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Abstract 

Establishing a valid, reliable, and objective method for determining the number of 

functioning motor units in a muscle is important clinically, as it would provide a quantitative 

means of documenting changes in neuromuscular health over time.  This thesis addressed the 

reliability of motor unit number estimates (MUNEs) derived using decomposition-based 

quantitative electromyography (DQEMG) from the extensor digitorum brevis (EDB) and 

abductor hallucis (AH) muscles.  Additionally, the effect of the mean surface motor unit potential 

(SMUP) parameter averaging method (arithmetic/ensemble), the size-related parameter used to 

calculate MUNE (amplitude/area), and the type of SMUP marker editing (automatic/manual) was 

investigated in terms of MUNE values.   

Two separate analyses on a single data set collected from twenty healthy subjects on two 

occasions were conducted.  MUNEs were calculated by dividing a size-related parameter 

(amplitude/area) of the compound muscle action potential (CMAP) by the same size-related 

parameter of a representative mean SMUP.  First, paired t-tests investigated differences in 

MUNEs calculated using arithmetic and ensemble averaged SMUP parameters. Within- and 

between-day reliability of the two measurements was established using intra-class correlation 

coefficients (ICCs), coefficients of variation (CV), mean absolute differences (MAD), and Bland 

Altman limits of agreement (LOA). Second, MUNEs (using both parameters) derived from 

automated and manually edited SMUPs were compared.  The effect of the size-related parameter 

and editing type was identified using a two-factor, repeated measures analysis of variance.  

Reliability was determined as described above.  

Arithmetic averaged SMUP parameters produced smaller MUNEs than those derived 

from ensemble averaging (p<0.001).  SMUP area produced higher MUNEs than SMUP 
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amplitude (p<0.05), except when using arithmetic averaged parameters in AH.  Interaction effects 

between editing type and size parameter were present in both muscles (F>6.68, p<0.001).    

Between-day MUNEs had lower CVs and MADs, higher ICCs, and narrower LOAs than 

within-day MUNEs.  MUNEs derived from arithmetic averaged SMUP parameters showed the 

highest reliability (ICCs>0.91).  MUNEs calculated from automated SMUP marker placements 

were highly correlated (r>0.86) and displayed comparable reliabilities to those derived from 

manual marker placement (ICCs>0.90). 

To optimize the reproducibility of MUNEs calculated using DQEMG, while minimizing 

processing time, between-day automated estimates using arithmetic averaged SMUP amplitude is 

recommended.    
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Chapter 1 

Introduction 

1.1 Rationale and Justification of Study 

 Accurate diagnosis of neuromuscular dysfunction is extremely important in order to 

optimize management and/or monitor progression.  A key feature of most neuromuscular diseases 

is the loss of motor neuron axons, and thus a reduction in the number of functioning motor units 

(MUs) in a given muscle
1
.  The ability to provide an accurate assessment of the amount of axonal 

loss, and objectively describe the characteristics of the remaining axons, would provide further 

insight into the pathophysiology and degenerative processes of many neuromuscular diseases.   

 Assessment methods for neuromuscular damage have remained fairly consistent 

throughout the years.  Traditionally, assessment begins with a clinical exam to identify symptoms 

of weakness, numbness, tingling and/or changes in reflexes, sensory perceptions or the amount of 

muscle tone or bulk
2
.  Additional diagnostic methods used to verify or rule out initial suspicions 

of neuromuscular disease include: blood work, biopsies (muscle, nerve, or skin), diagnostic 

imaging (X-ray to view changes in skeletal or soft tissue, computed tomography (CT) to provide 

highly detailed cross-sectional views of any tissue, or ultrasound imaging and magnetic resonance 

imaging (MRI) to identify three dimensional structural and anatomic abnormalities), and 

electrophysiological testing (nerve conduction studies (NCS), and needle electromyography 

(EMG)
2
.  Subsequent diagnostic tests are often required to support differential diagnoses; 

however, the selection of diagnostic test(s) is dependent on the suspected cause of the 

abnormality and on the sensitivity of the tool itself 
3
.  For example, CT scans have been deemed 

sensitive enough for detecting gross primary or secondary degenerative muscle abnormalities, 

however they are not sensitive to inflammatory muscle diseases
4
.  MRI is beneficial because it 

provides excellent anatomical detail that many clinicians feel is accurate enough to confirm initial 
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suspicions of nerve root abnormality; however, the utility of MRI as a diagnostic tool is often 

overshadowed by its high false positive rate.  It has been reported that although the sensitivity of 

MRI is over 85%, the specificity is only about 50%; thus approximately half the patients tested 

who are found to have evidence of anatomic abnormalities based on MRI findings have no 

abnormal clinical or electrophysiological symptoms
5
.  

Electrodiagnostic methods (clinical EMG) often use a combination of outcome measures 

to indicate the presence of neuromuscular damage.  These measures include: the presence of 

spontaneous electrical activity, the duration of insertional activity, characteristics of the 

interference pattern, MU firing rate, and motor unit potential (MUP) size parameters
6
.  

Identification of these parameters is highly dependent on operator technique, skill and 

interpretation, and is often conveyed to other clinicians in nominal terms (i.e. dichotomous 

answers).  MU firing rate and MUP analysis have therefore become the most important 

parameters to investigate when assessing neuromuscular dysfunction, as they provide objective 

information rather than simply positive or negative decisions.  MUP parameters are of particular 

interest as they provide a direct reflection of MU structure
7
.  In a clinical EMG exam, the 

operator assesses MUP parameters from minimal level contractions only, as the interference 

pattern at higher levels is too complex to identify individual MUs, thus biasing the assessment to 

Type I, slow twitch fibres
8
. 

Unfortunately, an accurate assessment of MUP parameters becomes difficult when 

dealing with chronic, progressive disorders.  With peripheral neuropathies and neuromuscular 

disorders such as amyotrophic lateral sclerosis (ALS) and poliomyelitis, MU loss is a prime 

feature.  Collateral sprouting of the surviving motor neurons and subsequent reinnervation of 

orphaned muscle fibres is a principal pathophysiological characteristic in the chronic phase of 

disease progression
9
.  Due to this phenomenon, MU loss will often be masked by the surviving 
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motor neurons until they can no longer support the remaining muscle fibres.  Clinical EMG 

methods have difficulty detecting early MU loss because the associated MUP changes are not 

evident until the loss is well advanced and has entered the chronic phase.  Consequently clinical 

EMG has limited value for measuring changes in disease progression
1
. 

 Quantitative EMG (QEMG), explored clinically for the first time in the 1960s, is an 

emerging assessment tool that provides a detailed analysis of single MUP parameters.  Although 

clinicians accept the principle of quantitative analysis, the time-consuming and labour-intensive 

nature of this method has prevented it from gaining widespread acceptance
10

.  Decomposition-

based quantitative EMG (DQEMG) is a type of QEMG that uses computer-based algorithms for 

EMG signal decomposition, providing an objective means of analyzing an EMG signal
11

.  The 

DQEMG protocol requires minimal operator expertise or experience and takes less than ten 

minutes per muscle to obtain a detailed analysis
12

.  Furthermore, algorithms have been developed 

that are capable of estimating the number of functioning MUs in a muscle, a technique referred to 

as motor unit number estimation, or MUNE.  The ability to provide a quantitative measure of MU 

number may provide clinicians with an effective way to track disease progression or recovery 

through monitoring changes in MU number over time
12,13

.  

 

1.2 Significant Contributions to the Field 

DQEMG has been proven to reliably estimate MUNE in muscles in the upper extremity 

(biceps brachii, first dorsal interosseous, thenar, and upper trapezius muscles
12,13,14

), however only 

one study has provided evidence for its reliability in muscles of the lower limb
15

.  If DQEMG can 

reliably reproduce MUNE values in the lower limb muscles of healthy individuals, it could 

become particularly useful in the identification of diseases that involve MU loss.  Furthermore, 

establishing reliability in specific test muscles (i.e. extensor digitorum brevis) would allow for the 
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diagnosis and monitoring of diseases that evolve in a caudal-cephalad direction (i.e. diabetes), 

whereby the distal lower limb muscles experience the earliest signs and symptoms.  

 

1.3 Statement of Purpose and Study Objectives 

The purpose of this thesis was to determine if DQEMG can reliably reproduce MUNEs in 

the extensor digitorum brevis (EDB) and abductor hallucis (AH) muscles in healthy adults.  The 

specific objectives were to determine if the reliability of DQEMG at determining MUNE is 

altered when a) different averaging techniques (ensemble vs. arithmetic) are used to determine the 

mean surface detected MUP (SMUP) parameters, b) different size-related parameters (amplitude 

vs. area) are used to calculate MUNE, and c) the operator manually intervenes to optimize mean 

SMUP measurement as compared to an automated algorithm.  The within- and between-day 

reliabilities of the MUNEs were computed for each outcome, as the stability of the respective 

measurements in healthy individuals is critical if DQEMG is to gain clinical acceptance.   
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Chapter 2 

Literature Review 

2.1 Overview  

 In addition to clinical examination, a useful way of determining the level of health and 

functionality of the neuromuscular system is to investigate the electrophysiological properties of 

clinically symptomatic muscles.  Changes in the morphological parameters of a muscle’s 

electrical output is indicative of changes in underlying muscle architecture, and thus can be used 

for identifying abnormality associated with disease processes.  Particularly these alterations can 

help determine the state of disease progression (acute vs. chronic) and disease origin (mypoathic 

vs. neuropathic).     

Clinical electromyography (EMG) is currently the leading method used to investigate the 

integrity of the peripheral nerves and muscles.  Clinical EMG is often interpreted subjectively and 

requires patient cooperation, and clinical experience to provide an accurate diagnosis.  These 

requirements can negatively impact its validity and reliability, thus rending the utility of clinical 

EMG equivocal.  Numerous advancements have been made to address these limitations, including 

the incorporation of automated functions.  EMG decomposition, the process of “decomposing” an 

EMG signal into the component individual motor units is extremely time-consuming to perform 

manually; however, decomposition-based quantitative EMG (DQEMG) is an emerging tool that 

automates components of processing and analysis.  

DQEMG provides information pertaining to motor unit potential (MUP) properties and 

motor unit firing rate, and unlike clinical EMG examinations, it derives an estimate of the number 

of motor units in a muscle. This outcome measure is particularly appealing to clinicians trying to 

diagnose and monitor the phases of disease progression in which MUs are lost.  Numerous studies 
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have demonstrated the reliability of DQEMG at determining MUNE in muscles of the upper 

limb
12–14,16

, however only one study has examined the reliability of MUNE associated with lower 

limb muscles
15

.  A more comprehensive analysis would be valuable to determine its potential 

clinical utility.   

 

2.2 The Motor Unit 

The motor unit (MU), the functional subunit of a muscle, consists of an alpha motor 

neuron, its axon, and all the muscle fibres it innervates
7
.  The fibres that make up a MU have 

similar characteristics and therefore MUs can be divided into groups based on the contractile and 

fatigue properties of their constituent fibres
17

.  Human MUs are divided into two main groups: 

Type I “low-threshold” fibres, and Type II “high-threshold” fibres.  Type I MUs are small, have 

long twitch times (slow-twitch), slow axonal conduction velocities, are resistant to fatigue, and 

have a long after-hyperpolarization of the ventral horn cell.  Type II MUs are large, have short 

twitch times (fast-twitch), high axonal conduction velocities, are rapidly fatigued, and have a 

short after-hyperpolarization of the ventral horn cell
7
.  The fibres of a given MU are dispersed 

and intermixed with fibres from other MUs.  The size of the MU (the territory occupied by all 

component fibres) is smallest for the Type I, low threshold MUs, and largest for the Type II, high 

threshold MUs
7
.   

Henneman’s size principal states that MU recruitment follows a specific pattern during 

voluntary muscle activation: Type I, low threshold MUs are recruited first at low intensity 

contractions, and Type II, high threshold MUs are recruited afterwards as the intensity of the 

contraction increases
7
.  A reversal of this pattern (Type II MUs recruited before Type I MUs) is 

expected with direct electrical stimulation, as larger diameter axons are more sensitive to 

depolarization via electrical stimulation than smaller diameter axons
18

.  However, evidence 
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suggests that MU recruitment during percutaneous electrical stimulation is often non selective, as 

excitability is influenced by multiple factors including the depth of the nerve relative to the skin 

surface, the orientation of the nerve fibres, the proportion of fibre types (Type I and Type II), and 

the stimulus parameters themselves
19

.  

 

2.3 Clinical Electromyography 

 A MU has five distinct sites where damage may occur: the nerve root, the nerve plexus, 

the peripheral nerve, the neuromuscular junction, and the muscle it innervates
2
.  Neuromuscular 

disease results when a structural alteration occurs at any of these points and can alter the function 

of the affected muscle
7
. Electrodiagnostic assessments such as a clinical EMG exam can provide 

insight into the nature of these structural changes.       

A clinical EMG exam consists of nerve conduction studies to examine the electrical 

activity of the peripheral nerve and neuromuscular junction, and needle EMG to examine MU 

properties
6
.  Clinical EMG has long been considered the “gold standard” for diagnosing and 

differentiating between neuromuscular disorders, as it provides excellent etiological and 

localizing information
2,20

. Other diagnostic methods (such as magnetic resonance imaging (MRI) 

or clinical examination) cannot generally distinguish whether a disease process is myopathic or 

neurogenic in nature, whereas clinical EMG can be quite effective in this regard
4,10

.  Furthermore, 

clinical EMG allows clinicians to gain insight into the severity of the disease by examining its 

pathophysiological mechanisms, evolution, stage, and prognosis
21

.   

Transcutaneous electrical stimulation of a peripheral nerve innervating the target muscle 

produces a compound muscle action potential (CMAP), which can be recorded through surface 

electrodes overlying the muscle.  When the nerve is supramaximally stimulated, the amplitude 

and latency of the CMAP provide an indication of the number of functioning MUs
22

 and the state 
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of axonal myelination
23

, respectively.  Collectively these indicators reflect the health of the 

muscle of interest.  

While nerve conduction studies provide information primarily regarding the number and 

physiological state of the functioning nerve axons and muscle fibres, needle EMG provides 

information on the status of individual muscle fibres and MUs, the anatomic organization of 

MUs, MU recruitment properties, and other MU characteristics
23

.  Three different types of 

activity are associated with needle EMG.  Insertional activity is the muscles’ electrical response 

to the mechanical damage caused by needle insertion and movement, and normally ceases as soon 

as the needle stops moving
21

.  Spontaneous electrical activity is the abnormal, in some cases 

repetitive discharge of single muscle fibres
22

.  Prolonged insertional activity or persistent 

spontaneous activity can indicate the presence of denervation
21,22

.  A limitation of the disease 

indicators outlined above is that they are only present in the acute phase of injury, as these 

instabilities are lost as the reinnervation process becomes more complete
3
.  It is however, the 

assessment of voluntary muscle electrical activity that allows clinicians to observe changes in 

MUP parameters (amplitude, area, duration), and thus changes in MU architecture, that are 

evident once the disease has become chronic (> 6 months)
3
.   

Varying contraction levels are used to assess different aspects of MU function.  Gentle 

contraction enables recording from a single MU and characterization of its firing pattern and 

discharge frequency
10

.  Transitioning from a low-level to a moderate contraction allows 

investigation of MU recruitment.  As muscle tension develops, MU firing rate increases, and 

more MUs are activated (recruited)
23

.  In normal muscle, initial MU firing rates are between 5-8 

Hz and gradually increase to 20-40 Hz as force production is increased
21

.  An individual with MU 

loss may present with MUs that fire more rapidly before additional MUs are recruited, 

underscoring the value of investigating firing patterns to detect MU dysfunction or axonal loss
21

.              
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A motor unit potential (MUP) represents the sum of all the action potentials from all 

muscle fibres within a given MU and thus provides insight into the structural characteristics of 

the MU
7
.  MUP parameters including amplitude, area, and duration, are monitored during low 

intensity contractions.  Understanding the relationship between MU architecture and MUP size 

related parameters is crucial to identifying neuromuscular disease origin and following the state 

of disease progression
1
.  Damage to the motor neuron, for example, results in the denervation of 

its muscle fibres.  Over time, surrounding intact MUs collaterally sprout to reinnvervate and 

incorporate orphaned muscle fibres visualized as increased MUP amplitude, area, and duration
7,9

.  

In contrast to these neuropathic changes, myopathic changes are characterized by a loss in the 

number of fibres innervated by a given motor neuron, associated with MUPs that display 

abnormally low amplitude, area, and duration
10

.   

The monitoring of MUP parameters over time is important clinically
3,21

.  It follows that 

understanding the stability and reliability of these measures is also important in order to ascertain 

their diagnostic value.  One of the limitations of clinical EMG is identifying meaningful variables 

during higher intensity contractions due to the interference pattern of electrical muscle activity
23

.  

Individual MUs cannot be discerned and the interference pattern is generally described as “full” 

or “reduced” depending on the absence or presence of visible baseline voltage, respectively
22

.  

Furthermore, the fullness of the pattern can be impacted by the presence of the needle electrode, 

as at higher activity levels, pain may inhibit the ability to elicit a “full” interference pattern.     

 

2.4 Quantitative Electromyographic Approaches  

Quantitative EMG was initially explored as a way to objectively analyze interference 

patterns and overcome the limitations associated with clinical EMG
10

.  The development of 

computerized decomposition software was transformational in terms of providing a means of 
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extracting individual MUPs from an interference pattern and subsequently quantifying their 

characteristics.   

Early attempts at quantitative analysis using EMG ‘decomposition’ were accomplished 

by manually identifying distinctively shaped MUPs on traces photographed at high-sweep 

speed
10,24

.  This highly labor intensive, time-consuming technique was later replaced by hardware 

discriminators and electronic delay lines that facilitated the identification of MUPs
25

.  The interest 

in pursuing techniques of decomposing the EMG signal into its constituent MUPs was to provide 

information about the structure and function of individual MUs during various intensities of 

contraction
26

.  High fidelity methods that can detect superimposed MUPs, and that can establish 

discharge patterns and shapes of individual MUs have considerable research and clinical 

applications
24

.  The decomposition method is based on acquiring an EMG signal, identifying 

individual MUPs (decomposition), and classifying them into sets of MUP trains (MUPTs) 

belonging to concurrently active MUs
26

 (Figure 2.1).  Computer-based algorithms to decompose 

interference patterns offer considerable promise for use in the clinical arena. 
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Figure 2.1: A schematic representation of the decomposition of the EMG signal into its constituent MUP 

trains (MUPTs) (modified from
26

).  

 

2.5 Decomposition-Based Quantitative Electromyography (DQEMG) 

Developed by Stashuk and colleagues
27

, decomposition-based quantitative 

electromyography (DQEMG) offers a unique approach to quantifying MUP properties.  Unlike 

other systems, DQEMG requires the collection of both micro (needle) and macro (surface) signals 

simultaneously to evaluate MU properties.  Needle-detected MUPs are sorted by the DQEMG 

algorithms into different MUP trains (MUPTs) based on similar firing patterns and architectural 

characteristics (i.e. MUP shape).  The firing times of the MUs within a given MUPT then serve as 

triggers to collect corresponding surface-detected MUPs (SMUPs)
12

.  The DQEMG system 

outputs a combination of micro and macro MUP parameters associated with each MUPT, in 

addition to firing pattern statistics, and motor unit number estimates (MUNE).  The combination 

of these measures allows DQEMG to provide a more comprehensive evaluation of the 

morphological and operational state of the neuromuscular system
27

.   
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2.6 Motor Unit Number Estimation (MUNE)       

Multiple methods have been used to quantitatively estimate the number of MUs present 

in a muscle.  The ability to accurately and reliably estimate the number of functioning MUs in a 

muscle can provide clinicians and researchers with a direct way of following the course of any 

disease in which motor axons are lost (such as ALS)
20

.  Bromberg
28

 anticipated that MUNE 

techniques could meet this need.  Specifically, this quantification could assist clinicians with the 

diagnosis of neuropathic disease, define its severity, monitor its progression, and assess the 

efficacy of treatment
29

.  Collateral sprouting and reinnervation can affect the size of the existing 

MUs and would impact the morphology of the MUP, but not the number of MUs in a muscle.  

MUNE, on the other hand, would provide information about changes in the size of the MU pool 

or MU pool reorganization, an indicator of axonal loss.  

2.6.1 Calculating MUNE  

All MUNE methods have the same basic principles.  First, the size of the potential when 

all the MUs in a muscle are activated must be determined.  This is accomplished by 

supramaximal stimulation of the motor nerve.  The resultant compound muscle action potential 

(CMAP), also known as the maximal M wave, is the electrical summation of muscle fibres 

activated by all alpha motor neuron axons innervating the target muscle
8
.  Second, a 

representative sample of MUs must be drawn from all available MUs within the muscle from 

which the average size of a single SMUP may be determined.  Finally, MUNE is calculated by 

dividing a size-related parameter of the CMAP by the same size-related parameter of the mean 

SMUP
1
.   

The protocol for determining the maximum CMAP is well established, however there is 

less standardization in the determination of the average SMUP, which can impact the MUNE.  
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The most common methods include incremental stimulation, multiple point stimulation (MPS), 

spike-triggered averaging (STA), and decomposition-enhanced spike-triggered averaging (DE-

STA).  

2.6.1.1 Incremental Stimulation 

 The incremental method was described by McComas et al.
30

.  A low intensity, low 

frequency (1 Hz) electrical stimulus is delivered to a motor nerve and gradually increased until a 

motor response (threshold) is observed and recorded as a small M-wave
30

.  The intensity is 

progressively increased to generate the smallest incremental increase in M-wave amplitude, the 

assumption being that these increases in M-wave amplitude reflect the addition of single MUs to 

the activated pool
31

.  This procedure continues until no further increases in M-wave amplitude are 

detected.  Dividing the maximum CMAP amplitude by the number of incremental steps provides 

the mean SMUP amplitude, and the number of steps corresponds to MUNE.   

 The main criticisms of this technique for MUNE is that it assumes that the incremental 

increases in the M-wave reflect the contribution from single MUs, that recruitment is linear, and 

that previously activated MUs are consistently activated with each subsequent stimulus
30

.  

Multiple MUs may share a similar threshold stimulus
32

 and the units contributing to the M-wave 

may fluctuate between repeated stimuli
31,32

.  Brown and Milner-Brown
32

 found that the firing 

levels of two or more motor axons frequently overlap in the first 1 to 10 motor axons excited.  

Therefore, an incremental response could be representative of the activation of another MU with 

a slightly higher, but overlapping threshold, instead of the combined activation of the original 

lower threshold MU with the higher threshold MU
1,20

.  This phenomenon, referred to as 

alternation, can lead to errors in the calculation of the mean SMUP, therefore impacting MUNE, 

and is considered the major downfall of the incremental method
1
.  



 

  
14 

2.6.1.2 Multiple Point Stimulation 

 A way to avoid alternation is by stimulating the nerve at several sites along its course
33

.  

Multiple point stimulation (MPS) stimulates the nerve at each site progressively increasing the 

intensity until the smallest M-wave is observed.  A series of M-waves derived from 10-20 sites 

along the course of the nerve are averaged to provide an estimate of the mean SMUP
34

.  

Assumptions inherent to this technique are that the sample of SMUPs selected by threshold 

stimulation provides a representative sample of SMUPs of different sizes within the muscle.  The 

second assumption is that a sample of 10-20 MUs is sufficient to derive the mean SMUP size
34

.  

Increasing the number of sites of stimulation decreases variability of the MUNE
35

, however this is 

a difficult task unless a large segment of the nerve can be accessed superficially.  Thus MPS is 

limited to studies of distal muscles, as proximal and axial muscles do not allow for easy access to 

multiple sites of the motor nerve
1
.  

2.6.1.3 Spike-Triggered Averaging 

 The methods described above elicit responses evoked by electrical nerve stimulation, 

which activates large diameter axons more readily than small ones, thus recruiting large Type II 

MUs preferentially.  Spike-triggered averaging (STA) uses voluntary muscle activation and 

therefore reflects the natural recruitment order of small MUs (Type I) to larger ones as 

contraction intensity increases.  STA uses both surface and intramuscular needle electrodes to 

record MU activity.  A subject gently contracts his/her muscle such that approximately 2-3 MUPs 

are detected from the needle electrodes to identify the corresponding SMUP that is time-locked to 

the trigger
36

.  Moving the needle position enables recording from different sites and MUs as a 

means of acquiring a representative sample of SMUPs.  The mean SMUP amplitude (or area) is 

calculated and divided into the maximum CMAP amplitude (or area) to derive MUNE.   
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 This technique relies on the ability of the subject to control their contraction level such 

that only 2-3 MUPs are recruited at once.  This can be difficult in the presence of poor motor 

control, or abnormal neuromuscular activity
20

.  If too many MUs are activated, the interference 

pattern of the EMG signal is too complex to identify individual MUPs.  Furthermore, the low-

level contractions required results in a sample that is biased toward low-threshold Type I 

MUs
12,20,36

.   

2.6.1.4 Decomposition-Enhanced Spike-Triggered Averaging 

 Decomposition-enhanced spike-triggered averaging (DE-STA) is a modified form of 

STA that allows for an increased number of MUPs to be obtained from a single intramuscular 

electrode site associated with higher levels of contraction
12,36

.  Consequently, the number and 

variation (Type I and Type II) of MUPs used in the averaging process is higher than the STA 

method described earlier, which was a limitation of STA
36

.   

As with STA, an intramuscular needle electrode is inserted and positioned to detect 

multiple MUPs during a single tonic contraction.  Decomposition algorithms sort MUP “spikes” 

into groups based on similarity of firing patterns and morphological characteristics (i.e. rise time, 

negative-peak amplitude) to produce MUP trains (MUPTs) of at least 50 MUPs associated with 

each MU
12

.  Each of the MUP spikes within a MUPT serves as a trigger to extract the 

corresponding SMUP, and then all of these SMUPs are averaged together to determine the mean 

SMUP.   

A distinguishing feature of DE-STA is the averaging process used to calculate the mean 

SMUP.  Rather than determining the relevant parameters (e.g. amplitude, area) for each 

individual SMUP then calculating the arithmetic average, DE-STA ensemble averages (following 

negative-peak onset alignment) the SMUP waveforms and derives the parameters of interest from 

the averaged waveform.  DQEMG in turn uses the ensemble averaged SMUP parameter values to 
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calculate two MUNE estimates: one derived from the negative-peak amplitude as the 

denominator (amplitude MUNE) and another derived from the negative-peak area as the 

denominator (area MUNE).    

2.6.2 Utility of MUNE 

The ability to determine and monitor the number of functioning MUs in a muscle is 

clinically relevant as a means of documenting neuromuscular health and changes over time.  The 

utility of any measure, including MUNE, is dependent on whether it provides a valid indication of 

the parameter of interest.  Doherty et al.
37

 used MPS to calculate and compare the MUNEs 

derived from ensemble and arithmetic averaged SMUP parameters in the upper limb.  They found 

that MUNEs calculated using ensemble averaged SMUP parameters were approximately 16-20% 

higher than MUNEs calculated using arithmetic averaged SMUP parameters
37

.  In the absence of 

a gold standard method of estimation, it cannot be discerned whether either of the methods 

provide a valid estimate of MU number.  There are no known non-invasive means of counting the 

number of MUs in an awake human, and comparison of MUNE estimates to post-mortem counts 

of alpha motor neuron axons innervating the muscle of interest has obvious limitations
20

.     

Shefner’s review paper
20

 summarizes studies that compared MU count estimates derived 

using the incremental, MPS, and STA methods with anatomical counts and found that anatomical 

counts consistently provided higher estimates than each of the MUNE methods tested
30,37–39

.  

Although there is a general trend for physiological studies to underestimate the number of MUs, 

anatomical counts are limited as there is no way to verify that the axons counted were in fact 

motor axons
18

. Notwithstanding challenges associated with validating MUNE methods, it is 

important that the measure instead is reliable in terms of stability from day to day.  If a given 

MUNE method produces reliable outcomes, then it affords a means of reliably detecting changes 
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in MU numbers over time.  From a clinical standpoint this is valuable as it permits the monitoring 

of disease progression and treatment effectiveness.   

Porter et al.
28

 indicate that “in order to be of clinical use, the method of choice must have 

sufficiently high test-retest reliability with no sampling bias (p. 2287)”.  DE-STA has produced 

MUNEs that have demonstrated very good reliability for upper and lower limb muscles.  Boe et 

al.
12,13

 found that MUNEs derived using DQEMG showed strong correlations between estimates 

obtained from two different test sessions (r=0.72 in the first dorsal interosseous muscle) and 

between days (r >0.94 in thenar and biceps muscles).  Inter-rater reliability of MUNE was also 

shown to be high in the tibialis anterior muscle (ICC=0.87)
15

.  All of these estimates are 

associated with decomposition algorithms, which extract SMUPs from more complex 

interference patterns thus providing a representative MU sample and limiting human involvement 

in this process.  The ease and speed with which the examination can be completed are also 

desirable traits for a clinical measure
35

.   

The literature suggests that DQEMG derived measures are promising clinical outcomes 

that may aid in the diagnosis of neuromuscular diseases.  However, the reliability of DQEMG 

determined MUNE in lower limb muscles has not been well documented.  The stability (or 

variability) of within- and between-day estimates would be important to understand, as it would 

determine its value clinically.  It is not yet clear whether the method of determining SMUP 

characteristics has an impact on the reliability of MUNE since direct comparisons between 

ensemble and arithmetic averaged SMUP amplitude and area has not been carried out.  It is also 

unknown if manual editing of the automated process of determining the SMUP characteristics can 

enhance the reliability of MUNE or produce different estimates.  These issues will be addressed 

in the two studies described in the following chapters.  These findings will identify those methods 
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of MUNE derivation that are most strongly associated with acceptable reliability and 

consequently, of greatest clinical applicability.    
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Test-Retest Reliability of Decomposition-Based Quantitative Electromyography in 

the Lower Limb: Does the Method of Mean Surface-Detected Motor Unit Potential 

(SMUP) Calculation Affect Reproducibility? 

3.1 ABSTRACT 

Objective: The primary objective of this study was to establish the within- and between-day 

reliability of decomposition-based quantitative electromyography (DQEMG) derived motor unit 

number estimates (MUNE) in the extensor digitorum brevis (EDB) and abductor hallucis (AH) 

muscles.  A secondary objective was to determine how MUNE estimates are affected by the 

averaging method used to estimate the mean surface motor unit potential (SMUP) size 

parameters, and by the size-related parameter used to calculate MUNE.  

 

Methods:  Twenty healthy subjects participated on two separate occasions.  At each session, 

DQEMG using needle and surface detected motor unit potentials (MUPs) from isometrically 

activated EDB and AH muscles were carried out.  Mean SMUP amplitude and area were 

calculated using ensemble and arithmetic averaging methods.  MUNEs were calculated as the 

ratio between amplitude/area of the compound muscle action potential (CMAP) and the 

corresponding mean SMUP amplitude/area for each averaging method and muscle.  Paired t-tests 

identified differences in the outcomes between trials and days.  Intra-class correlation coefficients 

(ICCs), coefficients of variation (CV) and mean absolute differences (MAD) measured 

variability, and Bland Altman Analyses measured the limits of agreement (LOA) between trials 

and days of the MUNEs produced from the different SMUP averaging methods.   

 

Results: Within-day differences were found for AH MUNE values calculated using SMUP and 

CMAP amplitude with both averaging methods (p<0.04).  No other measures in either muscle 

differed within- or between-days.  Within-day CVs and MADs ranged from 18.9%-37.2% (EDB) 

and 16.2%-44.4% (AH).  Between-day CVs and MADs ranged from 17.3%-29.2% (EDB) and 

12.9%-49.5% (AH).  Between-day MUNEs in EDB using both averaging methods, and MUNEs 

in EDB using the arithmetic averaged SMUP parameters demonstrated very good to excellent 

reliability (ICC=0.86-0.93).  Within- and between-day MUNEs in EDB and AH showed narrower 

LOAs using arithmetic averaged SMUP parameters than using parameters derived from ensemble 
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averaged SMUPs; generally MUNEs calculated using the CMAP and SMUP amplitude had lower 

LOAs than when area was used.   

 

Conclusion: DQEMG is associated with reproducible between-day MUNEs from EDB and AH 

muscles.  Optimal reliability is achieved when averaged measures are used from repeated trials 

and when arithmetic averaged SMUP parameters are used to calculate MUNE.  Although 

differences in MUNE values exist when calculated using amplitude and area, the reliabilities are 

comparable.   

 

Key Words: Decomposition-Enhanced Spike Triggered Averaging (DE-STA); Motor Unit 

Number Estimation (MUNE); Clinical Utility 

 

3.2 INTRODUCTION 

 The ability to identify the number of functioning motor units (MUs) present in a muscle 

may be useful when studying the pathology of neuromuscular diseases in which MU loss is a key 

feature.  In chronic conditions, once the number of functioning MUs has significantly decreased, 

surviving MUs may sprout to reinnervate nearby orphaned muscle fibres.  This compensatory 

reinnervation process results in increased motor unit potential (MUP) size, as more fibres are 

incorporated into the existing MUs
1
.  Characteristic changes in MUP size and shape allow for the 

diagnosis of neuropathic damage once in the chronic phase.  Acute damage is more difficult to 

detect due to the subjective assessment of the normality of the features that may be indicative of 

early changes in the disease process (e.g. spontaneous and insertional activity), which precede 

structural changes such as collateral sprouting
2,3

.  The accurate and reliable estimation of the 

number of MUs at any phase in the disease process could be a valuable tool in determining 

disease severity, monitoring its progression, and deciding upon a treatment plan
4
.   

 Clinical electromyographical methods for assessing MU health include nerve conduction 

studies, which evaluate conduction block, the integrity of peripheral nerves, compound muscle 
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action potential (CMAP) parameters, and spontaneous activity.  These assessments however are 

not criterion referenced and therefore rely on judgment to identify abnormalities.  They are also 

not sensitive enough to detect mild degrees of MU loss, and consequently clinicians are unable to 

detect the small changes associated with disease progression
5
.  Motor unit number estimation 

(MUNE) is an electrophysiological approach used to quantitatively estimate the number of 

functioning MUs in a given muscle, and may fill this diagnostic gap
5
.   

Numerous MUNE methods exist, but there is no ‘gold standard’ method available for 

determining in vivo the number of MUs in a human muscle
1,5,6

.  Thus, there is some question 

about the validity of the various MUNE methods and their reliability or reproducibility.  Accurate 

documentation of a change in the number of MUs over time in a muscle that has suspected 

neuromuscular damage may be more important (clinically) than accurately identifying the 

absolute number of MUs present. 

 All MUNE methods require similar procedures.  The motor nerve innervating the muscle 

of interest is supramaximally stimulated using transcutaneous electrical current.  The maximum 

(M-wave) response elicited is recorded using surface electrodes placed over the muscle belly.  

This waveform, also known as the CMAP, represents the response generated when all of the MUs 

within the muscle are recruited.  A representative sample of surface-detected MUPs (SMUPs) is 

also recorded by activating MUs within the same muscle via electrical stimulation or voluntary 

activation.  The average size of a single SMUP can then be determined.  The MUNE is calculated 

by dividing a size-related parameter of the CMAP (e.g. negative-peak amplitude or area) by the 

same size-related parameter of the mean SMUP
4
.  MUNE methods differ in the way the 

representative sample of SMUPs is obtained and how the mean SMUP is calculated.   

Decomposition-based quantitative electromyography (DQEMG) uses decomposition-

enhanced spike triggered averaging (DE-STA) to extract a representative sample of SMUPs.  In 
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conventional STA (C-STA), a single intramuscular needle-detected MUP is used to trigger the 

collection of a corresponding SMUP during low-level voluntary contractions
7
.  Additional 

potentials are extracted by moving the intramuscular needle electrode between contractions to 

sample from different MUs within the muscle
7
.  This process is time consuming and can produce 

a biased sample of Type I MUs due to the low activation level
7
.  In contrast, DE-STA provides a 

more heterogeneous sample of SMUPs by extracting MUPs from higher-level voluntary 

contractions and by obtaining many MUPs from a single intramuscular insertion site
7
.  DE-STA 

samples Type I and II MUs simultaneously, which minimizes the test time required while 

optimizing the overall number of SMUPs sampled and subsequently averaged
7
. 

Furthermore, DQEMG uses two different averaging methods to provide estimates of the 

mean SMUP size-related parameters; these are then used to calculate two different MUNE values.  

The first estimate is derived from averaging individual SMUP parameters (amplitude and area) 

measured from each SMUP to determine the arithmetic mean.  The second estimate is extracted 

from the ensemble averaged SMUP following initial alignment of the negative-peak onset of all 

of the contributing SMUPs (Figure 3.3).  While arithmetic averaged parameters are not 

influenced by temporal shifts or differences in SMUP shape, parameters derived from ensemble 

averaged SMUPs may be.  Following SMUP averaging, two MUNE estimates are derived.  One 

uses the negative-peak amplitude as the size-related parameter (amplitude MUNE) and the other 

uses the negative-peak area as the size-related parameter (area MUNE). 

 DQEMG using parameters derived from ensemble averaged SMUPs has been shown to 

reliably evaluate MUNE in muscles of the upper limb using the DE-STA MUNE method
8-11

.  

Coefficients of agreement of MUNE from the biceps brachii (r=0.97), first dorsal interosseus 

(r=0.72), and thenar (r=0.94) muscles have demonstrated high test-retest reliability
8,9

.  

Furthermore, moderate intra- (ICC=0.69) and inter- (ICC=0.73) rater reliability of MUNE has 
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been found using DQEMG in the upper trapezius muscle
11

.  Finally, high inter-rater reliability has 

been reported for MUNE from the tibialis anterior muscle (ICC=0.87), however, there is a 

paucity of evidence of within- and between-day reliability in muscles of the lower limb
12

.   

The utility of a clinical tool is predominantly dependent on its ease of use and its 

reliability.  Specifically, it is important to establish the reliability of a given MUNE method in 

order to determine whether differences seen over time are truly due to change reflecting disease 

progression or an intervention, and not due to high variability or methodological error.  The 

purpose of this study was to determine if the DQEMG protocol can reliably reproduce MUNE 

values in extensor digitorum brevis (EDB) and abductor hallucis (AH) muscles acquired on two 

separate occasions.  A secondary purpose was to investigate the reliability of DQEMG at 

determining MUNEs calculated using SMUP amplitude and area, and how these estimates are 

affected by the averaging method used to derive these parameters (ensemble averaging and 

arithmetic averaging).   

3.3 METHODS 

3.3.1 Subjects 

 Twenty adult subjects, aged 18 to 65 (15 females, 5 males) from the University 

community volunteered to participate in this study.  All subjects self reported themselves to be 

healthy, and free of known neuromuscular or musculoskeletal disorders.  All participants gave 

informed consent and the Queen’s University Health Sciences Research Ethics Board approved 

all protocols. 

3.3.2  Electromyographic Data Collection 

Prior to electrode placement, the skin overlying the right EDB and AH muscles was 

cleaned with a 70% rubbing alcohol solution.  For the EDB muscle electrode placement only, 
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subjects were in crook lying (back flat, knees bent, and feet flat on the plinth), and were asked to 

extend their toes while keeping the sole of their foot flat on the plinth in order to palpate the bulk 

of the muscle belly.  For the AH muscle electrode placement, subjects were side lying and were 

asked to abduct their big toe against resistance while the investigator palpated to identify the 

muscle belly.  Silver-silver chloride surface electrodes (Model HH5000; Resting EKG Tab 

Electrode, Hudson, Massachusetts) measuring 1cm x 3cm were placed over the respective muscle 

belly (EDB or AH) (active electrode), and over the fifth and first metatarsophalangeal joint, 

respectively (passive electrode) for monopolar recording.  Full size surface electrodes (2cm x 

3cm) were positioned over the lateral malleolus (EDB muscle testing) and medial malleolus (AH 

muscle testing) to serve as ground electrodes (see Figure 3.1).      

 

Figure 3.1: Subject and electrode position during extensor digitorum brevis (EDB) data collection (left).  

Subject and electrode position during abductor hallucis (AH) data collection (right).   

 

After proper skin cleaning, a disposable concentric needle electrode (Model 740 38-45/N; 

Ambu  Neuroline Concentric, Baltorpbakken, Ballerup, Denmark) was inserted distal to the 

surface electrode so that the needle tip was oriented proximally and positioned under the active 

surface electrode.  The needle depth was approximately 0.5-1 cm beneath the skin surface 

electrode for the EDB muscle, and approximately 1-1.5 cm beneath the surface electrode for the 

AH muscle.  EMG signals were acquired using the DQEMG
TM

 software on the Neuroscan 
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Comperio
TM

 system (Neurosoft, Sterling, VA).  The needle-detected signals were sampled at a 

rate of 31,250Hz, and bandpass filtered from 10Hz to 10kHz.  Surface detected signals were 

sampled at a rate of 5000Hz, and bandpass filtered from 10Hz to 1kHz.  The DQEMG and DE-

STA methods and associated algorithms have been described in detail elsewhere
13,14

.   

3.3.3 Experimental Protocol 

Age, sex, height, weight, and skin temperature (superficial to the test motor nerve) were 

recorded prior to data collection.  Subjects completed a screening form to ensure they had no 

implants or conditions that would preclude participation (Appendix A).  For the EDB muscle data 

collection, subjects were side lying on their left side with their right ankle comfortably supported 

with a towel (Figure 3.1).  For the AH muscle data collection, subjects were side lying on their 

right side with their right ankle comfortably supported with a towel (Figure 3.1).  CMAPs were 

elicited from the EDB and AH muscles using supramaximal stimulation of the deep peroneal 

nerve at the level of the talocrual joint, and medial plantar nerve posterior to the medial 

malleolus, respectively.  Stimulation intensity was incremented gradually until a maximum M-

wave was reached, at which point the stimulus was further increased by 20% and the resultant 

waveform recorded.  Markers indicating the onset, negative-peak, positive-peak, and end were 

automatically positioned on the waveform.  The investigator visually inspected the location of 

these markers and manually adjusted positioning if required.  Size-related parameters of the 

CMAP were calculated, including negative-peak amplitude and negative-peak area, and were 

stored for future analyses.      

Subjects were asked to hold a maximum voluntary contraction (MVC) for 3-seconds.  To 

assist, they received visual feedback on the computer screen, verbal encouragement, and manual 

resistance.  The root mean square (RMS) amplitude of the surface EMG signal attained over 

contiguous 1-s intervals were calculated, and the highest value was recorded as the maximum 
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voluntary activation of the muscle; subsequent contractions were described as a percentage of the 

maximal RMS.   

Following needle electrode insertion, subjects were asked to contract the muscle 

isometrically to determine the appropriateness of the needle position based on the quality and 

intensity of the detected MUPs.  Once an optimal needle electrode location was identified, the 

investigator instructed the subject to increase the strength of contraction such that MUPs from 

several MUs were detected.  This contraction was held for 30 seconds while subjects were 

provided with verbal encouragement and visual feedback of the contraction intensity and EMG 

signal intensity (in pulses per second) on the computer screen.  The identified MUP trains 

(MUPTs) were then inspected for acceptability (see section 3.3.4).  An example of the 

decomposition summary provided at the end of each contraction is provided in Figure 3.2.  

Following a 60 second rest-period, the needle was moved medially, laterally, more superficially 

or deeper to acquire MUPs from different locations within the muscle and the process was 

repeated.  If the subject required an extended period of rest (i.e. if the muscle showed signs of 

fatigue during the contraction), it was provided.  Approximately 5-12 electrode positions and 

contractions were required from each muscle in order to obtain the desired number of MUPTs (at 

least 10 MUPTs).  The needle and surface electrodes were then removed and the subject changed 

position to begin data collection on the other muscle.  Two trials of the above protocol were 

performed on each muscle on day one, and the entire protocol was repeated between 2 and 21 

days later.   
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Figure 3.2: Decomposition Summary Screen. Rows 1 through 5 represent five different detected motor 

unit potential trains (MUPTs).  Column 1 provides information on the MUP template; Column provides 

information regarding MUP Stability; Column 3 provides information regarding the SMUP Template; and 

Column 4 presents the inter-discharge-interval (IDI) Histogram and corresponding coefficient of variation 

(COV) of the IDI. 

 

3.3.4 EMG Signal Decomposition and Analysis 

The needle EMG signals collected during 30-second sampling intervals were 

decomposed into their constituent MUPTs using the DQEMG software.  These algorithms 

detected individual MUP spikes through DE-STA, and sorted them into MUPTs based on similar 

architectural characteristics and firing patterns
13

.  For each detected MUPT, the MU firing times 

serve as triggers for initiating collection of 100 ms periods of the surface detected signal.  These 

periods are then ensemble averaged to extract the corresponding SMUP
8,13

.  The DQEMG 
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algorithms then automatically placed MUP markers (onset, negative-peak, positive-peak and end) 

and SMUP markers (onset, negative-peak onset, negative-peak, positive-peak and end).   

After data collection, all identified MUPTs were manually inspected to determine their 

acceptability based on specific criteria
13,15

.  Briefly, an acceptable MUPT comprised at least 50 

MUPs, a consistent MU firing pattern in the physiological range (mean firing rate < 30 Hz), an 

inter-discharge interval (IDI) histogram distribution that was Gaussian in nature, with a 

coefficient of variation < 0.30 (Figure 3.2).  In addition an identification rate of > 40% was 

important to increase the likelihood that same MU was included in the MUPT.  The operator then 

visually inspected each acceptable SMUP to ensure the accurate placement of onset, negative-

peak onset, negative-peak, positive-peak, and end markers and repositioned the markers as 

appropriate.   

 

3.3.5 Method of SMUP Parameter Calculation: Ensemble vs. Arithmetic Averaging  

 

Following data processing (MUPT inclusion/exclusion and SMUP marker editing), the 

DQEMG software calculates two different estimates of the mean SMUP parameters.  The first 

estimate averages the individual SMUP parameters (amplitude and area) as measured from each 

SMUP to create an arithmetic mean SMUP amplitude and area.  The second estimate aligns the 

negative-peak onset markers of all of the SMUPs, then averages individual data points along all 

contributing SMUP waveforms to produce an ensemble averaged SMUP template from which 

amplitude and area measurements can be obtained (see Figure 3.3).   

MUNE values using amplitude and area were automatically calculated from the 

parameters derived from ensemble averaged SMUPs.  To determine MUNE values derived from 

arithmetic averaged amplitude and area, the operator calculated MUNE by dividing the amplitude 
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or area of the CMAP by the mean arithmetic averaged amplitude or area. 

 

Figure 3.3: Ensemble averaging method of mean SMUP calculation. (I) Depicts four surface motor unit 

potentials (SMUPs) detected by decomposition-enhanced spike triggered averaging (DE-STA).  The 

negative-peak onsets of each SMUP have been aligned and the broken vertical lines represent the data-

point by data-point matching of the four SMUPs.  (II) The curves are summed and averaged to determine 

the mean SMUP template (Adapted from
16

). 

3.3.6 Statistical Analysis 

 Descriptive data were presented as mean values + 1 standard deviation (SD).  A series of 

paired t-tests ( =0.05) were performed to test for differences in MUNEs between trials and days 

for each muscle and MUNE measure using SPSS Statistical Software (v.19, Chicago, IL). 

Within-day (trials 1 and 2) and between-day (mean of day 1 and 2) reliability was 

examined.  Coefficients of variation (CV) and mean absolute differences (MAD) were reported 

for MUNEs calculated from the ensemble and arithmetic averaging methods using amplitude and 

area.  CVs were calculated as the SD between test and retest MUNE values divided by the mean x 

100, and MADs were calculated as the absolute difference between the test and retest values 

divided by the mean x 100.  Within- and between-day reliability was determined from the intra-

class correlation coefficient (ICC) using a two-way random model (ICC (2,1), and ICC (2,k) 

respectively)
17

.  Different guidelines exist for the interpretation of the ICC.  For this study, ICCs 
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less than 0.40 demonstrate poor reliability, ICCs that range from 0.40-0.59 indicate fair 

reliability, ICCs that range from 0.60-0.75 indicate good reliability, and ICCs greater than 0.75 

indicate excellent reliability
18

.  Portney and Watkins
17

 agree that ICC values between 0.75-0.89 

indicate very good reliability; however, they suggest that for clinical measurements, reliability 

should exceed 0.90 (excellent reliability); this was adopted for the current study.  In addition, 

Bland-Altman 95% limits of agreement (LOA) and their associated 95% confidence intervals 

were calculated to illustrate the agreement between trials and days for all MUNEs computed for 

the EDB and AH muscles
19

.   

 

3.4 RESULTS 

3.4.1 Subject Demographic Information and Data Acquisition Parameters 

 Mean (+ SD) age, height, and weight of participants were 32 + 12 years, 169.2 + 8.2 cm 

and 74.8 + 26.2 kg, respectively.  Skin temperatures recorded before trials were between 28.0 C 

and 32.9 C.  Mean %MVC RMS ranged from 19-28% (EDB) and 27-42% (AH).  . 

The mean MUNE values determined using both averaging methods and size-related 

parameters are displayed in Table 1.  For EDB, the ensemble averaging method produced values 

ranging from 67 to 89 MUs, while the arithmetic averaging method produced values within a 

narrower range from 54 to 71 MUs.  For AH, the ensemble averaging method produced values 

ranging from 222 to 268 MUs, and the arithmetic averaging method again produced a narrower 

range from 113 to 121 MUs.  The MUNE values calculated using ensemble averaged SMUPs 

were higher than those calculated using arithmetic averaged SMUPs (p < 0.001) for both size-

related parameters (amplitude and area).  Significant differences were also observed between 

MUNEs (using arithmetic and ensemble averaged SMUPs) in EDB (p < 0.001) and (using 

ensemble averaged SMUPs) in AH (p=0.032).  Apart from MUNEs derived from arithmetic 
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averaged SMUP parameters in the AH muscle, calculations involving CMAP and SMUP area 

yielded higher MUNEs than when amplitude was used (p<0.05) (see Table 3.1).   

Table 3.1: Mean MUNE values.  Ensemble and arithmetic averaging methods were used to calculate two 

MUNE estimates using amplitude and area.  Mean MUNE values were calculated by averaging the 

estimates from four recording trials (two sessions) for each muscle.   

  MUNE (Amplitude) MUNE (Area) 

  

Ensemble 

(SD) 

Arithmetic 

(SD) 
p-value 

Ensemble 

(SD) 

Arithmetic 

(SD) 
p-value 

            

EDB 67 (33)
a
 54 (26)

b
 < 0.001 89 (51)

a
 71 (39)

b
 < 0.001 

       

       

AH 222 (116)
c
 113 (60) < 0.001 268 (146)

c
 121 (65) < 0.001 

             

Significant findings are denoted by letters reflecting paired data (p<0.05).  The p-values displayed 

correspond to the comparison between the averaging methods. SD denotes standard deviation.   
 

 

3.4.2 Within-Day Reliability 

Significant differences between trial 1 and 2 on day 2 were detected for MUNEs in the 

AH muscle calculated using amplitude measures using both ensemble averaged (p=0.023) and 

arithmetic averaged (p=0.040) SMUP parameters (Table 2).  No other significant between trial 

differences in MUNEs were observed.  

ICCs (between trials) were generally higher on day 2 than day 1, showing good to very 

good within-day reliability using the ensemble averaged SMUP amplitude and area on day 2 

(0.68-0.84).  Corresponding CVs and MAD values were also lower on day 2 than on day 1, which 

was associated with the good to very good within-day reliability demonstrated by the ICCs (Table 

3.2).   

MUNEs calculated using arithmetic averaged SMUP amplitude and area demonstrated 

generally higher within-day reliability than using ensemble averaged parameters.  Within-day 

ICCs were slightly higher on day 2 for both EDB and AH muscles demonstrating very good to 
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excellent reliability (0.78-0.91).  Within-day CVs and MAD values were comparable on day 1 

and 2 consistent with the very good or excellent reliability reflected from the ICCs (Table 3.2).   

3.4.3 Between-Day Reliability 

 No significant differences in MUNEs calculated using either ensemble averaged or 

arithmetic averaged SMUP parameters were detected between day 1 and day 2 for either EDB or 

AH muscles (p>0.05).   

ICCs revealed very good to excellent between-day reliability for MUNEs calculated 

using ensemble averaged and arithmetic averaged SMUP amplitude and area for the EDB muscle 

(0.86-0.93) (Table 3.3).  Similarly high ICC values were observed for MUNEs in AH, but only 

when arithmetic averaging was employed (0.89-0.91); ensemble mean MUNE calculations were 

associated with poor to good reliability (0.46-0.71).  Between-day CVs and MAD values mirrored 

the ICC findings.  All indicators showed a near uniform pattern of higher reliability between-days 

than within-days.  Table 3.3 summarizes the between-day reliability data.   

3.4.4 Limits of Agreement (LOA)  

 The Bland-Altman plots illustrate that between-day MUNEs have narrower LOAs than 

within-day MUNEs.  Furthermore, these analyses suggest that MUNEs calculated using 

arithmetic averaged SMUP parameters provided narrower LOAs than MUNEs calculated using 

parameters derived from ensemble averaged SMUPs.  Examples of these trends are illustrated in 

Figure 3.4.   
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  Table 3.2: A summary of the within-day reliability of MUNE determined using ensemble and arithmetic averaged SMUP amplitude and area.  

  Mean MUNE (SD) CV (%) MAD (%) ICC (95% CI) 

 Amplitude Area Amplitude Area Amplitude Area Amplitude Area 

  Trial 1 Trial 2 Trial 1 Trial 2       

DAY 1                     

           

EDB            

Ensemble 71 (43) 63 (48) 90 (54) 91 (85) 26.3 25.4 37.2 35.9 0.54 (0.17 to 0.80) 0.62 (0.22 to 0.84) 

Arithmetic 57 (33) 51 (35) 74 (41) 72 (60) 21.5 22.5 30.4 31.9 0.65 (0.28 to 0.85) 0.71 (0.39 to 0.88) 

           

AH           

Ensemble 222 (134) 227 (136) 265 (162) 294 (200) 31.4 30.8 44.4 43.5 0.39 (-0.09 to 0.71) 0.31 (-0.17 to 0.67) 

Arithmetic 105 (51) 119 (61) 116 (56) 127 (87) 19.3 12.4 27.3 17.5 0.73 (0.44 to 0.89) 0.79 (0.54 to 0.91) 

           

DAY 2           

           

EDB            

Ensemble 70 (33) 64 (31) 95 (48) 80 (40) 21.2 23.8 30.0 33.6 0.74 (0.43 to 0.89) 0.68 (0.34 to 0.87) 

Arithmetic 56 (26) 51 (24) 74 (41) 65 (30) 18.9 19.5 26.7 27.6 0.78 (0.52 to 0.91) 0.71 (0.39 to 0.88) 

           

AH           

Ensemble 186 (175)* 240 (180)* 221 (158) 273 (221) 25.0 25.2 35.3 35.7 0.84 (0.55 to 0.94) 0.78 (0.51 to 0.91) 

Arithmetic 102 (68)* 122 (79)* 112 (64) 120 (72) 19.3 16.2 27.2 22.9 0.85 (0.61 to 0.94) 0.91 (0.77 to 0.96) 

                      

 
   Asterisks (*) denote significant differences between trials (p<0.05). CV, coefficient of variation; MAD, mean absolute difference; ICC, intraclass correlation  

coefficient.  
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Table 3.3: A summary of the between-day reliability of MUNE determined using ensemble and arithmetic averaged SMUP amplitude and area.  Amplitude and 

area values are the mean of trials 1 and 2 on each day with reliability measures calculated accordingly. 

           

  Mean MUNE (SD) CV (%) MAD (%) ICC (95% CI) 

 Amplitude Area Amplitude Area Amplitude Area Amplitude Area 

  Day 1 Day 2 Day 1 Day 2       

            

EDB           

           

Ensemble 67 (40) 67(29) 90 (64) 88 (41) 20.6 20.6 29.1 29.2 0.86 (0.62 to 0.95) 0.90 (0.73 to 0.96) 

Arithmetic 54 (31) 54 (24) 73 (47) 70 (33) 18.2 17.3 27.2 22.9 0.91 (0.75 to 0.97) 0.93 (0.81 to 0.97) 

           

AH           

           

Ensemble 224 (112) 213 (171) 279 (147) 247 (182) 18.2 17.3 49.5 45.4 0.46 (-0.50 to 0.80) 0.71 (0.27 to 0.89) 

Arithmetic 112 (53) 112 (72) 122 (69) 116 (66) 16.1 12.9 22.7 18.2 0.89 (0.72 to 0.96) 0.92 (0.79 to 0.97) 

            

 
   CV, coefficient of variation; MAD, mean absolute difference; ICC, intraclass correlation coefficient.  
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Figure 3.4: Bland-Altman within- (top) and between- (bottom) day agreement between MUNEs calculated using amplitude in EDB.  On the left are MUNE 

values calculated from SMUP amplitude derived from ensemble averaged SMUPs plotted against the difference between trials 1 and 2 or day 1 and 2.  On the 

right the MUNE values calculated from arithmetic averaged SMUP amplitude are plotted against the difference between trials 1 and 2 or day 1 and 2.   

-100 

-50 

0 

50 

100 

0 20 40 60 80 100 120 140 160 

D
if

fe
r
en

ce
 

Mean MUNE 
-100 

-50 

0 

50 

100 

0 20 40 60 80 100 120 140 160 

D
if

fe
r
en

ce
 

Mean MUNE 

-100 

-50 

0 

50 

100 

0 20 40 60 80 100 120 140 160 

D
if

fe
r
en

ce
 

Mean MUNE 
-100 

-50 

0 

50 

100 

0 20 40 60 80 100 120 140 160 

D
if

fe
r
en

ce
 

Mean MUNE 

W
it

h
in

-D
a

y
 

Arithmetic Averaged Ensemble Averaged 
B

et
w

ee
n

-D
a

y
 



 

 

36 

3.5 DISCUSSION 

 There are three primary findings from this study.  First, between-day MUNEs were more 

stable than within-day MUNEs, as between-day estimates generally had lower CV and MAD 

values, higher ICC values, and narrower LOAs.  Second, arithmetic mean SMUP parameters 

provided higher MUNE values than those calculated using parameters derived from ensemble 

averaged SMUPs, and provided more stable estimates of MU number over time (within- and 

between-days).  Finally, MUNEs calculated using amplitude and area provided comparable 

reliability within- and between-days; however, MUNE values derived using the two parameters 

were different.  SMUP area consistently produced significantly higher MUNEs using both SMUP 

averaging methods in the EDB muscle, and using ensemble averaged SMUPs in the AH muscle.   

3.5.1 Within- and Between-Day Reliability  

Reliability was established from a combination of statistical analyses to provide an 

overall estimation of the ability of DQEMG to reproduce MUNE values (within- and between-

days) in the EDB and AH muscles.  For both muscles, between-day CV and MAD values tended 

to be lower than within-day values, highlighting the importance of averaging multiple 

measurements (two trials) in order to optimize reproducibility.  The ICC values support this trend.  

Higher coefficients were generally observed for MUNEs determined over days; the sole 

exception being for the AH muscle using ensemble averaged SMUPs.  The poor reliability 

associated with ensemble averaging compared to that observed when the arithmetic mean was 

calculated underscores the importance of the method used to calculate MUNE.  Clearly the 

parameters used in MUNE calculations impact the reliability, and this could influence the 

selection of MUNE procedures adopted.   
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3.5.2 Method of Mean SMUP Calculation: Ensemble vs. Arithmetic 

Many methods for determining MUNE, such as multiple point stimulation (MPS) and 

conventional spike triggered averaging (C-STA) use arithmetic averaging to identify the mean 

SMUP parameters.  However, Doherty et al.
16

 suggest that ensemble averaging the contributing 

SMUPs may provide a more valid representation of the mean SMUP, as aligning and overlaying 

SMUPs with different shapes and durations takes into account the natural phase cancellation that 

occurs when SMUPs sum together to produce the CMAP.  Therefore, they suggest that the 

method of mean SMUP calculation will have a significant impact on the size of the mean SMUP 

template, and thus the resultant MUNE value.  Doherty et al.
16

 tested this theory and found that 

parameters derived from ensemble averaged SMUPs were significantly smaller (using all size-

related parameters) than those calculated using the arithmetic mean.  Consequently, they found 

that ensemble averaging of SMUPs produced larger MUNE values than those calculated from 

arithmetic averaged SMUPs
16

.  DQEMG calculates MUNE using parameters derived from 

ensemble averaged SMUPs; therefore it was expected that MUNEs would be larger than those 

derived from methods using an arithmetic average.  The present study supports this, as the mean 

MUNE in AH using ensemble averaged SMUPs ranged from 222 to 268; almost twice the 

MUNE values reported when the arithmetic mean was used (113 to 121 MUs).  These findings 

emphasize the importance of noting the method of mean SMUP parameter calculation given the 

impact on MUNE.    

While the method of averaging impacts MUNE, the effect on reliability (or 

reproducibility) is also important
16

.  The results from the current study suggest that within- and 

between-day CV and MAD values for the EDB and AH muscles tended to be lower for MUNEs 

calculated using arithmetic averaged SMUP parameters than those derived from ensemble 

averaged SMUPs.  Furthermore, within- and between-day ICC values were generally higher for 

MUNEs calculated using the arithmetic averaged parameters and had narrower LOAs.  The 

consistency among all reliability indicators provide strong evidence that MUNEs calculated using 
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arithmetic averaged SMUP parameters are more stable across repeated measures obtained on the 

same day and between days.  As such they may have greater clinical relevance in cases where 

monitoring disease progression over time is desired.   

3.5.3 Amplitude vs. Area for Calculating MUNE 

Mean MUNE values determined using CMAP and SMUP area tended to be higher than 

those determined using corresponding amplitude measures.  Doherty et al.
16

 and Bromberg
5
 

suggest that both amplitude and area are acceptable for calculating MUNE, however they did not 

comment on the superiority of one parameter over the other.   

Reliability measures provided little insight in terms of determining whether one size 

parameter might be preferable over the other.  For any given indicator, (CV, MAD, and ICC) 

there was no notable difference in reliability between MUNEs calculated using either the 

amplitude or area parameter.  Wider ICC confidence intervals and LOAs associated with MUNEs 

calculated using area compared to MUNEs calculated using amplitude indicated that reliability 

estimates might be more reflective of the true value when amplitude is used.  Manual marker 

adjustments may account for this.  The negative-peak marker (the largest negative voltage of the 

SMUP waveform) is generally very distinct such that amplitude is easily measured.  In contrast, 

placement of the onset and end markers that define the duration of the SMUP, i.e. the boundaries 

for the area calculation, are often subjective due to some baseline fluctuation in voltage.    

3.5.4 Validity of MUNE  

There is no direct means of counting the number of MUs in an intact muscle in an awake 

human
6
.  In order to provide a valid estimate it seems reasonable that MUNE methods that 

provide for the acquisition of a heterogeneous sample of SMUPs would be desirable.  

Methods that employ electrical stimulation of the motor nerve (e.g. incremental or 

multiple point stimulation) are thought to be biased toward Type II MUs, as larger diameter axons 

are more easily activated than smaller diameter axons
20

.  On the other hand, methods that use 
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low-level voluntary contractions (e.g. C-STA) are biased towards small, Type I MU, which are 

recruited earlier
20

.  Higher-level voluntary contractions recruit Type I and II MUs, but produce an 

interference pattern that is complex and consequently precludes identification of individual 

MUPs
7
.  Samples assumed to be biased toward larger Type II MUs would effectively produce 

lower MUNEs than those estimated using voluntary contractions biased toward smaller Type I 

MUs
4,6

.  As such, the resultant MUNE would likely underestimate or overestimate the true MU 

number, respectively.   

DE-STA uses decomposition algorithms that can detect and extract individual MUPs 

from a more complex interference pattern, which should provide representation of both Type I 

and Type II MUs thereby reducing sampling bias
7
.  No studies thus far have used the DE-STA 

method to determine MUNE in the EDB or AH muscles; however, mean MUNE values in the 

EDB muscle derived using the incremental method have ranged from 132–199 MUs
21-23

.  These 

were in fact larger than the mean values reported in the current study using both averaging 

methods (54-89 MUs).  This finding contradicts the rationale outlined above, as the incremental 

method employs electrical stimulation that would assumingly bias the sample with Type II MUs.  

This would produce larger mean SMUPs and thus lower MUNEs than those derived from 

methods that employ voluntary contractions.  

While direct stimulation (in vitro or in situ) of the motor nerve preferentially recruits 

larger MUs, this pattern of recruitment does not necessarily hold true for percutaneous 

stimulation of the motor nerve
24

 used in the studies above.  Doherty and Brown
25

 suggest that in 

addition to axonal diameter, sensitivity to electrical stimulation is dependant on the position of 

the nerve fibres within the nerve trunk, as those closer to the stimulus are more likely to be 

activated than those farther away.  It is therefore unknown whether samples collected from 

percutaneous electrical stimulation are biased to Type II MUs, as previously suggested.  

Furthermore, a common criticism of the incremental method is alternation - a phenomenon 

whereby a successive incremental step in M-wave amplitude, presumed to represent the addition 
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of a single MU to the activated pool, in fact represents a different MU with a slightly higher, but 

overlapping threshold
4
.  This may explain the higher MUNEs found with the incremental method, 

as the inclusion of “steps” that do not necessarily correspond to the activation of an additional 

single MU can artificially increase MUNE.  Given this known limitation, the heterogeneous 

samples derived using DE-STA may better estimate the true MU number.   

3.5.5 Limitations 

 The main limitations of this study include the uncertainty with respect to the 

representativeness of the MU sample captured.  The detection threshold for DE-STA is not 

absolute; thresholds are either pre-set to select MUPs with a fixed set of characteristics, or they 

are determined by the characteristics of the signal and noise components of the analyzed needle-

EMG signal
26

.  Stashuk
13

 states that the detection threshold is determined by a coefficient 

(typically 1.5) times the root mean square (RMS) value of the filtered signal calculated over an 

initial 1-second interval.  Only MUPs that exceed this designated trigger level are included, 

therefore those distant to the recording site or small in amplitude may not be captured
13

.  The 

presence of any bias toward Type I or Type II MUs cannot be determined although the high day-

to-day reliability of MUNE provides good indication that the method itself is stable. 

 A second limitation was the challenge of generating graded contractions in the EDB and 

AH muscles, in particular.  Consequently, higher contraction levels were required to achieve 

sufficient signal quality, which increased the difficulty in positioning markers to define the 

SMUP characteristics.  This may account for the somewhat lower reliability observed in the AH 

muscle compared to the EDB muscle.   

3.5.6  Clinical Relevance 

 There is little agreement about what constitutes acceptable repeatability with regard to 

clinical measures.  The sensitivity or precision required of a clinical outcome is highly dependent 

on what is required to detect meaningful change over time.  For example, the importance of a loss 
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of 1 MU or 100 MUs depends on the number of MUs within a particular muscle of interest and 

also on the error associated with the original estimate.  As a start, documenting MUNE values in 

muscles routinely assessed for diagnostic purposes using specified methods could help to 

generate criteria in identifying minimal clinical differences.   

 It has been demonstrated that a MU must increase its number of muscle fibres by 5-15% 

before a change in MUP amplitude can be detected by clinical EMG
27

.  However, the amount of 

fibre loss required before a MUP demonstrates a significant loss in amplitude or area remains 

largely unknown.  McComas et al.
23

 reported that a muscle may experience as much as 80-90% of 

MU loss before weakness and muscle atrophy are detected, though the size of the remaining units 

were not estimated.  If this is the case, then clinical EMG must be sensitive enough to detect 

changes within the final 10% of remaining MUs.  Reliable methods for MUNE are therefore 

critically important.      

3.5.7 Conclusions 

Overall, the results from this study suggest that DQEMG is a reliable tool for estimating 

MU numbers using DE-STA over recording days.  Furthermore, MUNEs calculated using 

arithmetic averaged SMUP parameters provide the most stable results over time for the EDB and 

AH muscles, and the use of amplitude and area parameters were equally reliable.  Comparisons of 

MUNE across studies must consider the method of SMUP parameter averaging employed since 

ensemble or arithmetic averaging produced distinct results.   
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Chapter 4 

Test-Retest Reliability of Motor Unit Number Estimation (MUNE): Does Surface 

Motor Unit Potential (SMUP) Marker Editing Have an Impact on the 

Reproducibility of MUNEs in Muscles of the Lower Limb? 

 

4.1 ABSTRACT 

Objectives: To investigate the effect of surface motor unit potential (SMUP) marker editing on 

the reproducibility of motor unit number estimates (MUNEs) in extensor digitorum brevis (EDB) 

and abductor hallucis (AH) muscles as determined using decomposition-based quantitative 

electromyography (DQEMG).  

 

Methods:  A secondary analysis of the data collected from twenty healthy subjects was 

conducted.  Within- and between- day MUNEs in EDB and AH were determined using SMUP 

markers automatically placed by the DQEMG algorithms.  Markers denoting onset, negative-peak 

onset, negative-peak, positive-peak, and end were then manually repositioned by the operator for 

each of the four trials. A two factor, repeated measures analysis of variance (ANOVA) was 

conduced for each muscle to examine the effect of size parameter (amplitude and area) and the 

type of editing performed (automated and manual) on MUNE values.  Linear regression was 

performed to determine the correlation between MUNEs calculated from automated and manually 

edited SMUPs.  Intraclass correlation coefficients (ICCs) and Bland Altman Analyses determined 

the reliability and the limits of agreement (LOA), respectively, for the two methods, for within- 

and between-day MUNEs.   

 

Results: Editing type was not a significant factor in determining MUNE in EDB (F=2.88, 

p=0.108), however editing type in AH (F=41.3, p<0.001) and size parameter in EDB and AH 

displayed significant main effects (F>24.2, p<0.001).  Significant interaction effects between the 

two factors were observed in EDB (F=6.68, p=0.019) and AH (F=44.5, p<0.001).  Automatically 

and manually edited MUNEs were highly correlated (r>0.86) with comparable reliability scores.  

Within-day MUNEs determined using automated editing of SMUPs demonstrated good to very 

good reliability (ICC=0.65-0.87), while MUNEs derived from manually edited SMUPs 

demonstrated good to excellent reliability (ICC=0.65-0.0.91).  Within-day CV and MAD values 

followed this trend ranging from 16.2%-32.8% (automated SMUPs) and 12.4%-31.9% (edited 

SMUPs).  MUNEs calculated between-days using both automated and edited SMUPs 
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demonstrated excellent reliability (ICC=0.91-0.93).  CVs and MADs were comparable using 

automated (12.9%-26.3%) and edited (12.9%-25.8%) SMUPs.  Within- and between-day LOAs 

were similar for both methods.   

 

Conclusion:  Differences in editing method were more pronounced when area measurements 

were used rather than amplitude reflecting the subjectivity associated with manual determination 

of SMUP duration.  Within- and between-day MUNE estimates displayed comparable reliability 

when using automated and edited SMUPs indicating that the additional processing time 

associated with manual editing yields no added benefit to the quality of the measurements.  

 

Key Words: Decomposition-based Quantitative Electromyography (DQEMG); Repeatability; 

Electromyography; Analytical Techniques  

 

4.2 INTRODUCTION 

Presentation with clinical symptoms of weakness, numbness, tingling and/or pain 

associated with neuromuscular dysfunction is often not enough for a differential diagnosis.  As 

such, additional diagnostic methods are used to verify or rule out initial suspicions of 

neuromuscular disease.  Clinical electromyography (EMG) has long been considered the “gold 

standard” for diagnosing and differentiating between neuromuscular disorders, as it provides 

excellent etiological and localization information
1,2

.  While clinical EMG is effective at 

diagnosing and defining disease stage, traditionally this type of examination is considered to be 

an essentially qualitative method of assessing muscle function, as it tends to rely on the operators 

visual interpretation and judgment of signal characteristics
3
.  

The potential of quantitative EMG was initially explored as a way to objectively analyze 

interference patterns, in contrast to subjective, visual descriptions.  Operators systematically 

visually inspect the recordings from intramuscular needle electrodes during low-level 

contractions, and manually measure motor unit potential (MUP) characteristics such as 

amplitude, duration, and signal complexity (e.g. number phases)
4
.  This task is daunting, as it is 

labor intensive and very time-consuming, rendering it impractical for routine clinical use
5
.  
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Advancements in the development of computerized decomposition software programs have 

substantially decreased the amount of time and operator involvement required to obtain the 

desired information from a quantitative electromyographical exam. 

Decomposition-based quantitative electromyography (DQEMG) offers a unique approach 

to quantifying MUP properties.  DQEMG uses decomposition-enhanced spike-triggered 

averaging (DE-STA) to collect both micro (needle) and corresponding macro (surface) signals to 

examine global muscle health
6
.  Apart from providing a detailed analysis of MUP parameters and 

firing rate characteristics, the acquisition of surface signals allows for the calculation of motor 

unit number estimates (MUNE); an additional quantitative parameter.   

MUNE provides an estimate of the number of functioning motor units (MUs) in a muscle 

by dividing a size-related parameter of the CMAP (e.g. negative-peak amplitude or area) by the 

same size-related parameter of the mean surface detected MUP (SMUP).  This estimate could be 

a clinically useful measure, particularly when dealing with diseases in which MUs are lost
1,5

.  

Specifically, this quantification through MUNE would allow clinicians to 1) assist with the 

diagnosis of disease and define its severity, 2) follow the natural course of the disease, and 3) 

assess the efficacy of a treatment
7
.  It is important however, that the clinical community 

appreciate the value of MUNE and have confidence in the information it provides before it gains 

acceptance in the clinical arena.   

Numerous electrophysiological methods have been used to determine MUNE, however 

each has its own theoretical assumptions and practical limitations, preventing the acceptance of a 

single method as the ‘gold standard’. Validation of new approaches to determining MUNE is 

therefore challenging, and consequently other factors must be considered when evaluating the 

utility of the measure
1
. 

For example, in order for MUNE to be useful as an experimental or clinical method, it 

“must have sufficiently high test-retest reliability with no sampling bias
7(p2287)

”.  Reproducibility 

in particular is extremely important to establish so that differences seen over time can be 
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confidently attributed to a change that is a result of a disease progression or an intervention, 

rather than high measurement variability.  The very good reliability of MUNE values determined 

using the DQEMG software has been demonstrated with recent studies in the upper and lower
8-11

 

limb.  Furthermore, DQEMG has been shown to produce MUNEs with excellent between-day 

reliability in extensor digitorum brevis (ICC=0.91-0.93) and very good to excellent reliability in 

abductor hallucis (ICC=0.89-0.92) muscles; see Chapter 3.  Since the DQEMG algorithms extract 

needle and surface detected MUPs from more complex interference patterns attributed to higher 

levels of voluntary contraction, a heterogeneous MU sample consisting of Type I and Type II 

MUs is produced
12

.  This is important clinically as representative samples are desirable.    

Very good reliability is critical, but the analytical approach (i.e. DQEMG) must also be 

well understood.  DQEMG algorithms automatically position markers following data acquisition, 

which makes it extremely time efficient for the clinician operator.  The guidelines for the use of 

DQEMG recommend that operators scan all data sets and reposition markers as required based on 

visual assessment.  This process could negate the time advantage afforded by the automated 

analysis, but necessary if there were notable improvements to the quality of the data derived.  

Data acquisition and analysis using DE-STA can take less than 10 minutes per study, whereas 

manual post processing can take more than double the time
8,12

.    

The purpose of this study was to investigate whether manual SMUP marker editing 

performed by the operator following automated SMUP marker placement (DQEMG algorithms) 

affects the resultant MUNE values.  This was a secondary analysis performed on data obtained 

from the extensor digitorum brevis (EDB) and abductor hallucis (AH) muscles; see Chapter 3.  

Specifically, the within- and between-day reliability of MUNE values calculated using negative-

peak amplitude (amplitude MUNE) and using negative-peak area (area MUNE) with and without 

manual marker editing was determined.   
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4.3 METHODS  

 A secondary analysis of the data collected from twenty healthy subjects was conducted.  

See Chapter 3 for details with respect to the participants, data collection protocols, and signal 

decomposition methods.  

4.3.1 Data Analysis 

 MUNEs derived from the arithmetic mean of the amplitude and area measurements based 

on automated SMUP marker placements were analyzed for within- and between-day reliability.  

In addition, a similar analysis was conducted from the MUNEs derived after the operator visually 

inspected each SMUP and adjusted the marker placements designating onset, negative-peak 

onset, negative-peak, positive-peak, and end markers as appropriate (see Appendix B).    

4.3.2 Statistical Analysis 

 Descriptive data were presented as mean values + 1 standard deviation (SD).  To examine 

the effect of the size parameter (amplitude and area) and the type of editing performed 

(automated and manual) on MUNE values, a two factor, repeated measures analysis of variance 

(ANOVA) was conducted for each muscle (EDB and AH), =0.05, using SPSS Statistical 

Software (v. 19, Chicago, IL).  The interaction between these two factors was also considered.  

Linear regression was performed to determine the correspondence between the two editing 

methods.     

 Within-day (trials 1 and 2) and between-day (mean of day 1 and 2) reliability was 

examined.  Coefficients of variation (CV) and mean absolute differences (MAD) were reported 

for MUNEs calculated from SMUP measurements determined from each method (automated and 

edited).  CVs were calculated as the SD between test and retest MUNE values divided by the 

mean x 100, and MADs were calculated as the absolute difference between the test and retest 

values divided by the mean x 100.  Within- and between-day reliability was determined from the 

intra-class correlation coefficient (ICC) using a two-way random model (ICC (2,1), and ICC (2,k) 
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respectively)
13

.  Interpretation of the coefficients was as follows: less than 0.40 = poor reliability, 

0.40-0.59 = fair reliability, 0.60-0.74 = good reliability, 0.75-0.89 = very good reliability, and > 

0.90 = excellent reliability
13,14

.  Bland-Altman limits of agreement (LOA) and their associated 

95% confidence intervals were calculated to illustrate the agreement between trials and days for 

MUNEs computed for the EDB and AH muscles
15

.       

 

4.4 RESULTS 

4.4.1 Effect of the Method of Deriving SMUP Measurements on MUNE 

Mean MUNE values (using amplitude and area) calculated from automated and manually 

edited SMUP measurements across each of the four recording sessions per muscle are presented 

in Table 4.1.  For MUNEs in the EDB muscle, a main effect of size parameter (amplitude vs. 

area) was observed (F=24.2, p<0.001), reflecting larger MUNEs when area was used in the 

calculation.  Editing type (automated vs. manual) was not a significant factor in determining 

MUNE value (F=2.88, p=0.108); however an interaction between size parameter and editing type 

(F=6.68, p=0.019) indicated that MUNEs calculated using area were generally higher when 

manual editing as opposed to automated editing was performed. 

For MUNEs calculated in the AH muscle, main effects of size parameter (F=25.0, 

p<0.001) and editing type (F= 41.3, p<0.001) were present, indicating that MUNEs calculated 

using area and manual editing produced larger MUNEs.  A significant interaction between factors 

(F=44.5, p<0.001) however, demonstrated that the impact of editing type was more pronounced 

when area was used to calculate MUNE (Table 4.1).   
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Table 4.1: Mean MUNE values.  Automated and manually edited SMUP amplitudes and areas were used 

to calculate MUNE estimates.  Means were calculated by averaging the estimates from four recording trials 

(two sessions) for each muscle.   

  MUNE P-Value 

  Amplitude Area (a) (b) (c) 

      

  EDB      

Automated (SD) 55 (28) 67 (33)    

   < 0.001* 0.108 0.019* 

Manual (SD) 54 (26) 71 (39)    

      

  AH      

Automated (SD) 114 (61) 62 (40)    

   < 0.001* < 0.001* < 0.001* 

Manual (SD) 111 (59) 118 (65)    

      

 

P values correspond to the main effects of the (a) size parameter (amplitude, area), (b) editing type 

(automated, manual), and the interaction (c) between factors.  Asterisks denote significant differences 

(p<0.05).  SD, standard deviation; EDB, extensor digitorum brevis; AH, abductor hallucis; MUNE, motor 

unit number estimate.  

 

Linear regression of MUNEs derived using the two methods of editing showed near 

perfect to perfect correlation for the EDB muscle (Figure 4.1a) and the AH muscle (Figure 4.1b) 

when amplitude was the size parameter used.  Using area, the correspondence between editing 

type was lower in the AH muscle, though still excellent (r=0.86).     
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  (a) 

 
  (b) 

 

Figure 4.1: Agreement between MUNEs determined from the (a) EDB and (b) AH muscles using SMUP 

amplitude (filled diamonds) and area (open squares) as a function of the type of editing performed.  EDB, 

extensor digitorum brevis; AH, abductor hallucis; MUNE, motor unit number estimate; SMUP surface 

motor unit potential.  

 

4.4.2 Within-Day Reliability 

 ICC values were generally higher on day 2 than on day 1 for MUNEs calculated using 

automated and manually edited SMUPs.  MUNEs calculated using automated SMUP amplitude 

and area measurements showed good to very good within-day reliability on day 2 (0.70-0.87).  
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Similarly, CV and MAD values were generally lower on day 2 than day 1, consistent with the 

trend seen with the ICC values (Table 4.2). 

 MUNEs calculated using manually edited SMUP amplitude and area measurements were 

slightly higher than MUNEs calculated using automated SMUP amplitude and area.  Within-day 

ICCs were, as noted above, higher on day 2 than day 1, showing good to excellent within-day 

reliability (0.71-0.91).  CV and MAD values were lower on day 2 than on day 1 for MUNEs 

calculated in EDB, though they were similar on days 1 and 2 for MUNEs calculated in AH (Table 

4.2).   

4.4.3 Between-Day Reliability 

 ICCs ranges were comparable for MUNEs calculated using automated and edited SMUP 

amplitude and area measurements and demonstrated excellent between-day reliability in both 

EDB and AH muscles (0.90-0.93) (Table 4.3).  Between-day CV and MAD values corresponded 

well with these findings, with no apparent difference associated with the method by which SMUP 

parameters were determined.  The evidence supports higher reliability between-days than within-

days, and little impact of manual editing of SMUPs relative to automated parameter extraction. 

4.4.4 Limits of Agreement (LOA)  

The Bland-Altman plots illustrate that between-day MUNEs have narrower LOAs than within-

day MUNEs.  In terms of the effect of editing method, there was little impact on the LOAs.  

Examples of these trends are illustrated in Figure 4.2.  
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Table 4.2: A summary of the within-day reliability of MUNE determined using automated and manually edited SMUP amplitude and area.  

   Mean MUNE (SD)  CV (%)  MAD (%)  ICC (95% CI) 

 Amplitude Area Amplitude Area Amplitude Area Amplitude Area 

  Trial 1 Trial 2 Trial 1 Trial 2             

DAY 1                     

            

EDB            

Automated 58 (34) 53 (39) 69 (36) 65 (34) 22.7 23.1 32.1 32.8 0.65 (0.27 to 0.85) 0.73 (0.42 to 0.89)  

Manual 57 (33) 51 (35) 74 (41) 72 (60) 21.5 22.5 30.4 31.9 0.65 (0.27 to 0.85) 0.68 (0.32 to 0.87) 

           

AH           

Automated 109 (54) 123 (64) 63 (42) 64 (53) 19.8 21.7 27.9 30.7 0.73 (0.44 to 0.89) 0.67 (0.32 to 0.86) 

Manual 106 (51) 119 (61) 116 (56) 127 (87) 19.3 12.4 27.3 17.5 0.74 (0.44 to 0.89) 0.79 (0.54 to 0.91) 

            

DAY 2                     

            

EDB            

Automated 58 (28) 53 (25) 72 (36) 61 (27) 19.8 18.1 28 25.7 0.79 (0.52 to 0.91) 0.70 (0.36 to 0.87) 

Manual 56 (26) 51 (24) 74 (41) 65 (30) 18.9 19.5 26.7 27.6 0.78 (0.52 to 0.91) 0.71 (0.39 to 0.88) 

AH           

Automated 103 (68)* 125 (83)* 60 (42) 64 (40) 19.3 16.2 30.1 25.7 0.83 (0.56 to 0.94) 0.87 (0.69 to 0.95) 

Manual 102 (68)* 122 (79)* 112 (64) 120 (72) 19.3 16.2 27.2 22.9 0.85 (0.61 to 0.94) 0.91 (0.79 to 0.97) 

 

   Asterisks (*) denote significant differences between trials (p<0.05). EDB, extensor digitorum brevis; AH, abductor hallucis; CV, coefficient of variation; MAD, 

mean absolute difference; ICC, intraclass correlation coefficient.  
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Table 4.3: A summary of the between-day reliability of MUNE determined using automated and manually edited SMUP amplitude and area.  Amplitude and 

area values are the mean of trials 1 and 2 on each day with reliability measures calculated accordingly.  

   Mean MUNE (SD)  CV (%)  MAD (%)  ICC (95% CI) 

 Amplitude Area Amplitude 

  

Area Amplitude Area Amplitude Area 

  Day 1  Day 1 Day 2             

              

EDB           

           

Automated 56 (33) 55 (25) 67 (38) 66 (30) 18.6 17 26.3 24 0.91 (0.75 to 0.96) 0.93 (0.82 to 0.98) 

Manual 54 (30) 54 (24) 73 (47) 69 (33) 18.2 17.3 25.8 24.5 0.91 (0.75 to 0.97) 0.93 (0.81 to 0.97) 

           

AH           

           

Automated 116 (55) 114 (73) 64 (44) 62 (39) 16.1 12.9 23.2 19.4 0.90 (0.74 to 0.96) 0.92 (0.79 to 0.97) 

Manual 112 (53) 112 (72) 122 (69) 116 (66) 16.1 12.9 22.7 18.2 0.90 (0.72 to 0.96) 0.92 (0.80 to 0.97) 

                

 
EDB, extensor digitorum brevis; AH, abductor halucis; CV, coefficient of variation; MAD, mean absolute difference; ICC, intraclass correlation coefficient.  
 

 

 

 

 

 



 

 

55 

   

  

 

  
Figure 4.2: Bland-Altman within- (top) and between- (bottom) day agreement between MUNEs calculated using amplitude in EDB.  On the left are MUNE 

values calculated with automated SMUPs plotted between the difference between trials 1 and 2 or day 1 and 2.  On the right, the MUNE values calculated with 

manually edited SMUPs are plotted against the difference between trials 1 and 2 on day 1 and 2.   
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4.5 DISCUSSION 

Two main findings have emerged from this study.  First, MUNEs calculated based on 

SMUP amplitude in the EDB muscle were the only estimates that were not affected by the editing 

method, i.e. automated or manually edited SMUPs.  All other MUNEs differed as a function of an 

interaction between the editing method (automated vs. edited) and the size-related parameter 

(amplitude vs. area) of the mean SMUP.  Linear regression comparing MUNEs derived from 

automated and edited SMUPs, however, revealed near perfect to perfect correlations in EDB and 

AH muscles suggesting tight correspondence between methods.    

Second, the within- and between-day reliability estimates for MUNEs derived from 

automated and edited SMUPs were comparable.  In particular, between-day estimates showed 

identical ICC ranges, and comparable between-day CVs, MADs and LOAs using both marker 

placement approaches.  In combination these findings support the stable and comparable 

reliability of MUNEs calculated using automated and manually edited SMUPs both within- and 

between-days.    

4.5.1 Automated vs. Manually Edited SMUPs 

In the EDB muscle, significant differences were found between MUNEs derived from 

automated and manually edited SMUPs using SMUP area but not amplitude.  Two factors likely 

account for these findings.  First, automated marker placement relies on an algorithm to define 

key points on the waveform.  In contrast, manual adjustment of markers by an operator is subject 

to individual judgment, which may not be consistent over time and can be difficult in the 

presence of baseline fluctuations in voltage.  Second, subjectivity is likely less of an issue when 

determining SMUP amplitude since the peak negative voltage is easily observed.  In contrast, the 

onset and end of the waveform (defining the duration over which area is calculated) are identified 

by detecting fluctuation in voltage relative to baseline, a distinction that can be difficult to judge.  
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It follows that differences in automated and manual editing methods would be anticipated with 

respect to MUNEs based on SMUP area more so than if based on SMUP amplitude.  This was 

confirmed by the interaction between editing type and size parameter factors.   

In the AH muscle, both the method of editing and the size-related parameter had a 

significant effect on the resultant MUNE.  This may be due to the inclusion of SMUP waveforms 

that exhibited different morphologies.  Typically, SMUPs display a biphasic (initial negative 

deflection followed by a positive peak and a return to baseline) that mimics the shape of the 

CMAP
16,17

.  SMUPs from the EDB muscle were consistently typical in shape, however, the 

sample of SMUPs from the AH muscle were mostly biphasic but inconsistent in terms of polarity 

which could not be attributed to technical irregularities.  Further exploration is required to 

determine the cause, although it would be reasonable that an algorithm based on a standard 

waveform template could produce variable results if this basic assumption of polarity is not met.  

The absence of a gold standard method for calculating MUNE makes verification of 

which estimate best approximates the true MU number, based on automated or manual editing, or 

on SMUP amplitude or area, unattainable.  Linear regression revealed that although a bias was 

present (increased MUNE values were observed when area was used and when SMUPs were 

manually edited), the MUNE values were highly correlated.  As such, one can predict the impact 

of, for example, the method of editing, which can facilitate comparisons with data derived using 

different methods.   

The results from previous investigations of the effect of operator interaction and manual 

editing suggest that the measurement of certain MUP and SMUP parameters (i.e. duration) 

through manual editing are more variable than others (i.e. amplitude)
11,18,19

.  The current study 

adds to the knowledge base by considering the reliability of DQEMG detected MUNEs in relation 

to automated and manual SMUP marker placement as well as the size parameter.  Intra-and inter-
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operator reliability of SMUP parameters used to calculate MUNE extracted using DQEMG 

following manual marker editing has been shown to be high
18,20

; this study demonstrates that 

automated editing produces similarly high reliability in MUNE.   

The reliability of manually adjusted MUP and SMUP parameters from a single data set 

acquired using DQEMG revealed very good to excellent test-retest reliability for SMUP peak-to-

peak amplitude (ICC=0.90), area (ICC=0.90) and negative-peak amplitude (ICC=0.81), good 

reliability for negative-peak area (ICC=0.77), and poor reliability for duration (ICC=0.39) for the 

extensor carpi radialis muscle
18

.  Similarly, ICCs for SMUP negative-peak amplitude in the first 

dorsal interosseous (FDI) and biceps brachii (BB) muscles were excellent (ICC=0.97 and 0.95, 

respectively)
20

.  The findings from the current study are consistent with these reports indicating 

that measures associated with SMUP negative-peak area are more variable than amplitude 

measures.   

In general, manual editing of marker placement to define SMUP characteristics yielded 

near identical between-day and comparable within-day reliability as automated processing.  This 

finding has important clinical implications when paired with the similarity in MUNE values 

associated with both methods.  These findings suggest that the additional time and operator 

involvement required to reposition SMUP markers affords no appreciable benefit.   

4.5.2 Clinical Applications of DQEMG 

 Based on the current and previous studies it appears that operator involvement in the 

editing of MUP and SMUP parameters using DQEMG affords minimal advantage in terms of the 

integrity of the MUNE measures.  The benefit of automated parameter extraction is not only that 

it avoids inherent biases or errors in judgment that can accompany manual marker adjustments, it 

can also reduce the time required to perform a complete study.  Previous studies have reported the 

time efficiency of using DQEMG
8,12

; however, the additional time required to manually scan and 
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reposition MUP and SMUP markers was not considered.  These processes can be equal to, or 

even exceed the amount of time required for data collection.  The time savings associated with 

the use of automated calculations are an important consideration for clinical applications, 

particularly given the reliability and consistency in the derived MUNE values. 

4.5.3 Conclusions 

Comparing the reliability of MUNEs calculated using automated and edited SMUPs has 

shown negligible differences, implying that automated marker placement is adequate; there is no 

improvement to be gained through manual editing.  In combination with the time savings 

achieved through automated processing, DQEMG may provide a viable and important means of 

evaluating muscle health in clinical populations.   
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Chapter 5 

General Discussion 

The ideal clinical assessment should provide a series of quantitative parameters 

objectively defined by any trained individual without forfeiting the time efficiency associated 

with a clinical electromyographical exam.  DQEMG affords these benefits by providing a detailed 

quantitative analysis of MUP and SMUP parameters, in addition to estimating the number of 

functioning MUs in a muscle through MUNE.  The ability to calculate MUNE makes DQEMG a 

valuable tool in a clinical arena.  Refining the methods to reduce test-retest variability is an 

important step in determining its suitability as a clinical tool
20

.   

      

5.1 Enhancing the Reliability of MUNEs Determined Using DQEMG  

 The benefit of using MUNE for diagnostic purposes is dependent on the ability of 

DQEMG to reliably reproduce MU numbers over time.  As shown in Chapters 3 and 4, reliability 

of MUNE was enhanced by adjusting the methods used to derive the mean SMUP: SMUP 

parameter averaging method (arithmetic or ensemble), SMUP editing method (automatic or 

manual), and the SMUP size-related parameter (amplitude or area) used to calculate MUNE. 

5.1.1 Method of SMUP Parameter Calculation 

 Doherty et al.
36

 outline two methods for calculating mean SMUP parameters: using the 

arithmetic mean of individual SMUP parameters or deriving the parameters of interest from an 

ensemble averaged SMUP.  In accordance with the statistical theory of regression to the mean, 

they suggest that ensemble averaged SMUPs provide a better indication of the true mean SMUP.  

The alignment and averaging of contributing SMUPs takes into consideration the natural phase 

cancellations that occur when the SMUPs sum together to form the CMAP
37

.  However, as 

described in Chapter 3, ensemble averaging does not enhance the reliability of MUNE.  MUNEs 
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calculated using the arithmetic mean of SMUP parameters, that is averaging the measures 

obtained from individual SMUPs, demonstrated better reliability than when ensemble averaging 

was performed.  Ensemble averaging is more sensitive to temporal shifts and differences in 

SMUP shape, and therefore even small variations in SMUP duration or configuration (i.e. timing 

of the negative-peak) could produce more variable MUNEs.  This was shown by Doherty et al.
37

 

in the thenar muscles.  Furthermore, MUNEs calculated using parameters derived from ensemble 

averaged SMUPs were larger than when arithmetic averaged parameters were used for both EDB 

and AH muscles.  Smaller mean SMUPs, a result of phase cancellation associated with ensemble 

averaging, accounted for this observation.  The method of SMUP parameter calculation must 

therefore be noted when comparing MUNEs across studies.   

5.1.2 Method of SMUP Editing 

 Following data collection and prior to MUNE calculation, all SMUPs are normally 

manually scanned to ensure accurate marker placement.  The DQEMG algorithms automatically 

place markers at the SMUP onset, negative-peak onset, negative-peak, positive-peak and at the 

endpoint, however these can be adjusted manually.  The results presented in Chapter 4 indicate 

that MUNEs calculated using automated and manually edited SMUPs were significantly different 

yet showed excellent correlation (r=0.86-1.00) between editing methods.  The nearly identical 

reliability demonstrated for MUNEs derived with and without manual editing provides assurance 

that one type of editing does not differentially impact reliability over time.  

5.1.3 SMUP Size-Related Parameter 

 Although amplitude and area are both accepted parameters to calculate MUNE, the 

studies presented in chapters 3 and 4 demonstrate that MUNEs calculated using amplitude were 

more stable over time.  Little distinction was evident between the reliability of MUNEs calculated 
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using amplitude and area, however the wider ICC confidence intervals and broader LOAs 

observed for MUNEs calculated using area were noted (Chapter 3).  More obvious differences 

emerged when the effect of manual SMUP editing on MUNE values was assessed (Chapter 4).  

While automatic and manual placement of the negative-peak SMUP marker appeared consistent, 

placement of the onset and end markers (that define the duration over which area is calculated) 

was more variable.  This result is attributed to the easier identification (automatic and manual) of 

SMUP amplitude in comparison to the difficulty of distinguishing fluctuations in baseline voltage 

that define the start and end of the SMUP.  The consistency between automated and edited 

marker placement of the amplitude marker suggests that MUNEs calculated using amplitude 

might be preferable.   

 

5.2 Future Directions 

Thus far, the within- and between-day reliability of DQEMG has been established in 

muscles of the upper
12–14,16

 and lower limb
15

.  The results presented in Chapters 3 and 4 have 

added to the knowledge base by suggesting which methods and parameters to use in order to 

optimize that reliability, including the ideal SMUP calculation method, editing method, and the 

size-related parameter used to calculate MUNE.  However, if the intent is to introduce DQEMG 

into clinical practice as a means of identifying abnormality and monitoring disease progression 

using MUNE, further avenues must be explored.   

5.2.1 Development of a Normative MUNE Database 

The normative MUNE data present in the literature is limited.  This is in part due to the 

lack of a MUNE gold standard; however, normative values that have been reported have been 

obtained using different MUNE methodologies.  Among the accepted MUNE procedures 

presented in the literature, the adoption of a specific SMUP averaging method, size parameter, 
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and contraction type used to collect and derive the mean SMUP, and the combinations of these 

factors, vary from method to method.  As demonstrated in this thesis, it is inappropriate to 

compare MUNE values derived using different methods.    

In light of this finding, a normative MUNE database, consisting of the estimates derived 

from muscles routinely studied in clinical electromyographical exams, should be developed using 

DQEMG and a consistent method.  Establishing benchmark values of what constitutes a ‘normal’ 

MU range in a given muscle is necessary so that clinicians can make appropriate comparisons and 

differentiate between normal and abnormal MU counts. 

5.2.2 Standardized MUNE Procedures  

In addition to defining the ideal parameters used to calculate the mean SMUP and MUNE 

(i.e. averaging method, editing procedures, and size-related parameter), other MUNE 

methodologies must be revisited.  For example, the contraction intensities chosen for data 

collection may need to be standardized if MUNEs are to be used in clinical practice.  Studies have 

found that the amount of voluntary force used to elicit a contraction from which a sample of 

SMUPs is collected has a direct impact on the resultant MUNE value
40

.  Boe et al.
41

 consider this 

to be a clinically relevant finding.  The increased complexity of the interference pattern decreases 

the probability of sampling lower-amplitude MUPs.  If MUNEs are reduced as the contraction 

intensity increases, then any changes in MU number from test to retest session could be attributed 

to a higher or lower contraction intensity used during data collection rather than a change in 

status.  Set contraction intensity levels must be defined in order to avoid this variability.    

 The contraction level at which maximum MU recruitment occurs varies from muscle to 

muscle.  It has been reported that smaller muscles recruit the majority of their MU pool between 0 

and 50% of their MVC, whereas larger muscles recruit additional MUs up to at least 90% of their 

MVC
41

.  For example, the intrinsic hand muscles have activated the majority of their MUs by 
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30% of the MVC
42

.  Boe et al.
40

 speculate that such an early activation of a large number of MUs 

may decrease the probably of sampling lower-amplitude MUPs, and thus would bias MUNE to a 

lower value.  Depending on the level at which EDB and AH muscles have maximally recruited 

their MU pool, this may or may not have not have contributed to the variability in MUNE across 

test sessions.   

Based on the evidence above, distinct levels of muscle contraction intensity need to be 

established as it may be that certain muscles are less suited for the determination of MUNE due to 

the high intensities required.  In addition, a muscle limited to gross motor control may not be an 

appropriate test muscle, as the participant may have difficulty maintaining an isometric 

contraction at a fixed level.  Knowledge of the muscle specific parameters would be useful as a 

means of optimizing stability across testing sessions and between testing facilities.  

5.2.3  DQEMG Protocol in Clinical Populations 

Following the creation of a normative MUNE database, the reliability of DQEMG should 

be established in individuals with neuromuscular pathologies.  Although DQEMG has been used 

to detect differences between healthy controls and those with carpel tunnel syndrome
44

, 

amyotrophic lateral sclerosis
45

, and in older individuals
46

, interpretation is hampered by not 

knowing the reliability of the parameters measured.      

Only one study found has investigated the ability of individuals to manually edit SMUP 

markers from first dorsal interosseous (FDI) and biceps brachii (BB) muscle data sets extracted 

using DQEMG from patients with and without neuromuscular disease.  SMUP negative-peak 

amplitude was found to have high inter-rater reliability in FDI and BB in both healthy controls 

and patient populations.  Between-day ICC values for SMUP negative-peak amplitude in healthy 

controls were 0.95 (BB) and 0.97 (FDI), while ICC values for SMUP negative-peak amplitude in 

patient populations (9 with amyotrophic lateral sclerosis and 3 with Charcot-Marie Tooth disease) 
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were 0.89 (BB) and 0.91 (FDI)
47

.  While the evidence that markers can be repositioned to provide 

stable results over time in patients with neuromuscular disease is promising, the reliability of 

DQEMG determined parameters (including MUNE) requires more attention before it can be 

applied to clinical investigations.          

       

5.3 Conclusions 

 This thesis established the reliability of MUNE in the EDB and AH muscles using 

DQEMG.  Apart from the excellent reliability obtained using between-day estimates, the results 

provide guidelines about how to optimize the reliability of MUNE in these two muscles. Overall, 

between-day arithmetic averaged SMUP parameters derived from the automated placement of 

SMUP markers provided a stable indicator of MUNE over time.  The knowledge gained from this 

work has provided evidence for the reliability of DQEMG derived MUNEs in muscles of the 

lower limb, while taking the initial steps required to consider MUNE as a useful measure and 

DQEMG as a valuable quantitative clinical assessment tool.   
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Appendix A 

Screening Questionnaire  

 

Participant Number: ______________   DOB: _____/_____/_________ 

        M        D            Yr 

Sex: _______ 

 

1. Do you have an indwelling cardiac pacemaker, cardiac catheter or  

central pressure line? 

          YES / NO 

2. Do you suffer from a bleeding disorder? 

YES / NO 

3. Have you suffered from any previous severe ankle damage? 

YES / NO 

If yes, explain: 

______________________________________________________________________________

______________________________________________________________________________ 

 

4.  Do you experience excessive perspiration of your feet?  

          YES / NO 

If yes, explain: 

______________________________________________________________________________

______________________________________________________________________________  

 

5.  Have you have any subcutaneous metal in the foot, ankle or lower leg? 

          YES / NO 

If yes, please identify which limb: ______________________________ 

 

6. Do you have a fear of needles? 

      YES / NO 
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Appendix B 

Marker Placement Guide 

The following recommendations for MUP and SMUP marker placement are not 

published instructions; these descriptions are simply guidelines that the operator established with 

the software developer prior to data analysis to ensure consistent marker editing across data sets.  

 When viewing a MUP or SMUP in the marker editing screen, the tracing of the 

corresponding SMUP or MUP can be viewed behind in grey (Figure B1).  The red line and star 

(depicted as blue in Figure B1) indicates the onset of the corresponding MUP or SMUP.  When in 

the SMUP editing screen, these markings serve two main purposes.  First, the MUP onset is used 

to determine whether the corresponding SMUP is included, as a SMUP must be temporally 

aligned with its MUP.  Second, the onset and end of the corresponding MUP can be used as a 

guide when placing onset and end of SMUP markers.  SMUP markers were only adjusted once 

accurate MUP marker placements were established.  

 

B.1 MUP Markers 

 There are four MUP markers: onset, negative-peak, positive-peak, and end.  The default 

scale was set to 200 V/div and the sweep is set at 50 ms (10 ms/division).  While the horizontal 

scale remained at 10 ms/div for easier marker placement, the appropriate vertical scale varies 

from MUP to MUP, and can range from 200 to 5000 V/div.  The desired vertical scale was 

determined by the operator and remained unchanged for the duration of the editing process to 

ensure consistent visual interpretation.   

MUP onset was always repositioned first.  Onset was placed at the point at which there 

was a significant deviation in the MUP waveform from the baseline.  The negative-peak and 

positive-peaks were then placed on the largest negative and positive peaks within the duration, 
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and the end marker was positioned when the waveform returns to baseline.  Figure B1 below 

illustrates this concept.      

 

Figure B1: MUP of MU #2 (motor unit #2).  Peak to peak amplitude (Vpp), Duration, Area, Area-to-

Amplitude Ratio (AAR), Phases, Turns, Maximum Slope, Baseline Root Mean Square (RMS) and the 

Signal to Noise Ratio (SNR) are presented in columns along the side of the template.   

 

When MUPs were triphasic, the onset was always placed before the initial positive/negative 

deflection, and the positive and negative peaks were placed on the largest positive and negative 

peaks within the duration.  Figures B2 and B3 illustrate this process.   
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Figure B2: MUP Marker Editing for MU#1.   

 

 
Figure B3: MUP Marker editing for MU#4 
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B.2 SMUP Markers 

There are five SMUP markers: onset, negative-peak onset, negative-peak, positive-peak, 

and end.  The operator was confident in MUP marker placement before using MUP onset as a 

guide to determine appropriate SMUP marker placement. 

Defaults in the SMUP editing screen were set to a scale of 50 V/div with a sweep set at 

100 ms (20 ms/div).  The horizontal scale was changed to 10 ms/div to allow for easier marker 

placement.  The vertical scale can range from 10 to 2000 V/div depending on the size of the 

SMUP; therefore, the vertical scale was set based on operator judgment.  Again, these settings 

were unchanged throughout the editing phase to allow for consistent visual interpretation.  

The onset marker was placed where the waveform first distinctively separates from 

baseline noise, in either a positive or negative direction.  When necessary, the tracing of the 

needle MUP and the red needle MUP onset marker acted as a guide.  

 Negative-peak onset marker was placed at the position of the SMUP with the steepest 

rising, at the point of maximum acceleration in either a negative or positive direction.  Depending 

on the muscle studied, SMUP ‘shape’ may vary.  When the SMUP exhibited a traditional 

biphasic negative-positive shape, mimicking that of the CMAP, the negative-peak onset was 

placed directly before the negative peak.  Figure B6 illustrates a simple biphasic, negative-

positive SMUP.   
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Figure B6: Biphasic negative-positive SMUP. 

 

The negative-peak onset often coincided with the onset marker unless the SMUP 

exhibited a ‘shoulder’.  A SMUP with a shoulder exhibited an initial deflection from the onset, 

and then a gradual increase (i.e. the shoulder) until the waveform deflected steeply upward.  

Figure B7 illustrates an example of a simple biphasic, negative-positive SMUP with a ‘shoulder’. 

The same guidelines were followed when the SMUP had multiple phases: the negative-peak onset 

marker was placed at the point of maximum acceleration, and the positive and negative peak 

markers were placed on the largest positive/negative peak within the duration.  Figure B8 

provides an example of a triphasic, negative-positive-negative SMUP.    
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Figure B7: Biphasic negative-positive SMUP with a shoulder.   

 

 
Figure A8: Triphasic negative-positive-negative SMUP. 
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If the muscle had SMUP contributions that displayed a biphasic positive-negative shape 

(i.e. commonly seen in abductor hallucis), the negative-peak marker was placed before the 

positive peak.  Figure B9 is an example of a biphasic positive-negative SMUP.   

 

 
Figure B9: Biphasic positive-negative SMUP.   

 

 The negative- and positive-peak markers were placed at the largest negative and positive 

peak within SMUP duration, respectively.   

 The point at which the waveform returns back to baseline marks the end of the SMUP.  

The grey needle MUP tracing was used to determine correct positioning, particularly if the SMUP 

gradually tailed off toward baseline.  This strategy was used to place the SMUP end marker so 

that it coincided with the end of the needle MUP.   
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Appendix C 

Letter of Ethics Approval 
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Appendix D 

Letter of Information and Consent Form 

 

Letter of Information  

& Consent Form 

 

Test-retest reliability of decomposition-based quantitative electromyography 

in determining motor unit number estimates in the lower limb 
 

Student Investigator: Laura Hussey, MSc Candidate 

Supervisor: Linda McLean, PhD 

 

 You are invited to participate in a research study investigating the reliability of a method 

to estimate the number of functioning motor units in two muscles of the lower limb.   

 Your participation in this study is entirely voluntary, and whether you choose to 

participate or not will in no way affect any present or future medical treatment or health care that 

you may require.  If you are a student or staff at Queen’s University, whether you choose to 

participate or not will in no way affect your present or future standing at school or work. This 

information form will be reviewed with you, describing all procedures in detail, before you are 

asked to sign the consent form.  You will be given a copy of this form to take home with you for 

your records.  Please do not hesitate to ask questions at any time.  This study has been reviewed 

for ethical compliance by the Queen’s University Health Sciences and Affiliated Teaching 

Hospitals Research Ethics Board.  
 

 

Purpose of the Study: 

 

 The purpose of this study is to determine if electrical information recorded from your 

active muscles using decomposition-based quantitative electromyography (DQEMG) can reliably 

be used to estimate the number of motor units within two particular in muscles of the lower limb.  

Specifically, the objective is to see if data acquired using the DQEMG protocol can reproduce 

similar motor unit number estimate (MUNE) values in abductor hallucis and extensor digitorum 

brevis, two muscles in the foot, on two separate days.  
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Exclusion Criteria: 

 

 Volunteers will be excluded from this study if they suffer from any clotting disorders, 

have an indwelling cardiac pacemaker, cardiac catheter, or central pressure line.  Previous severe 

ankle injury may lead to poor motor control of the muscles involved in this study, thus you may 

be excluded if you have had a severe ankle sprain or strain in the past and the researcher notices 

that you cannot hold a steady low-level contraction for 30 seconds.  Those who excessively sweat 

from the feet, or have subcutaneous metal in the foot, ankle or lower leg are not suitable for this 

study. Those with a phobia of needles are asked not to participate in this study.      

 

 

Preparation for Data Collection: 

  

 If you accept this invitation to participate in this study, you will be required attend two 2-

hr testing sessions held at the Motor Performance Laboratory in the Louise D. Action building on 

the Queen’s University Campus.  You will be required to wear shorts and to remove your shoes 

and socks for data collection.  Your height and leg length will be measured before beginning the 

testing procedures.  For the first muscle in your foot, you will be asked to sit on a plinth with your 

knees bent and your feet flat on the surface.  The examiner will ask you to perform a series of 

movements (i.e. extend all of your toes, bringing them as close to your shin as possible), to 

determine electrode locations.  The examiner will clean the skin surface at these locations with 

rubbing alcohol, and then will place sticky electrodes in this area.  One will be placed on the top 

of your foot, another over your pinky toe, and the last one over your ankle. A temperature probe 

will be taped on the top of your foot by your ankle to determine your skin temperature.  For the 

second muscle studied, you will be asked to sit cross-legged on the plinth, with the leg of interest 

slightly extended.  A towel will be placed under your ankle for comfort, and you will be asked to 

perform a few actions (i.e. push your big toe against the examiners finger as hard as you can) 

again so that the muscle of interest can be identified.  The examiner will clean the skin with 

rubbing alcohol, and place three more sticky electrodes on your foot.  One will be placed on the 

inside of the sole of your foot, another on your big toe, and the last one on the inside surface of 

your ankle.   

 

 

Data Collection Procedures: 

 Once you are ready, the examiner will ask you to relax the muscle of interest while they 

deliver a series of approximately 10-20 electrical pulses through the skin around your ankle.  

These electrical pulses will make the muscles in your foot move, as they will be sending a 

message along the nerve that operates the muscles of your foot.  The investigator will record the 

activity from the muscles of your foot using the electrodes earlier placed there.  The second 

muscle will be tested in the same manner, but stimulating at a slightly different location at your 

ankle.  This procedure will be performed two times per muscle.     

 

 The next part of this procedure involves recording signals from the muscles of your foot 

while you contract these muscles voluntarily.  For the first muscle, the investigator will ask you to 

perform two sets of maximal voluntary contractions (MVC), where you push as hard as you can, 

and hold for 3-s.  This will be accomplished by pushing your toes against the resistance of the 

investigator’s hand.  The investigator will then clean your skin again with rubbing alcohol, and 
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will insert a needle electrode into the skin just underneath the electrode placed on the back of 

your foot.  You will then be asked to perform a series of mild to moderate contractions 

(approximately 10-30% of the maximum determined earlier) while pushing against the 

investigators fingers for resistance.  The needle may be moved to different depths or locations 

between contractions.  This process will be repeated with the muscle on the inner sole of your 

foot.  This will complete the testing session, which is expected to take about two hours.  You will 

be asked to return approximately one week later, at the same time of day, to repeat the protocol.    

 

 

Risks of Participation: 

 

The risks involved with electromyography are minimal.  Skin electrodes cause a small 

risk of skin irritation if you have allergies to adhesive bandages, but irritation, if it occurs, is not 

expected to last more than a few hours.  While there is always a risk of infection with any needle, 

and we will make every effort to minimize this risk by cleaning your skin with alcohol before 

inserting the needle and by using sterile single-patient use needles.  The needle will be carefully 

inserted to minimize any injury, but there is a small risk of bruising at the electrode insertion site. 

The movement of the needle may cause a small ache in the muscle, but this discomfort should 

resolve within a few minutes of the electrode being inserted.  Please do not volunteer for this 

study if you are uncomfortable with needles or if you have a clotting disorder such as hemophilia. 

 If you feel skin irritation, extended muscular soreness or pain after completion of your 

participation, please contact the investigator or her supervisor, Dr. McLean, and contact your 

preferred health care provider.   

 

 

Benefits of Participation: 

 

 The benefits of this study are minimal for you.  You will have a chance gain some 

experience with scientific testing and learn more about a new diagnostic tool used to assess 

neuromuscular dysfunction.   

 

 

Confidentiality: 

 

 Your confidentiality and your anonymity will be protected as much as possible.  You will 

be identified by a code number only on all data files.  Forms that identify you by name will be 

stored separately from the data and will be filed in a cabinet that remains in a laboratory space 

with restricted access.  Your anonymized data will be kept for seven years after the study is 

reported in an academic journal.  At that time, electronic files will be deleted and the faculty 

supervisor will shred your signed consent form.  Only summary data and/or participant code 

numbers will be used during any  presentation or publication of the study results.    

 

I would like to ask at least one participant to permit me to take photographs during the task for 

use in future presentations and/or publications. These photographs are not needed for data 

analyses, merely to demonstrate the protocol used in the study.  If you are willing to have your 

photograph taken, I will ask you to sign the section at the bottom of this form granting your 

permission.   
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Voluntary Nature of the Study: 

 

 Your participation in this study is completely voluntary. Please be aware that 

investigators will be providing encouragement for you to give a maximal effort during strength 

tests.  However, stopping the testing protocol is still under your control. You may withdraw from 

this study at any time without penalty, coercion or consequence.  Your data will be removed if 

you wish them withdrawn.   

 

 

Withdrawal of Subject by Principal Investigator: 

 

 If at any point the principal investigator determines that you are not appropriate for the 

study, you may be asked to withdraw.  You will still be compensated for your parking expenses.   

 

 

Liability: 

 

 In the event that you are injured as a result of the study procedures, medical care will be 

sought as appropriate.  By signing the consent form, you do NOT waive your legal rights, nor 

release the investigators from their legal and professional responsibilities.    
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Participant Statement and Signature:   

 

 As a volunteer participant, I have read and understand the consent form for this study.  

The purposes, procedures and technical language have been explained to me.  I have been given 

sufficient time to consider the above information and to seek advice if I choose to do so.  I have 

had the opportunity to ask questions which have been answered to my satisfaction.  I understand 

that I can withdraw at any time, without any consequences.  I understand that my participation is 

in confidence to the researchers only and that my data will be used for scientific purposes only.  I 

am voluntarily sighing this consent form and will receive a copy of the form for future reference. 

 If I am dissatisfied with any aspect of the study, or have questions, concerns, or adverse 

events, I am encouraged to contact the principal investigators. 

 

 

Laura Hussey, MSc Candidate and Principal Investigator 

    at  (613) 893-0583  (5lh7@queensu.ca)  

Dr. Linda McLean, PhD,  Faculty Supervisor 

   at  (613) 533-6101  (mcleanl@queensu.ca) 

 

 

 If I have questions regarding my rights as a research subject I can contact:  Dr. Albert 

Clark, Chair, Queen’s University Health Sciences and Affiliated Teaching Hospitals Research 

Ethics Board at (613) 533-6801. 

 

By signing this consent form, I am indicating that I agree to participate in this study. 

 

 

 

_________________________________________  ____________________ 
Signature of Participant      Date 

 

 

_________________________________________  ____________________ 

Signature of the Principal Investigator    Date 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

mailto:5lh7@queensu.ca
mailto:mcleanl@queensu.ca
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Statement of Investigator: 

 

 By signing this consent form, I confirm that I have carefully explained the nature of the 

above research study to the subject.  I certify that, to the best of my knowledge, the subject 

understands clearly the nature of the study and the demands, benefits, and risks involved to 

participants in this study. 

 

 

 

 

_________________________________________  ____________________ 

Signature of Principal Investigator    Date 

 

 

 

Consent to Receive Summary of the Research Results: 

 

 Do you wish to receive a summary of the research outcome?  This might not be available 

for a year or more. 

 

 

Yes ___________       No ____________ 

 

If “yes”, please provide an e-mail address or postal address where we can reach you: 
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Consent for Photographs:  

 

By signing below, I am indicating my willingness to be photographed for presentations or 

publications.  I realize my face will be blocked from view in these images. 

 

 

_____________________________________   __________________ 

Signature of Participant       Date 

 

 

  

 

By signing this consent form, I confirm that I have carefully explained the nature of the above 

research study to the subject. I certify that, to the best of my knowledge, the subject understands 

clearly the nature of the study and the demands, benefits, and risks involved to participants in this 

study. 

 

 

            

Signature of the Principle Investigator    Date 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

Participant Name:              

 

Participant Number:       


