-invasive method of comparing 
the reticulospinal to corticospinal changes in normal human physiology, and in disease 
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states. It is important that techniques are standardised in order for results to be better 
standardised between centres (Figure 2.3). 

 

 

Figure 2.3 Stylised setup diagram indicating Corticospinal tract (green) and reticulospinal tract (red) 

 

I have shown significant variability in the literature regarding ability to elicit iMEPs. While 
I have discussed specific papers and their limitations, I would summarise that a number of 
methodological differences may explain this apparent variability. These include rectifying the 
MEP, which may make it difficult to identify above background activity, inadequate voluntary 
activation, and inadequate stimulation strength, or stimulating with an inappropriate coil 
shape. 

Based upon the review of the literature performed during this chapter, I would therefore 
recommend a number of steps to improve the iMEP yield of investigations into the 
reticulospinal tract. Firstly, it is clear that using a figure-eight or other focal coil is necessary 
to avoid direct activation of the contra-targeted hemisphere. Next, the level of activation 
should be measured carefully and stated in the results - while a reasonable level of 
activation is required (10-30% MVC), it is insufficient to state simply “weak contraction” and 

TMS
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this may result in poor reproducibility of the experiments. In addition, the bilateral nature of 
the reticulospinal tract seems to require bilateral movements to investigate. These may 
include homonymous or heteronymous movements, but should not be unilateral. The final 
significant source of variability lies in the strength of TMS simulation used, relative to the 
activation threshold for that muscle. It is unclear what the most successful strategy would be 
here, but a high level of activation is necessary, and this is likely to be 20-30% above 
threshold. 

 



 

 

2.6 Tables 
Table 2.1 Summary of iMEPs in healthy individuals in literature 

 Muscles 
examined 

Coil 
shape 

TMS 
intensity 

Voluntary muscle 
activation 

Movement Number of 
stimuli 
averaged 

Result iMEP-cMEP 
latency 
difference 

Alagona 
2001 

FDI, Biceps Figure-
eight 
(7cm) 

100%MSO 10-20% MVC & 
‘Strong’ (>50%) 
contraction 

Unilateral & 
Bilateral 

- No iMEP at 10-20%, 
strong= 5/8 iMEPs in 
FDI, 6/8 in biceps 

3.5-7ms 

Alexander 
et al., 2007 

Trapezius, 
Serratus 
Anterior 

Figure-
eight 
(9cm) 

1.2x resting 
motor 
threshold 

‘weak contraction’ Bilateral 10 
(rectified) 

iMEPs in trapezius 
only, in 10/16 subjects 

10.5ms 

Bawa 2004 Trapezius, 
Pectoralis, 
Deltoid, 
biceps, FCR, 
ECR, FDI 

Double 
cone 
(7cm) 

10% above 
active motor 
threshold 

10% MVC Bilateral 10 iMEPs elicited in all 
subjects in at least 2 
muscles 

BiBr: 5-6ms  

Basu 1994 Pectoralis, 
Deltoid, 
Biceps, FDI 

Double 
cone 
(11cm) 

& Figure-
8 (5cm) 

Double 
passive 
threshold for 
FDI 

- Bilateral - iMEPs in 9/15 
subjects, with double 
cone only 

Pectoralis, 
deltoid, 
biceps: 
8.6±1ms 
after cMEP 



 

Bernard 
2011 

FDI Figure-
eight 
(7cm) 

110% resting 
motor 
threshold 

At rest - 6 iMEPs in 25 of 30 
individuals 

FDI: 4.14 ± 
6.57 ms after 
cMEP 

Carr 1994 FDI, FA Ext, 
biceps, 
deltoid, 
diaphragm, 
masseter 

Double 
cone 
(7cm) 

10% above 
active motor 
threshold 

‘weak contraction’ Bilateral 5 iMEPs in diaphragm, 
rectus abdominis, 
masseter  

Diaphragm- 
4.2ms 

Rect. Abd: 
2ms 

Masseter: -
0.1ms 

MacKinnon 
et al., 2004 

Pectoralis 
major, 
Latissimus 
dorsi 

Figure-
eight 
(9cm) 

30-
100%MSO 

5%MVC Bilateral 5 iMEPs in one 
hemisphere in all 7 
subjects 

5.3 ± 2.9 ms 

Maitland 
2021 

Biceps Figure-
eight 
(7cm) 

0-25% above 
active motor 
threshold 

Fixed 12kg 
resistance 

Bilateral 20 iMEPs in all aged <50, 
81% of aged >50 

7.7ms 

Netz 1997 Thenar Figure-
eight 
(7.5cm) 

70-90%MSO 10% MVC Unilateral 10 
(rectified) 

iMEPs in 2/12 healthy 
subjects 

5 & 6 ms 

Tazoe 2014 Biceps Figure 
eight 
(7cm) 

100%MSO 30% MVC Bilateral 
homonymous/ 
heteronymous 

5 N/A- Participants were 
screened for ability to 
produce iMEPS 

6.8ms 



 

Thompson 
et al., 1997 

Sterno-
cleidomastoid 

Figure-
eight 
(5cm) 

100%MSO 10%MVC Bilateral (head 
flexion) 

5 MEPs (any kind) in 
8/15 subjects 

2 ± 0.6ms 

Wasserman 
1991 

APB, FCR, 
biceps, 
deltoid 

Figure-
eight 

100%MSO 10,20,50, 100% 
MVC 

Unilateral 10 iMEPs in ‘some 
individuals’ 

 

Wasserman 
1994 

FDI, Risorius, 
Deltoid 

Figure-
eight 

Active 
threshold 

20%MVC Unilateral 10 
(rectified) 

iMEPs in at least one 
site in all individuals 

Subj 1: FDI 
6.5ms, 
deltoid 3.5ms 

Subj 2: 
FDI 4.5ms 

Ziemann 
1999 

FDI, ADM, 
OP, wrist 
extensors & 
flexors, 
biceps, 
triceps 

Figure-
eight 
(5cm) 

100%MSO 30% MVC - 20 
(rectified) 

iMEPs in all subjects, 
in FDI, ADM, WF/E, 
biceps 

WF: 
Difference- 
5.7 ± 1.1 ms 
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3. Ipsilateral Motor Evoked 
Potentials as a measure of 
the reticulospinal tract in age-
related strength changes 

3.1 Abstract 

Background 

The reticulospinal tract (RST) is essential for balance, posture, and strength, all functions 
which falter with age. We hypothesised that age-related strength reductions might relate to 
differential changes in corticospinal and reticulospinal connectivity. 

Methods  

We divided 83 participants (age 20-84) into age groups <50 (n=29) and ≥50 (n=54) 
years; five of which had probable sarcopenia. Transcranial Magnetic Stimulation (TMS) was 
applied to the left cortex, inducing motor evoked potentials (MEPs) in the biceps muscles 
bilaterally. Contralateral (right, cMEPs) and ipsilateral (left, iMEPs) MEPs are carried by 
mainly corticospinal and reticulospinal pathways respectively; the iMEP/cMEP amplitude 
ratio (ICAR) therefore measured the relative importance of the two descending tracts. Grip 
strength was measured with a dynamometer and normalised for age and sex.  

Results 

We found valid iMEPs in 74 individuals (n=44 aged ≥50, n=29 <50). Younger adults had 
a significant negative correlation between normalised grip strength and ICAR (r=-0.37, 
p=0.045); surprisingly, in older adults the correlation was also significant, but positive 
(r=0.43, p=0.0037). 

Discussion 
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Older individuals who maintain or strengthen their RST are stronger than their peers. We 
speculate that reduced RST connectivity could predict those at risk of age-related muscle 
weakness; interventions that reinforce the RST could be a candidate for treatment or 
prevention of sarcopenia. 

3.2 Introduction 

3.2.1 Sarcopenia 

Sarcopenia (‘poverty of flesh’) is the progressive degenerative loss of muscle mass and 
strength associated with ageing. As part of the frailty syndrome, sarcopenia is a major 
obstacle to the independence, quality of life, and longevity of ageing adults, who are more 
likely to require hospitalisation and additional care (Shafiee et al., 2017; Cruz-Jentoft et al., 
2018). For example, age-related muscle weakness is the leading contributing factor to falls 
(Rubenstein, 2006), and 1 in 3 people over the age of 65 suffer a fall, with an economic 
burden to the UK’s National Health Service (NHS) of £2.3 billion (NHS England, 2019). 

Muscle mass has previously been the primary factor in defining sarcopenia; however 
with ageing, there is a disproportionate loss of muscle strength compared to mass (Metter et 

al., 1999). Muscle mass alone is not sensitive in finding individuals with functional limitation 
due to sarcopenia (Hughes et al., 2001). The European Working Group on Sarcopenia in 
Older People (EWGSOP) has recently updated the definition of sarcopenia to place primacy 
on muscle strength and functional parameters rather than muscle bulk (Cruz-Jentoft et al., 
2018). This new definition is termed muscle ‘quality over quantity’, or dynapenia (Clark and 
Manini, 2008) (‘poverty of strength’).  

A number of recent reviews have commented on whether sarcopenia is primarily a 
neurological process rather than a muscular one (Clark and Manini, 2008; Clark and 
Fielding, 2012; Carson, 2018). Briefly, motor system changes with age involve cortical 
factors such as reduced central activation (Stevens et al., 2003), spinal factors including loss 
of spinal motor neurons (Henneman, Somjen and Carpenter, 1965; Kawamura et al., 1977; 
Tomlinson and Irving, 1977), and peripheral factors which include reduced nerve conduction 
velocity (Metter et al., 1998; Palve and Palve, 2018), remodelling of the motor unit with 
de/reinnervation (M. Piasecki et al., 2016), and impaired neuromuscular transmission 
(Willadt, Nash and Slater, 2018). 

Clinical features of sarcopenia include reduced gait speed (Abellan Van Kan et al., 2009; 
Peel, Kuys and Klein, 2013), balance (Mathias, Nayak and Isaacs, 1986) and difficulty rising 
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from a chair (Jones, Rikli and Beam, 1999; Cesari et al., 2009). Although these activities all 
require complex motor coordination, they all involve control of proximal and axial muscles.  

3.2.2 The reticulospinal tract 

Motoneurons are innervated by descending spinal pathways. The pyramidal corticospinal 
tract is dominant for volitional control of motoneurons (Wiesendanger, 1981), with significant 
contributions from extrapyramidal pathways including the vestibulospinal and reticulospinal 
tracts. It is known that corticospinal fibres are lost with ageing (Terao et al., 1994), however 
loss of fibres in other pathways is not well characterised. 

The reticulospinal tract (RST) operates bilaterally (Jankowska et al., 2003; Davidson, 
Schieber and Buford, 2007), diverging in the spinal cord to innervate large groups of 
muscles in synergistic patterns (Peterson et al., 1975). This contrasts with the dominant 
contralateral corticospinal projections which innervate small groups of motoneurone pools 
(Shinoda, Yokota and Futami, 1981; Buys et al., 1986), allowing fractionation of fine-grade 
movements (Zaaimi, Dean and Baker, 2018). The RST is involved in postural control 
(Prentice and Drew, 2001; Schepens and Drew, 2004, 2006) and muscle tone during gait 
(Takakusaki et al., 2016). It also contributes to motor control of upper limb muscles 
(Honeycutt, Kharouta and Perreault, 2013; Dean and Baker, 2017). There is a presumed 
proximal dominance of the RST; however this has not been proven, and RST projections 
have even been found for the intrinsic hand muscles (Riddle, Edgley and Baker, 2009).  

Neural adaptations to strength training have been demonstrated prior to intramuscular 
changes (Moritani and DeVries, 1979; Sale, 1988). Changes in motor cortical excitability 
(Kidgell et al., 2017) and cortical inhibitory networks (Nuzzo et al., 2017) occur during 
strength training, but not in corticospinal connectivity (as assessed by TMS latency in 
(Kidgell et al., 2010). Consistent with this work in humans, our group recently showed that 
resistance training in two female nonhuman primates results in intracortical and 
reticulospinal adaptations, but no change in the corticospinal tract and motoneurone 
excitability (Glover and Baker, 2020). Based upon this known role of the reticulospinal tract 
in strength and posture, we wondered whether it might also drive centrally-based changes in 
sarcopenia.     

3.2.3 Ipsilateral Motor Evoked Potentials (iMEPs) 

Study of the different descending pathways in humans requires non-invasive ways to 
assess their function. Transcranial Magnetic Stimulation (TMS) uses brief high-intensity 
magnetic fields to excite cortical neurones (Barker, Jalinous and Freeston, 1985; Kobayashi 
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and Pascual-Leone, 2003). When applied over the primary motor cortex (M1), single pulse 
TMS excites the corticospinal tract and elicits motor evoked potentials (MEPs) in 
contralateral muscles, which are commonly used to assess corticospinal function (Edgley et 

al., 1997).  

TMS can also elicit iMEPs, particularly when facilitated by strong background contraction 
(Wassermann et al., 1991; Wassermann, Pascual-Leone and Hallett, 1994), antagonistic 
(Tazoe and Perez, 2014) or phasic movements (Bawa et al., 2004). iMEPs have higher 
thresholds for activation and longer latencies than contralateral MEPs (cMEPs), with 
previous studies of iMEPs using either 10% above active motor threshold (Carr, Harrison 
and Stephens, 1994; Bawa et al., 2004), or 100% of maximum stimulator output 
(Wassermann et al., 1991; Tazoe and Perez, 2014). The amplitude and latency of iMEPs 
are modulated by rotating the head (Ziemann et al., 1999; Tazoe and Perez, 2014), 
consistent with prior work demonstrating that reticulospinal cells are modulated by neck 
proprioceptors (Pompeiano et al., 1984; Srivastava et al., 1984).  

This latency and facilitation pattern is consistent with transmission via a brainstem relay 
and the reticulospinal tract, which would add additional synaptic delay. TMS delivered over 
M1 can activate reticulospinal cells transsynaptically via corticoreticular connections (Fisher, 
Zaaimi and Baker, 2012). The reticulospinal tract originates from multiple nuclei in the ponto-
medullary reticular formation and projects to the cord bilaterally (Sakai, Davidson and 
Buford, 2009; Baker, 2011). This extensive divergence explains why ipsilateral muscle 
responses can be seen even when the stimulus activates only one cortical hemisphere and 
suggests that iMEPs could be used to assess reticulospinal function (Ziemann et al., 1999). 

This was an exploratory study measuring ipsilateral and contralateral motor evoked 
potentials (iMEPs/cMEPs) as a method of assessing reticulospinal and corticospinal 
contributions to age-related muscle strength losses in healthy younger and older adults. 

3.3 Methods 

3.3.1 Subjects 

Ethical approval was obtained from the Newcastle University Medical Faculty ethics 
committee (approval number 14189/2018). We recruited candidates from a local volunteer 
pool. Exclusion criteria were based upon safety criteria for TMS (Rossi, Hallett and Rossini, 
2011), including implanted medical devices and any history of epilepsy or other neurological 
condition. The clinical investigator (SM) conducted a brief medical interview to assess for 
any neuromuscular conditions or medications that may impact synaptic transmission. We 
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explained the purpose and procedure of the experiment, and all subjects signed informed 
consent to participate. 

3.3.2 Anthropometry and sarcopenia stratification 

We stratified all participants over the age of 50 using the revised European Working 
Group on Sarcopenia in Older People (EWGSOP) criteria for sarcopenia (Cruz-Jentoft et al., 
2018). The first step of this was to use the SARC-F 5 item questionnaire to screen for self-
reported functional limitations of sarcopenia, namely strength, walking, chair rise, stair 
climbing and falls (Malmstrom et al., 2016).  

Hand grip was chosen to measure strength as it is widely used clinical measure, and 
forms part of sarcopenia diagnostic criteria (Cruz-Jentoft et al., 2018). Participants self-
reported their hand dominance. In all individuals, grip strength (F) was measured only in the 
participant’s self-reported dominant hand using a Jamar hydraulic dynamometer (J. A. 
Preston Corporation, NJ, USA). Following revised EWGSOP criteria (Cruz-Jentoft et al., 
2018), we considered all individuals with grip strength below a set level (male <27kg, female 
<16kg) to have probable sarcopenia.  

 

Figure 3.1 Grip strength through the life course. Adapted from Dodds et al. 2014. 

Grip strength varies widely and non-linearly during the life course, and between genders 
(Figure 3.1). Grip strength was therefore standardised to age and sex using the ‘LMS’ 
method relative to a large UK population dataset (Dodds et al., 2014). Used initially in 
describing child growth centiles (Cole, 1989), LMS estimates population distributions using 
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the age and sex-specific skew (L), median (M) and generalised coefficient of variation (S) to 
produce an individual z-score from measured force F, using the following formula: 

! = ($ %⁄ )! − 1
*	 × 	-  

Whole body muscle mass was estimated using anthropometry via a Tanita BC-545n 
Bioimpedance Analyser (Tanita Europe, Amsterdam, The Netherlands) which utilises the 
differential impedance of electrical current through the body to estimate the lean muscle 
mass (LMM) and total weight of the participant. These impedance values have been 
calibrated on a European population group (Tanita, 2020). Muscle mass is strongly 
correlated with height, and so was standardised in a similar way to BMI (LMM/height2) as 
previously described in the literature (Kim, Jang and Lim, 2016). 

3.3.3 EMG & TMS Measurements 

We recorded electrical signals using Ag/AgCl electrodes (50mm Covidien H34SG) 
attached bilaterally across the belly of both biceps brachialis. The centre of each electrode 
was separated by 10cm. This muscle was selected for its involvement in performing the 
rowing task, and because iMEPs have been reported in healthy subjects using this muscle 
previously (Turton et al., 1996; Ziemann et al., 1999; Bawa et al., 2004; Tazoe and Perez, 
2014). 

For TMS, we used a Magstim 2002 with a figure-of-eight coil, winding diameter 70mm, 
placed on the left side of the head in order to produce a right-sided cMEP, and left-sided 
iMEP. The coil was placed tangential to the scalp and at 45° to the mid-saggital plane, so 
that induced current flowed from posterior-lateral to anterior-medial. This placement was 
irrespective of the subject’s handedness. 

The subject wore a headband with reflective markers, with similar markers on the TMS 
coil, with coil position mapping via the Brainsight neural navigation system (Rogue 
Industries, Montreal, Quebec). The structural shape of the subject’s head was mapped using 
pointers. The ‘average MNI head model’ was loaded within Brainsight, but this was not used 
for navigation relative to brain structures; rather, the Brainsight system merely allowed us to 
maintain the coil over the hot spot, defined relative to the skull. The coil was held in place 
manually with visual feedback to maintain coil position fixed relative to the head, despite 
participant movement. We then localised the motor cortical representation of biceps by 
optimising coil placement with visual feedback from the neural navigation system to produce 
a maximal amplitude MEP in the contralateral biceps during weak contraction. While there 
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was some movement of the head during the task, this was extremely small when tracked 
using Brainsight (<1cm) relative to the very high coil output used (70-100%MSO). 

Once we located the hot spot, we determined the active threshold as being the level of 
TMS output to the nearest 5% of maximum stimulator output that produced a MEP in 
contralateral biceps during a sustained weak contraction with amplitude greater than 0.3mV 
in at least 3 of 6 stimuli. This was chosen to prevent coil overheating later in the experiment 
due to overuse, as previously proposed (Groppa et al., 2012). 

3.3.4 Rowing task 

Subjects used a seated resistance exercise training machine in a rowing configuration, 
which provided 12kg of resistance per arm. The rowing machine was configured with two 
handles and resistance bands to ensure both arms contributed equally and separately to the 
rowing action, and subjects arm position was observed during the task to ensure consistent 
bilateral movement. All subjects rowed against the same fixed resistance level. Subjects 
performed a bilateral rowing movement against this resistance, with movement start cued by 
an auditory beep. They maintained a vertical torso position and kept hands supinated in 
order to activate biceps during the contraction.  



 
40 

Head position was maintained at 30° to the left of midline (towards the left biceps). Maximal 
neck turn maximises iMEP amplitude (Tazoe and Perez, 2014), however this angle was 
chosen to be safe and feasible while remaining consistent with previous investigations on 
neck angulation on muscle tone (Aiello et al., 1988). We provided an audible, but non-
startling auditory start stimulus at intervals of 5-6s randomly chosen from a uniform 
distribution, to avoid anticipation (Awiszus, 2003). TMS was applied 300ms after the auditory 
cue in order to occur during the subjects’ movement. A summary of the experimental 
protocol is shown in Figure 3.2A. 

Figure 3.2 Full experimental paradigm showing subject position, onset of auditory cue 
at t=0, onset of TMS at t=300ms, and EMG. Volitional EMG activity builds after auditory 
cue, with large synchronous MEP after TMS indicated and inset in (B) with selected area 
and onsets marked with *. (C) Latency histograms and differences between cMEP & iMEP 
latencies shown. Each line is a subject, with iMEPs deemed invalid due to low latency 
difference (< 5 ms) in red. 
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Twenty movements with TMS were performed at each TMS intensity, (0, 5, 10, 15, 20, 
and 25% of maximum stimulator output above the active motor threshold) in two blocks of 
ten TMS pulses, for a total of 120 stimuli per subject. To collect background activity, some 
movements without TMS (audio cue only) were scattered within blocks, meaning up to 
fourteen movements could be performed per block, including exactly ten movements with 
added TMS stimuli, and two to four movements without TMS. 

The sequence of blocks was arranged randomly but identical between participants. In 
total, subjects performed 160 rowing movements, and the experiment lasted up to 16 
minutes. Participants were observed and questioned for any self-reported fatigue during this 
with ample opportunity for breaks during the experiment. 

EMG activity was amplified using a Digitimer D360 amplifier (Gain 300, bandpass 30 Hz 
– 2kHz) and sampled at 5KHz using a micro1401 interface (Cambridge Electronic Design 
(CED), Cambridge, UK) which also controlled the TMS pulse and auditory cue, programmed 
using Spike2 sequencing software (also CED).  

3.3.5 Data and statistical analysis 

Data were exported and analysed using Matlab R2019a. The twenty unrectified MEPs 
within each stimulus intensity were averaged, as were the forty background EMG traces. 

To assess validity of iMEPs, a custom program presented averaged MEPs within each 
TMS intensity and electrode in a random order to one of the authors (SM), who determined 
onset latency subjectively by the point of divergence from background activity. The rater was 
blinded to identifying features of participant and laterality and marked onset latency with a 
cursor.  

Matlab was used to measure peak-to-peak amplitudes in the subsequent 10ms of MEP. 
We then selected the TMS intensity for each participant which elicited the highest valid iMEP 
amplitude for further analysis. Although cMEPs recruit to higher amplitudes with increased 
TMS intensity, this is not necessarily true for iMEPs, which may be affected by the ipsilateral 
cortical silent period (Wassermann et al., 1991; Meyer et al., 1995). Interhemispheric 
inhibition increases with higher intensities (Ferbert et al., 1992), as does iMEP amplitude. 
Depending on which process increases faster, iMEPs could either grow or diminish with 
increases in stimulation strength. This means that the highest TMS intensity does not always 
yield the largest iMEP. 

There was no minimum amplitude for an iMEP. Although this has been used previously 
(Bernard, Taylor and Seidler, 2011), we felt that in older adults the reduced peripheral nerve 
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conduction velocity (Palve and Palve, 2018) leading to dispersion and lower compound 
muscle action potential amplitude (Taylor, 1993), would limit the validity of these measures. 

After calculating the latency difference between onset of cMEP and iMEP, we then 
rejected data from subjects where this was less than 5ms as being possibly due to direct 
activation of the contralateral cerebral hemisphere by current spread (Turton et al., 1995; 
Ziemann et al., 1999) rather than a true iMEP. While iMEP latencies more than 10ms longer 
than the cMEP are theoretically compatible with a transcallosal pathway on the basis of 
latency alone, (Ziemann et al., 1999), this route is unlikely. iMEPs have been detected even 
in patients with agenesis of the corpus callosum (Ziemann et al., 1999), and transcallosal 
effects are usually inhibitory, especially at higher intensities (Ferbert et al., 1992; Sohn et al., 
2003). Accordingly, no upper bound was set for the latency difference. 

The amplitude of iMEPs & cMEPs is affected by many factors, such as excitability of 
motoneuron pools (Eisen et al., 1991) and peripheral factors that could limit the compound 
muscle action potential such as muscle density (Yuen and Olney, 1997) and subcutaneous 
fat (Nordander et al., 2003). To correct measurements for this, we calculated the ipsilateral 
to contralateral amplitude ratio (ICAR) as previously described (Bawa et al., 2004). Greater 
ICAR values indicate higher reticulospinal control of muscles, whereas lower ICAR values 
indicate higher corticospinal control of muscles.  

We calculated Pearson correlations between clinical measurements (grip strength, 
standardised grip strength, height, lean muscle mass) and ICAR. We also compared 
categorical variables between age groups with Fisher’s exact test. Continuous 
anthropometric measurements were tested for normality using the Anderson-Darling test 
(Anderson and Darling, 1952). 

3.4 Results 

3.4.1 Participant characteristics 

There were 83 participants; descriptive characteristics are listed in Table 3.1. A bimodal 
distribution of ages was seen, with means around ages 20 & 70 (Figure 3.3). The 
experiment was well tolerated, and no participants experienced any adverse symptoms 
(syncope, seizure and transient hearing changes have previously been reported (Rossi et 

al., 2009)) or withdrew from the investigation. We elicited valid iMEPs (see Methods for 
latency criteria) in 73 participants. As expected, raw grip strength was significantly different 
between age groups (p=0.01); however other anthropometric measurements, including 



 
43 

height, weight, gender & handedness were statistically similar (Table 3.1). Normality testing 
failed to reject the null hypothesis at 5% significance level.  

Our participant population was representative, and z-scores of grip strength followed the 
normal distribution with 55 (66.2%) within the range [-1,+1] and 79 (95.2%) within the range 
[-2,+2]. The Anderson-Darling test for normality failed to reject the null hypothesis. Five 
participants met revised EWGSOP criteria for probable sarcopenia, based upon low grip 
strength.  

3.4.2 iMEPs 

We were interested to see if the 
reticulospinal system was implicated in 
age-related muscle weakness. Ageing 
affects several parts of the motor system, 
and it was necessary to delineate these 
differences first. 

cMEP thresholds were significantly 
(p=0.026, t-test) higher in the younger 
age group (69.5%, 95% CI 64.52-74.45, 
Cohen’s d effect size 0.51) compared to 
the older age group (63.7%, 95% CI 58.5-
66.13). The TMS intensity required to 
produce maximal iMEP was 80.1% (95% 
CI 76.9-83.3) across ages, 86.9% (95% 
CI 82.5-91.2) in those aged <50, and 
76.5% (95% CI 72.4-80.6) in those aged 
≥50. This was significantly different 
between age groups (t test p=0.0016, 
Cohen’s d effect size 0.71). 

We elicited iMEPs from all 29 
participants in the younger age group, 
compared to 44 of 54 older participants. 
The iMEP success rate was significantly 
different between age groups (p=0.013, 
Fisher’s exact test). We examined this subgroup closer to check whether iMEP non-

Figure 3.3 (A) Scatter of the Ipsilateral-Contralateral 
Amplitude Ratio (ICAR) changes with age (B) Stacked 
histograms indicating the age distribution of participants. 
Black bars indicate participants where iMEPs were 
elicited; grey indicates participants without 
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responders differed from responders, but the two subgroups were of comparable age, 
gender, handedness and grip strength, with no statistically significant differences (Table 
3.1B). While the experiment was not altered for handedness, all data were measured post-
hoc to ensure that removal of left-handed individuals did not significantly alter results. 

 



 

 

Table 3.1 Participant characteristics. All participants compared in (A), older participants divided by iMEP response in (B). All values compared with Students T-Test, except 

categorical measures of gender & handedness indicated with F which were compared with Fisher’s exact test. 

A    B                      Age ≥50  

 

Age <50 
(n=29) 

Age ≥50 
(n=54) p 

 iMEP      
(n=44) 

No iMEP 
(n=10) p 

Male 11 21 

1.00F 

17 4 

1.00F Female 18 33 27 6 

Right-handed 27 52 0.61F 42 10 1.00F 

Height (SD) 170(9.1) 166.7(13.4) 0.24 167.9(9.7) 161.7(23.8) 0.19 

Weight (SD) 67.1(15) 69.1(23.4) 0.68 70(23.4) 65.1(24.2) 0.56 

LMM (SD) 47.8(8.4) 49.15(10.5) 0.55 44.4(17.3) 45.2(19.5) 0.90 

Grip-kg (SD) 35.2(9.3) 29.6(9.03) 0.01 29.5(8.9) 30(11.3) 0.89 

Grip-z (SD) 
-

0.11(1.04) 0.15(1.12) 0.39 0.15(1.11) -0.17(0.77) 0.39 

Valid iMEP 29 44 0.013F - - - 

cMEP threshold (SD) 69.5(13) 63.7(14.1) 0.028 63.6(13.9) 56.5(13.6) 0.14 
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Example MEPs are shown in Figure 3.2A&B, demonstrating the longer latency and 
reduced amplitude of iMEPs compared to cMEPs. Mean iMEP amplitude was 0.29 mV (95% 
CI 0.238-0. 349). In ages < 50 this was 0.361 mV (95% CI 0.262-0.459) and 0.248 mV (95% 
CI 0.181-0.315) in those aged ≥ 50. This just failed to reach statistical significance (t-test, 
p=0.0505).  

iMEP latency followed a much wider distribution (mean 18.6ms, SD 2.3) compared to 
cMEPs (mean 10.9ms, SD 0.95; !-test for equality of variance, p<0.001, Figure 3.2C). The 
mean iMEP latency in ages<50 was 17.8ms (95% CI 16.8-18.7) compared to 19.1ms (95% 
CI 18.4-19.8) in ages≥50. This was significantly different (t-test p = 0.022, Cohen’s d effect 
size 0.61). 

3.4.3 Ipsilateral/Contralateral amplitude ratios 

ICAR values varied widely between individuals (range 0.02-0.43) but were comparable to 
previous reports (Wassermann, Pascual-Leone and Hallett, 1994; Bawa et al., 2004). This 
experiment involved a fixed-weight resistance task, and since MEP behaviour is dependent 
on the degree of voluntary muscle activation, it was important that any differences observed 
were not simply a result of differing ability to complete the rowing task. ICAR values across 
age groups were not significantly correlated with LMM/height2, as shown in Figure 3.4 (r=-
0.196, p=0.097), and unrelated to gender 
(p=0.833, t test). ICAR was also 
uncorrelated with age (r=-0.175, 
p=0.138), height (r=-0.044, p=0.713) or 
raw uncorrected grip strength (r=0.011, 
p=0.924).  

After splitting data into age groups, 
we discovered an intriguing relationship 
between ICAR and strength measures. 
ICAR was not correlated with age in 
younger (r=-0.21, p=0.28) or older 
(p=0.01, p=0.95) age groups. Raw grip 
strength showed no relationship with 
ICAR values in younger (r=-0.203, 
p=0.292), or older (r=0.145, p=0.348) age 

Figure 3.4 Amplitude Ratio (ICAR) compared to a measure 

of muscularity (Lean muscle/height2) in different age groups & 

sarcopenia. 
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groups. However, raw grip strength has a strong non-linear relationship with age and sex 
(Dodds et al., 2014), which could obscure a more subtle relationship with ICAR. We 
therefore calculated a standardised z score as described in Methods, which removed the 
influence of age and sex. This z score measures whether an individual is stronger or weaker 
than would be expected, given the range of strengths seen across a population of the same 
age and sex. In the younger cohort, there was a significant negative correlation between 
standardised grip strength and ICAR (r=-0.37, p=0.045; Figure 3.5). Surprisingly, in the older 
cohort this correlation was also significant, but of the opposite (positive) sign (r=0.43, 
p=0.0037; Figure 3.5). The two correlation coefficients were significantly different (p=0.049) 
when compared using Fisher’s method (Fisher, 1921). Younger subjects who were stronger 
than expected for their age and sex had smaller ICAR; by contrast, stronger older subjects 
had greater ICAR. 

 
Figure 3.5 Amplitude ratio (ICAR) compared to standardised grip strength in both age groups. Sarcopenic 

patients are highlighted with filled circles. 

3.5 Discussion 

In this study, we assessed RST function non-invasively with TMS and a bilateral rowing 
task to record iMEPs. For the first time in humans, we have demonstrated that strength is 
related to non-invasive measures of RST function, which differ between younger and older 
people.  

3.5.1 Key findings 
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In younger adults, those with lower standardised grip strength had higher ICAR values. 
This was unexpected, given our previous work which showed that strength training 
enhances the RST (Glover and Baker, 2020); we might therefore have expected the 
stronger individuals to have larger ICAR, reflecting more prominent RST projections. 
However, it must be remembered that ICAR is a measure of the ratio of iMEP and cMEP 
amplitude. In healthy young monkeys, we previously showed that strength training led to an 
increase in cortical excitability and thus elevated cMEPs (Glover and Baker, 2020). A careful 
meta-analysis also revealed marginal evidence for increased cMEPs after strength training 
in humans (Kidgell et al., 2017). Particularly strong young subjects may have both enhanced 
cMEPs and iMEPs, leading to an unremarkable ICAR which was similar to those of more 
typical strength. 

By recruiting a relatively large number of subjects, we were able to demonstrate 
significant correlations with functional measures even in the face of considerable inter-
subject variability. This includes demonstrating a significantly lower active motor threshold 
for both cMEPs and iMEPs in older participants, in contrast to previous studies which have 
shown no relationship (Matsunaga et al., 1998; Wassermann, 2002; Pitcher, Ogston and 
Miles, 2003). While this could be due to sulcal effacement with age (Parashos and Coffey, 
1994) reducing the distance to the TMS focal point, the reduction in brain volume with age 
(Svennerholm, Boström and Jungbjer, 1997) would be expected to counter this effect, and 
further investigation is needed to assess this. While we did not record ethnicity during this 
study, this has not been shown to significantly affect thresholds between 
Caucasian/Japanese/Han Chinese populations (Suzuki et al., 2021).  

As previously reported, iMEPs exhibited a significantly longer latency than the 
corresponding cMEP in the majority of individuals, supporting mediation by an indirect 
pathway involving the RST (Ziemann et al., 1999). While iMEP latency was significantly 
longer in older individuals, this is likely due to reduced peripheral nerve conduction velocities 
with age (Palve and Palve, 2018). 

3.5.2 Potential pathophysiologies 

One potential explanation for the high ICAR measures in weaker young subjects is that 
these individuals were physically weaker due to non-neural factors (e.g. nutrition or genetic 
factors influencing muscle physiology). As many daily activities require a fixed level of 
activation, these subjects may have been exposed effectively to a strength training regime 
merely by performing their activities of daily living. Regularly performing contractions close to 
maximum effort could have led to strengthening of the RST, as we have previously reported 
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(Glover and Baker, 2020). If so, this neural adaptation would render these subjects stronger 
than they would be otherwise, but still weaker than their peers.  The situation is perhaps 
reminiscent of the correlation which we have reported previously in stroke patients, where 
more severely affected patients show an enhanced RST projection (Choudhury et al., 2019) 
which likely allows some restoration of function. If so, the negative correlation seen here in 
young subjects reflects compensation for weakness, rather than part of the underlying cause 
of weakness itself. A further possibility is that the primary weakness was caused, not only by 
peripheral factors, but also by mild corticospinal loss. This would also lead to RST 
strengthening, and further elevate the RST: CST ratio measurement ICAR, in an even closer 
analogue to our past observations in stroke patients and animals after corticospinal tract 
lesions  (Zaaimi et al., 2012; Choudhury et al., 2019). 

3.5.3 Clinical implications 

In older adults, a positive correlation between standardised grip strength and ICAR was 
seen, suggesting that those individuals who successfully maintain or enhance the RST are 
stronger. This correlation could arise from the effect of lifestyle. If a particular older subject 
regularly engaged in resistance training, we would expect this to increase muscle strength, 
and also to enhance RST output. Given the well-documented degeneration in the cortex and 
CST with ageing, there may be no corresponding changes in cortical excitability, producing 
the elevated ICAR which we observed. However, it was of interest that the five older 
subjects with sarcopenia all had low ICAR ratios. This raises the intriguing possibility that the 
correlation between ICAR and normalised strength may reflect an underlying difference in 
the biology of age-related RST degeneration across our cohort, with a possible primary role 
in producing the sarcopenic state. Although this remains only a speculative possibility at the 
moment, it is a hypothesis worthy of further investigation. If correct, one prediction is that 
lowered RST output might predict those at risk of age-related muscle weakness and 
sarcopenia.  

3.5.4 Methodological considerations 

One limitation which must be acknowledged is that although the motivation for our study 
was to improve understanding of age-related muscle weakness, we were able to recruit only 
five sarcopenic patients in our community-based cohort. Still, this did have the advantage of 
placing changes in sarcopenia in the context of strength variation across the wider 
population. 
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It must also be noted that we measured grip strength as our primary measure of 
sarcopenia due to its widespread use and clinical validity in diagnosis, but iMEPs were 
elicited on biceps. However, grip strength correlates well with strength through the rest of the 
body including in the biceps muscle (Hyatt et al., 1990; Cruz-Jentoft et al., 2018). Eliciting 
iMEPs in the more distal muscles that are related to grip remains extremely challenging 
(Bawa et al., 2004). The current experimental design therefore seems a reasonable 
compromise. 

We felt that standardising grip strength to age and sex helped to counter for the non-
linear variability of grip strength. It was therefore encouraging to see that standardised 
results demonstrated significant findings, while non-standardised did not. 

Correlations between standardised grip strength and ICAR may be led by subjects with 
ICAR values > 0.2; removal of these subjects from the dataset means the correlation was no 
longer significant in either age group. We reviewed this subgroup of subjects carefully 
however, and found no reason to believe that there was any discrepancy in their task-
performance, anthropometry, nor their behaviour during the experiment. We have therefore 
included these data. Human strength is highly variable, particularly in older subjects (Dodds 
et al., 2014), and understanding the range of this variability is important to understand 
susceptibility to sarcopenia. 

Earlier studies showed that the optimal site for iMEPs in biceps is often located 
anteromedial to that for cMEPs (Tazoe and Perez, 2014). Given the dynamic nature of the 
rowing task used to test iMEPs, it was impractical here to optimise the iMEP stimulation site, 
and instead we used the cMEP hot spot. This may mean that the amplitude of iMEPs was 
underestimated, and likewise may increase iMEP latency and observed iMEP threshold due 
to increased distance of cortical tissue from the TMS focal point.  

The resistance against which subjects rowed was fixed at 12kg force, and it is highly 
possible that subjects were performing at different proportions of their maximal strength, and 
therefore different %MVCs. Higher levels of muscle activation have been shown to be more 
likely to produce iMEPs (Ziemann et al., 1999). The fact that there was no relation between 
ICAR and raw strength nor LMM argues powerfully that our results are not simply driven by 
an artefactual effect of differences in contraction level as a percentage of each subject’s 
maximum. 

Joint angle and muscle activity level (%MVC) were not measured during this experiment. 
However, this was a bilaterally symmetric movement, so that there cannot have been 
differences in muscle activity between the two sides. Both cMEPs and iMEPs were 
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assessed following stimulation of the same motor cortex (left hemisphere); any changes in 
cortical excitability related to joint angle would therefore be the same for cMEPs and iMEPs. 
This might cause both measures to increase or decrease together, but could not alter their 
ratio as measured by ICAR. 

iMEP amplitude is partly dependent upon interhemispheric inhibition (Ferbert et al., 
1992). It is therefore possible that effects we have demonstrated are not due to 
reticulospinal tract, but rather interhemispheric inhibition (IHI). To counter this, we have 
measured the peak iMEP amplitude, across varying TMS intensities, and measured the 
strongest iMEP response (where IHI is therefore lowest). 

3.5.5 Future research 

Finally, this work suggests a potential role of the RST for neurorehabilitation of 
individuals with sarcopenia. Techniques which stimulate the RST, including startling acoustic 
stimulus (Fernandez-Del-Olmo et al., 2014; Bartels et al., 2020) should be explored to 
measure the importance of neural adaptations on strength training in a cohort with age-
related muscle weakness. 

3.5.6 Conclusion 

Here we have shown how age-related strength changes are related to the balance of 
descending motor drive between corticospinal and reticulospinal tract, as measured via non-
invasive brain stimulation measure (ICAR). 
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4. Electrical cross-sectional 
imaging of human motor 

units in vivo  
4.1 Contribution statement 

This chapter reflects a paper now published in Clinical Neurophysiology (Maitland et al., 
2022). It reflects a wider project with contributions from several other members of staff to 
manufacture the electrodes and meet safety standards. I was not involved in these steps, 
however I have been working with this team to develop the electrode, and have contributed 
to creating the signal processing algorithm described, signal recording, data analysis, and 
writing a large part of this manuscript. 

4.2 Highlights 

• Biocompatible, clinically suitable multi-electrode EMG needle 

• Hundreds of muscle fibres can be localised from brief (< 5 minute) recordings 

• Motor unit territory is shown to overlap in vivo 

4.3 Abstract 

Objectives 

In many neuromuscular diseases, weakness results from a disruption in muscle fibres' 
arrangement within a motor unit. Limitations in current techniques mean that the spatial 
distribution of fibres in human motor units remains unknown. 

Methods 

A flexible multi-channel electrode was developed and bonded to a clinical 
electromyography (EMG) needle. Muscle fibre action potentials were localised using a novel 
deconvolution method. This was tested using simulated data, and in recordings collected 
from the tibialis anterior muscle of healthy subjects. 

Results 
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Simulated data indicated good localisation reliability across all sections of the electrode 
except the end sections. A corrected fibre density was estimated up to 1.4 fibres/mm2. 
Across five recordings from three individuals, between 4 and 14 motor units were detected. 
Between 1 and 20 muscle fibres were localised per motor unit within the electrode detection 
area, with up to 220 muscle fibres localised per recording, with overlapping motor unit 
territories. 

Conclusions 

We provide the first direct evidence that human motor units spatially overlap, as well as 
data related to the spatial arrangement of muscle fibres within a motor unit.  

Significance 

As well as providing insights into normal human motor physiology, this technology could 
lead to faster and more accurate diagnosis in patients with neuromuscular diseases. 
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4.4 Introduction 

The spatial distribution of muscle fibres within a motor unit is of fundamental interest in 
both healthy and diseased muscle. To date, the only means of accurately demonstrating the 
spatial distribution of muscle fibres has been the glycogen depletion technique (Edstrom and 
Kugelberg, 1968). These complex experiments can only be performed in animals since they 
require the histological analysis of explanted muscle cross-sections exposed to high-
frequency electrical stimulation for several minutes. These experiments demonstrate that 
individual muscle fibres within a motor unit are widely separated (Bodine et al., 1988; 
Bodine‐Fowler et al., 1990), and that a single motor unit can cover up to 50% of the cross-
sectional area of the muscle (Buchthal, Erminio and Rosenfalck, 1959). From this, it has 
been inferred that the fibres in one motor unit overlap with several other units (Fig 1a). 
However, since only a single motor unit can be studied per muscle, this has never been 
shown directly. Furthermore, since only one muscle can be analysed per animal, most 
studies using the glycogen depletion technique describe 5-10 motor units at best. 
Consequently, the statistical distribution of muscle fibres within a normal motor unit remains 
open to debate with random (Edstrom and Kugelberg, 1968), regular (Kugelberg, 1973) and 
clustered (Buchthal, Guld and Rosenfalck, 1957) models having been proposed. Further 
neurophysiological investigations of the motor unit include determining the territory of a 
motor unit with a linear multi-electrode (Buchthal, Erminio and Rosenfalck, 1959), the 
electrical activity of the whole motor unit via macro EMG (Stålberg and Fawcett, 1982), and 
the statistical distribution of muscle fibres through the territory of the motor unit via scanning 
EMG (Stålberg and Dioszeghy, 1991). 

Changes in the spatial distribution of muscle fibres within motor units are among the 
earliest changes in many neuromuscular diseases. For example, in Amyotrophic Lateral 
Sclerosis (ALS), progressive loss of motor nerve axons removes the nerve supply to those 
muscle fibres in the dependent motor units (Nijssen, Comley and Hedlund, 2017). 
Compensatory re-innervation by the surviving axons results in larger motor units containing 
clusters of closely-packed muscle fibres (Schwartz et al., 1976). Although these changes 
can be shown using the glycogen depletion technique in animal models, this is only possible 
in human subjects in a limited capacity via fibre density which measures the number of 
single fibre action potentials within the limited sampling territory of a single fibre electrode 
(Sanders et al., 2019) and does not indicate relationship of fibres to one another. Recent 
developments such as motor unit MRI (Birkbeck et al., 2020) have permitted the size, shape 
and dimensions of individual human motor units to be determined, but the relatively low 
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spatial resolution (approximately 1mm2 voxel size) makes it impossible to detect the position 
of individual muscle fibres using this method. 

Gross changes in motor unit structure can be inferred from intramuscular 
electromyography (EMG). Since only a single recording surface at the tip of the needle is 
used (Whittaker, 2012), the resulting motor unit potential (MUP) represents the temporally 
and spatially summated activity of every muscle fibre within approximately 2.5 mm of this 
surface (Dumitru, King and Nandedkar, 1997). Not surprisingly, attempting to infer changes 
in muscle fibre spatial distribution from this composite 1-dimensional signal requires expert 
interpretation, and even in the best hands, the technique has  only moderate diagnostic 
accuracy and specificity  (Narayanaswami et al., 2016). The small sampling area also 
requires the needle to be moved to several positions within the muscle, increasing the time 
taken and the discomfort for the patient. 

Early attempts to increase the sampling area with linear multi-electrode arrays with up to 
14 recording surfaces (Buchthal, Guld and Rosenfalck, 1957) have not entered routine use 
due to the large cross-sectional area (up to 4x a conventional EMG needle) and the high 
manufacturing costs, requiring them to be re-sterilised.  Furthermore, limitations in recording 
apparatus meant that only 1 or 2 channels of data could be recorded simultaneously. Hence, 
although individual fibres' position along the axis of the electrode could be estimated, the 
spatial distribution of these fibres within the motor unit cross-section could not be determined 
(E Stålberg et al., 1976).  

Substantial improvements in different technical fields over the last 20 years have now 
made it feasible to address these limitations. Electrodes have been developed with a high 
density of recording contacts over their shaft (Rousche et al., 2001; Vetter et al., 2004; 
Farina et al., 2008; Sohal et al., 2016; Jun et al., 2017; Angotzi et al., 2019; Musk, 2019); 
these have mainly been used in the central nervous system for recording neural activity, but 
similar techniques have also been applied to muscle (Muceli et al., 2015). Integrated circuits 
have been developed incorporating multiple amplifiers and associated digitisation circuitry, 
allowing multiple channel recording with miniaturised equipment. Finally, computer storage 
and processing capacity has greatly expanded, making it feasible to deal with high data 
volumes. Here, we have exploited these advances to develop multi-electrode 
electromyography arrays with up to 32 contacts capable of simultaneously recording single 
fibre potentials from multiple motor units.  Using this novel system, we can localise up to 220 
muscle fibres with ~100 µm accuracy in human muscle, in effect producing an electrical 
cross-sectional image of motor unit structure. Such images provide, for the first time, direct 
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evidence for the overlapping arrangement of motor units, and hold great promise for clinical 
application. 

4.5 Methods 

4.5.1 Probe design 

We designed flexible multi-electrode arrays (which we named ‘MicroEMG’) comprising 
32 recording surfaces sandwiched between two 10µm-thick layers of parylene-C, a 
biocompatible polymer with sufficient tensile strength to survive insertion through the skin 
without breakage (Figure 4.1B upper panel) (Sohal et al., 2014). We used a 
tungsten:titanium (W:Ti) alloy for the electrode surfaces and interconnecting tracks (W:Ti 
80:20 ratio) to provide greater flexibility than tungsten alone. Electrode arrays were 
fabricated on 3-inch diameter silicon wafers using standard semiconductor processing 
techniques. The recording electrodes were 20 µm × 30 µm stadium shapes to match the 
recording area of clinical single-fibre EMG needles. The recording electrodes were arranged 
into 2-parallel rows with 400 µm spacing and offset by 200 µm to form a zig-zag pattern (Fig. 
1B lower panel). From the first to the last recording electrode, the total length of the zig-zag 
array was 12.40 mm. These dimensions were chosen such that the array was long enough 
to record several motor unit cross sections simultaneously from a single insertion, but with 
sufficient spatial resolution to discriminate potentials recorded from individual muscle fibres 
(50-100 µm diameter). Each recording electrode was connected to a bond-pad at the top of 
the flexible array via W:Ti tracks. The width of each track covered as much of the available 
area in the array as possible in order to minimise the chance of breakage, thinning 
progressively from the tip until they were 3 µm wide with 2.8 µm spacing as they entered the 
bond-pad region. To allow these flexible arrays to penetrate muscle, they were bonded to 
the shaft of a 480 µm diameter clinical EMG needle (TECA Elite, Natus Neurology, USA) 
using a 1180-M UV-curable biocompatible adhesive (Dymax MD). The 20 µm thick arrays 
occupied approximately 1/3 of the needle's circumference (Figure 4.1B), creating an 
approximately circular probe with diameter ~500 µm. Bench-top electrical testing showed 
conduction in 330 out of 352 measured recording sites, a yield of 94% working channels. 
The average impedance in the functional channels was 502 kΩ  ± 109 kΩ measured at 1 
kHz, and no leakage current was detectable between adjacent channels (with a current 
measurement resolution of 10 nA). 

The bondpad region of the probe was clamped against the contacts of a custom-made 
printed circuit board housing a Intan RHD2132 32-channel low-noise amplifier chip with 
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integrated analogue-to-digital converter which sampled each channel at 20 kHz with 16-bit 
precision (Intan Technologies, USA) (Figure 4.1C).  

The needle array and subsequent signal processing was designed for a position 
perpendicular to the muscle fibres, with the plane of the electrode grid arranged in a radial 
orientation (Figure 4.1D). 

  

Figure 4.1 (A) Left; Schematic cross-section of a skeletal muscle. Muscle fibres (red cylinders) run approximately 

parallel to the long axis of the muscle and are grouped into motor units (pink circles). Axis definitions reference for 

the geometry referred to in all figures and equations. X axis indicates along the direction of the needle, and Y axis is 

perpendicular to this, radial to the muscle fibre direction. Z axis is perpendicular to the needle and runs along the 

direction of the muscle fibres. Right; spatial distribution of fibres in a single motor unit revealed by glycogen 

depletion. Non-depleted fibres stain purple. Depleted fibres (pink areas *) are widely spaced and interdigitate with 

fibres from several other motor units. (B) Upper panel: 32-channel flexible MicroEMG array comprising two 10 µm 

thick parylene layers encasing tungsten:titanium conductor prior to bonding. Lower panel: micrograph of MicroEMG 

array bonded to a conventional EMG needle. A 400µm wide zig-zag array of 32 recording electrodes (purple circles) 

each of 25 µm diameter extends 12,800 µm along the needle. (C) Sterile MicroEMG probe interfaced with  INTAN 32-

channel amplifier via a custom-made PCB. (D) Upper panel: system in use to obtain motor unit recordings from the 

tibialis anterior muscle of a healthy volunteer. Lower panel: conventional EMG (upper) records muscle fibre action 

potentials within ~1 mm of the needle tip. MicroEMG probe records from up to 32 electrodes spanning a 12.4 × ~2 mm 

corridor along the needle shaft. 
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4.5.2 Signal Processing 

The signal consists of multiple single fibre discharges, grouped into 1 or more motor unit 
activations. There are therefore a number of steps in order to meaningfully analyse the 
signal. After cleaning the signal, the motor unit action potentials must be identified and 
sorted into template groups. Then for each motor unit discharge, peaks in the signal 
amplitude must be identified as potential fibre positions. After this, the single fibre discharges 
must be deconvolved with a tissue function in order to identify the most likely candidate 
position for the fibre location. 

Pre-Processing. Signals underwent band-pass 
filtering between 500Hz-10KHz. Residual mains 
noise was removed using an algorithm that 
removed components synchronous to 50Hz (Riddle 
and Baker, 2005) . Broken channels were identified 
visually by very low amplitude signals and 
excluded from further analysis.  

Motor unit extraction. Motor unit potential 
templates (MUPTs) were extracted from complex 
multi-channel data using a template matching 
algorithm, which utilised a multiresolution Teager 
energy operator employing pseudocorrelation 
(Sedghamiz and Santonocito, 2015; Sedghamiz, 
2018). The channel with the highest SNR was 
selected for MUPT extraction, and the onset time 
of each potential recorded (Figure 4.2A). 
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Figure 4.2 Overview of signal analysis pipeline. After 

acquisition of multi-channel EMG signals (outer window is a multi-

channel motor unit potential (MUP), inner window is a single 

channel MUP) (A) MUPs were extracted from the channel with the 

highest SNR (marked with *), MUPs were each averaged to produce 

a multi-electrode MUP (distance indicates x-axis distance) (B). 

Peaks in signal amplitude around the needle electrode (illustrated to 

simplify from 3 dimensions to 2 in C) were chosen as the starting 

point for muscle fibre localisation. Putative fibre location is 

indicated by the yellow square. Fibres were localised in space on a 

moving-average window across multiple firings.  Fibre positions 

were tracked through time (Three motor units shown in D) and error 

values for localisation accuracy were calculated prior to k-means 

clustering of fibre positions.   
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Templates were inspected visually, and those which appeared to be noise transients on the 
basis of morphology or firing frequency were removed from further analysis. For each motor 
unit, a 10ms window was selected either side of the onsets of each MUPT, and across all 
the working electrodes of the array (Figure 4.2B) to produce the multi-electrode EMG for 
each MUPT.  

4.5.3 Muscle fibre localisation 

In order to reduce noise, ten 
consecutive motor unit discharges were 
averaged for analysis, effectively 
forming a moving average window. The 
averaged multi-electrode signal was 
processed with a top-hat transform 
(Maire et al., 2000) to improve the 
delineation of transmembrane currents 
with similar locations and low inter-
spike intervals (ISIs) while avoiding noise 
transients being incorrectly identified as 
fibre action potentials. Peaks in the 
rectified multi-electrode signal amplitude 
(Figure 4.1C) representing the electrodes 
with minimal radial distance to a fibre 
were identified using a peak-finding 
algorithm (Natan, 2013). Peaks were 
analysed in both time and space. The five 
EMG channels (an electrode ‘cluster’ as 
shown in Figure 4.3) surrounding each 
peak were selected. For each cluster, the 
0.5ms of EMG before and after each peak was used in the next step of fibre localisation. 

The fibre localisation methodology was based upon the model used by (S. D. Nandedkar 
and Stålberg, 1983) to simulate single fibre action potentials (SFAP) recordings using a point 
electrode.  This transmembrane current generating function ("!) used by Nandedkar & 
Stalberg was derived from a volume conduction model  (Rosenfalck, 1969) and was used to 
estimate the SFAP that would be recorded at a specific location. As the multi-electrode 
allows for the recording of the SFAPs at multiple sites near the active fibre, the muscle fibre 

R1

R2

R3

x

y

Figure 4.3 Fibre localisation in space, with x and y 

axes defined relative to the needle electrode. Black hollow 

squares indicate possible fibre locations, yellow square 

indicates position with minimum variance in deconvolved 

electrode potentials. The electrodes and the resulting 

deconvolved electrode potentials are shown in red, blue 

and green. A search was performed through possible fibre 

locations near to the recording electrode cluster. At each 

location, the Euclidean distance between the putative fibre 

and nearby recording electrodes was calculated. The 

potentials recorded at these electrodes were then 

deconvolved with a tissue function for these distances 

(R1,2,3) to produce n putative generator waveforms. The 

variance across these generator waveforms was then 

calculated, and the location of the fibre defined as the 

position with minimum variance. 
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transmembrane current generating function could be estimated. The method used the 
convolution of the simulated generator function (Gz) and a weighting function (W).  

#(#,!)&
'

()*!
$ +
√-#".!"%       (1) 

 

 

Where: 

z = axial separation 
r = radial separation 
I = strength of current source 
&#  = radial conductivity 
&!  = axial conductivity 

K = &! &#'  

We defined the x axis as being parallel to the needle, and y axis as being perpendicular 
to the needle along the plane of the electrode surfaces. Further review of the geometry 
involved is described in Figure 4.1A. The weighting function defined by equation (1) 
describes the potential that would be recorded by a point electrode located at a radial 
distance r and axial distance z from a cylindrical current source/sink on the surface of the 
fibre. If the transmembrane current generating function ("!) can be considered to be a 
propagating transmembrane current function moving at a constant velocity V along the z 
axis, this becomes a function in time t with distance d. 

( = *+           (2) 

The recorded SFAP *(#,/) at a radial distance r and at some arbitrary location of z, is: 

*(#,!.0/) = "(!.0/)∗ #(#,!)        (3) 

Where ∗ is the convolution operator, and the transmembrane current passes an 

electrode at coordinates r, z at t=0.  

Using a multi-electrode, there are additional electrodes lying on a line of constant z at 
varying radial distance depending on the electrode separation from the muscle fibre. The 
SFAP recorded at each of these n sites may be used such that for each electrode, the 
deconvolution of the weighting function and the recorded SFAP should result in the same 
transmembrane current function.  
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*(#(1),!.0/)	⨂		#(#(1),!) = "(!.0/,1)       (4) 

Where r(n) is the radial distance between the fibre and the nth electrode and ⨂ is the 
deconvolution operator. 

The estimation is achieved by searching the solution surface in x and y to minimise the 
variance of the estimates of "!. The deconvolution was implemented by the matrix method; 
in this case, the calculated weighting function for each electrode was constructed as a 
Toeplitz (diagonal constant) matrix. The matrix contains a sequentially time-shifted vector of 
the weighting function (Equation 1). This type of matrix has a well-behaved inverse (#2') 
such that the estimated "! for each electrode can be calculated by: 

*(#(1),!.0/) ∗ 		#2'(#(1),!) = "(!.0/,1)           (5) 

The radial distance term can be transformed to Cartesian coordinates in x,y. Using a 
suitable range of x,y coordinates, a solution surface may be defined with an error term: 

0(#(1)) = 1
(34567859("(!.0/,1))):;  

An unconstrained non-linear optimisation algorithm (MATLAB function fminsearch) was 
used to find the value of the x,y coordinates which minimised the variance of the convolved 
multi-electrode potentials for each group of moving averaged motor unit discharges (Figure 
4.2). A value of 5 was used for K as suggested by (S. D. Nandedkar and Stålberg, 1983). 
The variance function was constructed to measure the variance at each time point, and then 
measure the average of the variances across the window. 

4.5.4 Fibre data visualisation 

To summarise this localisation across time, the average number of fibres found at each 
motor unit discharge was calculated (Figure 4.2D). This average fibre count was then used 
as k to produce a k-means clustering of all the fibre positions. The median position of each 
cluster was taken to be the normative position of the fibre in calculating fibre density and 
nearest neighbour distances. The localisation estimate confidence was calculated using the 
mean consecutive position change. This would mitigate any ‘slow drift’ of needle position 
over the 5-minute recording related to operator technique, compared to large ‘jumps’ in 
position related to fibres within poor quality fibre potentials. For each motor unit, the distance 
between each localised fibre and its nearest neighbour was calculated and displayed as a 
cumulative probability plot. The fibre density was calculated based upon the fibre locations 
within the area 1mm off the needle's axis (defined as the point along the x axis through the 
midpoint of the two rows of electrodes with y=0). The current clinical definition of fibre 
density is the mean number of fibre action potentials within the uptake radius of a single fibre 
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electrode, with position optimised to be as close to a single fibre as possible, across twenty 
fibres (Stålberg, 1979). Estimates of this uptake radius vary, but range from 236-421µm 
(Gath and Stalberg, 1979). We aimed to produce a comparable measurement based on the 
local fibre arrangements, and so measured the average number of fibres within an arbitrary 
400µm distance of each localised fibre, per motor unit (herein termed the needle fibre 
density). The motor unit territory was measured as the maximum Euclidean distance 
between any two fibre pairs. Both measures were again confined to muscle fibres localised 
to within the area 1mm off the needle’s axis. 

 

4.5.5 Modelling 

In silico experiments were performed using simulated data to test the likely performance 
of our electrodes and our fibre-localisation algorithm. We modified a previously published 
model (Stashuk, 1993), which defines interdigitated motor unit territory, recruitment & firing 
rates, and realistic attenuation of EMG signal through tissue. Motor units were activated with 
inter-discharge intervals selected at random from a gamma distribution (Stein, 1965) of 9th 
order at a rate of around 10Hz. The estimated transmembrane current potential was based 
upon the product of transmembrane currents, using the linear quadrupole model ((S. D. 
Nandedkar and Stålberg, 1983)(Andreassen and Rosenfalck, 1981), 1981). We assumed 
that each fibre was cylindrical and orientated perpendicular to our array, in a medium with 
cylindrical anisotropy. We adjusted this model's parameters to be physiologically faithful in 
terms of the change of signal through increasing distances, with most of the signal 
attenuated at distances exceeding 1mm, as previously described in single fibre experiments 
(Stalberg and Antoni, 1980). Gaussian and mains noise were then added to the signal to 
achieve a signal to noise ratio of 5-10 dB.  

All results were computed using a consumer laptop (MacBook Pro Intel i5 processor, 
2016). The process took between 10 and 25 minutes depending upon the length of the 
recording and number of motor unit discharges. 

Single fibre localisation accuracy. A single fibre was simulated in positions across a 
7mm x 1.5mm (10.5mm2) grid in increments of 50µm surrounding a simulated 32 electrode 
EMG needle. Error was measured by the Euclidean distance between the predicted and 
actual location.  

Dual fibre resolution. Two fibres were modelled within a 0.8mm range of the needle's 
axis (defined as the midpoint between the two rows of electrodes), at radial separation of 
between 50µm and 1.5mm (50µm steps) and random orientations. This was repeated with 
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ISIs of 0.5ms, 1ms, and 2ms. For each linear distance, 100 trials were performed, for a total 
of 9,000 trials. The estimated number of fibres was recorded for each trial. 

Multiple fibre count. Between 5 and 20 fibres were placed with positions selected from 
the uniform distribution within the central 5mm x 1.4mm (7mm2) search space. Fibre 
positions were independently selected i.e. there was no constraint on their proximity to one 
another. This central region was chosen to mitigate the edge effects of recording at the 
needle's furthest spatial extent. The mean nearest neighbour distance varied from 840µm to 
320µm. Fifty trials were performed at each fibre count, with recordings of 10-second duration 
simulated and the estimated fibre count compared to the modelled number of fibres. 

4.5.6 Human recordings 

Studies were approved by the Ethics Committee of the Newcastle University Medical 
Faculty. Five recordings were made from the tibialis anterior muscles in 3 healthy controls, 
none of whom had any history of neuromuscular disease.  

Signals were amplified (gain 200) and sampled to disc at 20 kSamples/s/channel using 
Intan software, together with the analogue output of a force transducer. Digital data were 
transmitted over a low voltage differential signal (LVDS) serial peripheral interface (SPI) bus 
to an interface card and then to a laptop computer. This stored data on a hard disc for later 
off-line analysis using custom-written MATLAB code (MathWorks, USA). The system was 
battery powered to ensure mains isolation, and a skin reference was used. 

Subjects reclined on a couch with the force output at the ankle joint recorded using a 
Loadcell Amp PRO force transducer (Elane Electronics, USA). Probes were connected to 
the amplifier headstage at the bedside, and the probe was inserted into the muscle 
approximately perpendicular to the skin, with the plane of the electrode grid arranged in a 
radial orientation (Figure 4.1D). Tibialis anterior was selected since the orientation of its 
muscle fibres is known, allowing the probe to be oriented such that the fibres ran 
approximately perpendicular to the plane of the array. Subjects were asked to maintain 10% 
of the maximum voluntary contraction (MVC) strength under visual feedback for between 1 
and 5 minutes. Subjects reported mild discomfort as the probe was inserted, and once in 
place the probe was held still within the muscle within a single position. Recordings were 
well-tolerated, and no bruising or bleeding was observed.   
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4.6 Results 

4.6.1 Single Fibre Localisation 

Across all positions surrounding the electrode array, fibres were localised with a mean 
error of 176µm ±28µm (Figure 4.4A). An increased error was seen near the ends of the 
electrode array, where fewer electrode potentials were within the recording radius of the 
fibre to allow accurate deconvolution. Fibres within 1mm radius of 4 different recording 
electrodes were accurately localised to <100µm.  However, when a fibre was placed more 
than 0.8mm from the needle's axis, the transmembrane current potential was often 
indistinguishable from noise, and so no fibre was detected or localised. 

4.6.2 Dual Fibre resolution 

At ISIs of 2, 1 and 0.5ms, the fibre number estimate was correct in 99.03%, 98.23% and 
82.6% of trials respectively over all fibre spatial separations (50µm- 1.5mm). At higher ISIs 

A

B C

Figure 4.4 Simulated muscle fibre localisation accuracy across the MicroEMG array. A) The localisation error of a 

single simulated muscle fibre placed across a 10.5mm2 area, in positions separated by 50µm. White squares represent 

the electrode positions in the MicroEMG array. B) Fibre number estimate with two fibres and varying inter-fibre 

distance and inter-spike interval. Fibre number estimate is colour coded (1=blue, 2=red, 3=yellow). At an ISI of 0.5ms, 

one fibre was often estimated at spatial separations of <0.5mm, whereas at higher ISIs of 1 & 2 ms, 3 fibres were 

occasionally estimated. C) Fibre number estimate of multiple simulated muscle fibres across a central 7mm2 area. 

Dashed line indicates the true fibre number, the number of localised fibres and confidence bounds are shown by the 

solid black line. 
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of 1 and 2ms, fibre spatial separation did not affect the error rate, while for the lower ISI of 
0.5ms, this rate was 91.04% for fibres spatially separated by over 0.5mm. At separations 
below 0.5mm, the accuracy rate fell to 59.5% (Figure 4.4B).  

4.6.3 Multiple fibre localisation 

The fibre number was reliably estimated up to 10 simulated fibres (a fibre density of 
1.4/mm2). Above this level, the fibre density was underestimated (R2=0.91). For example, at 
15 simulated fibres (density 2.1/mm2), a mean of 13.94 fibres (±0.16) were detected, while at 
20 simulated fibres (density 2.8/mm2), a mean of 17.26 fibres (±0.27) were detected (Figure 
4.4C). This reflected the increasing probability that muscle fibres and their respective 
transmembrane currents were coincident in tie and space. The algorithm appeared robust, 
with limited variability between simulations (the average standard deviation across all trials 
was 1.06 fibres).  

4.6.4 Experimental results 

Across five recordings from three individuals, between 4 and 14 motor units were 
identified per recording. For each recording, the median signal: noise ratio was calculated 
over all channels using the Spurious Free Dynamic Range (Pozar, 2001; Adimulam and 
Srinivas, 2017). This median varied from 39.6 to 177 (range 20.3-308.7).  

Motor units fired at frequencies between 7.52 and 16.11Hz. We were able to localise up 
to 20 muscle fibres per motor unit (range 1-20), up to a total of 220 fibres per recording 
(Figure 4.5C). There was no correlation between the SNR of a recording and the number of 
fibres localised (r=0.14, p=0.384). 

The median nearest neighbour distances of muscle fibres within a motor unit varied 
across all of the recordings between 0.54 and 1.21mm. There was also no correlation 
between the SNR of a recording and the median nearest neighbour distances (r=-0.09, 
p=0.57). The mean fibre density per motor unit varied between 0.625 and 1.8 fibres/mm2, 
while the mean clinical needle fibre density measure was 1.22 (SD±0.29) across all motor 
units and all recordings.  The motor unit territory size varied between 2.29-9.72mm (median 
8.05mm). 

Examining the spatial distribution of fibres within motor units, many motor units were 
seen to be overlapping- no areas were seen with only a muscle fibre population from a 
single motor unit. (Figure 4.5A).  While on some recordings there were ‘silent areas’ of the 
electrode array without any muscle fibres, these did not correspond to areas of high 
impedance nor low SNR. 
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Figure 4.5   Human recordings from the tibialis anterior muscle. Each row represents a different experimental 

recording. Within one row, each colour represents a different motor unit. A) Muscle fibre localisation map, with 

localisation error represented by the size of the white core at each fibre (larger means more uncertain localisation). 

Electrode positions are shown as light blue squares. B) Cumulative distribution of nearest neighbour distances 

between fibre pairs, displayed on a log scale (X-axis). C) Muscle fibre counts per motor unit. 

Fibres were sometimes localised to within the dimensions of the array itself, (e.g. Figure 
4.5A, second row). Where only a low number of fibres were localised from a motor unit 
(Recording 1 & 4), the fibres tended to localise with low radial distance to the needle's axis.  

To estimate the statistical distribution of fibres within the muscle, the fibre positions 
across all recordings were overlaid onto a single map and converted to an absolute position 
from the midpoint centre of the needle electrode (coordinates 5,0 on Figure 4.5A). The fibres 
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were seen to be uniformly distributed up to 
4cm in the x-axis (parallel to the needle), 
and 0.75mm in the y axis (perpendicular to 
the needle) (Figure 4.6). This hypothesis 
was formally tested using the Kolmogorov-
Smirnov test. In both x and y directions, the 
test failed to reject the null hypothesis, with 
p-value of x = 0.086, and p-value of y = 
0.0714. The fibre spatial characteristics are 
summarised in Table 5.1. 

 

 

 

Figure 4.6 Relative fibre position, across all 

recordings, and all motor units. Distance is relative to the 

midpoint of the electrode array (5,0 mm on Figure 5A). 

Fibres were localised with an even distribution within the 

central 4x0.75mm area. An increased fibre density was 

seen at the tips of the electrode array (4mm). 



 

 

Table 4.1 Summary statistics for motor units across five human recordings. 

Participant 
ID 

Number 
of motor 
units 

Motor unit firing rate 
(95% CI) 

Median 
number of 
fibres per 
motor unit 
(range) 

Median nearest 
neighbour 
distance (mm) 
(range) 

Mean fibres/mm2 
(95% CI) 

Median motor unit 
territory (range) 

Mean needle 
fibre density 

1 4 14.16 (13.4-15) 7 (2-11) 1.21 (0.23-0.85) 0.625 (0-1.32) 7.29 (6.28-9.72) 1.33 

1 14 7.52 (7.3- 7.74) 7.5 (8-20) 0.8 (0.36- 1.91) 1.57 (1.39-1.75) 8.05 (2.28-8.38) 1.23 

1 8 9.11 (8.72-9.49) 17 (7-19) 0.54 (0.38-2.06) 1.44 (1.02-1.85) 7.57 (6.4-8.39) 1.34 

2 4 16.11 (15.85-16.37) 14 (1-20) 0.62 (0.61-0.78) 1.2 (0-2.59) 8.32 (8.22-8.62) 1.06 

3 9 13.69 (13.29 – 14.09) 18(17-19) 1.16 (1.02-1.81) 1.8 (1.73- 1.87) 7.87 (7.04-8.27) 1.13 
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4.7 Discussion 

We present a novel intramuscular multi-electrode array capable of determining the firing 
dynamics and location of up to 220 muscle fibres in a human muscle in vivo from a single 
insertion. The arrays are of sufficient length to allow simultaneous cross-sectional imaging of 
multiple motor units from both deep and superficial regions of the muscle. 

Until now, the only means of directly determining muscle fibre spatial distribution in 
single motor units has been the glycogen depletion method. Although variations of these 
experiments have been performed in humans (Garnett et al., 1979), it remains the case that 
fibre spatial distribution in single human motor units cannot be estimated using this 
technique. Conventional electromyography can provide information on human motor unit 
structure, and by using a variety of needle electrodes with spatial scales ranging from 
individual muscle fibres, i.e. single fibre EMG (Ekstedt and Stålberg, 1971) to entire motor 
units, e.g. macro EMG (Stalberg and Stålberg, 1980) or scanning EMG (Dieszeghy and 
Diószeghy, 2002), it is possible to gain information on the density of fibres within motor units 
and their spatial extent. However, these techniques are time-consuming and require multiple 
insertions into the muscle to provide sufficient sampling. More importantly, since only a 
single recording surface is used, the resulting voltage vs time signal represents the spatially 
and temporally summated activity of every muscle fibre within the pick-up area of each 
electrode. It is therefore a priori impossible to deconvolve this complex 1-dimensional Motor 
Unit Potential into the constituent 2-dimensional pattern of muscle fibre potentials. 

The method we have demonstrated here represents a very different approach to the 
source localisation problem compared to other applications in neuroscience. For example, 
source localisation of EEG data relies upon an accurate anatomical model of the skull and 
brain tissue relative to the electrodes in order to inversely reconstruct the direction and 
strength of current dipoles (Michel and Brunet, 2019). This is due to the directional and 2-
dimensional nature of the SFEMG signal approximating a vector. Other methods including 
multilateration were found to have a higher level of error, and this led to a “mirroring” 
problem where the possible fibre location could be on either side of the electrode array.  

In producing this methodology, we have made a number of assumptions. When 
considering that a single fibre travels in the z axis, we assumed that the electrode was 
orientated absolutely perpendicular in both x & y planes (Figure 1 provides reference to 
axes). While angulation of the needle in the Y axis would not affect this process, a rotation of 
the needle such that it might be angled <90° with respect to the X-axis would distort the 
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convolution function, such that this would not converge correctly. While we have not 
modelled this, we propose that any rotation would result in a fibre location which is closer to 
the needle than in reality due to this effect. 

4.7.1 Modelling studies 

Because the spatial distribution of muscle fibres in human motor units is not known, we 
had no gold standard against which to compare the results of our human experiments. We 
therefore modelled our fibre-localisation algorithm's performance using single, paired, or 
multiple muscle fibres at a variety of biologically relevant spatial separations and inter-spike 
intervals. Our simulations suggested that fibres would be accurately localised within a 
corridor extending approximately 0.8mm on either side of our arrays, at temporal 
separations above 0.5ms and radial spatial separations above 0.5mm. Below these 
separations, our algorithm could fail to separate fibres, tending to under-estimate the true 
fibre density. Fibre localisation was least accurate at the tips of the electrode, where muscle 
fibre potentials were recorded by fewer electrodes. 

4.7.2 Human recordings 

Using our arrays, a large number of motor units and their constituent muscle fibres could 
be studied from relatively brief recordings. Accurate localisation of up to 220 fibres could be 
obtained in vivo from a 60-second recording without the need for needle movement. 
Critically, by localising fibres from multiple motor units simultaneously, the relationship 
between fibres in neighbouring units could be determined. We found that fibres from multiple 
motor units overlapped in any given region of the array. Although an overlapping pattern has 
long been inferred from glycogen depletion and EMG studies, ours is the first direct evidence 
of this arrangement in either an animal model or a human. Previous studies of human motor 
units have estimated between 10-15 motor units within a given the pick-up area of a 
concentric EMG electrode (Edstrom and Kugelberg, 1968), and our data of 4-14 motor units 
per recording is consistent with this. 

One important limitation in these early experiments relates to the relatively high noise 
level encountered during recordings. This had a number of impacts. Firstly, the narrower 
filter range may have distorted the shape of the recorded electrode potentials used for 
localisation. This is because muscle tissue acts to attenuate higher-frequency components 
of a signal, and therefore the high-pass filter may reduce the contributions of the potential at 
greater z-distances from the electrode, along the length of the fibre, affecting the weighting 
function described in Equation 1. Secondly, several noise transients were isolated via the 
MUPT extraction process, and these necessitated manual removal. In the future we would 
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seek to improve the noise environment for future iterations. Finally, the necessity of 
averaging over a set number of discharges meant that some more active motor units would 
be more reliably averaged than others, and this also limits the temporal resolution of this 
methodology. 

Depending upon the reliability of the MUP template matching used, it is also possible 
that MUPTs may have been either split or merged. If split, the MUPT would be expected to 
produce additional motor units with constituent fibres located at similar positions around the 
needle electrode. If merging occurs, MUPTs would affect localisation due to multi-electrode 
potentials from multiple MUPs being merged. We feel this is unlikely for several reasons. 
Firstly, the very short duration of single-fibre action potentials means that coincidence of 
single-fibre potentials from different motor units is rare. Secondly, we have shown in our 
results that fibres belonging to different motor units frequently occupy differing positions 
within the sample area, with limited overlap (Figure 4.5). Despite this, improvements in the 
MUP template matching algorithm will also be sought for the future. 

The fibre localisation results are consistent with our modelling work, localising multiple 
fibres throughout the centre of the recording area. Beyond 0.8mm of the electrode array, far 
fewer muscle fibres were localised, consistent with the attenuation of single-fibre signal 
through tissue we have seen in our modelling. Fibres found beyond 0.8mm likely represent 
muscle fibres with increased fibre diameter, with correspondingly increased amplitude 
transmembrane currents which were better distinguished from noise. 

It is possible to calculate nearest neighbour distance distributions from single fibre 
positions, as described in glycogen depletion studies of cat soleus and tibialis anterior 
(Bodine‐Fowler et al., 1990). Perhaps not surprisingly our results suggest larger median 
nearest neighbour distances in humans than in cats (0.54-1.21mm compared to ~0.1mm). 
However, compared to whole muscle sampling of other methods (Bodine‐Fowler et al., 
1990), MicroEMG uses a narrow and relatively short sampling corridor size. The edge 
effects of this sampling region may mean that the true nearest neighbour to a fibre lies 
outside the detection boundary, thus overestimating the nearest neighbour distance 
(Floresroux and Stein, 1996).  

The ability to localise fibres in 2-dimensions relative to the recording array allows a true 
fibre density for each motor unit to be calculated. This has previously been estimated as 2.6 
fibres/mm2 in motor units of biceps brachii, based on post-mortem studies in neonates where 
an average of 163 fibres per motor unit were found  (Christensen, 1959), and a motor unit 
territory of 9mm diameter (Buchthal, Erminio and Rosenfalck, 1959; Hilton-Brown and 
Stålberg, 1983a). Our data show lower fibre densities of between 0.625-1.8 fibres/mm2. This 
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lower range may be due to failure to detect all of the fibre potentials near to the electrode, or 
the inability of our algorithm to separate temporally and spatially adjacent fibres. Conversely, 
using data from neonatal muscle in which individual fibres have a lower diameter may over-
estimate fibre density in adult muscles. It may be that the true value lies somewhere 
between these extremes. 

Comparing the values of mean needle fibre density, across all recordings, we produced 
a value of 1.22±0.29 fibres. This compares favourably to the literature, where normative data 
indicate a fibre density of 1.36±0.11 (Hilton-Brown, Nandekar and Stålberg, 1985), although 
we showed much more variability. The motor unit territory dimensions were also within the 
range reported for previous multielectrode studies (Buchthal, Guld and Rosenfalck, 1957; 
Buchthal, Erminio and Rosenfalck, 1959; E. Stålberg et al., 1976; Schwartz et al., 1976), 
although most of these were performed in the biceps brachii muscle. These motor unit 
dimensions are highly likely to be underestimates, since the fibres of the outer extent of the 
motor unit may lie beyond the detection range of the electrode on one or both sides, and the 
electrode position was not optimised to transect the entire motor unit. 

It is reasonable to question the location of fibres that appear to be ‘within’ the dimensions 
of the needle. We suspect that in these cases the majority of the muscle fibre does occupy 
this position on either side of the array, with a short segment being deformed away from this 
position by the array itself. We therefore consider that these positions are a reasonable 
representation of the iso-electric angle over the whole length of the muscle fibre. 

On detailed review of our fibre localisation algorithm, we found an important limitation. 
We noted apparent clustering of fibres near to the ends of the electrode array. Our modelling 
showed that localisation error is increased in these areas, likely due to the reduced number 
of electrode potentials which can be used for signal deconvolution in the search space.  

In fact, fibres that are located beyond the length of the needle produce significant 
electrode potentials on only the closest electrodes. Normally, our algorithm always uses 5 
electrode potentials to localise the fibre in space. Where fewer electrode potentials are 
available, the optimal search position remains biased towards the middle electrode of the 5 
electrode potentials. Referring to Figure 4.4A, fibres located between x=0-0.75mm will all 
result in estimated positions surrounding x=0.75mm. This has the net effect of clustering 
fibres with true position x<0.75mm at position x=0.75mm, and a similar effect will occur at 
the opposite end of the needle (x> 6mm). 

Our fibre localisation algorithm often failed to distinguish fibres with low separations in 
both space and inter-spike-interval (Fig. 4C). Hence, it is possible that adjacent fibres within 
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the same motor unit would be interpreted as a single fibre, leading to overestimation of 
nearest neighbour distance and an underestimate of the fibre density.  

In healthy tissue, data from glycogen depletion experiments indicate that the number of 
adjacencies is either the same as would be expected from random innervation (Brandstater 
and Lambert 1973) or fewer adjacencies than random (Willison et al., 1980), with 12% of 
fibres occurring in groups (Brandstater and Lambert, 1973; Bodine et al., 1988). However, in 
reinnervated muscle, adjacencies occur more often (Schwartz et al., 1976), which is 
potentially problematic for our technique which aims to improve diagnosis of neuromuscular 
diseases such as amyotrophic lateral sclerosis. To mitigate this in the future, we aim to study 
the transmembrane currents produced by the fibre localisation algorithm. Where fibres are 
grouped and temporally coincident, we would expect to see significantly larger 
transmembrane currents owing to the adjacency of multiple fibres activating simultaneously. 

There are further limitations with our technique; the images produced represent a ~2 mm 
diameter core through multiple motor units rather than demonstrating an entire motor unit 
cross-section. Additionally, the modelling of fibre localisation is based upon a tissue 
convolution function that is homogenous and anisotropic. Heterogeneity in the tissue media 
may lead to localisation errors, and so this technique may be less accurate in sarcopenic or 
cachectic muscle where more connective tissue or fatty infiltrate can be present.  

Despite these limitations, the ability to rapidly gather information on fibre density and 
spatial organisation in vivo during voluntary muscle contraction provides a powerful 
alternative to the glycogen depletion technique for the study of human motor physiology and 
pathology.  

For the purposes of this study, we have optimised our algorithm for correctly identifying 
muscle fibre positioning surrounding the needle electrode. However, since our technique 
might enable reconstruction of the muscle fibre transmembrane current potential shape and 
current amplitude, this raises the exciting possibility that other muscle fibre properties may 
be estimated. 

Our system moves electromyography from the interpretation of a highly abstract 1-
dimensional motor unit potential to the creation of a 2-dimensional image, promising a step-
change in both diagnostic accuracy and ease of use. Our findings in healthy human muscle 
also provide the first baseline data against which disease-induced changes in muscle fibre 
spatial distribution can be compared. 

The future of the MicroEMG device requires integration with clinical EMG equipment. 
Current clinical setups already have the ability to sample from large multi-electrode arrays, 
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and further work is underway to prove the suitability of MicroEMG to the clinical 
environment.   
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5.  Ultrasound-Guided Motor 
Unit Scanning EMG 

(UltraMUSE) 
5.1 Highlights 

• An ultrasound scanner was used to guide a concentric EMG needle through the 
centre of a human motor unit. 

• A manual motor unit transect was performed, with concurrent imaging to determine 
the needle tip position. 

• This technique is straightforward and yields similar information to more complex and 
time-consuming methods such as scanning EMG. 
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5.2 Abstract 

Objectives 

We sought to target an EMG needle through the centre of a single motor unit in order to 
estimate motor unit dimensions and internal structure. We developed a modification of the 
scanning EMG protocol to enable visualisation and targeting of the motor unit using 
ultrasound imaging. 

Methods 

Single motor unit twitches in tibialis anterior muscle were elicited via stimulation of the 
fibular nerve, visualised with ultrasound and targeted with an intramuscular EMG electrode. 
The electrode was moved by hand in small steps through the motor unit territory. Ultrasound 
video output was synchronised to EMG capture, and the needle position was tracked at 
each step.  

Results 

Eight recordings from six participants were collected. The technique was quick and easy 
to perform (mean time 6.1 minutes) with reasonable spatial resolution (mean step size 
1.85mm), yielding motor unit territory sizes (defined as the transect length) between 1.53-
14.65mm (mean 7.15 mm).  

Conclusions 

Ultrasound-guided motor unit scanning EMG is a quick and accurate method of obtaining 
a targeted motor unit transect. Further work is needed to improve the spatial resolution of 
the technique. 

Significance 

This combination of two readily-available clinical tools provides insights into the 
dimensions and internal structure of the motor unit as a marker for neuromuscular 
conditions. 
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5.3 Introduction 

Conventional needle electromyography records the motor unit potential (MUP), the 
spatially summated electrical activity from muscle fibres within the vicinity of the needle tip. 
With appropriate filter settings, information on local fibre density can be obtained, but the 
dimensions of the motor unit and its internal structure cannot be determined. Several 
techniques have been developed that seek to address this lack of spatial information; 
including multi-electrodes (Buchthal, Guld and Rosenfalck, 1957; E. Stålberg et al., 1976; 
Maitland et al., 2021), paired needle insertions (McMillan and Hannam, 1991), and more 
recently, motor unit MRI (Birkbeck et al., 2020). Perhaps the best known of these is 
scanning EMG (Stalberg and Antoni, 1980). In this technique, a single-fibre EMG (SFEMG) 
electrode is inserted into the muscle to act as a trigger for single motor unit activity during 
voluntary contraction. A second, concentric needle electrode is then inserted 1-3cm from the 
SFEMG electrode to record the single motor unit potential. The needle is then advanced 
deeper into the motor unit until the MUP is no longer recorded, before being withdrawn back 
through the motor unit in fixed increments, typically 50µm or 100 µm. In this way a 
continuous representation of electrical activity within a corridor of the motor unit is created. 

Scanning EMG has been used to measure motor unit territory in muscular dystrophy 
(Hilton-Brown and Stålberg, 1983a), and motor unit territory and temporal dispersion in 
neurogenic and myogenic disease (Stålberg and Dioszeghy, 1991; Gootzen, Vingerhoets 
and Stegeman, 1992). Most papers using scanning EMG have demonstrated no changes in 
motor unit territory size in either myogenic (Hilton-Brown and Stålberg, 1983a, 1983b) or 
neurogenic (Gootzen, Vingerhoets and Stegeman, 1992) disease, with one exception which 
showed a significant increase in the tibialis anterior muscle in patients with amyotrophic 
lateral sclerosis (Stålberg and Dioszeghy, 1991). In contrast, notable internal structural 
changes within the motor unit have been shown in both disease groups, including 
fragmentation, silent areas, and increased polyphasic segments (Dieszeghy and Diószeghy, 
2002).  

Scanning EMG has a number of limitations, which perhaps explain why it has never 
entered routine clinical use. First, it requires the insertion of two needles into the muscle and 
specialised equipment (computer-controlled stepper motor), increasing the time taken whilst 
limiting its availability. Second, it does not consider skin elasticity or the stiction of the 
muscle surrounding the needle. This means that although the stepper motor may produce a 
defined and highly accurate step size in relation to the skin surface, there is no guarantee 
that the needle tip will have moved by the equivalent amount in relation to the motor unit. 
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Tissue stiction may be altered in 
neuromuscular diseases, as a result of 
intramuscular fat infiltration, fibrosis or 
increased fibre density, potentially 
increasing this error.  

The most fundamental limitation of 
both scanning EMG and multi-electrode 
techniques is that the needle is inserted 
‘blind’, and the trajectory of the needle 
through the motor unit remains 
unknown. Assuming a circular motor 
unit cross-section, the path of the 
needle is a chord to that circle. If 
performed blindly, a linear path of a 
needle through the unit may be 
anywhere between two tangents to the 
circle (Figure 5.1). As a result, a random 
chord length may be anywhere between zero and the true diameter of the unit: 

2√#! − %!          (1) 

Where: r is the radius of the circle 

                   d is the distance of the chord away from the centre of the circle (range ±	#) 

                   ⌀ is the diameter of the circle = 2r 

Since the distribution of chord lengths is one-tailed with respect to the maximum 
diameter of the motor unit, the median chord length can be assumed to be at the midpoint 

between the diameter and a tangent at r which is at % = 	 "!.  

 

2*#! − ("!)! 	= 1.73# = 0.866⌀        (2)	

 

Therefore the median random EMG scan through a circular motor unit will underestimate 
the maximal diameter by a factor of ~0.87.  

!"#	

"	 #	

⌀ 

Figure 5.1 Effect of needle path on estimated motor unit 
dimensions. The true maximal motor unit dimension 
(diameter,	⌀), as measured by a perfect bisect of the motor 
unit with the EMG needle, is underestimated by every other 
chord through the motor unit (%&') for which d>0. 
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This is further complicated by the shape of the motor unit territory which, based upon 
histological data in animals, may be oval (Bodine et al., 1988) or crescent-shaped (Edstrom 
and Kugelberg, 1968). More recent data using motor unit MRI in humans has revealed even 
more complex motor unit outlines, including spider shaped and split (Birkbeck et al., 2020). 
These more complex motor unit outlines are likely to be under-estimated to an even greater 
degree than the idealised circular outline, since there will be many more potential shorter 
transect paths. 

We sought to overcome these problems by using concurrent muscle imaging to target a 
single concentric EMG needle through the centre of a motor unit, and to directly measure the 
step sizes as the needle was withdrawn. We chose ultrasound as it is non-invasive, almost 
ubiquitously available, and is widely used to visualise EMG needles to target specific 
muscles such as the upper leg and diaphragm (Boon et al., 2008; Gentile et al., 2020). 
Crucially, it also has the spatial and temporal resolution to resolve single motor unit activity 
(Bokuda et al., 2020).  

5.4 Methods 

Ethical approval was obtained from Newcastle University Faculty of Medical Sciences 
Research Ethics Committee (reference: 2130/12840). Participants were recruited from a 
local volunteer pool & faculty staff members. Exclusion criteria were: history of a bleeding 
disorder, use of anticoagulants, implanted pacemaker or cardiac defibrillator, and those with 
neurological or neuromuscular conditions. 

5.4.1 Experimental setup 

Peripheral nerve stimulation was via a DS5 constant current bipolar stimulator (Digitimer, 
UK). Stimulation was a square pulse of width 0.3-3ms at current ranges 0-10mA, delivered 
at 2Hz. Pulse width and current were adjusted to selectively activate a single motor unit 
twitch. EMG activity was sampled at 10Khz, and amplified (gain 500 or 1000) using a D440 
EMG amplifier (Digitimer, UK) with high-pass filter 3Hz, low pass 10Khz, and Humbug inline 
mains noise eliminator (Quest Scientific, Canada), and sampled using a Micro1401 data 
acquisition unit (Cambridge Electronic Design, UK), which also triggered the bipolar 
stimulator (Figure 5.2).  

Ultrasound guidance was achieved using a Philips EPiQ with eL18-4 linear transducer, 
frequency 2-20Mhz. The video signal from the ultrasound machine was captured using a 
video capture device sampling at 60Hz (Elgato HD60, USA), and the clock signal from the 
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1401 was connected to the auxiliary sound input of the video capture device to synchronise 
ultrasound images with EMG and nerve stimulation. 

 

Figure 5.2 Experimental setup diagram. CED 1401 sequencer controlled stimulation and sampled EMG. DS5 
stimulator provided peripheral nerve stimulation of fibular nerve. EMG was sampled by D440 amplifier, filtered, and 
mains noise removed with Humbug. Video output from ultrasound scanner was synchronised with EMG sampling via 
the 1401 clock signal, input as audio to the video capture device.Inset shows stimulating electrodes over the fibular 
nerve at the fibular head and ultrasound probe placed over the tibialis anterior muscle. Needle was inserted at 
indicated red cross, in plane with ultrasound probe. 

5.4.2 Procedure 

Subjects lay reclined and fully relaxed on an examination couch. The skin surface was 
cleaned using alcohol wipes, and skin preparation was used to improve conductivity at 
stimulating electrode sites (NeuroPrep). Surface electrodes (50mm Covidien H34SG) were 
placed at the fibular head in order to stimulate the fibular nerve (Rigoard, 2020). The 
ultrasound probe was placed on the anterolateral surface of the lower leg, directly above the 
tibialis anterior muscle, with the probe oriented perpendicular to the muscle. Electrical 
stimulation was gradually increased to elicit a visible single motor unit twitch. Our criteria for 
single motor unit activity on ultrasound were based upon those used to determine single 
motor unit electrical activity: 

1. Motion must be synchronous to electrical stimulation. 

Video capture

Subject
D440 amplifier

Humbug filter

DS5 stimulator

1401 sequencer
Clock pulse

0-50mA

Surface/needle EMG

Video capture

US Scanner

Computer
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2. Motion must occur within a spatially discrete and consistent region of the image, 
without overlapping into other regions of activity. 

3. Motion must appear and disappeared in an all or nothing manner depending on 
stimulation intensity and show alternation when close to threshold. 

For point 1, it was occasionally necessary during targeting to adjust the stimulation 
frequency to distinguish vascular pulsation from motor unit twitches. The stimulation 
frequency was then returned to 2Hz for the duration of the experiment. 

The single motor unit twitch 
was targeted using a 14 gauge 
concentric EMG needle under 
ultrasound guidance. In order for 
the muscle and needle to be 
visualised simultaneously, the 
needle was inserted at an angle 
of between 30-45°, in-plane with 
the probe. The needle was 
deliberately targeted towards the 
centre of the region of movement 
(Figure 5.3, Supplementary File 1 
for video of needle targeting & 
withdrawal).  

The needle was advanced 
through the centre of the motor 
unit and out the other side of it, 
beyond the region of visible twitch. The needle was then withdrawn in increments as small 
as the operator could make and held in each position for 20 stimuli. Needle movements 
were marked on the recording using synchronous keyboard input.  

Post-hoc, all data were analysed using MATLAB 2019a. In order to correct for movement 
of the ultrasound probe or distortion of the muscle tissue, the needle tip coordinates (x,y)  in 
each step in needle position were labelled on-screen by a human operator (SM), as well as 
the x,y coordinates of the edges of k=3 fascial planes, which acted as landmarks. Between 
steps the x,y change of each landmark position was measured, and the mean change was 
used to compensate the needle tip coordinates for this change. This form of Procrustes 
analysis (Gower, 1975), negating the rotational aspect which was not a concern for 

Figure 5.3 Needle in situ (white linear structure from top left to 
labelled needle tip) in a motor unit within tibialis anterior (TA). The needle 
has been targeted through the centre of the motor unit and advanced 
through it until the MUP is no longer detectable, before being withdrawn 
along the same trajectory by hand. Red arrows indicate withdrawal 
direction, with numbers indicating (approximate) needle position in mm. 
For video demonstrating the movement of the needle through the muscle, 
see Supplementary file 1. 
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ultrasound imaging data, allows us to correct the needle position for probe drift or tissue 
distortion: 

 

∆567%86#9( 	=
∑567%86#9( − 567%86#9()*

9  

Where k = 3 (the number of landmarks used) 

;<##=>?=%	7==%@=	A<BC?C<7( = 7==%@=	A<BC?C<7( − ∆567%86#9( 	 

The EMG traces were analysed offline to measure the spatial extent of each motor unit. 
This was defined as the positions of the outermost traces which demonstrated synchronous 
MUP activity greater than 50µV, as in scanning EMG (Stålberg and Eriksson, 1987). Motor 
unit parameters including amplitude, duration and jiggle were marked manually on 
unrectified, unaveraged traces in each position, with the amplitude defined as the maximum 
peak-peak amplitude at any position within the motor unit, and the duration defined as the 
longest duration of any position within the motor unit. 

 

5.4.3 Modelling motor unit dimensions 

We were interested in the potential impact of varying motor unit territory shapes on 
average transect lengths compared to a theoretical circular motor unit territory, and the 
effect of targeting the centre of the motor unit (MU) territory on these estimates.  

We built simulations to exhaustively estimate the chord length of different two-
dimensional motor unit shapes, as found in Birkbeck et al., 2020. We drew approximately 
500x500 pixel shapes (circle, wide ellipse, narrow ellipse, pennate) and measured their 
chord lengths through every possible chord in 1-pixel increments, in every orientation, 
rotating the shape about its origin in 1-degree steps. Where the chord passed through two 
borders (e.g. the limbs of the pennate shape), the gap between was discounted; the length 
was considered the sum of the chord lengths of limb 1 + limb 2. We compared the median 
lengths of those chords that traversed the centre of the shape (simulating needle targeting) 
versus those that did not (simulating ‘blind’ needle insertion). 

5.5 Results 

5.5.1 Modelling 
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As expected, the median of random chord lengths always underestimated the true motor 
unit diameter (Table 5.1). Our modelling confirmed the theoretical underestimate of 86% 
median diameter for a circular motor unit territory. We also confirmed that any deviation from 
a circular outline increased this error, with the median diameter of ‘narrower’ shapes 
underestimating the true maximal diameter much more than ‘wider’ shapes (narrow ellipse 
28%, pennate 56%, wide ellipse 60%). Modelling targeting the needle through the centre of 
the MU reduced this error for every shape tested, for instance 74% for a wide ellipse 
targeted vs 60% blind, and reduced the variance of the transect lengths in every shape. 

Table 5.1 Simulated motor unit diameters measured exhaustively in every orientation. Results are standardised 
measures to the maximal diameter (i.e. 100%). Untargeted refers to transects through every position in the motor unit, 
Targeted refers only to transects 

  Untargeted Targeted 

Shape Example Median 
underestimate 
(SD) 

Median 
underestimate (SD) 

Circle  86% (22%) 100% (3%) 

Wide Ellipse  60% (21%) 74% (12%) 

Narrow Ellipse  28% (17%) 33% (14%) 

Pennate  56% (20%) 62% (18%) 

 

5.5.2 Practical aspects 

Eight recordings were collected from six individuals aged 29 – 49 (Table 5.2). The mean 
time from needle placement to withdrawal was 6.1 minutes. There was a clear learning 
effect, with the first recording taking 12 minutes and the last only 3 minutes. Only minor 
discomfort was described by participants, mostly during initial needle insertion. Only minor, 
self-resolving bleeding was experienced, consistent with a routine clinical EMG recording. 
We discovered during preliminary experiments that conduction between the ultrasound gel 
and the needle shaft could occur, resulting in a direct current offset that saturated the 
amplifier. This was resolved by covering the ultrasound probe and gel with a surgical probe 
cover.  

Stimulation currents to achieve single motor unit activation ranged from 2.6-7.9mA. The 
mean step size of the needle between positions across all recordings was 1.85 mm (SD 
1.07). For individual recordings, the mean step size ranged from 1.03 to 2.91mm. Between 
three and eight positions (median = 4.5) were recorded from within each motor unit. 
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5.5.3 Motor unit parameters 

 

Figure 5.4 Motor unit territory dimensions collected from the literature. ◆ = mean, with ◀ ▶ where a mean range 

was specified. Lines demonstrate the SD, and whiskers are the range. BB=Biceps brachii, EDC = Extensor digitorum 

communis, TA = Tibialis anterior. References legend: *Maximum Feret diameter, ★ Additional analysis of existing 

published data ❖Personal communication in addition to published data. 

Quantitative analysis of MUPs is described in Table 5.2 and summarised in Figure 5.4. 
The appearance of the MUP changed as the needle traversed the motor unit, with a diffuse 
inverted ‘cannula potential’ at deeper positions giving way to a classic triphasic motor unit 
potential at more superficial positions. Alternation was demonstrated, with either a consistent 
MUP outline or a flat trace seen at each needle position (Figure 5.5A). The motor unit 
territory sizes varied widely, ranging from 1.53 to 14.65mm (mean = 7.15). The maximal 
motor unit amplitudes of each transect ranged from 101-520µV (mean= 219µV) and were 
always located towards the centre of the motor unit, i.e. never at the furthest extent. MUP 
durations varied from 2.8-10.2ms. No recordings demonstrated silent regions (areas within 
the motor unit territory with amplitude < 50µV). 
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The latency measurement was 
consistent within a given transect, but 
varied widely between recordings 
from 4.3 to 37ms. Four recordings 
demonstrated consistent MUP onsets 
with jiggle below the sampling 
frequency (<0.1ms), while in four 
recordings, there was visible jiggle of 
the MUP onset, ranging from 0.4-
0.7ms (Recording ID 3, Figure 5.5B).  

A

D

B

C

Figure 5.5 Example EMG scans from healthy 
human TA muscle. For each scan, the Y-origin 
indicates the position of the needle from the 
deepest starting position; higher Y value indicates 
a shallower position. Stimulus artefact can be seen 
at time = 0. Each trace (n=20) is shown at each 
position. A) Diffuse cannula potential at deeper 
positions giving way to triphasic MUP, inset to 
highlight alternation & MUP shape (recording ID=8). 
B) Evolving activity within the motor unit (recording 
ID=7). Both the deep (y=7mm) and superficial 
(y=18mm) boundaries are included, permitting MU 
territory to be estimated. C) Example of both 
alternation and MUP latency jiggle (recording ID=4). 
D) Enlarged view of a single motor unit transect, 
with traces at each position averaged. (recording 
ID=2). 



 

 

Table 5.2 Measured parameters of single motor unit scans. * Earliest onset of any position with valid MUP (amplitude >50µV). **Longest duration of any valid MUP. 

  

ID Stimulation 
current (mA) 

Experiment 
Duration 
(minutes) 

Transect 
length (mm) 

Transect 
length 
(steps) 

Onset 
latency 
(ms)* 

MUP 
Duration 
(ms)** 

Max MUP 
amplitude 
(µV) 

Maximum 
jiggle (ms) 

1 3.64 12:07 7.82 5 37 5.6 134 - 

2 3.87 07:54 11.29 8 37 5.8 200 - 

3 7.95 06:38 1.53 4 6.8 5.27 190 - 

4 6.58 05:04 8.8 6 9.6 10.2 250 0.5 

5 6.99 04:05 3.27 3 8.9 9.4 520 0.7 

6 3.4 06:34 8 3 4.3 7.9 237 0.4 

7 5.5 02:59 7 5 5.3 7.9 101 - 

8 2.60 03:33 9.5 4 4.8 2.8 119 0.7 

Mean 5.07 06:06 7.15 4.75 14.2 6.86 219 - 
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5.6 Discussion 

Previous studies have reported a wide range of normal human motor unit dimensions, 
with mean territories ranging from 3.7-11.3mm. These estimates come from a variety of 
techniques, including multi-electrode studies, paired needle insertion and scanning EMG, 
and include data from several muscles (Figure 5.4). Comparing our results to data obtained 
using scanning EMG from tibialis anterior, we see that our mean territory of 7.15mm is well 
within the range obtained using this method. This is despite us using electrical stimulation to 
activate motor units in contrast to voluntary activation in scanning EMG. 

By directly visualising the MU we could ensure that the needle passed through both the 
deepest and most superficial boundary of the motor unit i.e. it included the entire motor unit 
transect. This is not necessarily the case in scanning EMG, and it is notable that some 
published images of MU transects show MUP activity extending to the edge of the scan (e.g. 
Corera et al., 2017). These estimates of MU dimension, therefore, represent a partial 
transect length rather than the true length. 

Direct visualisation also allows the centre of the MU to be targeted. Our modelling 
confirms the theoretical median underestimate of 0.86 for a blindly sampled circular motor 
unit, and that the degree to which the maximum diameter is underestimated is even larger 
for more complex motor unit outlines. In practice, we found that the positioning of the 
ultrasound probe and the need to achieve good needle visualisation necessitated a relatively 
fixed trajectory of 30-45° to the skin surface, which meant that we could not always traverse 
the MU along its longest axis. Nevertheless, our modelling indicates that targeting the centre 
of the MU reduces the negative measurement bias irrespective of MU orientation. 

One undoubted limitation of our technique is the relatively large step size compared to 
scanning EMG. Whereas in the latter a step-size of 50µm is routinely used, in our hands 
manual withdrawal of the needle produced a step size of around 1.85 millimetres. Similarly, 
whilst a scanning EMG corridor of 2cm will therefore contain 400 MUP traces, we only 
obtained between 3 and 8 per motor unit transect. It is worth pointing out that in scanning 
EMG, a median spatial filtering of 3, 5, or 7 adjacent traces is typically applied (Stalberg and 
Antoni, 1980) in order to remove contamination from concurrently firings MUPs, with a 
corresponding increase in the effective step size. Nevertheless, it remains the case that the 
spatial resolution of our technique is far lower than traditional scanning EMG. A potential 
manifestation of this is that whilst scanning EMG can reveal silent areas within the MU 
transect, we failed to detect any. Whilst this may be because we were studying healthy 
muscle in which silent areas are rarely seen, it is equally possible that they were skipped 
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over during our manual transects as silent areas have a mean length of only 0.16mm in 
healthy muscle (Stålberg and Dioszeghy, 1991). The small number of recording positions 
also limits the technique in adequately describing the complexity of the motor unit in terms of 
fractions and temporal dispersion. 

We did not control for temperature during this experiment. Lower temperature has 
previously been shown to reduce conduction velocity (Dioszeghy and Stålberg, 1992), as 
well as increasing MUAP duration and reducing MUAP amplitude (Mallette et al., 2018). We 
would therefore not recommend comparing these parameters from our recordings without 
controlling for temperature. 

Our experience during the experiment was that there was clear stiction of the needle to 
the surrounding muscle tissue. This resulted in a non-linear ‘limited elasticity’ deformation of 
the surrounding tissue, pulling the surrounding muscle along with the needle for smaller 
movements, above which the muscle suddenly yielded and moved in relation to the needle. 
This phenomenon has been described in surgical robotic models with tissue phantoms 
(Asadian, Patel and Kermani, 2014), and presumably also occurs during scanning EMG. It 
may be the case that the step size that we observed is limited more by tissue stiction than by 
the smallest movement that a human operator (or indeed a stepper motor) can produce. Our 
direct imaging of the needle tip did at least allow us to compensate for this effect; hence, 
although our technique permits only sparse sampling of the MU transect, the precise 
location of those samples is known. Whether this, plus the ability to target the centre of the 
MU, compensates for the reduced spatial resolution in detecting clinically relevant changes 
in motor unit structure remains to be seen, and further studies in patients with 
neuromuscular disease are planned. 

The use of electrical stimulation allowed us to selectively activate single motor units and 
avoid the need for a second SFEMG needle to act as a trigger. In some recordings step-
wise jiggle in the MUP latency was observed. We suspect that this was a result of alternation 
in the site of action potential initiation in the fibular nerve at the low stimulation intensities 
that were used. Similarly, in some recordings the MUP latency was too high to have resulted 
from direct action potential propagation along the nerve. In these cases, we suspect that the 
MU was activated via an H-reflex. We feel the results remain valid in these instances since 
the targeted MU still fulfilled all of our criteria for being a single MU. The stimulation artefact 
is present on all traces. Since the latency of stimulation response was extremely low in most 
recordings, attempted removal of the stimulation artefact also affected the MUP, removal 
was not attempted. 
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Our aim was to develop a quick and accurate means of estimating MU dimensions and 
structure using readily-available clinical equipment. We achieved this in some respects, in 
that with minimal training we were able to obtain single MU transects in a few minutes. 
There was a clear learning effect, and in later experiments, we could reliably obtain 
recordings within 3 minutes. Our technique has the advantage over scanning EMG of 
targeting the centre of the MU, thereby producing a more accurate estimate of the MU 
dimensions, albeit at the expense of significantly reduced information as to its internal 
structure.  In its current iteration our experimental setup remains rather complex and 
cumbersome, particularly the external synchronisation of the EMG recordings with the 
ultrasound video output. However, with the increased availability of EMG machines with 
integrated ultrasound capability, there is no fundamental reason why a single system 
incorporating all of these features could not be developed. 
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5.7 Supplementary File 1- needle insertion withdrawal.mp4. Video of 

ultrasound guided needle targeting, demonstrating the single motor unit 

twitch (centre of screen), insertion of needle through centre of motor unit, 

and stepwise withdrawal. 

Available from https://github.com/stuartbman/UltraMUSEvideos 
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6. General discussion 
6.1 Overview 

In this thesis I have aimed to explore new methods of examining the health of the motor 
unit and how these can be applied to sarcopenia. 

Sarcopenia is a multi-factorial disease, involving nutritional (Paddon-Jones and 
Rasmussen, 2009), oxidative stress (Howard et al., 2007), and exercise factors (Raguso et 
al., 2006), however even considering all of these factors does not explain all of the spectrum 
of disease in sarcopenia. As an example, even examining the strength of octogenarian 
Olympic athletes, there were still a large number with a significant reduction in strength, 
despite their presumed strong physical characteristics, good health and genetics to be able 
to compete at an Olympic level (Power et al., 2016). 

Understanding the neurological contributions to sarcopenia is vital in order to better 
characterise this disease, and current methods of examining the peripheral motor system 
are often inadequate.  

 

6.2 Summary 

In Chapter 2 I reviewed iMEPs and how they have been used in the literature to assess 
upper motor neurone disease and the balance of control between the 
reticulospinal/propriospinal tract and the dominant corticospinal tract. This interesting 
modification of the TMS methodology enables non-invasive measurement of the 
reticulospinal tract, and has demonstrated abnormal function in a number of neurological 
presentations, including mirror movements, stroke, and ALS.  

Chapter 3 applied the principles of iMEPs into healthy controls of younger and older 
adults to measure the effect of the reticulospinal tract on strength. While the participants 
were largely fit and healthy, I still found a comparable number of patients with sarcopenia to 
what would be expected in the community. I showed an interesting relationship between the 
iMEP/cMEP amplitude ratio (ICAR). ICAR was negatively correlated with age & sex adjusted 
grip strength in the younger adults, but positively correlated in older adults. This is an 
interesting result from a number of standpoints. Firstly, we showed that there is not a 
primary correlation between ICAR and age, indicating that the reticulospinal tract does not 
adapt with age. This means that the origin of sarcopenia may be borne in youth, but not 
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revealed until a later point, possibly due to loss of corticospinal fibres (Tomlinson and Irving, 
1977).  

Moving to the peripheral nervous system, I next considered what neuromuscular 
changes might look like in age-related muscle weakness. Considering sarcopenia as at least 
partly a neurogenic condition, we would expect to find evidence of denervation/reinnervation, 
however this is not clear. This might partly be because current routine clinical methods of 
assessing the internal motor unit structure are slow and laborious, and have poor inter-rater 
variability, which makes comparison between health and disease challenging. To counter for 
this, we have developed Micro-EMG, a single needle multielectrode which samples from 32 
channels simultaneously. This device can transect one or more motor units and, by 
processing the resulting multi-electrode single fibre potentials, localise muscle fibres in the 
space neighbouring the needle. In Chapter 4, I tested this methodology using simulated 
EMG data, and healthy controls. This technique reliably localised hundreds of muscle fibres 
across twenty or more motor units.  

In the book “zero to one”, Peter Thiel describes how the future can be advanced through 
innovations. Compared to incremental “one to n” improvements which can improve the 
status quo, zero-to-one innovations revolutionise and disrupt their sector. These include 
improving something by an order of magnitude; the example given includes SpaceX cutting 
the cost of a space launch by a factor of 10, permitting new scientific and space missions 
which never would have previously been possible. The Micro-EMG device offers a way to 
reliably record from several orders of magnitude more muscle fibres, without any specialist 
training. With this scale of improvement, it is entirely possible that the field of 
neurophysiology may be changed in response to this zero-to-one innovation. 

Lastly, in Chapter 5, I consider other more clinical measures of determining motor unit 
characteristics. To do this, we transect a single motor unit using an intramuscular EMG 
needle electrode, guided by ultrasound. I demonstrated the potential improvements of a 
guided transect to the physiologist compared to unguided transects, and how these can 
potentially improve the inter-rater reliability of existing measures such as scanning EMG. I 
performed this investigation in a number of healthy controls and demonstrated good 
agreement with existing motor unit dimensions. These results indicate that this is a useful 
modification to existing methodology, which uses well-known clinical equipment in use in 
many hospitals today. 
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6.3 Measuring performance 

I aimed to better characterise the neurophysiological changes occurring during 
sarcopenia, both from an upper and lower motor neurone perspective. While central 
changes during sarcopenia have been widely described, these were beyond the scope of 
this investigation, and I aimed only to focus on the spinal and peripheral motor system. For 
the upper motor neurone investigations, I have demonstrated significant changes in iMEPs 
in age-related muscle weakness. Given that iMEP/cMEP ratio does not change with age, but 
affects strength significantly, this could potentially indicate a biomarker for sarcopenia, and a 
raft of other neurological diseases. This technique has been widely described in the 
literature, however there is significant variation in how this has been performed. I would 
recommend standardisation according to the parameters I have described in Chapter 1, 
namely related to voluntary muscle activation, focal figure-eight coil use, and standardised 
above-threshold stimulator activation. In this context, it will be easier to characterise what 
normal healthy iMEP response is, and how this changes in disease. 

For peripheral motor system changes, I have produced two potentially useful 
methodologies. When considering neurogenic disease, clinical measures may be either non-
invasive (surface EMG, ultrasound) or invasive (biopsy, intramuscular EMG). While surface 
EMG has been used for providing estimates of motor unit numbers, this requires specialist 
testing requirements, and co-operation by the patient to either entirely relax the muscle 
involved, or to voluntarily contract (i.e. MUNIX), as well as often needing highly standardised 
testing environments including skin temperature or stabilising of limbs. If performed 
incorrectly, the resulting value can be wildly inaccurate, significantly affecting the inter-rater 
reliability of the experiment. Ultrasound may be used to detect fasciculation, a key marker of 
motor unit disease, however this finding indicates that motor unit death is likely already 
occurring, putting it outside the role of predictive biomarker, and is poorly quantifiable 
beyond no/little/florid fasciculation.  Turning to invasive measures, muscle biopsy is largely 
unacceptable to patients who find the procedure painful, and results require 
histopathological interpretation and yet do not provide an indication of motor unit number or 
size. Intramuscular EMG requires significant specialist training to consultant level, is still 
highly variable between operators, and is highly time-consuming, requiring a detailed and 
careful investigation. By using standardised multi-electrode EMG it is possible to obtain 
similar histological measures of motor unit size, muscle fibre density, without specialist 
training to adequately position and adjust the intramuscular needle electrode, and so I feel 
that Micro-EMG is a significant option for examining the motor unit in health and disease. 
While Micro-EMG requires specialist equipment at this time, a potential bridging solution for 
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more immediate clinical benefit lies in UltraMUSE, which uses existing clinical technology 
(Ultrasound) to provide similar (albeit at significantly less spatial resolution) insights into the 
internal motor unit structure and size. 

One major limitation during this investigation was COVID. Landing during my second 
year this curtailed all in-person experiments, and even after re-opening limited the 
involvement of any older participants. This significantly affected my plans which would have 
included using the Micro-EMG device in patients with neuromuscular disease and 
sarcopenia. Despite this, I have been able to prove several new methodologies for 
investigation and apply them to healthy subjects. 

 

6.4 Next steps 

In order to support and best utilise the conclusions of this thesis, I would recommend a 
number of investigations considering the complimentary methodologies described. 

Firstly, it is clear that UltraMUSE and Micro-EMG are highly complimentary. By 
combining these approaches, a single motor unit can be transected perfectly by a multi-
electrode, and then the internal motor unit structure sampled. This would combine the spatial 
resolution of Micro-EMG with the benefits of targeting the very centre of a motor unit as 
described mathematically in Chapter 4. Indeed, further work is underway to target a motor 
unit obtained on MRI with co-registered MRI/Ultrasound, using the Micro-EMG needle.  

While the data on iMEPs was suitably interesting for sarcopenia, it raises a number of 
clinical questions. The first and most important of these is the relationship of iMEPs to 
recovery. It’s therefore prudent to next plan an interventional study in young and elderly, 
measuring the effects of strength training on iMEPs. Given that strength improvements far 
exceed hypertrophy of muscle (Ahtiainen et al., 2003; Pearcey et al., 2021), the duration of 
such a study need not be overly-long, but should utilise the standardised methodology as 
described in Chapter 1 in order to better compare results.  

For Micro-EMG, further studies in patients and healthy controls are inevitable, and it will 
be interesting to see how the changes described could potentially be a useful biomarker. 
Biomarker development in neurological disease has been extremely challenging, and this 
has hampered the development of new therapies for neurological disease, instead relying on 
proxy measures which may be removed from the disease in question.  
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The UltraMUSE experiment requires much simplification in order for it to be used as a 
clinical tool. For clinical purposes, it may not be necessary for such tightly synchronised 
EMG activity to ultrasound capture, and this may be abandoned in favour of a simpler 
investigation with only needle tracking and distance measurement; both features which are 
available on existing ultrasound equipment. The neurophysiologist could then aim to insert 
the needle under weak voluntary contraction, mark the location of onset of EMG activity, and 
then mark the offset after transecting the motor unit region in order to produce a measure of 
motor unit dimension.  
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