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CHAPTER 3: 

USING CONDUCTION VELOCITY  

TO ASSESS FATIGUE  

3.1 MOTIVATION FOR EXAMINATION 

One of the major influences on the power spectrum during fatigue is a decrease 

in velocity of the electrical signals propagating along the muscle fibres.  This 

decrease in CV, caused by changes in electrochemical metabolite concentrations 

with the muscle‟s surrounding tissues, is manifested as an expansion of the MES 

in time which is reflected as a compression of the power spectrum.  Thus, an 

alternative to tracking fatigue indirectly through power spectral parameters is to 

measure CV directly.  While this is a more difficult measurement to make, it may 

be more resilient to the effects of dynamic factors. 

The effects of muscle force and joint angle on power spectral parameters are 

mostly a result of changes during dynamic contractions, in the geometrical 

arrangement of the active motor units with respect to each other and to the 

detecting electrodes [28].  First, since the surface MES reflects a summation of 

activity in the detectable region, as the relative positioning between muscle fibres 

changes, the surface MES shape may change inducing modifications in the MES 

power spectrum [8, 12].    Also, tissue between the active fibres and measuring 

electrodes acts as a low-pass filter, modifying the spectrum further [8, 12]. 
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As these features are altered during dynamic contractions they produce striking 

effects on the power spectrum and related parameters such as MF.  While it is 

difficult to examine the effects under dynamic conditions because of the high 

variability associated with instantaneous power spectral estimates, the effects 

can be inferred by comparing estimates obtained during different levels of static 

contractions.  Figure 3-1 is such an example taken from the brachial biceps at 

five joint angles and three force levels [28]. 

 

 

 

 

 

Figure 3-1:  MF values vs joint angle from MES obtained from the brachial biceps during 
static contractions at three force levels (based upon % Maximum Voluntary Contractions 
(MVC)).  Standard deviations (±1) are shown where resolvable (> 2 Hz). 

Commonly, estimating CV with surface MES is achieved by taking the cross-

correlation of two measurements separated along the MES propagation path by 

a known distance.  The time shift in this cross-correlation from zero represents 

the time taken by the propagating signal to travel the separation distance „
d ‟; 
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thus dividing this distance „ d ‟ by the time yields CV.  This methodology is 

summarized in Figure 3-2.   

 

 

 

Figure 3-2:  Summary of the cross-correlation method for measuring CV.  a)  Surface MES 
measured from two channels at different locations along the propagating path.  b)  Cross-
correlation between the signals in a). 

Since CV is determined by comparing two channels of MES ideally under the 

same conditions, the factors that affect power spectral estimates may not 

influence CV estimation.  Nevertheless, because the MES is a summation of 

activity across multiple fibres, as with power spectral estimates, CV estimates 

obtained using the cross-correlation technique reflect an average CV  across the 

active fibres.  This average CV may be altered as new fibres are introduced with 

recruitment to increase force level, or as new fibres enter the detectable regions 

of the measuring electrodes because of changes in joint angle. 

Other considerations may be even more problematic.  The accuracy of a CV 

estimate depends upon at least three assumptions.  The first is that both 

channels are placed along the length of the active muscle fibres.  Since all fibres 

in a muscle are not completely parallel, this assumption can never be perfectly 
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realized.  However, choosing a small channel spacing can limit this misalignment 

to an acceptable level [21]. 

The second assumption is that both channels are placed on the same side of the 

IZ.  Under static conditions, channel placement can be chosen to realize this 

assumption.  However, whether or not it is met under dynamic conditions 

depends on the effect that joint angle has on the relative position of the channels 

with respect to the IZ.  Muscle force may confound this effect by introducing new 

active fibres which may further alter the relative positions. 

The third assumption is that the fibres are sufficiently long to render the effects of 

action potential origination and extinction (collectively known as non-propagating 

end-effects) insignificant.  For most muscles, there are joint angles at which this 

assumption can be realized.  However, under dynamic conditions, as muscle 

length shortens to change joint angle, this assumption may not always be valid.   

Muscle force and/or joint angle may not affect CV estimates in the same way that 

they affect power spectral parameters.  However, they may affect CV in different 

ways making it equally susceptible to variability while estimating under dynamic 

contractions.  Experimental work was warranted to determine this susceptibility. 
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3.2 EFFECTS OF DYNAMIC PARAMETERS ON CONDUCTION 
VELOCITY ESTIMATION – EXPERIMENT 1 

3.2-1 Purpose 

To examine the effects of muscle force and joint angle on CV estimation, a test 

was conducted to compare CV values obtained using the cross-correlation 

technique on two channels of static MES data generated from the brachial 

biceps. Data were collected with the elbow held at five joint angles. The muscle 

resisted three loads at each angle.  The loads were determined as a percentage 

of a joint angle specific maximal voluntary contraction (MVC).   While the values 

used for comparison in this experiment were not obtained under dynamic 

conditions, the effects of the dynamic factors could be inferred from the static 

results. 

3.2-2 Method 

The apparatus used in this experiment consisted of a large disc attached to a 

central pulley at its axis as depicted in Figure 3-3.  The central pulley and disc 

were supported with a frame which allowed participants to rest their upper arms 

upon a platform with elbow aligned with the pulley-disc axis.  Participants could 

then apply a force to a handle attached to the disc with the forearm supinated, at 

any specified elbow joint angle.  By attaching a mass to the pulley, a specified 

force could be applied perpendicular to the forearm regardless of the joint angle 

held by the participant.  Furthermore, by fastening the pulley in a particular 
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position, the forearm could apply any force perpendicular to the opposing tension 

while held at a particular joint angle.  

 

 

 

 

Figure 3-3:  Central pulley apparatus used in experiment 1 to apply loads at specified joint 
angles. 

Using the central pulley apparatus in the fastened mode, MVC measurements 

were obtained for each participant at 50, 70, 90, 110 and 130 (relative to 

180 at full elbow extension).   To obtain the MVC value, participants were 

encouraged to pull as hard as possible against the fastened pulley.  The pulley 

was fastened via a cable to a LC105 Aluminum „S‟ Beam Load Cell which output 

a voltage proportional to the force being exerted.  This process was repeated 

three times for proper training, with one minute intervals between each trial.  The 

highest value of the trials was used as the MVC.  

One day after the MVC test, participants returned for signal acquisition.  Using 

the central pulley apparatus, participants were instructed to hold the disc at 50, 
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70, 90, 110 and 130 against loads equivalent to 20%, 50% and 70% of their 

MVCs.  Each angle-force combination was held for 15 seconds and a one minute 

rest interval between each combination was imposed.  The order in which the 

participants engaged in each combination was randomized. 

The MES was recorded from the brachial biceps using a flexible bar electrode 

array with three 0.5 mm x 10 mm bars permanently fixed 5.0 mm apart.  The bars 

were configured in single differential mode yielding two channels with an effective 

separation of 5.0 mm.  Before electrodes were placed, the skin surface on which 

the array mounted was cleansed with rubbing alcohol and treated with 

conducting gel.  The array was placed on the short head of the muscle, midway 

between the belly and the tendon on the proximal side and secured with a 

breathable elastic cuff.  The reference electrode was placed on the forearm. 

Both MES channels were processed identically first through a pre-amplifier 

configuration described previously by Lovely [95] and then through a Tektronix 

AM502 differential amplifier.  The combined gain was set at 2000 and the low 

and high cut-off frequencies of each amplifier were set to 1 Hz and 1000 Hz 

respectively.  This rather liberal bandwidth was chosen to accommodate the 

broad gain transition band of the amplifiers.  From the amplifiers, each signal was 

sent to an oscilloscope for display and through an anti-aliasing filter with the cut-

off frequency set to 500 Hz.   Finally, the signals were sampled at a rate of 5000 

Hz/channel with a resolution of 2.4 mV/bit using a CIO-DAS16/330I 12 bit A/D 

board. 
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In total, 15 data records from each channel were obtained for each participant; 

one for each angle-force combination.  Each 15 s data record was interpolated 

using a linear low-pass interpolator filter to increase the time resolution from 

1/5000 to 1/15000.  Then each interpolated record was split into three 5 s 

segments.  Finally, the cross-correlation between channels was obtained for 

each segment, the delay was determined from the shift in the cross-correlation 

peak from zero, and a CV value was calculated based on the delay and channel 

spacing.  This process yielded three CV values for each angle-force combination, 

based on the 5 s segments.   Data were collected from three female participants 

aged 22, 25 and 29 and two male participants aged 22 and 60. 

3.2-3 Results 

Table 3-1 lists the MVC results obtained for each of the five participants (P1-P5) 

in this experiment: 

Angle P1 P2 P3 P4 P5 

50 11.24 kg 13.47 kg 7.98 kg 23.50 kg 21.28 kg 

70 11.61 kg 13.84 kg 7.43 kg 25.74 kg 21.65 kg 

90 11.61 kg 13.10 kg 7.98 kg 25.74 kg 20.53 kg 

110 10.12 kg 12.73kg 7.70 kg 25.00kg 20.53 kg 

130 9.38 kg 11.61kg 6.88 kg 21.28 kg 16.81kg 

Table 3-1:   MVC Results from Experiment 1 

Figure 3-4 depicts the CV vs Joint Angle results for each participant.  In each 

plot, the means of the three CV values calculated for each angle-force 

combination are plotted.  Error bars representing  1 standard deviation are also 
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shown where resolvable (> 0.5 m/s).  Outliers have been depicted out of scale 

with their mean values and standard deviations indicated in brackets.   

 

 

 

 

 

 

 

 

 

 

 

Figure 3-4:  Continued on next page... 
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Figure 3-4  CV estimates from experiment 1.  Each data point represents the mean of three 
trials at the specified angle-force combination.  Standard deviation bars (±1) are indicated 
where resolvable (>0.5m/s).  Outliers are depicted at the boundaries with their mean values 
and standard deviations listed in brackets. 

A statistical analysis of the data pooled across participants revealed statistically 

significant effects from both joint angle (ANOVA;  = 0.05, p < 0.001) and muscle 

force (ANOVA;  = 0.05, p < 0.001).  However a post-hoc Bonferroni analysis 

revealed that the effects were only evident in the data from angles 50 and 70.  

The results of these analyses held, even when participant 5 was removed from 

the data set to account for the outliers associated with this participant (see Figure 

3-4e).   
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3.2-4 Explanation of Results 

While the variability in CV estimates for the first two participants in this 

experiment was low ( 2 <0.20 m/s, with respect to mean across joint angle and 

muscle force) this was not the case for all participants.  As indicated in Figure 

3-4c-e, for participants 3 and 4, the variability in CV estimates increased ( 2 >2 

m/s), and for participant 5, outliers were clearly evident ( 2 >100 m/s).   

Intriguingly, the effects of joint angle and muscle force on the CV estimates in 

this experiment were only evident in the data collected at 50 and 70.   Because 

these joint angles correspond to near maximal shortening of the muscle, at these 

angles the electrodes are brought in closest proximity to muscle fibre 

innervations and terminations.  It was therefore speculated that the MES 

manifestations of action potential origination and extinction were primary 

contributors to the effects noted, along with cross-correlation degradation caused 

by electrodes traversing the IZ.   

Using the cross-correlation technique, electrode location with respect to the IZ 

and fibre termination regions is a critical factor in meeting the assumptions 

required to obtain accurate CV estimates.  Since muscle fibres are finite in 

length, end-effects, which manifest as non-propagating components in MES, can 

introduce a non-delay element into the cross-correlation which biases the CV 

estimate.  These effects have been shown to increase as the depth of active 

muscle fibres increases and as electrodes get closer to the IZ or regions of fibre 
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termination [96, 97].  Also, as expected, striking effects have been shown on the 

cross-correlation which increase the variability of CV estimates as electrodes 

align with or traverse the IZ. 

As joint angle decreases, muscle fibre length decreases.  Also, the IZ has been 

shown to migrate towards the measuring electrodes [98, 99].  These changes are 

reflected in MES measurements as changes in electrode location.  If substantial, 

they can cause increased bias and/or variability in CV estimations rendering CV 

difficult to measure during dynamic contractions.  Because different motor units 

are recruited at different force levels, IZ and muscle fibre termination regions may 

also vary in location with muscle force.  When this happens, muscle force 

becomes a confounding factor contributing to the inaccuracy and/or imprecision 

of CV estimation during dynamic contractions. 

Two tactics may be employed to reduce the variability in CV estimates as joint 

angle and/or muscle force changes.  First, electrodes can be configured as 

double differential pairs to reduce the non-propagating components in the MES  

[86, 100] since these components are common to both channels.  Second, when 

possible, electrodes may be strategically placed so that the conditions necessary 

to measure CV are met regardless of joint angle. Unfortunately, there is no 

guarantee that such an electrode position will always be available. 
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3.2-5 Conclusions 

The effects of muscle force and joint angle on CV estimation were examined in 

this experiment.  Results indicated that joint angles which corresponded to 

sufficiently decreased fibre lengths yielded biased estimates of CV which 

became increasingly more variable.  Based on these observations, CV will not 

make a viable index of fatigue under dynamic conditions, unless the effects of 

muscle force and joint angle can be controlled.  To determine the feasibility of 

controlling the effects, an examination of the influence of end-effects and IZ 

migration was warranted. 

3.3 SIMULATING EFFECTS OF DYNAMIC FACTORS ON 
CONDUCTION VELOCITY 

Based on the results of Experiment 1, end-effects and/or degradation of the 

cross-correlation due to electrodes traversing the IZ, hereon in termed „electrode 

misplacement effects‟, are likely contributors to the influence that joint angle and 

muscle force have on CV estimates.  Changes in CV caused by the recruitment 

of additional motor units made up of fibres with larger diameters may also be a 

contributing factor.  However, this manifestation is unlikely in the brachial biceps 

as evidence suggests that CV varies within a narrow range in this muscle, 

despite the variation in fibre diameter [10].  To examine more closely the impact 

that end-effects and electrode misplacement effects have on CV estimation, a 

simulation based on MES modeling was conducted. 



 

 57 

Using a model of a single fibre action potential (SFAP) previously developed by 

Gonzalez-Cueto and Parker [101], MES was simulated by summing SFAPs, 

taking into consideration individual fibre lengths, depths and IZ locations with 

respect to the recording electrodes.   Then both end-effects and electrode 

misplacement effects could be independently scrutinized by varying parameters 

such as fibre length and depth, electrode location, electrode configuration, the 

number of fibres in a single motor unit and the number of motor units in a given 

MES. 

3.3-1 Signal Modeling  

3.3-1a The Single Fiber Action Potential 

Figure 3-5 depicts the geometrical assumptions made to model a typical SFAP 

measured at the skin surface.  

 

 

 

Figure 3-5: Geometry used for modeling the extracellular potential at point ‘P ’ due to a 
differential source located at z along a fibre.  The fibre is assumed to (1) have a radius of 
‘a’ and (2) have the z-axis as its longitudinal axis. 

In this depiction, a cylindrical fibre is assumed, and the z-axis represents the 

fibre‟s longitudinal axis while a  represents its radius.  Since P  represents the 
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point at which the extracellular potential is evaluated, d  represents the distance 

along the fibre axis between the source and the recording electrodes and r  

represents the depth of the fibre. 

To generate a SFAP, a double layer differential source as suggested by Plonsey 

[102] was convolved with a filtering function which took into consideration the 

field distribution properties of the source, bi-directional propagation of the source, 

depth of fibre, the location of the innervation point (IP) and the location of the left 

and right fibre terminations with respect to electrode location.  This process 

simulated the extracellular potential generated by the propagating source as 

seen by recording electrodes at the skin surface.   When transposed from spatial 

to temporal coordinates, the extracellular potential is described as a function in 

time as indicated in Equation 3-1, taken from Gonzalez-Cueto and Parker [101], 

who were guided originally by the work of Dimitrov and Dimitrova [107]: 
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In Equation 3-1, K represents a scaling factor dependent upon the ratio between 

intracellular and extracellular conductivities (
e

i


 ) and the square of the ratio 

between fibre diameter and CV ( va ): 
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 ts  represents the differential source: 

  
 

t

tV
ts m




 , (3-1b) 

where  tVm
 is the transmembrane potential and  th  represents the filter function 

which accounts for the transformation undergone by the field as it travels through 

tissue towards the recording electrodes.  It is dependent upon fibre depth ( r ) and 

CV ( v ): 

  
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t
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  (3-1c) 

In this model, the locations of IP and the fibre terminations are considered within 

the limits of integration, Rt   and Lt , which represent the time it takes the source 

to propagate from the IP to the right and left terminations, respectively.  Also, 

when d and r  vary, the extracellular potential becomes a function of these 

parameters as well as time,  as indicated in Equation 3-2: 

         
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
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

'dtt,r,d,tht,r,d,th'ttsKd,r,t RRLL  (3-2) 

where 
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L

LLL

tt

tt
v

dthtrdth

t







,0

0,,,

0,0



 

 60 

a) b)  th RL    
 ii mtc

i

iii emtckts




 2

3

1

2a) b)  th RL    
 ii mtc

i

iii emtckts




 2

3

1

2

    
R

RRR

tt

tt
v

dthtrdth

t







,0

0,,,

0,0

 (3-2b) 

To complete the generation of the SFAP, the source waveform was specified 

according to Gonzalez-Cueto and Parker [101] as defined and depicted in Figure 

3-6.  

 

 

 

 

Figure 3-6:   a) Source  used   to  model   SFAP    (k1 = 51,  k2 = 72,  k3 = 18,  c1 = -64.00, c2 = 
-28.41, c3 = -11.09, m1 = 0.54, m2 = 0.66, m3 = 0.86).  b) Tissue filter used to model SFAP 
(hL+R(t) = hL(t+d/v)+hR(t-d/v) for d = 35mm, tL = 22.5 ms, tR = 30 ms, v = 4 m/s). 

3.3-1b The Motor Unit Action Potential 

It is useful to examine end-effects and electrode misplacement effects at the 

SFAP level.  From this perspective the effects are clear and quantifiable because 

a particular fibre length, depth and IP location may be specified.  However, such 

an analysis is limited because it cannot take into account dispersion in the 

parameters across many fibres.  Thus the analysis must be extended to the level 

of multiple fibres.  To model a MUAP, single fibres were grouped and summed to 
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form motor units.    Each fibre in a summation had its own values specified for 

the defining parameters.  Figure 3-7 depicts the parameters and Table 3-2 

describes them. 

 

 

 

 

 

Figure 3-7:  MUAP Model Parameters 

Parameter Description 

s  Electrode spacing 

r  Depth of a given fibre: 

 chosen relative to an average depth „     ‟ from a uniform distribution 
within the depth dispersion limits 

 average depth chosen from uniform distribution between 
minr and 

maxr  

d  Distance between IP of a given fibre and the closest electrode: 

 IP location chosen relative to IZ center from a uniform distribution within 
the IZ dispersion limits 

RL  Distance between IP of  a given fibre and its right termination: 

 fibre termination  location chosen relative to right termination center 
from a uniform distribution within the right termination dispersion limits 

LL  Distance between IP of a given fibre and its left termination : 

 fibre termination  location chosen relative to left termination center from 
a uniform distribution within the left termination dispersion limits 

Table 3-2:  List of SFAP Parameters used in MUAP Simulation 
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Also shown in the figure and listed in the table is electrode spacing „ s ‟, which 

was independent of fibre and so common to all fibres.  For a monopolar electrode 

configuration, this parameter measured the distance between adjacent channels.  

A bipolar electrode configuration was modeled by subtracting the right monopolar 

channel from the left;  thus electrode spacing „ s ‟ measured the inter-electrode 

distance in the bipolar configuration which was also the effective distance 

between bipolar channels. 

Since the same fibres are always stimulated in a given motor unit, an MUAPt can 

be formed by convolving the MUAP with a time-series of impulses representing 

the innervation process of that motor unit as indicated in Equation 3-3.  This step 

was conducted so that the characteristics of the innervation process could be 

considered in the analysis.     

      



T

k

kMUAPMUAPt tttt
1

  (3-3) 

In this equation, 

 



k

l

lk Tkforxt
1

...3,2,1      (3-3a) 

where lx  is a random variable representing the l
th interpulse interval (IPI).  The 

probability distribution governing the IPI has been shown to be inconsistent.  

Based on empirical evidence it has previously been modeled with Poisson [14], 
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Wiebel [15] and Gaussian distributions [17, 18].   Regardless of the distribution 

observed, only a weak, if any, correlation has been observed between adjacent 

IPIs [103, 104, 105].  An independent Gaussian distribution was utilized in this 

model. 

3.3-1c The Myoelectric Signal 

To model a typical MES segment, many independently generated MUAPts were 

summed.  The entire modeling process is summarized in Figure 3-8. 

 

 

 

 

 

 

 

 

 

Figure 3-8:  Summary of MES Modeling Process 
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3.3-2 Demonstrating End-effects 

3.3-2a The Single Fibre Action Potential 

Figure 3-10  depicts a simulated SFAP as measured by two channels at three 

locations along the fibre axis ( mm  and   ,d 75355 with respect to the IP, as 

depicted in Figure 3-9).  Both monopolar and bipolar simulations   are   depicted.    

In   this   example mm s 5 , mm r 15 , mm LL 120 ,  mm LR 90 , and m/s v 4 .  

 

  

 

Figure 3-9:  Fibre Parameters for Example Depicted in Figure 3-10 

Figure 3-10b) represents the SFAP measured at an optimal electrode location for 

the parameters specified in this example.  The location of the first electrode in the 

array is 35 mm away from the IP and each subsequent electrode is another 5 

mm away.  At this distance, the end-effect due to signal origination is negligible 

at both channels and the propagating component of the SFAP waveform at one 

channel is a shifted version of the propagating waveform at the other channel.  

This is true for both the monopolar and bipolar electrode configurations. 

The location of the first electrode in the array is 55 mm and 155 mm from the 

right and left fibre terminations, respectively.   While the larger distance is long  
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Figure 3-10:   Simulated SFAP at three  electrode  locations demonstrating end-effects a) 
d = 5 mm b) d = 35 mm c) d = 75 mm. Monopolar and bipolar simulations are shown with 
two channels superimposed  ( CH1 ▬, CH2 --- ,  s = 5 mm,   r = 15 mm, LR = 90 mm, LL = 
120 mm, v = 4 m/s, arrows indicate  proximal and  distal end-effects). 
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( ms .tR 522490  ) in both the monopolar and bipolar measurements.  Note that 

this signal component is located at Rt , regardless of the channel from which the 

signal was acquired.  Thus, even at this optimal electrode location, end-effects 

due to fibre termination are apparent in the SFAP.   

Figure 3-10a) and Figure 3-10c) represent the SFAP measured at extreme 

electrode locations.  When the first electrode in the array is located only 5 mm 

from the IP (Figure 3-10a), end-effects due to signal origination are 

superimposed on the propagating component of the SFAP changing its shape 

from one channel to the next.  This was observed in both monopolar and bipolar 

measurements.  Signal termination effects were also observed in the monopolar 

signal, not only from the right termination (), but also from the left 

(, ms tL 304120  ). 

On the other extreme, when the last electrode in the array is located only 5 mm 

from the right fibre termination (Figure 3-10c), end-effects due to signal 

termination are superimposed on the propagating component of the SFAP 

changing its shape from one channel to the next.  In this case, at least a portion 

of the end-effect () is sufficiently large to distinguish it from the propagating 

component despite the superposition, especially in the monopolar measurement. 

While it is clear that at least some non-propagating end-effects are likely to occur 

during a typical SFAP measurement, it is not apparent how these effects impact 

on CV estimation.  To determine this, cross-correlations between the channels 
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were obtained, and the peaks of the delay elements were located.  The cross-

correlations  and peak locations (
v̂

s
d  ) are depicted in Figure 3-11. 

     

 

 

 

 

 

 

 

 

 

Figure 3-11:  Cross-correlation between simulated SFAP from two channels at three 
electrode locations a) d = 5 mm b) d = 35 mm c) d = 75 mm.   Monopolar  and bipolar 
simulations  are  shown (s = 5 mm,   r = 15 mm, LR = 90 mm, LL = 120 mm, v = 4 m/s) and 

shift from zero (d) and resulting estimated CV ( v̂ ) are indicated. 
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It is apparent from Figure 3-11 that CV is estimated without bias when electrodes 

are placed optimally in this example (middle plots).  However, the end-effects 

due to signal origination (top plots) and to a larger extent the end-effects due to 

signal termination (bottom plots) show bias in the estimation.  Furthermore, while 

the bipolar configuration does attenuate the effects, the biases introduced under 

the extremes examined in this example are problematic, even in the bipolar 

measurement. 

Figure 3-12 expands the analysis by considering more electrode locations and 

more fibre depths: 

   

 

 

 

 

 

Figure 3-12:  Continued on next page... 
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Figure 3-12:  CV  estimates  from simulated SFAP  at  various  fibre  depths and electrode 
locations (s = 5mm, LR = 90 mm, LL = 120 mm, v = 4 m/s).  a) Monopolar simulation (the 
arrows indicate that estimates increased to >100 m/s at next data point), b) Bipolar 
simulation. 

The results of the analysis at the level of SFAP revealed that it can be difficult to 

accurately estimate CV because of end-effects.  They also indicated that end-

effects are dependent upon a number of fibre and measurement parameters, 

including relative locations of electrodes with respect to the IP and fibre 

terminations, and fibre depth.  Further investigation was conducted at the level of 

multiple fibres to determine the influence of the dispersion of these parameters 

as a result of individual fibre differences. 

3.3-2b The Motor Unit Action Potential 
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by a value chosen uniformly between ±5 mm, and each fibre depth was 

dispersed from the average depth by a value chosen uniformly between ±3 mm.  

The dispersion limits were chosen to model a typical motor unit of the brachial 

biceps [106]. 

Figure 3-13 depicts CV estimates obtained from simulated MUAPs.  Monopolar 

and bipolar simulations  are shown at electrode locations ranging from  mm 5d  

to  mm 75d , and  because end-effects increase significantly as depth 

increases, simulations  were  conducted  at six  average  depths   

( mm 30 and 25,  20,  15,  10,  ,5aver ).  Motor units with the number of fibres 

increasing from 1N  to 200N  are shown.  It is apparent from these results 

that for, end-effects are only evident at the extreme electrode positions 

( mm 65d  mm, 15 d ).  Because CV was set to m/s 4v  for all fibres, it was 

possible to calculate the root mean square error „
RMSE ‟ of the CV estimates „ v̂ ‟ 

across electrode location according to: 

  



dN

i

i

d

RMS vv
N

E
1

2
ˆ

1
 ( 3-4) 

where 
dN  represents the number of electrode locations.  
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Figure 3-13:  continued on next page... 
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Figure 3-13:  CV estimates from simulated MUAP at various electrode locations for various 

numbers of fibres (s = 5 mm, LL = 120  10 mm, LR = 90  10 mm, r = rave  3 mm).  
Monopolar   and  bipolar  simulations  are   shown  for   a)  rave = 5 mm,   b) rave = 10 mm,   
c) rave = 15 mm,   d) rave = 20 mm,   e) rave = 25 mm, f) rave = 30 mm. 
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f) rave = 30 mm 
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Figure 3-14 and Figure 3-15 depict the 
RMSE  values grouped by average depth.  

The values were split into two Figures ( 10N and 10N ) because values from 

the first group were orders of magnitude larger than values from the second 

group (60x and 10x for monopolar and bipolar electrode configurations 

respectively).  This indicates that dispersion in the fibre length and depth 

parameters attenuates the influence of end-effects on CV estimates.  However, a 

ceiling on the attenuation effect was observed at about 50N , at which point the 

RMSE  values remained constant for a given depth value, regardless of the number 

of fibres in the motor unit. 

 

 

 

 

Figure 3-14:  ERMS of CV estimates from MUAPs with 1-3 fibres/motor unit (s = 5 mm,  r = 

rave  3mm, LL = 120  10 mm, LR = 90  10 mm, v = 4 m/s).  Six average depths (rave) are 
shown  from a) monopolar simulation (arrow indicates value beyond scale; actual value in 
brackets) and b) bipolar simulation.  
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Figure 3-15:  ERMS of CV estimates from MUAPs with 10-200 fibres/motor unit (s = 5 mm,  LL 

= 120  10 mm, LR = 90  10 mm, r = rave  3mm).  Six average depths (rave) are shown  for a) 
monopolar simulation and b) bipolar simulation.  
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contain up to 770 fibres [12], since the previous simulation indicated no 

differences between motor units with 50N , all MUAPs in this simulation were 

generated with 100 fibres.  Each MUAP was generated as in the previous 

simulation except this time average depth „
aver ‟ was also dispersed.  This value 

was randomly chosen from a uniform distribution between 5 mm and 30 mm.  All 

MUAPts were 5 s in duration with average firing rates chosen from a Gaussian 

distribution ( /s5  ,/s13   ). 

Figure 3-16 depicts CV estimates obtained from the simulated MES and Figure 

3-17 depicts 
RMSE  values averaged across electrode location.  Monopolar and 

bipolar electrode configurations are shown at electrode locations ranging from 

 mm 5d  to  mm 75d and the number of motor units increasing from 1M  to 

50M .   Motor units were made up of 100N  fibres, each with dispersion 

parameters described previously.   

 

 

 

 

Figure 3-16:  continued on next page... 
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Figure 3-16:  CV estimates from simulated MES made from various numbers of motor units 

measured at   various   electrode   locations  (s = 5mm,  LL = 120  10 mm,  LR = 90  10 

mm,  r = rave  3 mm,    rave = [5,30] mm,  N = 100).  a) Monopolar electrode configuration b) 
Bipolar electrode configuration. 

 

 

 

 

 

 

 

Figure 3-17: ERMS of CV estimates  from MES with 1-50 active motor units for a) monopolar 
electrode configuration and b) bipolar electrode configuration.  (N = 100,  s = 5 mm,  LL = 

120  10 mm, LR = 90  10 mm, r = rave  3mm, rave = [5,30]mm). 
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The results in Figure 3-16 indicate that CV estimates obtained from MES with 

fewer than 10M  motor units may be biased, especially at extreme electrode 

locations ( mm 65  mm, 15  dd ).  However, this effect is depth dependent.  The 

first 5 motor units summed in this simulation all had average depths mm 22aver .  

The previous simulation indicated that CV estimates were biased at these 

depths.  As more units were summed with depths below this limit, the bias 

decreased as indicated in the 
RMSE  values depicted in Figure 3-17. 

3.3-2d Summary 

The SFAP simulation clearly demonstrated the existence of a non-propagating 

component in the SFAP due to end-effects which got larger when electrodes 

were placed at extreme locations and when the depth of the fibre was increased.   

This component of the signal manifested as a non-delay element in the cross-

correlation between two channels measuring the SFAP, which caused CV 

estimates to be biased.  This manifestation was apparent in both monopolar and 

bipolar measurements, although more exaggerated in the monopolar case. It was 

problematic for depths greater than 8 mm in the monopolar simulation and 14 

mm in the bipolar simulation. 

Not all fibres in a motor unit are identical and the MUAP simulation clearly 

demonstrated a reduction in bias due to dispersion in fibre IP locations, 

termination locations and depths, which eventually leveled off when more than 

50N  fibres were summed.  While the propagating component of the MUAP 
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increased in amplitude with increasing fibre numbers, because the fibre length 

parameters were dispersed, this effect was less pronounced in the amplitude of 

the non-propagating component.  Instead because the end-effects from each 

fibre did not occur at the same temporal locale in the signal, the non-propagating 

component spread in time as more fibres were summed.  The disproportionate 

increase in amplitude between the propagating and non-propagating components 

resulted in reduced end-effects reflected in the CV measurements.  

Also, since depth dispersion in a given motor unit is small compared to the depth 

range of the entire muscle, fibres in the motor unit are concentrated around the 

average fibre depth.  Thus, bias was depth dependent, even in the MUAP 

simulation, and problematic at depths greater than 10 mm in the monopolar 

simulation and 15 mm in the bipolar simulation.   

Finally, the MES simulation revealed that bias was reduced even further when 

multiple MUAPts were summed.  Since an average depth was specified for each 

MUAPt in the MES, this reduction can be accounted for by the dispersion of 

average depths.  Encouragingly, in the bipolar case, 
RMSE values observed at this 

level in the simulation were less than 0.05 m/s for 20M , and non-existent for 

20M . 
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3.3-3 Demonstrating Electrode Misplacement Effects 

There are many ways that electrodes can be misplaced when using the cross-

correlation between two channels of MES to estimate CV.  Not only do they have 

to be placed optimally to avoid end-effects, they must also be placed in alignment 

with the longitudinal axis of the fibres and on the same side of the IZ.  While it is 

impossible to ensure proper alignment with all active fibres, as stated previously, 

choosing a small electrode spacing limits this misalignment to an acceptable 

level;  thus, electrode misplacement effects in this context refers to the latter 

placement problem.   

3.3-3a Single Fibre Analysis 

As with end-effects, it is useful to examine electrode misplacement effects by 

observing the SFAP as measured at different electrode locations.  Since results 

of interest occur when electrodes and/or channels straddle the IP, five electrode 

locations were chosen to emphasize such results. Figure 3-18 depicts the 

electrode locations in terms of the model parameter „ d ‟,  which represents the 

distance from the IP to the first electrode in the array. In the monopolar 

simulation, the central point between channels was located 7.5 mm, 5 mm, 0 

mm, -5 mm and -7.5 mm from the IP.  The third location in this series was 

chosen so that the IP was evenly straddled by the monopolar channels.   In the 

bipolar simulation, the central point between channels (which coincided with the 

common electrode) was located 10 mm, 2.5 mm, 0 mm, -2.5 mm, and -10 mm 

from the IP.   The third location in this series was also chosen so that the IP was 

evenly straddled by the bipolar channels.  Furthermore, the second and fourth 
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locations were chosen so that the IP was evenly straddled by the differential 

electrode pair making up one of the channels.   

 

 

 

 

 

 

 

Figure 3-18:   Electrode locations for SFAP simulation demonstrating electrode 
misplacement effects. 

Figure 3-19 depicts the results of the monopolar simulation and Figure 3-20 

depicts the results of the bipolar simulation.  Two channels are illustrated and in 

this example  mm 5s  mm 120LL ,  mm 90RL mm 5r , m/s 4v  and the IP 

was assumed to be centered in the IZ.  The depth in this example was chosen to 

minimize end-effects. 
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a) d = 5 mm b) d = 2.5 mm c) d = -2. 5 mm d) d = -7.5 mm e) d = -10 mma) d = 5 mm b) d = 2.5 mm c) d = -2. 5 mm d) d = -7.5 mm e) d = -10 mma) d = 5 mm b) d = 2.5 mm c) d = -2. 5 mm d) d = -7.5 mm e) d = -10 mm 

 

 

 

 

 

Figure 3-19:  Monopolar  SFAP  simulated  at  five  electrode  locations  a)  d = 5mm,  b)  d 
= 2.5 mm,  c)  d = -2.5 mm,  d)  d = -7.5  e)  d = -10 mm.   Two  channels  are  shown  (s = 5 
mm,  r = 5 mm,  LL = 120 mm, LR = 90 mm, v = 4m/s). 

 

 

 

 

 

 

Figure 3-20:   Bipolar  SFAP  simulated  at  five  electrode  locations  a)  d = 5mm,  b)  d = -
2.5 mm,  c)   d = -5 mm, d) d = -7.5 e) d = -10 mm.  Two channels are shown (s = 5 mm, r = 5 
mm, LL = 120 mm, LR = 90 mm, v = 4m/s). 

a) d = 5 mm b) d = -2.5 mm c) d = - 5 mm d) d = -7.5 mm e) d = -15 mma) d = 5 mm b) d = -2.5 mm c) d = - 5 mm d) d = -7.5 mm e) d = -15 mma) d = 5 mm b) d = -2.5 mm c) d = - 5 mm d) d = -7.5 mm e) d = -15 mm



 

 82 

By visually comparing the signals from both channels at each electrode location, 

predictions about the cross-correlation between the channels can be made.  In 

the monopolar simulation, at the first location, when both channels are on the 

same side of the IP, the signal at one channel is a shifted version of the other 

and the cross-correlation should be a shifted version of the autocorrelation of the 

signal.  Mathematically, this can be demonstrated by considering a signal 

   tsts 1  and a shifted version of that signal,     tsts2 .  The time average 

cross correlation between  ts1  and  ts2  is given by: 

       

T

ss dttsts
T

R
0

21
1

21
  ( 3-5 ) 

     

T

dttsts
T

0

1   

   ssR    

At the second location, both monopolar channels are still on the same side of the 

IP so the cross-correlation should be similar to that of the first instance. At the 

third location, the monopolar channels are evenly straddling the IP.  This causes 

identical signals to arrive at each electrode at exactly the same time; thus the 

cross-correlation should be a non-shifted version of the autocorrelation.  Each of 

these predictions is confirmed in Figure 3-21. 
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Figure 3-21:  Cross-correlation between simulated SFAP from two channels at five  
electrode  locations  (s = 5 mm, r = 5 mm, LL = 120 mm, LR = 90 mm, v = 4m/s).  a) 
Monopolar simulation (d = 5mm,  2.5 mm,  d = -2.5 mm, d = -7.5 d = -10 mm)  b) Bipolar 
simulation (d = 5mm,  -2.5 mm,  d = -5 mm, d = -7.5 d = -15 mm). 

At the last two locations, both monopolar channels have passed the IP and are 

again on the same side. These locations are identical to the first two, except that 

the second channel is now closer to the IP than the first. Thus, the cross-

correlations should be identical to the cross-correlations in the first two instances 

except that the shift should be in the opposite direction, as indicated in Figure 

3-21.  
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In the bipolar simulation, because each channel is a differential pair, further 

considerations must be made.  At the first location, both channels are on the 

same side of the IP, so the signal at one channel is a shifted version of the other 

and the cross-correlation should be a shifted version of the autocorrelation of the 

signal.  However, at the second location, one of the differential pairs straddles 

the IP.  Since the signal at one electrode is identical to the signal at the other 

electrode in this channel, the resulting bipolar signal is zero.  The other 

differential pair records a signal because both electrodes in this channel are on 

the same side of the IP.  Thus, the cross-correlation between channels is 

completely degraded.   

At the third location, the bipolar channels perfectly straddle the IP.    Thus, on the 

left side of the IP the bipolar signal is calculated according to: 

      txtxtx MPMPBPLS 21
  ( 3-6 ) 

while the signal on the right side is calculated according to: 

      txtxtx MPMPBPRS 32
  ( 3-7 ) 

Since  txMP2
 is common to both channels, and    txtx MPMP 31

  at this location, 

the bipolar signals are equal and opposite and the cross-correlation should be 

the negative of the autocorrelation.  The last two locations are identical to the first 

two, except that the electrodes in each differential pair are reversed because the 
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channels have moved to the other side of the IP.  Thus, the bipolar signals at 

these locations are negatives to those in the first two instances and the cross- 

correlations should be identical except that the delay should be in the opposite 

direction. Figure 3-21 confirms all of these predictions. 

It is apparent from the SFAP analysis that electrode misplacement effects can 

have a profound influence on CV estimates.  At the extreme, when the channels 

evenly straddle the IP, there is no delay in the cross-correlation and CV 

estimation approaches infinity.  Furthermore, in the bipolar configuration, when 

one channel straddles the IP, the correlation between channels degrades to zero.  

Thus it can be difficult to estimate CV when the location of the innervation point is 

uncertain.  To determine the influence of dispersion of IPs amoung fibres, further 

investigation was conducted at the level of multiple fibres. 

3.3-3b Multiple Fibre Analysis 

According to the multiple fibre analysis on end-effects, even at locations close to 

the innervation zone, end-effects were negligible in MES with the number of 

motor units 30M when each motor unit was made up of at least 100 fibres.  To 

avoid end-effects while observing electrode misplacement effects, a simulation 

within these constraints was conducted. 

MES was simulated by summing 50M  motor units made up of 100N  fibres 

and convolved with an innervation process as previously described.  All fibre CVs 

were set to m/s 4v  and the left and right termination centres were set to 120 
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mm and 90 mm respectively, with respect to the IZ center.  To account for 

individual fibre differences, each fibre termination and IP location was dispersed 

from the center by a value chosen uniformly between ±5 mm, and each fibre 

depth was dispersed from the average depth by a value chosen uniformly 

between ±3 mm.  Finally, the average depth of each motor units was chosen 

from a uniform distribution between 5 mm and 30 mm.  Figure 3-22 depicts the 

results for the electrode locations defined in the single fibre analysis.    

 

 

 

 

 

 

 

Figure 3-22:  Cross-correlation between simulated MES from two channels at five  
electrode  locations  (s = 5 mm, r = 5 mm, LL = 120 mm, LR = 90 mm, v = 4m/s).  a) 
Monopolar simulation (d = 5mm,  2.5 mm,  d = -2.5 mm, d = -7.5 d = -10 mm)  b) Bipolar 
simulation (d = 5mm,  d = -2.5 mm,  d = -5 mm, d = -7.5 d = -15 mm). 
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Because of the dispersion of parameters, results from the multiple fibre analysis 

were not as predictable compared with the single fibre analysis.   Nevertheless, 

similar trends exist.  At the first and last electrode locations, all the electrodes in 

the array were on one side of the IZ and an accurate estimate of CV was 

obtainable.  At the inner three locations, one or more electrodes in the array were 

contained within the IZ,  yielding cross-correlations from which a reasonable CV 

estimate was not possible to ascertain.   

3.3-4 Modeling End-effects and Electrode Misplacement 
Effects caused by changes in Dynamic Factors 

As confirmed in the previous simulations, electrode position is a critical factor in 

meeting the assumptions required to obtain reasonable CV estimates.  End-

effects, which manifest as non-propagating components in MES, can introduce a 

non-delay element into the cross-correlation which biases the CV estimate.  

These effects increase as depth of active muscle fibres increases and as 

electrodes get closer to the innervation zone or fibre termination regions.  Also, 

effects have been shown on the cross-correlation which increase the variability of 

CV estimates as electrodes traverse the innervation zone. 

As joint angle decreases, muscle fibre length decreases and the innervation zone 

may migrate towards the measuring electrodes.  If substantial, these changes 

could cause increased bias and/or variability in CV estimations.  Simulated MES 

was generated to determine the possible influence of end-effects and innervation 
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zone migration leading to electrode misplacement effects on CV estimates 

obtained at different joint angles. 

MES as generated previously was simulated with 50M , 450N .  All fiber CVs 

were set to m/s 4v , IP and termination dispersions were set to 5 mm, MUAP 

depth dispersions were set to  3 mm and the average depth of a given motor 

unit was chosen randomly from a uniform distribution between 5 mm and 30 mm.  

During   this  simulation  however,   the  left  and  right   termination  centers  

were   located  at  seven  progressively  shorter  distances  from  the  IZ  center 

in order to model the effects of shortening muscle fibers 

( mm 560  ,570  ,580  ,590  ,5100  ,5110  ,5120, RL LL ). 

Two simulations were conducted.  First, the electrode array was optimally located 

with the first electrode placed at mm 35d . An extra electrode was included so 

that a double differential measurement could also be simulated. Figure 3-23 

depicts the results of this simulation.  Then the simulation was repeated but at 

each progressive length change, the IZ center was shifted 8 mm towards the 

right termination, iteratively decreasing the distance between the IZ center and 

the electrode location ( mm  13  ,5  ,3  ,11  ,19  ,27  ,35 d ).  Figure 3-24 depicts 

these  results. 
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Figure 3-23:  CV estimates from simulated MES with 50 active motor units with N = 100 

fibres/motor unit at seven average fiber lengths (LL, LR = 110  5 mm,  100  5 mm,  90  5 

mm,  80  5 mm,  70  5 mm,  60  5 mm,  50  5 mm) for monopolar (■),  bipolar (■), and 

double differential  ( ) electrode configurations.  (d = 35 mm,  s = 5 mm,   r = rave  3mm,  
rave = [5,30]mm). 

 

 

 

 

Figure 3-24 CV estimates from simulated MES with 50 active motor units with N = 100 

fibres/motor unit at seven average fiber lengths (LL, LR = 110  5 mm,  100  5 mm,  90  5 

mm,  80  5 mm,  70  5 mm,   60  5 mm,  50  5 mm) while IZ is shifting (d = 35 mm, 27 
mm, 19 mm,11 mm, 3 mm, -5 mm, -13 mm) for monopolar (■),  bipolar (■), and double 

differential  ( ) electrode configurations.  (s = 5 mm,   r = rave  3mm,  rave = [5,30]mm). 

According to the results of the first simulation, while bias in the monopolar 

estimation gets increasingly worse, in the bipolar simulation the estimate does 

not begin to be substantially biased until the average fibre length has shortened 
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by about 55% (from 220 mm to 100 mm), and even then, the bias in the bipolar 

estimate ( m/s 1ˆ BIASv ) is much smaller than the bias in the monopolar estimate 

( m/s 2.3ˆ BIASv ).  In the double differential estimate, this observation is even 

more pronounced ( m/s 5.0ˆ BIASv ).  Since expected muscle shortening is typically 

not greater than 25% [108], at least in the brachial biceps (see appendix B for 

biomechanical model), these results are encouraging. 

The results of the second simulation are not as encouraging.  The bias in both 

the monopolar and bipolar estimates begins to be substantial when the 

innervation zone gets within 3 mm of the electrode array, and while it passes 

through the array the estimates get worse.  While these effects are delayed in the 

double differential estimate, they are still apparent at the 6th iteration, when the IZ 

was aligned with the electrode array.  

The results of this investigation indicate that end-effects due to muscle fibres 

shortening with joint angle can probably be controlled sufficiently with a double 

differential electrode configuration and careful electrode placement.  However, 

the effects of electrode misplacement due to innervation zone migration may be 

problematic.  Therefore, further investigation was warranted to determine 

whether or not the IZ actually migrates as joint angle changes. 
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3.4 INNERVATION ZONE MIGRATION WITH CHANGES IN JOINT 
ANGLE – EXPERIMENT 2 

3.4-1 Purpose 

The purpose of this experiment was to determine the extent to which IZ migrates 

with changes in joint angle.    Data were collected from the brachial biceps with 

the elbow held at five joint angles.  An IZ location was determined for each joint 

angle by comparing channels of MES collected simultaneously at distributed 

locations along the length of the muscle using an eight channel electrode array. 

3.4-2 Method 

Data were collected from five participants for this experiment –  three females 

aged 35, 28, and 27 respectively, and two males aged 22, 25 respectively.  The 

brachial biceps in the dominant arm was the muscle of interest.  The central 

pulley apparatus as described in Section 3.2-2 was also used in this experiment 

to monitor elbow joint angle and control load. 

Using the apparatus in fastened mode, an MVC measurement was taken for 

each participant with joint angle fixed at 50, 70, 90, 110, and 130 

respectively.   One day after the MVC tests, participants returned for signal 

acquisition.  Using the central pulley apparatus, participants were instructed to 

hold the disc at 50, 70, 90, 110, and 130 against loads equivalent to 20% of 

their MVCs.  Each angle was held for 5 s and a one minute rest interval between 
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each combination was imposed.  The order in which participants held the five 

joint angles was randomized. 

MES was recorded using a bar electrode array with eight 0.5 mm x 10 mm bars 

permanently fixed 10.0 mm apart.  The bars were configured in single differential 

mode yielding seven channels with an effective separation of 10.0 mm.  Before 

electrodes were placed, the skin surface on which the array was mounted was 

cleansed with rubbing alcohol and treated with conducting gel.  The array was 

placed along the short head of the muscle such that the most proximal electrode 

was 150 mm below the access point of the clavicle into the shoulder joint.   

All MES channels were processed identically through the acquisition 

instrumentation as described in Section 3.2-2, except the sampling rate for 

analogue to digital conversion was set to  Hz1024sf .  In total, five sets of data 

records were obtained for each participant; one set of seven channels for each 

angle.  Plots of each of the data sets were visually inspected.  When the 

electrode array traversed the IZ, a reversal in propagation direction was 

observed amoung the channels and the IZ was assumed to be located between 

the channels at which the reversal occurred. 

3.4-3 Results 

Table 3-3 lists the MVC results obtained for each of the five participants in this 

experiment: 
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 Angle P1 P2 P3 P4 P5 

50 
(20% MVC) 

11.24 kg 
(2.25 kg) 

13.47 kg 
(2.69 kg) 

7.98 kg 
(1.59 kg) 

21.05 kg 
(4.21 kg) 

24.82 kg 
(4.96 kg) 

70 
(20% MVC) 

11.61 kg 
(2.32 kg) 

13.84 kg 
(2.76 kg) 

7.43 kg 
(1.48 kg) 

22.43 kg 
(4.48 kg) 

24.82 kg 
(4.96 kg) 

90 
(20% MVC) 

11.61 kg 
(2.32 kg) 

13.10 kg 
(2.62 kg) 

7.98 kg 
(1.59 kg) 

22.43 kg 
(4.48 kg) 

24.82 kg 
(4.96 kg) 

110 
(20% MVC) 

10.12 kg 
(2.02 kg) 

12.73 kg 
(2.54 kg) 

7.70 kg 
(1.54 kg) 

19.00 kg 
(3.80 kg) 

22.36 kg 
(4.47 kg) 

130 
(20% MVC) 

9.38 kg 
(1.87 kg) 

11.61kg 
(2.32 kg) 

6.88 kg 
(1.37 kg) 

18.04 kg 
(3.61 kg) 

20.91 kg 
(4.18 kg) 

Table 3-3:   MVC Results from Experiment 2 

Figures 3-25 to 3-29  depict a segment of data at each of the angles for all five 

participants.  A reversal in propagation direction is clearly observable at all of the 

joint angles in Figure 3-25, Figure 3-26 and Figure 3-28.  These figures refer to 

participants 1, 2 and 4 respectively.  The shaded area in each plot represents the 

region in which the reversal occurs and the IZ is assumed to be located within 

this region.   For all three cases, a proximal migration of this region is evident as 

joint angle decreases.  Figure 3-30 depicts a plot of IZ location vs joint angle for 

each of these participants, based upon the regions outlined.   

The data collected from participants 3 and 5 as depicted in Figure 3-27 and 

Figure 3-29 were less discernable.  In both cases it was impossible to determine 

a propagation direction at any angle because the correlation between many 

channels was too low, and when correlation was sufficiently high almost no shift 

in either direction could be detected.      
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Figure 3-25:  Segments of MES collected from seven channels at five joint angles for 
participant 1 in experiment 2.  Distances are measured from the access point of the 
clavicle to the shoulder joint.  Shaded  areas represent the region in which IZ resides. 
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Figure 3-26:  Segments of MES collected from seven channels at five joint angles for 
participant 2 in experiment 2.  Distances are measured from the access point of the 
clavicle to the shoulder joint.  Shaded  areas represent the region in which IZ resides. 
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Figure 3-27:  Segments of MES collected from seven channels at five joint angles for 
participant 3 in experiment 2.  Distances are measured from the access point of the 
clavicle to the shoulder joint.  Shaded  areas represent the region in which IZ resides. 
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Figure 3-28:  Segments of MES collected from seven channels at five joint angles for 
participant 4 in experiment 2.  Distances are measured from the access point of the 
clavicle to the shoulder joint.  Shaded  areas represent the region in which IZ resides. 
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Figure 3-29:  Segments of MES collected from seven channels at five joint angles for 
participant 5 in experiment 2.  Distances are measured from the access point of the 
clavicle to the shoulder joint.  Shaded  areas represent the region in which IZ resides. 
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Figure 3-30:  IZ location vs joint angle from experiment 2 for all participants for which IZ 
location was observable based upon reversal of propagation direction.  Error bars 
represent the range in which IZ resides. 

3.4-4 Explanation of Results 

As indicated in Figures 3-25 to 3-29, three of the five participants in this 

experiment demonstrated an IZ migration with joint angle.  While spatial 

resolution limited the precision of the migration measurements, the migration was 

at least 30 mm in all three cases. 
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It was not possible to determine IZ location at any angle for two of the 

participants in this experiment since the correlations between channels was often 

low and propagating components could not be observed. Since these findings 

were observed at all joint angles and throughout all channels in the array, end 

effects are an unlikely cause.  In some instances, the difference in signals could 

be attributed to channels traversing the IZ.  However, it is improbable that one IZ 

would occupy the entire length of the electrode array. Perhaps participants 2 and 

5 were endowed with two IZs, an observation not uncommon in the brachial 

biceps [10, 12, 13].  Another viable explanation is that the electrode array was 

misaligned with too many of the fibres within the muscle because of improper 

placement.  While care was taken to ensure that the array was placed in proper 

alignment, the two-headed nature of the brachial biceps can make this a difficult 

task. Regardless of the reason for the unwieldy results, they exemplify the 

problematic nature associated with obtaining accurate CV estimates. 

3.4-5 Conclusion 

According to the results of this experiment, location of the IZ is affected by joint 

angle, enough to make CV estimation with a single pair of bar electrode channels 

problematic.  The range of migration found within this experiment suggests that it 

may be possible to pre-analyze the muscle of interest to find an electrode 

location which satisfies the requirements for all joint angles, but a more efficient 

approach may be to use an electrode array together with some gating algorithm 

which specifies an appropriate subset of channels to utilize based on some post-
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processing criteria.  While such a technique may be promising, the troublesome 

data sets also collected in this experiment suggest cautious optimism with regard 

to accurate CV estimation.   

SUMMARY OF CONDUCTION VELOCITY EXAMINATION 

Power spectral parameters characteristically decrease with fatigue, but are also 

affected by changes during dynamic  contractions in 1) the relative positions of 

fibres and 2) the tissue filter effect.  These effects make it sometimes impossible 

to track fatigue under dynamic conditions with power spectral parameters.  In this 

investigation, tracking fatigue with CV was considered as an alternative to 

tracking fatigue with power spectral parameters. 

The results of Experiment 1 indicated that CV estimation with a lone pair of single 

differential electrode channels was problematic at joint angles which coincided 

with maximal shortening of muscle fibres, regardless of force level.  Results of 

the simulations indicated that the problems accounted for by end-effects could be 

reduced sufficiently by implementing a double differential electrode configuration 

and carefully selecting channel locations.  The simulation also indicated however, 

that problems accounted for by electrodes traversing the IZ may not be so easily 

controlled. 

The degree to which the traversing problem affects CV estimates is   coupled to 

the amount of IZ migration that occurs as joint angle changes.  Results from 
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Experiment 2 indicate that IZ migration occurs sufficiently to warrant concern. If 

the muscle of interest is pre-analyzed at extreme joint angles,  an electrode 

location may be available that avoids the region which risks these electrode 

misplacement effects.  However, such a location may not always be available 

and, in such cases, estimating CV with one pair of differential electrode channels 

is impractical. 

Using an electrode array together with a gating algorithm may provide a solution 

to the problems associated with IZ migration.  It is unlikely that an IZ would 

encompass the entire range of electrode channels in an array, so selective use of 

the channels could avoid using poor signals to estimate CV.  Of course, this 

solution adds complexity to the measurement and estimation process, and in 

cases which demonstrate multiple IZs, may still lead to problematic CV 

estimation.  While this technique is worth investigating, the added complexity 

renders it inappropriate for this work.  Thus, results of this investigation indicate 

that until CV estimation techniques are sufficiently refined, CV is not a practical 

MES parameter for fatigue assessment. 
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