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Abstract 

Peripheral neuroregeneration research and therapeutic options are expanding 

exponentially. With this expansion comes an increasing need to reliably evaluate 

and quantify nerve health. Valid and responsive measures that can serve as 

biomarkers of the nerve status are essential for bot h clinical and research 

purposes for diagnosis, longitudinal follow-up, and monitoring the impact of any 

intervention. Furthermore, such biomarkers can elucidate regeneration mechanisms 

and open new avenues for research. Without these measures, clinical decision-

making falls short, and research becomes more costly, time-consuming, and 

sometimes infeasible. As a companion to Part 2, which is focused on non-invasive 

imaging, Part 1 of this two-part scoping review systematically identifies and 

critically examines many current and emerging neurophysiological techniques that 

have the potential to evaluate peripheral nerve health, particularly from the 

perspective of regenerative therapies and research. 

Keywords: Nerve regeneration, Peripheral nerve imaging, Muscle imaging, Quantitative, MR Neurography, 

Neuromuscular Ultrasound 
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Introduction 

Pathology of peripheral nerves has a high lifetime prevalence and affects approximately 2.5% of the 

population, resulting in enormous societal morbidity and mortality1,2. The pipeline of therapies designed 

to promote peripheral reinnervation or slow degeneration in a multitude of conditions is expanding 

dramatically. This is typified by the explosion in Amyotrophic Lateral Sclerosis (ALS) trials to slow or 

reverse degeneration, immune therapies in inflammatory conditions, and the numerous therapeutic 

avenues in peripheral nerve injury including stimulation, stem cells, growth factors, and varied surgical 

techniques3–7. This context demands a re-evaluation of standard clinical and pre-clinical measurements 

of nerve health and the innovation of measures that can serve as novel biomarkers. However, choosing 

such measures is often not obvious. 

The quality of peripheral neuronal measurement profoundly impacts the discovery and translation of 

neuroregenerative therapies. It is fundamental in study design and even small improvements in a 

biomarker can allow previously infeasible studies to commence. The extent to which research is shelved, 

delayed, or fails due to the lack of practical and high-quality metrics is unknown but may be substantial. 

Additionally, the increased mechanistic understanding that comes with the information provided by 

such measures can itself generate new therapeutic concepts and lines of research.  

The objective of this scoping review is twofold: first, to create a compendium of neurophysiological 

techniques that currently provide, or have a reasonable potential to provide, valuable insights into nerve 

health, both in the clinical and research settings; and second, to comment on the underlying 

mechanisms, clinimetrics8 (if available), and practical considerations for implementing these techniques 

in practice. The suitability and efficacy of a specific measure greatly depend on the context of its 

application, from basic science research through to clinical practice; as such, the intent of this paper is 

not to account for the wide array of potential goals or testing environments to conclude which test is 

best. While it’s impractical to cover every aspect of appropriateness and performance in each situation, 

by synthesizing and evaluating available information on these techniques, this review aims to contribute 

to a better understanding of how they can be effectively used to inform diagnosis, treatment, and 

research design related to nerve health, as well as to highlight potentially fruitful and emerging avenues 

of basic and translational science. The breadth of scope necessarily limits the depth of analysis, but 

provides the necessary foundation from where more focused, valid, and directed investigations can be 

made. Nevertheless, when deciding on biomarkers of nerve health, the entire range of nerve evaluation 

approaches must be considered in conjunction with, or in place of, neurophysiology and/or imaging, 

including histological and lab-based assays, clinical examinations, patient reported outcomes, survival, 

and behavior9.  

Any metric of nerve health aims to approximate the true state of the nerve or a current gold standard 

measurement. The state of a nerve (its health) can be categorized in terms of histological structural 

abnormalities and how well it functions physiologically. Although beyond the scope of this review, an 

understanding of these areas is critical when deciding upon appropriate diagnostic measures or 

biomarkers and there are numerous excellent reviews that cover these areas in detail10,11. For the 

purposes of this review, peripheral nerves are considered to either project, or reside entirely, outside of 

the brain and spinal cord.  
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We focus heavily on the peripheral motor domain, including muscle measures, for a few reasons: over 

the decades, better tools have been developed to study the motor system more than sensory or 

autonomic systems; consequently, the motor system has been by far the most studied and so takes up a 

greater proportion of the review; and, at present, functional recovery is usually concerned more with 

motor function (notwithstanding the importance of sensory function and pain in overall recovery). 

Nevertheless, we reference several important peripheral sensory nervous system techniques, both for 

small and large fibers, given their certain unique features pertinent to nerve health.  

Many of the techniques are currently in use and discussed first, but many reside in the emerging 

pipeline including some that are barely nascent but with truly exciting promise. After describing the 

methodology, we critically assess standard neurophysiological techniques before addressing an array of 

more quantitative and “emerging” approaches identified with the aid of a structured scoping review of 

the literature.  

Methods 

We carried out a scoping review of the literature in PubMed, Embase, Web of Science, and Google 

Scholar12 to answer the question “what neurophysiological techniques currently assess peripheral nerve 

health in clinical and research practice, and what are the techniques that show promise?”, generated 

using the PCC method, as feasible (Population, Concept, Context). Population is not relevant here, but 

the concept is that of electrophysiological assessment of nerve, and the context includes potential, 

performance, and practicality of applying the technology to nerve assessment. Because some 

techniques may not have yet been applied to peripheral nerve, and the objective is to capture 

techniques that have the potential to evaluate nerve health via a search strategy with high sensitivity, a 

formal systematic review of literature alone would fall short of the stated goal. In line with PRISMA-

ScR13,14 and with aid from librarians, the search strategy aimed to be as comprehensive as possible 

within the constraints of time and resources to identify both published and gray literature sources of 

evidence. An initial limited search was performed on PubMed with an analysis of the title, abstract, and 

associated index terms. This was augmented by a semi-structured iterative discussion among authors 

and colleagues resulting in a separate list for inclusion of current and emerging or potential techniques, 

which was merged with results of the initial limited PubMed search. A second search used these 

identified words and terms across all 4 databases. A Google Scholar search supplemented the 3 

literature databases and involved screening of the first 400 records. The final process involved reviewing 

the references of selected articles for further relevant sources. There were no restrictions on language, 

dates, or article type. Search terms related to neurophysiology (such as electromyography, action 

potential, electromagnetic) were connected via “AND” Boolean statements to terms related to nerve 

health (such as injury, regeneration, denervation, neuropathy). This was refined using “NOT” statements 

to increase specificity and reduce the result numbers while maintaining search sensitivity. Terms 

included in the “NOT” statement were also collected during the initial limited PubMed search (generally 

referring to unrelated disorders and anatomy). Any technology that can detect electromagnetic signals 

from, or associated with, nerve was deemed eligible for further consideration. We included evaluation 

of muscle as a surrogate for nerve health due to its tight relationship with motor axons. Standard 

neurophysiology techniques were excluded but discussed in the review with reference to established 

textbooks; however, novel implementation of standard techniques were included in the search results. 

As mentioned, this review predominantly focuses on large fiber and motor nerve but incorporates and 

recognizes the importance of sensory and small fiber nerve. The results from the final search were 
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B 

A 

grouped into technology categories for inclusion and critical assessment in the discussion. Articles within 

each technology grouping were then discussed and selected based on the importance of their 

contribution to our understanding of the performance characteristics, practicality, and underlying 

mechanisms of each technique.  Study authors represent a broad collaboration who draw upon decades 

of cumulative experience in nerve health within the varied fields of neurophysiology, neurosurgery, 

neurology, neuroscience, and engineering. The final search was completed in March 2023 with 

Covidence and Zotero citation software, as well as the individual online databases, used to store and 

process search results and articles. Risk of bias within the review was mitigated through the application 

of broad search criteria, a priori search protocol, and involvement of cross-disciplinary and multi-

institutional authors; although, some subjectivity in assessment will be unavoidable.  

Results 

The results of the scoping search and categories of technology are detailed below in the flow diagram 

(Fig 1). Searching in the 4 databases returned 1,122 texts. Titles and abstracts of all texts were reviewed 

by authors, as well as the references of those selected as most informative about performance 

characteristics and mechanisms. This resulted in 702 texts deemed relevant for the relationship 

between electrophysiology and nerve health. For ease of analysis and focused repeat searches, these 

702 texts were grouped into 9 main categories including, 1) novel uses of standard or classical 

quantitative neurophysiology (including techniques such as motor unit estimation and single fiber EMG), 

2) surface electromyography and mechanomyography, 3) electrical Bioimpedance, 4) 

microneurography, 5) excitability testing, 6) ultrasound and ultrasound stimulation, 7) magnetic, or MRI, 

stimulation and magnetoneurography, 8) biointerfaces and electrodes, 9) intraoperative 

neurophysiology and evoked potentials. Authors discussed and critically evaluated the articles within 

each category and selected those most relevant to performance characteristics, mechanisms, and 

practicality to be included for discussion and referencing in the review.  

 

  

Grouped Technology Categories 

1) Quantitative and novel uses of standard neurophysiology 

2) Surface EMG and Mechanomyography 

3) Electrical Bioimpedance 

4) Excitability testing 

5) Microneurography 

6) Ultrasound and ultrasound stimulation 

7) Magnetic or MRI stimulation and Magnetoneurography 

8) Biointerfaces and electrodes 

9) Intraoperative NCS, EMG, and Evoked potentials 

Establish search terms: Initial review of 
PubMed and author discussion 

Search of 4 databases: PubMed, Embase, 
Web of Science, Google Scholar 

1,122 texts, 9 technology categories 
identified 

Initial screening and selected text reference 
search 

702 included in full text Zotero 
database 

Terms and Boolean statements 

Final text selection for critical analysis and 
discussion 

227 contributing texts 

Figure 1: A: Search Flow Chart. B: Technology 

categories included in review. EMG; 

electromyography. NCS; nerve conduction studies. 

MRI; magnetic resonance imaging.  
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1 Neurophysiology 

The measurement of axonal content and neuronal functioning over time is a task for which 

neurophysiology as a field should be ideally suited. However, standard nerve conduction studies and 

electromyography were predominantly developed to diagnose the category of pathology (muscle or 

nerve), and to a lesser extent to comment on severity, location, and chronology15. Augmentation of 

standard techniques is required through quantitation and novel approaches to recording and 

stimulating.  

Many excellent reviews examine the benefit, limitations, and more common quantitative methods of 

standard nerve conduction and electromyography in the assessment of neuromuscular disease and less 

often nerve injury specifically16–18. We briefly summarize and critically examine current techniques 

before extending the analysis to include more advanced approaches identified within the results of the 

scoping review process that show promise as biomarkers of nerve health, degeneration, and 

regeneration.  

1.1 Standard Nerve Conduction Studies (NCS) 
NCS have been standardized and validated over many years10,16,19 and involve stimulation of myelinated 

alpha-motor and large sensory axons and extracellularly recording from muscle or nerve . The 

information obtained allows inferences to be made regarding axonal loss or dysfunction. Stimulating all 

motor axons in a nerve and subsequently recording the grouped electrophysiological response from the 

muscle fibers of its respective motor units is termed a compound muscle action potential (CMAP). 

Similarly, stimulating all axons in a nerve and subsequently recording the grouped electrophysiological 

response of its individual axons is termed a compound nerve action potential (CNAP). Both measures are 

important quantitative metrics upon which many approaches are based. To record these extracellular 

potentials, typically, a variety of surface electrodes are used in human studies, while monopolar needles 

tend to be more practical in animal studies, given their smaller size; however, alternate electrodes are 

discussed below in a separate section.  

Fortunately, muscle conveniently acts as a ‘megaphone’ for motor axons because each axon innervates 

hundreds of muscle fibers whose depolarizations make up the CMAP, allowing us to examine the motor 

system somewhat more easily, with CMAPs being approximately 100-1000-fold larger than CNAPs10,19. 

Characteristics of the response, such as latency, amplitude, and shape bare a relationship with the 

numbers and functioning of axons. In the context of regeneration, it is of particular interest that the 

amplitude of a CMAP and CNAP provide quantitative information relating to the number of axons within 

the nerve, with varying levels of accuracy depending on context, described in several renowned 

neurophysiology texts20–22. This quantitative aspect of even standard nerve conduction studies contrasts 

with standard EMG, which is broadly a more subjective and focal assessment.  

1.1.1 Late Potentials 
During standard motor NCS, action potentials spread proximally and distally. Distally, this activates the 

muscle but proximally, in the spinal cord, several motor neurons may respond by each generating a new 

axonal action potential that travels to the same muscle which in turn leads to the generation of muscle 

fiber action potentials along the fibers of each activated motor unit. These consequently contribute to 

the recorded, delayed extracellular potential, termed an F response (F is for foot, where it was originally 

noted). This characteristic can be exploited to examine the integrity of the entire motor nerve and 
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comment, to a degree, on proximal conduction block. F responses are used in one form of quantitative 

motor unit number estimate (MUNE) described later but are otherwise mainly used for detecting the 

presence of proximal pathology.   

Reflex studies are delayed motor responses measured after stimulation of sensory axons. The soleus H-

reflex (H is for Hoffman) is the most performed of these and represents the electrical equivalent of the 

ankle jerk. Action potentials received at the dorsal horn result in depolarization of anterior horn motor 

neurons and a subsequent contraction of the soleus muscle. As with F waves, the H-reflex can comment 

on proximal pathology to a degree and is generally used as a marker for detecting large fiber 

polyneuropathies, radiculopathies, and other proximal pathology16, with less obvious application in the 

assessment of degeneration and regeneration.  

1.1.2 Limitations of Standard NCS 
Perhaps the main flaw of standard NCS is that only a relatively few, easily accessible, and isolated 

muscles and nerves can be examined due to a general reliance on surface stimulation and recording. The 

poor coverage of proximal and deep nerves has long been tolerated as clinical decision making was 

often not impacted significantly and the solution was complex, typically requiring invasive efforts. 

However, with the advent of promising neuroregenerative therapies, more targeted measurement has 

become increasingly pressing. 

Conduction block can be difficult to demonstrate with standard NCS if the location is too proximal or 

distal. If distal to the site of stimulation, conduction block can appear as axon loss, in which case motor 

point or direct muscle stimulation that bypasses the nerve can be informative. On the other hand, if 

proximal to the site of stimulation, block can be hard to detect. In this case, we rely on a 

disproportionately large CMAP compared to strength, and subjective EMG recruitment patterns. F 

waves and reflex studies can evaluate for proximal block to a degree; however, quantification is not 

possible, it is insensitive, and few nerves are amenable to study in this way.  

It is important to note that the validity of the CMAP as a motor axonal measure suffers because of 

physiological effects of collateral reinnervation, which can obscure the effect of axonal loss16,23,24. 

Furthermore, diffuse endplate regions and greater muscle fiber distance from the recording electrode in 

large muscles, as well as effects of pathology of the neuromuscular junction or muscle, contribute to 

obscuring the relationship between the CMAP and the underlying health of corresponding motor 

axons25. On the other hand, CNAP amplitude, if feasible, is directly dependent on the number of axons 

with a diameter greater than 9 µm26.  

1.2 Evoked Potentials 
Somatosensory evoked potentials (SSEPs) are conceptually like nerve conduction studies but carried out 
over a long path that includes central and peripheral pathways27. Responses are recorded over the 
peripheral nerve, trunk, and scalp, and are usually elicited through electrical stimulation but natural 
stimulation of sensory receptors such as pain and temperature can also be performed. SSEPs usually 
assess central sensory pathway functional integrity but they do contain information about the involved 
portion of peripheral nerve. These signals are less robust than traditional NCS and require extensive 
averaging. Variation in amplitudes can be informative but reliance is placed more on latencies for 
detection of pathology19,28. Overall, the lack of precision and reproducibility make these studies ancillary 
at best when evaluating nerve health, although one of the few metrics specific to sensory axons.  
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Motor evoked potentials (MEPs) can again be conceptualized as a motor NCS that records from the 
muscle but involves both central and peripheral pathways29,30. Standard MEPs involve stimulation of the 
motor cortex or spinal roots31 electrically (painful, performed intraoperatively) or magnetically (readily 
tolerated, performed in clinic). Electrical stimulation produces a series of signals that relate to central 
conduction, including the earliest wave, the D (direct) wave from direct activation of the pyramidal 
axons and the I (indirect) waves, reflecting indirect activation of pyramidal cells. Transcranial magnetic 
stimulation (TMS) generally elicits only I waves and tends to be less stable than electrically evoked 
responses32, discussed in more detail below, making it also poorly suited to a precise quantitative 
evaluation of peripheral nerve health.  

1.3 Standard Electromyography (EMG) 
The anatomical motor unit (A-MU) is generally considered to comprise the neuronal cell body, motor 

axon, and innervated muscle fibers33. Following discharge of a neuronal cell body, axonal depolarization 

is transmitted and subsequently amplified by depolarization of the many MU muscle fibers to produce 

an electrophysiological motor unit (E-MU)33, which can be used as a surrogate representation for the 

underlying A-MU. Any recorded E-MU potential (E-MUP) is just one view of the E-MU that can alter 

significantly depending on the characteristics and position of the recording electrodes. While the precise 

relationships between these three concepts (A-MU, E-MU, and E-MUP) remains to be clearly defined33, 

the EMG signal from the muscle clearly relates to the health of the motor axons within the 

corresponding nerve and as such can provide an important insight into nerve health.  

Standard “gestalt” EMG assessment involves the use of needle electrodes to sample areas of muscle 

while at rest, and during slight to full contraction16. Concentric or monopolar needle electrodes are 

usually used, which have recording surface areas between approximately 0.02-0.07mm2 and 0.2-

0.4mm2, respectively. At various levels of contraction, several features of a selection of MUPs are 

subjectively placed on an ordinal scale, such as size, shape, stability, and MU firing rate. Inferences 

about the overall quality of the nerve supplying the muscle are subsequently made. At rest, potentials 

related to spontaneous muscle fiber discharges can be observed and categorically graded, and 

theoretically, this correlates to the overall level of muscle denervation16. Subsequently, slight activation 

is requested, which allows the examiner to subjectively or semi-objectively assess characteristics of 

transiently observed MUPs. Electrode recording area size affects MUP characteristics34,35,34,35, and 

therefore the type of electrode used is important. This is especially true of amplitude, which is 

determined by only a few fibers within about 0.5mm of the electrode34. As more MUs are recruited, it is 

usually no longer possible to observe individual MUPs due to superimposition17,36; however, information 

can still be gleaned from interference patterns (IPs) recorded at up to full contraction37. The degree of 

superimposition and the amplitude of the envelope (a line drawn around the interference pattern) 

contain information that can refine prior inferences17,18. Clinically, the electrodiagnostician will ordinally 

grade the degree to which the baseline of the IP is obscured16,17. If incompletely obscured, the muscle is 

considered mildly denervated, whereas if discrete MUPs are present, it is considered severely 

denervated. Another early but more objective measure simply creates an envelope around the signal 

recorded during full contraction, often achieved by computing the root mean square (RMS) value within 

a window that “slides across” the signal. This allows quantification of area and amplitude, which can be 

compared to reference limits to grossly categorize muscle as neurogenic (large amplitude) or myopathic 

(small amplitude)18,38.  
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1.3.1 Weaknesses of Standard EMG 
Compared to other metrics, there is an inherent reliance on the skills and experience of the clinician in 

planning, performing, and interpreting EMG studies using this “gestalt” approach, resulting in a large 

operator bias, high error rates,17,36,38 and inconsistent diagnosis39. Assessment of E-MUPs suffers not 

only from its qualitative nature, but also only a few can be assessed in this manner and only at very low 

levels of activation. Subjective estimates are made for many measures including cut-offs for amplitude 

and slope, firing rates, size and shape, and stability. Additionally, the grading of this limited sample is not 

only subjective but also ordinal, leading to poor precision and reliability. Furthermore, when assessing 

maximal voluntary contraction (MVC), full effort is required, otherwise a subset of motor units will not 

be included in the assessment, which is also relevant when there is coexistent CNS pathology.  

Another limitation of standard EMG is the use of electrodes with small recording area, resulting in the 

oversized contribution of muscle fibers within 1-2mm of the recording surface. This leads to variable 

signal characteristics with even small needle movement and subsequent compromised validity.  

Attempts to quantify denervation through grading spontaneous activity not only suffer from the 

previously described subjectivity and ordinal grading but also due to muscle membrane excitability 

reducing over time, muscle fiber atrophy resulting in reducing signal amplitude, and a proportion of 

fibers never depolarizing spontaneously40. 

Standard neurophysiological techniques, including NCS and EMG, are tried and tested clinical and 

research techniques that offer some objective and semi-objective quantification of nerve health. 

However, significant limitations have been identified and augmentation with more quantitative 

techniques, as reviewed below, would likely enhance precision and reliability.  

1.4 Non-Standard Neurophysiology 
Beyond well-established standard approaches to NCS and EMG, many useful techniques have been 

developed over decades which have important roles in the evaluation of peripheral nerve health. We 

review established and innovative methods of quantitative EMG (QEMG) and for obtaining a Motor Unit 

Number Estimate (MUNE), as well as alternate neurophysiological approaches, electrodes, and novel 

stimulating and recording strategies identified within the formal scoping review process. As mentioned, 

it is important to distinguish between what can be done and in which environment. For any given 

measure, appropriateness of technique and performance characteristics vary substantially between 

studies performed in clinical practice, in large clinical trials, in small human pilot studies, and in large 

animal, small animal, and ex-vivo studies. It is beyond the scope of this review to fully address 

appropriateness in each context, but the following discussion of strengths and limitations aims to 

support decisions in this regard and offer insights into emerging approaches and areas of research. 

1.4.1 Quantitative EMG (QEMG) 
In the most widespread clinical application of gestalt EMG discussed above, features of individual MUPs, 

or IPs are subjectively assessed and scaled ordinally on the mild to severe spectrum based on clinically 

derived reference values16, while MUP stability is rarely considered. Quantification methods can 

enhance inferences made by not only improving objectivity, reproducibility, and precision but also 

utilizing a greater number of metrics relevant to nerve health. In general, QEMG has focused on defining 

the probability that a muscle, individual MUPs, or the entire IP, is ‘myopathic’ or ‘neurogenic’. The 

precise extent of axon loss, a surrogate for overall nerve health, within a muscle categorized as 

‘neurogenic’ has been of secondary concern. Nevertheless, metrics used to establish probability-based 
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Figure 2. Different stages of reinnervation. Top, reinnervation manifests with a complex shaped MUP with increased near fiber 

parameters. Bottom, the MUP has matured and stabilized. The near fiber changes may represent one of the earliest detectable changes 

in motor neuronal degeneration and reinnervation. From left to right: MUP template,  NFM shimmer and NFM template are displayed. 

The top to bottom vertical lines demarcate the NFM duration.  NF: near fiber. NFM: near fiber MUP. SJ: segment jitter.  

NF Dur: 9.6ms 

NF count: 15 

MUP Jiggle: 16.2% 

NFM Jiggle: 78.2% 

NFM SJ: 69.8µV 

Amp: 897µV 

Dur: 12.80ms 

Area: 1206.9µVms 

Turns: 16 

NF Dur: 8.2ms 

NF count: 8 

MUP Jiggle: 8.8% 

NFM Jiggle: 18.5% 

NFM SJ: 41.3µV 

Amp: 1485µV 

Dur: 16.8ms 

Area: 2573.1µVms 

Turns: 3 

categorization of muscle are frequently continuous numeric values that strongly relate to the muscle’s 

state of innervation. In the field of neuroregeneration, the benefit of more detailed quantification is 

becoming clear, both clinically and for research. Broadly speaking, quantification can be achieved 

through analysis of the individual MUP trains (MUPT) that make up the composite signal, or alternately, 

through analysis of the global EMG signal (composite signal or IP). We briefly review each of these 

approaches, highlighting the challenges and potential for their application to the evaluation of nerve 

health.  

1.4.1.1 MUPT-based QEMG  

Basic QEMG analysis of individual MUs requires the extraction of MUPTs and focuses on the assessment 

of a template or representative MUP. Manual extraction of MUPTs from a composite signal is time 

consuming and has its limits. It usually involves identifying and extracting 20 or more MUPTs, using level 

or window triggering and careful needle positioning during low activation levels, which are then each 

simply represented by a trigger-averaged MUP template16, and is therefore usually limited to the study 

of only the first few recruited MUs. Statistics can then be calculated for features such as MUP size, 

shape, stability, or combinations of these such as area/amplitude (thickness), and MU firing pattern and 

number.  

Software implementations of algorithms that attempt to extract MUPTs more automatically and 

comprehensively have been made available36,41,42. These automated algorithms can be categorized into 

those that attempt to extract all of the MUPTs comprising an EMG signal42 and those that aim to extract 

a representative sample of the most identifiable MUPTs36,41. The former approach requires significantly 

more computational power and time given the complexity of a needle recorded signal that can include 

up to 25 overlapping MUPs10,33, let alone surface recorded signals. The choice depends on context, 

especially time and knowledge; however, the number of MUs with fibers within range of the recording 

electrode is an important metric, and the ability to fully characterize all the recorded MUPs may add 

significant value in assessing nerve health. To date, no algorithms have experienced widespread 

adoption for various reasons, but a few are available commercially and can be relatively easily 

implemented42,43. Nevertheless, the benefits of rapid quantitative approaches are becoming clear, not 

only for research, but also clinically as advances in therapy demand greater accuracy and reliability than 

standard EMG to optimize clinical decision-making. 
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Use of automated algorithms has the additional benefit of further signal and feature transformations 

and abstractions44. For instance, near-fiber EMG (NFEMG)32 is the novel approach of representing an E-

MU as a near fiber MUP (NFMUP), which more clearly presents the relative contributions of individual 

muscle fibers near to the electrode recording surface. Suitably large and symmetric peaks within 

NFMUPs are associated with propagating MU fiber action potentials of single or small groups of near 

MU muscle fibers45. NFMUP duration and dispersion are related to the temporal dispersion across 

propagating MU fiber action potentials and if increased can reflect increased MU fiber diameter, axonal 

branch demyelination and/or increased axonal sprouting. All can be signs of denervation and/or 

reinnervation and offer the capability of rapidly providing information related to a muscle’s quality of 

innervation46. NFMUP duration and dispersion are correlated with the number of MUP turns and the 

number of MUP phases but measure more directly temporal dispersion across propagating MU fiber 

action potentials. In addition, when using automated algorithms, it is possible to assess the stability of a 

single E-MU across multiple motor neuron discharges. Traditionally, this is done by calculating MUP 

jiggle47 across a set of isolated MUPs selected from a MUPT. However, an emerging and potentially more 

precise technique involves measurement of NFMUP jiggle and NFMUP segment jitter45,46 across a set of 

isolated NFMUPs selected from a MUPT. NFMUP jiggle is measured using the same formulation as MUP 

jiggle and like MUP jiggle focuses on NFMUP shape stability, while NFMUP segment jitter focuses on 

temporal stability by measuring temporal differences between matched segments of temporally-

adjacent isolated NFMUPs, similar in concept to fiber pair SFEMG jitter measurement. Indeed, when 

assessing for degeneration or its reversal, regeneration, E-MU instability (‘apparent jitter’) may be one 

of the earliest and most sensitive measure. Figure 2 demonstrates NFMUP analysis and its potential use 

as a metric in nerve health.  

The analysis of MUPTs can also be divided into approaches that use conventional morphological 

features from the time domain and approaches that extract spectral features from the frequency 

domain36,48,49. Using continuous scales, these features can be modeled conventionally by multivariate 

and Bayesian approaches50, and slightly less transparent methods such as dimension reducing 

algorithms, including principal component analysis51, and learning algorithms, including linear 

discriminant analysis52, support vector machines53, and artificial neural networks54,55. Recent examples 

Figure 3. MUPT characterizations using probabilistic methods to classify muscle. A: Small pie charts represent single MUP 

characterizations, top large pie chart represents confidence of overall muscle characterization, bottom represents estimated level of 

involvement. B: Specific MUP characterization, supporting myopathic. (Farkas et al., 2010, courtesy of Begell House Inc.). 

B A 
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Figure 4.  Time Frequency Analysis. Top: 0.5 seconds of concentric needle recording of 

normal muscle (sampling frequency 19,200Hz). Bottom: the corresponding wavelet-based 

time-frequency analysis demonstrating added richness when including the time domain into 

frequency analysis (y-axis: normalized to the Nyquist frequency). 

Time: Sampling rate 19,200Hz (0.5 seconds = 9,600) 

Time: Sampling rate 19,200Hz (0.5 seconds = 9,600) 
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of advanced methods that have had some success include Xie et al.56, who applied fuzzy integral theory 

in a multi-domain approach incorporating MUP morphology, frequency domain, and time-frequency 

domain wavelet transform feature sets. Figure 3 exemplifies how sets of MUPT characterizations can be 

probabilistically aggregated and displayed to provide an overall classification of normal, myopathic, or 

neurogenic for the muscle under study57.  

1.4.1.2 Composite Interference Pattern Analysis (IPA) 

IPA is a global quantitative approach to examining EMG signals58. This approach extracts information 

from EMG signals at greater force than MUPT techniques, quantifying several additional IP parameters 

related to muscle innervation. Unlike MUPT  techniques, IPA is also capable of commenting on 

abnormalities secondary to disorders of fatigue, conduction block, and central drive17.  

The IP can be characterized by quantifying either signal frequency or time domain morphological 

components. Frequency domain analysis is based on the theory that can be modelled as being 

composed of combinations of sinusoids and any given signal can be resolved into its constituent 

sinusoids, including their frequency, amplitude , and phase59. Generally, short duration and fast rise time 

MUPs are composed of higher frequency components, while MUPs with long duration and slow rise 

times contain lower frequency components. Frequency spectrum analysis can be relatively easily carried 

out through Fourier analysis. The power (squared amplitude) of each frequency component can be 

plotted against its frequency (power spectral analysis, PSA), with the area under the curve representing 

total power within the signal60, reflecting MU number, size, and firing rates. Early studies ignored the 

changes over time of EMG signals (non-stationarity); however, technological advances allow inclusion of 

this important aspect, resulting in potentially significant additional utility in quantification of nerve 

health (Fig 4). Early time-invariant PSA and turns-amplitude (TA) analysis61 were not found to be 

sensitive at identifying partially denervated muscle compared to MUP duration62. However, when non-

stationarity (change over time) is 

included, time–frequency 

analysis techniques correlate 

highly with MUPT-based 

morphology63,64, while also 

possessing the capability to 

identify small components 

overlooked in parameters such 

as MUP duration65. We are not 

aware of composite scores 

combining time-frequency 

based analysis, with IP and MUP 

morphological metrics.  

Original time domain 

morphologically-based IPA is 

not founded on mathematical 

abstractions but rather the 

signal itself, including turns-per-second and mean amplitude-per-turn, both developed decades ago61,66. 

Generally, more turns in a signal and lower mean amplitude of these turns correlates with myopathy 

and the converse with neuropathy18,38. Although rapid, and potentially more accurate than MUP 
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analysis67, reference clouds are required for each muscle but rarely developed due to the significant 

effort required. Consequently, its use has been limited to specific clinical scenarios, such as the 

thyroarytenoid for patients with unilateral vocal fold paralysis68, where turn number alone correlates 

with severity of denervation in laryngeal surgery evaluation69,70; although a single study applied TA to 

the evaluation of nerve regeneration and found a significant improvement in accuracy over standard 

EMG71. Nandedkar et al65 built on this concept and developed an integrated tool called EQUIP (expert 

quantitative IP analysis) that refines the TA cloud-based concept to better mimic subjective IPA by also 

capturing high frequency activity and envelope amplitude, standardized by activity level. Comparison 

studies of EQUIP to TA and subjective expert IPA have been favorable61,72.  

Overall, the increased precision offered by quantifying EMG signals is likely of great value both clinically 

and as a biomarker for research studies if time, resources, experience, and subject compliance allow. 

However, the degree of its benefit is unclear and may vary from one context to another but the 

application of advanced statistical methods to novel and classical multi-feature analysis represents an 

interesting area of further research. 

1.4.2 Motor Unit Number Estimates (MUNE) 
Few measures attempt to quantify a component of nerve health more accurately and objectively than a 

MUNE. An abrupt decline in the number of alpha-motor axons translates into a reduced CMAP 

amplitude/area in just a few days, but over weeks to months, compensatory collateral reinnervation will 

occur. A single motor axon can extend its intramuscular branches to expand the number of muscle fibers 

innervated by up to seven times23,73,74, most clearly seen in the giant MUPs after childhood polio, 

restoring CMAP amplitude/area even when the majority of axons have been lost.  

To address this, McComas23,75 developed a method to obtain a MUNE. Originally, this method involved 

approximating the average amplitude of individual MUPs, termed single motor unit potentials (SMUPs) 

by measuring the increment in the CMAP amplitude with progressively stronger stimuli (aka, an 

incremental MUNE). The average amplitude of these SMUPs is then divided into the supramaximal 

CMAP to provide an estimate of the number of motor units within the muscle. Issues predominantly 

with sampling error and alternation have led to several variations to techniques to obtain a MUNE25,76–82. 

Alternation refers to the phenomenon whereby the threshold necessary to induce an action potential in 

an axon fluctuates within a range, resulting in probabilistic activation of MUs with any given fixed 

stimulus level.  

The technique to obtain a multipoint stimulation 

MUNE77,83 (MPS-MUNE) involves identifying a 

sample of SMUPs through evoking single SMUPs 

at several sites along the nerve, avoiding issues 

with alternation. The length of nerve required is 

not always feasible and so the original technique 

to obtain a MPS-MUNE was modified84–86, 

merging the incremental and MPS techniques 

(Fig 5). This essentially involves performing 

several limited incremental studies at only 3-4 

sites to obtain the requisite sample of SMUPs, 

relying on the fact that alternation can usually 

Figure 5. Examples of incremental stimulation in modified MPS MUNE. 

(A) 3 incremental stimulations in a healthy ADM. (B) 3 incremental 

stimulations in an ADM affected by radiculopathy. The larger steps in B 

will result in a larger mean SMUP and lower MUNE overall. MPS: 

multipoint stimulation. MUNE: motor unit number estimate. ADM: 

abductor digiti minimi. Scale: 20ms per horizontal division and 100uV per 

vertical division. 

A B 
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be distinguished within the first few units recruited. The MPS-based MUNE technique suffers from not 

only counting the lowest threshold units (that tend to be the largest75), but also fails to consider phase 

cancellation, although partially accounted for in the modified incremental version. Unlike the original 

incremental approach, temporal relationships between latencies and phases that are present in the 

CMAP are no longer present between the SMUPs. The CMAP is not the simple arithmetic sum of the 

amplitudes or areas of the SMUPs due to phase cancellation. The original relationships between phases 

and peaks should be preserved when SMUPs are summated to calculate the average SMUP size from 

which the MUNE is derived. Averaging the sample of SMUP waveforms digitally, datapoint by datapoint, 

after selecting onset times, attempts to account for superimposition and results in improved 

estimates87. It has also been postulated, however, that axons with the lowest voluntary activation 

threshold are only representative of the smallest motor units, biasing toward a larger MUNE79. 

Empirically, there is little evidence of bias in one direction or the other77.  

The spike-triggered averaging MUNE technique78 (STA-MUNE) relies on patient activation at low levels 

to allow measurement of individual MUPs that are identified using a needle, avoiding alternation. The 

averaged surface recording associated with these identified MUPs then represent the sample of SMUPs 

used to calculate the STA-MUNE, along with the CMAP recorded in the usual way. Nevertheless, not all 

concerns are addressed with this method88; phase cancellation is again not accounted for, the use of a 

needle is disadvantageous, and there is reliance on subject cooperation and ability, making it less 

suitable for children, animals, and certain adults. The issue of phase cancellation can again be mitigated 

to some degree by aligning SMUP onsets and digitally averaging the sample of waveforms87,89. Sampled 

SMUPs are likely of small size and SMUPs related to larger later recruited MUs are excluded, although a 

decomposition enhanced version may allow more valid sampling through measurements at greater 

force89.  

F-Wave methods80 take advantage of the fact that a small subset of motor neurons produce late 

responses, avoiding alternation. However, moderate to severely denervated muscles may produce no or 

insufficient F waves, phase cancellation is ignored, there can be effects from upper motor neuron 

dysfunction (large and complex), and it is unclear whether the subpopulation of motor neurons that 

produce F waves make for a representative sample.  

The above methods attempt to avoid alternation, however, the statistical (Poisson) method is founded 

on alternation, while additionally allaying some sampling and size concerns by obtaining MUs over a 

wider stimulation range82. Stimulation is given repeatedly at 3-4 levels of intensity. At each level, there 

will be a population of motor units near threshold resulting in a variability that theoretically estimates 

the size of those SMUPs at threshold, which can in turn be divided into the CMAP to produce a MUNE. 

This method may be more susceptible than other techniques to MUP instability causing the SMUP 

estimate to be artifactually low, a problem that increases with degree of denervation and reinnervation. 

Given that all SMUPs do not have identical size, as is assumed in the statistical method, the Bayesian 

methodology was developed90, which allows for variability within and between SMUPs.  

Overall, empirically, there is little difference in results between the methods76. Historical anatomic 

techniques that evaluate number of axons innervating hand muscles33,91–95 and tibialis anterior show fair 

correlation with MUNE values33. Newer studies based on choline acetyltransferase do not address 

specific muscles but estimates of about 1700 efferent fibers innervating the hand which approximates 

the sum of available MUNE estimates33,94. Of note, within the anatomic studies, a key finding of an 

increasing proportion of sensory to motor axons when moving distally suggests complex control requires 
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Figure 6. STEPIX. A new index describing an estimate of muscle innervation. TOP: healthy subject showing left, a full CMAP; middle, 

calculation of “step number” of about 100 motor units; and right, results of MUNIX from the same muscle (124). BOTTOM: Subject 

with ALS showing left, a smaller and less full CMAP; middle, calculation of “step number” of about 23 motor units; and right, results 

of MUNIX from the same muscle (52). ALS: Amyotrophic lateral sclerosis Courtesy of Sanjeev Nandedkar.  

 

Control Subject 
Abductor pollicis brevis 
CMAP: 9.2mV 
STEPIX: 100, AMPIX 
92uV 
MUNIX: 124, MUSIX 
74uV 

ALS Subject 
Abductor pollicis brevis 
CMAP: 6.0mV 
STEPIX: 23, AMPIX 
264uV 
MUNIX: 52, MUSIX 
116uV 

more nuanced sensory feedback, an important consideration for any approach to neurorestoration. 

Other than being noninvasive (except for spike-triggered averaging), a MUNE has another key advantage 

over histology because it detects when a motor unit is not functioning; waiting for degeneration of the 

axon or cell body is not required for a drop out to be detected. Furthermore, mechanisms can be 

clarified by MUNE, such as whether motor unit size or number is affected by a therapeutics in ALS77, for 

instance. 

1.4.3 Variations of techniques to obtain MUNE-like information  
MUNIX results from a mathematical model based on the relationship between the CMAP area and 

power, as well as the surface interference pattern96. The tolerability, rapidity, applicability to large 

muscles, and inclusion on commercially available machines make it particularly appealing. However, it is 

an index and as such may best be applied for tracking over time97.  

The CMAP-Scan98 is intuitively and visually appealing. The nerve is stimulated incrementally and the 

response amplitude against the stimulus intensity is plotted. What are subjectively obvious 

characteristic changes have been quantified in several ways99,100, one of the most recent being 

MscanFit101, which relies on a mathematical model to iteratively predict the number, size, and 

stimulation threshold of constituent MUs. Freeware and the ease of application are benefits of this 

approach and results appear to be consistent with other techniques for obtaining a MUNE102. Nandedkar 

et al103 recently developed a deterministic approach to analyze CMAP scans, resulting in STEPIX (number 

of ‘steps’), and AMPIX (MU size). Comparable results to MScanFit were found on initial investigations in 

ALS and normal subjects (Fig 6). One drawback is that CMAP scans subject patients to many stimulations 

(500). If validity were maintained, the application of algorithms to initial CMAP scan portions to reduce 

discomfort and time would likely greatly enhance applicability and uptake.  

The spatial information provided by high density surface EMG (HDS-EMG) has been harnessed to 

estimate SMUPs, allowing a non-invasive calculation of a MUNE104,105. HDS-EMG utilizes spatial and 
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temporal information to identify valid SMUPs for inclusion in the sample of representative SMUPs, 

minimizing alternation and increasing the sampling of larger MUs. Chen106 proposed a novel stimulation-

free method to obtain a MUNE based on surface EMG decomposition, replacing the stimulated CMAP 

with a derivative of the surface EMG at maximum voluntary contraction (MVC). Research into this 

approach is ongoing but may add a very useful dimension for obtaining a MUNE should it prove accurate 

and reliable.  

1.4.4 Non-MUNEs of MU loss 
Theoretically, there should be a strong link between the proportion of MU loss and parameters of 

MUPs, however, the relationship between MUP characteristics and number of MUs within a muscle 

decouples due to several issues, including heterogenous geographic spread of motor unit loss, fascicular 

boundaries, health of residual MUs to collaterally sprout, use of population-based references107, size 

principal effects108 on recruitment in denervated muscle, and fiber hypertrophy34. Nevertheless, there 

remains a correlation that is useful when evaluating nerve health, and Macro-EMG34,35 takes full 

advantage of this by quantifying aspects of MUs to which most methods of obtaining a MUNE are blind. 

Additionally, the ability to evaluate deep muscles is a distinct advantage and Macro EMG likely 

represents one of the best options for evaluating deep muscles that are not part of standard 

neurophysiology protocols. A related method is that of fiber density (FD), which refers to the number of 

time-locked spikes recorded by a SFEMG electrode, standalone, or incorporated in Macro-EMG34. FD 

relies on reinnervation; its validity as a proxy for MU number is reduced until this is complete, after 

which it correlates with MUNEs109. Proxies for fiber density might be reported concurrently with 

standard EMG using low-pass-double differentiation filtered MUPs (i.e. near fiber MUPs)45. 

In addition to MUP characteristics, the number of MUs represented in a standard IP has a relationship to 

the number of MUs in the muscle. As mentioned, there may be around 15-25 MUs contributing to most 

full needle recorded IPs. Should only 4-5 MUs be observed contributing at full force, this may represent 

a loss of as many as 80% of the MUs. Depending on the patchiness of loss, extrapolation to the muscle 

may require many samples.  

A twitch force based MUNE110–112 is less commonly used in studies but has shown some validity. It is 

grounded on the association of a motor unit 

firing with a measurable force when averaged 

over many discharges. The individual twitch force 

measured by special manometers allows an 

average twitch force to be calculated from a 

sample of MUs, similar in concept to calculating 

an average SMUP that can then divide into the 

maximum force. 

Nerve health is represented by more than an 

estimate of the number of its motor axons alone. 

Estimating the number of both sensory and 

motor axons in the nerve is more valid, such as a 

CNAP based axon number estimate113–115. A 

CNAP scan would be ideal but is difficult due to 

even large fiber increments being two or three orders of magnitude smaller than muscle recorded 

SMUPs. Nevertheless, distribution of conduction velocities (DCV) has been considered an 

Figure 7. CMAP recorded from the 15mm exposed cannula of a Macro 

EMG needle (top) deep to a standard surface electrode recording 

(bottom) of the Tibialis anterior. Note the slightly larger amplitude and 

sharper components.  
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approximation114,116–118, which shows the relative contribution to the CNAP from axons conducting in 

different velocity classes and makes inferences about axonal loss, although needing further 

development.  

As discussed, standard techniques for obtaining a MUNE do not attempt to assess deep muscles. 

However, the use of the cannula of a needle electrode has potential application in this area (Fig 7), and 

this has been evaluated in one study using the cannula of the Macro-EMG electrode119. Given the 

reduced size of the Macro-EMG needle recording field compared to standard surface electrodes, the 

term motor unit density (MUD) has been used because the method realistically represents a tubular 

sample through the muscle of about 23mm by 4mm. Furthermore, the use of cannula electrodes could 

be amenable to incremental, MPS, and other methods for obtaining a MUNE, permitting almost any 

muscle to be quantified using this important metric.  

1.4.5 Which method of obtaining a MUNE is most appropriate?  
Superiority has not been established for either accuracy or reliability of one method over the others, 

mainly due to lack of appropriate histological correlates and comparison studies76. There is also a lack of 

a gold standard to which MUNEs have been correlated despite the attempts to compare histology to 

various methods of obtaining a MUNE discussed above33 and the simulations120 created to allow 

validation and comparison between techniques. Therefore, the context of application is important. 

Practical factors that impact choice of method include availability of equipment and expertise, ability for 

voluntary muscle activation needed for STA, pediatric or adult, cognitive or physical disability, 

availability of long nerve segments appropriate for MPS, deep target muscles not amenable to surface 

recording, time constraints, patient tolerance, clinical or research setting, and use in animal research 

(see below).  

1.4.6 Limitations of techniques for obtaining MUNEs  
Several limitations have been discussed above, such as alternation and phase cancellation, and many 

reviews discuss the wide array of concerns with the various techniques for obtaining MUNEs 25,75,76,79,82. 

In the context of evaluating nerve health in general and attempts at the assessment of non-standard or 

deep muscles, many of these weaknesses are highlighted further. Beyond alternation described above, 

identifying an appropriate sample of valid SMUPs is challenged when assessing deep muscles not only by 

far field potentials (FFP) from non-target muscle SMUPs, but also by stationary FFPs from any of 6 

conditions resulting in FFP generation10 (such as those arising at musculo-tendinous junctions).  

Assuming a SMUP was generated by the target muscle, most techniques sample a subpopulation of 

MUs, whether it is those that have the lowest stimulation threshold (MPS and Incremental), or those 

that are recruited first (STA). It has been shown that a MUNE can change by a factor of two depending 

on whether the MUs are sampled at a force of 10% versus 30% using the STA method89, a result of the 

effect of the size principle108.  

Many techniques use a cut-off amplitude below which SMUPs are excluded (e.g., 25uV). There is a 

trade-off between improving specificity for SMUPs included in the MUNE calculation versus deflating the 

MUNE due to removing the many smaller distant SMUPs that make up the CMAP. This cut-off should 

likely change with differing electrode types and sizes.  

Overall, even with standard methods for obtaining a MUNE, values exhibit a wide range in healthy 

controls, while also being age-dependent and having high variability between and within individuals25,76. 
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This results in low cut-off values for determining what is a pathological loss of MUs, making these 

methods less sensitive diagnostically than other potential metrics such as QEMG parameters, and the 

poor reproducibility in highly innervated muscle reduces their value as a tracking tool. This is more so at 

mild levels of denervation because as denervation increases, methods for obtaining a MUNE usually 

become more and more reliable, which makes an argument for composite metrics dependent on 

severity and provides a topic for further research.    

1.4.7 Practical approaches to MUNE of non-standard muscles.  
Practically, there are a variety of techniques to maximize inclusion of as wide a variety of valid SMUPs 

while excluding as many non-target-muscle generated SMUPs as possible. The main approaches involve 

isolating both recording and stimulating sites as much as possible. Stimulating as distal as possible, 

preferably the nerve branches to the target muscle, reduces neighboring muscle activation, important 

for both the CMAP and SMUPs, and can be achieved through needle stimulation with ultrasound or 

stimulation guidance. The choice of electrode type and size can help to isolate the target muscle. For 

instance, use of a needle cannula embedded within the belly of the target muscle will maximize signal 

amplitude differences between target and non-target muscles, as will increasing high pass filter settings, 

albeit both will reduce the recording field. The more the recording field is reduced, depending on target 

muscle volume, the less valid the technique is for estimating the total number of MUs within a muscle, 

becoming more akin to an index or estimate of MU density. This is an issue with MUNEs in general as 

the surface recording electrode will likely only provide an estimate of the total number of MUs if the 

muscle is small, perhaps between 1-2 cm in diameter10,76,121. One method to overcome this might be the 

extrapolation from the estimated volume of muscle examined to the volume of the whole muscle, which 

can be obtained from ultrasound imaging121. Ultrasound has further potential utility in dynamically 

identifying each physical SMUP twitch as being within the target muscle, also allowing sampling of deep 

and superficial SMUPs to improve validity further. 

2 Electrical Impedance 

2.1 Electrical Impedance Myography (EIM) 
The development of electrical impedance myography (EIM) provides a new window for evaluating nerve 

and has proven well-suited to the detection, staging, and monitoring of denervated muscle122–126. In EIM, 

a painless, alternating current is applied over a muscle using one pair of electrodes and voltages are 

simultaneously recorded using another electrode pair. The relationship between the current and voltage 

allows reactance and resistance to be determined, resulting in a spatial bioelectric profile of muscle that 

conceptually blurs the boundary between imaging and neurophysiological biomarkers. Over recent 

years, EIM has transformed into a growing field, encompassing multiple methods127, and many potential 

applications. It has proven sensitive to changes in structure and composition of denervated muscle, with 

current research efforts focused on understanding histopathological features affecting EIM data over a 

range of conditions and electrode types128–132, as well as correlation with complementary metrics such 

as quantitative utlrasound133 and EMG126. Most recently, coupling of EIM with EMG (needle impedance 

EMG, iEMG) and EIM with ultrasound represent further examples of potential composite metrics of 

nerve health134–138 that promise to increase both clinical and research efficiency and accuracy.  

2.2 Electrical Impedance Neurography (EIN) 
The electrical impedance of any tissue can be measured, including a region of nerve139–142.  There is 

significant potential for impedance measurements of nerve directly to prove useful in assessing nerve 
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Figure 8. Left: EIT imaging of compound activity from tibial and peroneal fascicles. 

Right: MicroCT scan of same nerve. Enrico Ravagli et al 2019 Physiol. Meas. 40, 

115007, available via license CC by 4.0.  

health. Being able to detect changes in the bioelectric properties of neuronal tissue in combination with 

a nerve’s functional ability to conduct action potentials would provide a powerful synergy that could 

offer greatly improved metrics of nerve health. This capability offers an innovative solution to 

problematic intra-operative NAP measurement, with additional and important neuronal histological 

insights without the need for functioning axons.  

2.3 Electrical Impedance Tomography (EIT) 
Measurement of impedance has been extended to tomography in the form of neuronal electrical 

impedance tomography (EIT), 

essentially a real-time imaging 

technique using electrical impedance, 

which is included in this 

neurophysiological review due to its 

provenance as well as ability to record 

neuronal depolarization (Fig 8). 

Historically utilized to image cerebral 

electrical activity in healthy and 

pathological states, including stroke 

and epilepsy, as well as monitoring pulmonary ventilation, neuronal EIT has more recently been used to 

measure peripheral nerve depolarization at the fascicular level143,144. This extends the concept of EIN to 

another dimension and enhances the level of detail about structure and function within a nerve in a 

form that is capable of being miniaturized and integrated into implantable electronic devices for chronic 

monitoring.  

To summarize, the application of impedance measurement to the evaluation of nerve health is a new 

and exciting direction with much promise, offering a very different neurophysiological window into the 

health of nerve compared to standard measurement of action potentials and their associated 

electromagnetic signals.  

3 Excitability 

3.1 Nerve Excitability 
Characterizing nodal and internodal neuronal membrane ion channel function using a variety of 

parameters, such as the strength-duration time constant, is playing an increasing role in the study of 

peripheral nerve health15,145,146, detecting important changes invisible to other measures. Although the 

absolute or relative number of axons is not assessed, changes in excitability parameters could represent 

a first therapeutic response in neuroregeneration, especially measured longitudinally within a subject. 

For instance, the abnormal function of slow potassium channels in ALS has been noted as an early 

change147, and excitability studies have proven sensitive to functional and reversible axonal loss in renal 

failure148.  

3.2 Muscle Excitability 
Inferences as to nerve health are also possible through surrogate muscle excitability parameters149, 

which classically rely on the differential susceptibility to stimulation amperage and duration, between 

nerve and muscle. These metrics have been shown to correlate to varying degrees with acute and 

chronic denervation changes on EMG150,151, offering an alternate viewpoint from which not only nerve 

health can be evaluated, but also the receptivity of muscle itself to reinnervation. Over time, the 
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excitability of muscle tissue reduces, and this measurable process may correlate with the level of fiber 

degeneration, fibrosis, and fatty change that progresses over time in chronically denervated muscle 

tissue. Viability of muscle is an inherently important aspect of neuroregeneration.  

Excitability studies are in the early stages of application to nerve health, degeneration and regeneration 

and much work is required in this area; however, it may be one of the first markers of change and, 

notably, is likely capable of providing important information on muscle receptivity to regenerating 

nerve..  

4. Microneurography 
CNAPs fail to discriminate the contribution of subcategories of axons including small caliber fibers that 

refer spontaneous pain and autonomic function. Microneurography allows single-fiber recordings152 

using 0.2mm tungsten needles with a tip diameter of between 1-5µm. While traditionally regarded as 

time-consuming and difficult, its place in research is established and the recent focus on the 

measurement of neuropathic pain and its treatment has increased interest in this technique. 

Microneurographic research can be divided into three groups152: (1) fusimotor system; (2) sensory 

innervation of the human skin (3) sympathetic innervation and efforts to further progress each area are 

required, as is the development of this important skill more broadly. Alternate present-day measures of 

small fiber nerve function usually address diffuse small fiber neuropathies,153 and a non-invasive 

quantitative measure that precisely measures focal small fiber activity is otherwise lacking. Further, with 

the advent of ultrasound guided microneurography154, the roles for microneurography have been 

greatly expanded, potentially including clinic-based evaluation for painful neuroma after nerve injury as 

well as research-based longitudinal tracking of small fiber activity in response to therapy.  

5. Magnetoneurography 
The ability to non-invasively investigate biomagnetic signals anywhere in the body would clearly be of 

great benefit, not least for peripheral nerve evaluation. This technology has been established for years 

and successfully applied to the brain and heart (magnetoencephalograms and magnetocardiograms) but 

Figure 9. Panel (A, E): Measurement setup of Median nerve SNAP with surface electrode (A) and equivalent action current by OPM (E). 

Panel (B, F): Time-locked average comparison (from two sites: distal bicep = blue line; and proximal bicep = red line) between surface 

electrode (6cm inter-electrode distance) (B) and OPM (F) demonstrate identical 0.8 ms temporal dispersion for both modalities. SNAP 

action potential/currents are marked in the magenta shaded area. Panel (C, D): Surface electrode time-frequency analysis for SNAP 

measured at the distal bicep (C) and proximal bicep (D). Panel (G, H): OPM time-frequency analysis for SNAP measured at distal bicep (G) 

and proximal bicep (H). OPM, optically pumped magnetometers; SNAP, Sensory nerve action potential; μV, microvolt; pT, picoTesla; ms, 

milliseconds. Bu Y et al., 2022, available via CC BY 4.0. 
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application to peripheral nerve is not a new concept. Wikswo155 produced some of the first magnetic 

field measurements of nerve impulses followed by numerous incremental improvements in application 

to the human nerve that continue to be ongoing156–158. Ionic current flow (as measured by conventional 

surface electrodes) also generates a tiny magnetic field, which can be detected by magnetometers, the 

most applied of which being superconducting quantum interference device (SQUID) 

magnetoencephalography (MEG) systems158 and more recently optically pumped magnetometers159,160 

(OPMs, Fig 9). The ability to non-invasively produce high resolution pictures of intra-axonal as well as 

inward currents in deep nerves (depth-independent) throughout the entire neural pathway, including 

plexus, roots, spine, and brain would clearly be of significant value161. Testing that combines real time 

image-guided magnetoneurographic recording with non-invasive stimulation (magnetic or 

ultrasonographic) at any location in the body represents an exciting albeit seemingly distant future goal. 

Nevertheless, limitations are clear and predominantly include expense, time, availability, expertise, and 

size of equipment156,158,159.  

6. Alternate Stimulation Techniques 
Pushing electrical current into neural tissue has been the favored approach to neuronal depolarization 

for over a century but this approach is hindered by well-known limitations including, artifact and current 

spread that results in poor spatially confined excitation. However, depolarization can be accomplished 

by several other means, each technique having benefits and drawbacks and at different stages of 

translation toward clinical and research contexts. We briefly review and assess interesting alternate 

emerging approaches to generating a nerve action potential beyond standard electrical stimulation.  

6.1 Ultrasound stimulation 
Ultrasound promises to be one of the most exciting and cost-effective modalities for evaluating nerve 

health, having the potential to not only locate and assess a target nerve but also to both induce, 

modulate, and inhibit action potentials through highly focused ultrasound (FUS: focusing stimulation as 

accurately as 100μm)162–165,165–168; although, there is some ongoing debate as to how and even if FUS 

stimulates large fiber axons168,169. The mechanism of stimulation is unclear but mechanical stretch with 

ion channel opening, sonoporation from cavitation, and thermal effects are potentially involved in 

inducing neuronal depolarization163,165,169,170. Recent research in cell culture has shown that ultrasound 

excites primary murine cortical neurons through a mechanical mechanism mediated by specific calcium-

selective mechanosensitive ion channels171. Activated channels appear to cause calcium to build up, 

resulting in membrane depolarization and a burst firing response, which is in turn augmented further by 

calcium- and voltage-gated channels. Other mechanical effects are not required for this excitation. 

Inhibition or over expressing of these channels leads to reduced response or stronger stimulation, 

respectively171. Regardless of the mechanism, although predominantly viewed from a neuromodulation 

and therapeutic angle in literature, potential for ultrasound stimulation in evaluating nerve health is 

high due to its ability to target neural tissue types selectively, with high spatial specificity, and at depth, 

avoiding the limitations of stimulation artifact and current spread. Research is building strong 

momentum in this area.  

6.2 Magnetic stimulation 
Magnetic stimulation relies on Faraday’s principle that states a changing current will induce a time-

varying magnetic field, which itself is able to generate a current in a second circuit172. It was first used to 

stimulate peripheral nerve173 through the rapid discharge of a capacitor; however, the main application 

has been transcranial174. The technique is appealing given its promise to be able to non-invasively 
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stimulate nerves anywhere in the body due to the lack of attenuation of the field, as well as avoiding the 

need to inject current and associated stimulation artifact. Nevertheless, compared to electrical 

stimulation, the technique is limited by its ability to administer a controlled focal stimulus and remains 

inconsistent, imprecise, and time-consuming175–178. Micro-coil magnetic probes have been developed for 

intracortical neural stimulation but have the potential to be successfully repurposed for peripheral nerve 

stimulation and recording, especially intraoperatively, as discussed further in the section 9 below179–181.  

In an age of high gradient amplitudes and switching rates, Magnetic resonance imaging (MRI) itself can 

stimulate peripheral nerve182,183. Although problematic for improvements in imaging performance, this 

side effect could potentially offer another non-invasive opportunity for both stimulation and recording 

of peripheral nerve simultaneously, but, in contrast to FUS, much work is required before MRI has the 

capability to provide dual stimulating and imaging capabilities.  

6.3 Optical stimulation 
Neuronal depolarization through optical stimulation has been studied since 1971184. This area of study 

has evolved over the decades with in-vivo action potentials being recorded in nerve and muscle that as a 

result of low-level, pulsed infrared laser light185. Advantages of this technique over electrical stimulation 

have been widely expounded, emphasizing in particular the lack of stimulation artifact, as well as its 

selective precision of stimulation, without requirement for physical contact, and its safety profile185–189. 

The physiological process that explains this phenomenon has been clarified through analysis of potential 

photobiological effects resulting from the absorption of light by tissue, including thermal, pressure, 

electrical, and photochemical186. A thermal transient (photothermal effect) was found to be the most 

likely mechanism causing neuronal activation, necessitating an increase in temperature of between 3.6-

6.4℃. It is unclear precisely how the thermal transient initiates a depolarization but may be secondary 

to alterations in capacitance190,191, nanoporation192, or heat sensitive channels193.  

Some concerns include the risk of thermal damage and expense. Thermal damage was of initial concern 

given that the radiant exposure (energy needed per area) for tissue injury was only about twice that 

required for neuronal depolarization189,194. One attempt to mitigate this was by applying a subthreshold 

electrical stimulus concurrent with the optical stimulation, reducing the required pulse energy 

significantly189. The widespread use of laser technology in telecoms within the range of 1,500 nm led one 

group to assess the effects of varying wavelength on neuronal activation187. They found that a cost-

effective and practical approach might entail using these cheaper lasers and that different wavelengths 

may be suited to different depths of analysis.  

One issue with optical stimulation that is pertinent to the evaluation of nerve health is the difficulty it 

has in activating all axons within a nerve186, limiting its sensitivity and ability to quantify axonal content. 

In contrast to this, the lack of artifact and subsequent ability to stimulate close to the recording site 

allows a small intraoperative window to be used that would likely lead to greater utilization of nerve 

action potential recordings with intraoperative monitoring of peripheral nerve surgery as well as in 

research settings.  

7. Electrodes 
It is not possible to adequately evaluate most of the peripheral nervous system through standard 

surface electrodes. The ability to both record and stimulate using alternate electrode types, including 

invasive needle or cuff electrodes, wireless technology, as well as high-density surface electrodes 

provides an opportunity to effectively augment nerve health evaluation in both human and animal 

Page 21 of 43 AUTHOR SUBMITTED MANUSCRIPT - JNE-106219.R1

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

A
cc

ep
te

d 
M

an
us

cr
ip

t



Current and Emerging Techniques for Evaluating Peripheral Nerve Health and Regeneration: A Review 

22 
 

 

Figure 7. IIE needle with detail of electrode contacts.  

Figure 10. Impedance-electromyography (I-EMG) needle 

electrode with details of electrodes. The EMG electrode is 

located at the tip of the needle. Haystack Diagnostics, Inc (in 
development). 

research. Nevertheless, the geometry of recording electrodes has received little attention by way of 

previous systematic studies195.  

7.1 Specialized EMG electrodes 
Commercially available Macro and Single-fiber (SF) electrodes have been discussed above35,74; the macro 

cannula electrode provides a more comprehensive view of the MUP, while the SF electrode 

characterizes the relationship between muscle fibers and the MUP. Bespoke four-electrode embedded 

needles196 have been used to record three simultaneous views (MUPs) of each E-MU. Unique signatures 

are created using template matching and firing statistics, allowing identification far more accurately and 

decomposition at high contraction levels. Fine wire electrodes have long been used in gait analysis197 

and have the ability to remain in place for years in the control of prostheics198. Although providing very 

useful longitudinal and rich data on muscle, they suffer from small recording fields and risk of infection.  

Other types of electrodes are currently under 

development, such as combined EMG/EIM needles199 

(Fig 10), which takes advantage of the needle’s ability 

to accurately place electrodes close to an area of 

interest, enhancing accuracy and precision. The 

combination of multiple modalities into a single 

electrode promises to provide a more complete 

electromyographic profile of muscle. The four electrical 

impedance electrodes not only provide important new 

insights in passive elements of muscle that are invisible to EMG but are capable of greatly enhancing 

signal decomposition, in addition to providing macro and micro level MUP information. Inclusion of a 

single fiber electrode would make this a truly complete EMG electrode.  

7.2 Needle stimulation and recording 
Although not standard, near-nerve needle recording and stimulation have been performed for 

decades115 and given the increased need for sensitive measures from non-standard nerves in the context 

of neuroregeneration studies, their improved validity in this context is likely relevant to many studies 

involving neuroregeneration. The CNAP is a fundamental biomarker of nerve health that can be 

recorded using needle electrodes with guidance from stimulation, direct visualization, or more recently 

ultrasound19,115,200–202. Reference values for amplitudes are not currently available because of increased 

variability as the amount and type of tissue, and therefore resistance, between electrode and nerve 

reduces115,203. However, it is possible to record a CNAP with as few as 10 axons with diameters greater 

than 7um26, allowing one of the earliest means of detecting nerve regeneration. Regenerating axons 

change over time from having small diameter and slow conduction velocity to having near normal 

diameter and conduction velocity, but only once mature and connected with an appropriate end 

organ204. The recording area should be chosen based on context and can range from microneurography 

electrodes205 (see above) through to the entire bare cannula. The smaller the recording surface, the 

greater the amplitude but the smaller the recording field, as with EMG recordings.  

Another importance of needle electrodes lies in their ability to accurately target stimulation, if placed 

properly, essential when stimulating proximally or pre/post sites of injury, allowing for assessment of 

the proportions of neuropraxia and axonotmesis, as well as the assessment of deep or proximal 

muscles/nerves. Direct muscle stimulation can also reveal the extent and chronicity of denervation (see 
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strength-duration measurements below), differentiating between myopathic and neurogenic 

conditions206 and potentially providing insight into muscle receptivity to reinnervation. Risks of 

stimulating nerve with needles has been assessed and generally found to be safe10.  

7.3 Surface Electrodes 
In general, standard surface electrodes provide comfort but lack sensitivity due to signal attenuation by 

intervening tissue. Subtle morphological changes of E-MUPs cannot be discerned, rendering 

quantification and analysis difficult207, and CNAPs rapidly become unrecordable with depth10,19. High-

density surface EMG techniques overcome some of the issues when recording E-MUPs. Systems have 

improved to the degree that they are now capable of resolving spatial and temporal characteristics of a 

subset of E-MUPs196,207,208. Instrumentation complexities have hindered clinical uptake but use in 

research is gathering pace209 and not only due to its painless nature. It provides many opportunities for 

gathering significant amounts of useful data, including longitudinal monitoring, wireless data capture, 

and muscle activation patterns210,211.  

Stimulation using surface electrodes is commonly done within standard neurophysiology as well as in 

neuromuscular electrical stimulation212 (NES). The combination of multichannel high-density surface 

arrays and alternate stimulation parameters including strength, duration, and shape, allow for improved 

monitoring of muscle excitability213–215. 

Although not a neurophysiological measure, mechanomyography (MMG) can be used in conjunction 

with stimulation and, like twitch-force MUNE, has many similar properties; therefore, it has been 

included briefly in this review. MMG non-invasively measures mechanical vibrations produced by 

skeletal muscle. As muscle contracts, vibration is detected on the skin in several ways216: accelerometer, 

piezoelectric sensor217, laser distance sensor, or microphone (acoustic myogram218). MMG has been 

used to assess muscle function, fatigue, and control of prosthetic devices and interest has increased 

recently due to advances in sensor and signal analysis, along with MMG’s indifference to electrical 

artefact that challenges many electrode recordings. It has recently been applied intraoperatively to 

monitor decompression at the root level219, as well as at entrapment sites220, with favorable 

performance characteristics, although appearing to show complete and immediate resolution of 

conduction block intraoperatively in 100% of ulnar and peroneal entrapment cases. However, validation 

against standard nerve conduction studies intraoperatively is lacking and necessary. The potential of this 

technique to monitor motor nerve recovery and muscle reinnervation by way of non-invasively and 

sensitively detecting nascent units over time holds promise but is as yet unstudied.  

7.4 Biointerfaces  
Frequently employed for Vagus nerve stimulation, 

neural cuffs and clips have evolved extensively 

recently, moving from stiff rigid structures to 

flexible electronics that allow wrap around 

contact and reduce inflammatory responses221–224. 

Various configurations of microneedles can be 

implanted to penetrate different depths143,225,226 

(Fig 11, Utah Array); however, concerns about 

injury and chronic implantation limit application 

in many scenarios. Such advances offer an array of potential neuronal monitoring and modulating 

Figure 11. Utah penetrating (A) and slanted (B) electrode arrays.  

Available via license: CC BY 4.0, Blackrock Neurotech, Inc. 

Chandrasekaran et al, 2021.  

Page 23 of 43 AUTHOR SUBMITTED MANUSCRIPT - JNE-106219.R1

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

A
cc

ep
te

d 
M

an
us

cr
ip

t



Current and Emerging Techniques for Evaluating Peripheral Nerve Health and Regeneration: A Review 

24 
 

possibilities, allowing the collection of rich, accurate, and longitudinal real time passive and stimulated 

data. Nevertheless, implantation and likely removal is required at some point, necessitating invasive 

procedures. Advances such as regenerative electrodes227, whereby the nerve regrows through pores in 

the electrode, offer potentially higher precision in stimulation and integration.  

Reliance on wires has always been problematic. Improved spatial resolution and the ability to 

interrogate small-diameter nerves is evermore necessary but miniaturization has required significant 

advances in technology and a move away from electromagnetic-based systems. One such approach 

involves ‘neural dust’, which is a wireless ultrasonic backscatter system that is capable of both powering 

and communicating with nerve or muscle implanted bioelectronics below the millimeter-scale228. 

External ultrasonic energy causes a piezocrystal to vibrate, which is converted to current that powers a 

transistor. The transistor’s gate is modulated by any extracellular voltage change across recording 

electrodes, which in turn alters the crystal’s vibration. Thereby, electrophysiological information is 

encoded mechanically in the crystal’s vibration, which can be detected and reconstructed externally. 

Ever more integrated biointerfaces are being developed that promise impressive advances in metrics. A 

final noteworthy interface involves a stretchable ultrathin hybrid myoblast-graphene interface that can 

record EMG signals as well as stimulate electrically or optically in vivo224. In summary, the importance of 

electrode design cannot be overstated as a vital component in the evaluation of nerve health and is 

likely to be at the frontier of new scientific endeavors going forward, which will subsequently  require 

efforts at translation to the clinical arena.   

8. Animal and Lab Neurophysiology  
Distinguishing methods of animal neurophysiological examination from human is important because the 

contexts are fundamentally different, including subject cooperation, size, environment, skills and 

experience, equipment, questions being answered, and types of procedures allowable. Such differences 

require tailored approaches but also offer opportunities to provide enhanced neurophysiological metrics 

and improve on standard techniques; for instance, incremental twitch subtraction MUNE method (ITS-

MUNE)120. The use of sedation allows significantly different parameters to be applied for many 

stimulating techniques including for methods of transcranial and transcutaneous electrical229,230 and 

magnetic231,232 stimulation. This enhances the diagnostic ability of many techniques in lab research as 

well as the mechanistic understanding that is vital for translation to humans.  

Significant technical variation exists in lab-based neurophysiology, including techniques for obtaining 

even standard measures, such as a CMAP, and especially for more advanced methods, including NAP 

and MUNE. In the evaluation of nerve health, this lack of standardization mainly relates to type and 

position of recording and stimulating electrodes, the quantitative methodology implemented and, 

notably, experience and skill levels. One of the often overlooked and hardest skills to acquire is the 

recognition of artefacts and unwanted signals, and how to remediate or account for it. In general, the 

smaller the animal, the more artefact and movement play a role in study quality.  

Subcutaneous needle electrodes have very different recording parameters as compared to surface 

electrodes, and there is significantly greater variability of CMAP with small movements due to the 

minimal amount of subcutaneous tissue within which the electrode sits233. The repeated use over time 

of needle electrodes in smaller rodents can also lead to muscle injury with subsequent alteration in 

recordings that may be misattributed to disease progression. On the other hand, compared to needle 

recording, surface recording suffers from more unwanted non-target muscle activity, and selectivity has 
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increased importance when it comes to studying reinnervation and nerve health. Further variation 

includes the use of ring versus surface electrodes, as well as electrode area and method of adhesion.  

If collateral reinnervation has not had sufficient time to occur, as may be the case in acute denervation 

or mouse models involving rapid degeneration, a simple CMAP will quantify innervation well. However, 

application of MUNEs will often provide richer information. When performing MUNEs in research 

animals, determining what constitutes individual SMUP responses is the most difficult skill to acquire77. 

Without experience, the measure’s accuracy and repeatability suffers, although it is unclear to what 

degree researchers are usually trained to obtain MUNEs prior to commencing a study233.  

It is generally not possible to obtain voluntary EMG or active forms of MUNEs (such as STA-MUNEs) in 

research animals as there is a requirement for cooperation. Approaches to overcome this involve EMG 

recording during light anesthesia234, allowing recording, decomposition, and analysis of interference 

patterns, and potentially even acquisition of SMUPs for STA-MUNE methods. This approach allows 

greater understanding of the innervation than a simple CMAP, including MUP size, shape, and stability, 

and MU number and firing patterns. Invoking a walking reflex235 in a sedated animal may represent 

another approach to overcoming this issue. EMG can also be recorded using long term intramuscular 

electrodes in freely moving animals, allowing important sequential and granular recordings of change 

over time15,236,237; the rectified amplitude of the EMG can serve as an indirect indicator of muscle 

activity, although it may underestimate muscle activity at high levels of activation15,238.  

Nerve excitation is also possible using pulsed infrared light, and it has been lauded due to the lack of 

stimulation artefact and enhanced spatial precision186,239. However, the proximity of the stimulation 

threshold to the threshold for thermal ablation remains close194. Although efforts have been made to 

overcome this using a conditioning electrical stimulation prior to photo stimulation189, concern over the 

safety profile and penetration limit its use. Optogenetic stimulation also uses light instead of electricity 

to depolarize genetically modified neurons, expressing light-sensitive proteins (opsins) such as 

channelrhodopsin240,241. Opsins sensitive to different light wavelengths can be inserted via viral 

transduction, allowing selective targeting of nerve fibers innervating a specific muscle. The benefit of 

stimulating using light over the course of longitudinal studies is clear, including its lack of artefact. 

However, it requires the insertion of opsins, usually through viral vectors, and the transdermal 

penetrance of light has its limits. Much research is aimed at its role in functional stimulation and nerve 

regenerative capabilities242. Although this review has focused on the motor system, advances in sensory 

measurement have progressed beyond classical nerve conduction studies and microneurography 

discussed above, and particularly noteworthy are animal studies on the dorsal root ganglion (DRG), a key 

structure in peripheral nerve health. The DRG represents an opportunity to interface far more easily 

with the peripheral sensory system. An important example of this involves new non-invasive epineural 

DRG electrodes, which have recently been found to perform comparably to invasive electrodes in the 

laboratory, providing a clearer path to clinical translation243; although, as the study points out, further 

work on electrode density, configuration, and fixation is required and ongoing.  

9 Intraoperative Neurophysiology 
Human intraoperative recordings are intuitively appealing due to the direct access to nerves and 

theoretically should be an indispensable tool for nerve surgeons and surgeries where there is a risk of 

nerve injury. They have the potential to provide vital functional, diagnostic, and prognostic information 

to the surgical team that cannot be obtained in other ways244. However, current intraoperative 
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neurophysiological approaches generally focus on central pathways using evoked potentials and 

peripheral nerve specific measures are relatively rarely applied in peripheral nerve surgery. However, 

the effectiveness of techniques such as intraoperative NAP recording has been documented for 

decades245,246 and is increasing244,247–249. The lack of uptake has stemmed from difficulty in obtaining 

recordings such as CNAPs, mainly due to stimulus artefact; although, several approaches have been 

taken to improve recordings, including the above mentioned alternate forms of stimulation that avoid 

stimulation artefact185,246,250,251.  

With direct access to nerve, intraoperative neurophysiology affords the ability to obtain somatosensory 

evoked potentials from along the peripheral nerve. This may be capable of revealing the presence and 

location of neuronal regeneration along the nerve252–254, which would be vital information in surgical 

decision making by preventing unnecessary repair procedures. This information could potentially be 

obtained in clinic through needle electrodes, but the spread of stimulation from a percutaneously 

placed needle electrode is unknown and may result in false positives from nearby non-neuronal tissue 

stimulation. Additionally, the intraoperative set up is already in place for recording SSEPs and spatially 

selective neuronal stimulation is more easily ensured with direct visualization and low current246.  

Other measures such as CMAP, are usually done using intramuscular monopolar needles with bare 

cannulas, for which an all or none response is generally observed. Unlike clinic-based neurophysiology, 

there are currently no reference values for intraoperative CNAPs or CMAPs and intraoperative MUNEs 

are rarely, if ever, calculated. Bioelectrical impedance measurement, as discussed above, has not been 

attempted on nerve or muscle yet, which would offer a valuable and rapid new intraoperative 

perspective on nerve health, if technically feasible in the intraoperative environment. Microneurography 

has the promise of identifying regenerating axons before they are detectable by conventional NAP, as 

well as ectopic discharges from painful neuromas; however, significant challenges regarding practicality 

would need to be overcome to implement this intraoperatively given time taken and equipment 

required. Finally, alternate categories of electrode may help reduce stimulation artifact and improve 

NAP recording intraoperatively, including using magnetic stimulation and recording micro-coils, 

currently applied to intracortical stimulation179,180. Given the unrivalled access to peripheral nerve 

offered intraoperatively, there is a significant opportunity to obtain valuable information about nerve 

health via numerous potential intraoperative measurements if practical, reliable, and rapid approaches 

can be developed in the challenging surgical environment.  

Conclusion 
Advances in neurophysiological biomarker and outcome measures represent a powerful method of 

expediting progress in neurotherapeutic research and clinical practice. 

The present scoping review serves as a complement to Part 2, which specifically concentrates on non-

invasive imaging. and aims to accomplish two objectives. Through Part 1 of this scoping review, we were 

able to bring under one roof the array of neurophysiological techniques that currently provide, or have a 

potential to provide, valuable insights into nerve health both in clinical and research settings. We have 

also provided commentary, where feasible, on the fundamental mechanisms, performance 

characteristics, and pragmatic considerations for implementing these techniques.  

We provide a comprehensive and updated resource on the wide spectrum of current and emerging 

neurophysiological approaches related to nerve health, degeneration, and regeneration research and 
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clinical care. Lastly, in addition to aiding in the selection of appropriate metrics of nerve health, we 

highlighted numerous areas of promise and nascent technologies that represent potentially fertile 

avenues of further research.   
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