
  

 

Abstract—The ability to determine the characteristics of 
peripheral nerve fiber size distributions would provide 
additional information to clinicians for the diagnosis of specific 
pathologies of the peripheral nervous system.  Investigation of 
these conditions, using electro-diagnostic techniques, is 
advantageous in the sense that such techniques tend to be 
minimally invasive yet provide valuable diagnostic information.  
One of the principal electro-diagnostic tools available to the 
clinician is the nerve conduction velocity test.  While the 
peripheral nerve conduction velocity test can provide useful 
information to the clinician regarding the viability of the nerve 
under study, it is a single parameter test that yields no detailed 
information about the characteristics of the functioning nerve 
fibers within the nerve trunk.  In previous work, the efficacy of 
the group delay and simulated annealing approach was 
demonstrated in the context of a simulation study where 
deterministic functions were used to represent the single fiber 
evoked potentials.  In this study we present a modification to 
the approach discussed previously that is applicable to non-
deterministic functions of sampled data.   

I. INTRODUCTION 
he nerve conduction velocity test provides clinically 
useful information in the diagnosis of peripheral 
neuropathies, such as Carpal Tunnel Syndrome [1;2].  

Since nerve conduction velocity studies are essentially single 
parameter measurements of the gross conduction properties 
of the underlying nerve trunk, such studies are not suited to 
providing detailed information regarding the characteristics 
of the underlying nerve fibers that contribute to the 
compound evoked potential. 

 A more robust measurement technique would involve the 
ability to extract information about the viability of the 
underlying nerve fibers which could potentially provide 
useful information to the clinician.  As an example, 
information related to the size distribution of contributing 
nerve fibers can be used to differentiate between different 
clinical conditions such as Chronic Inflammatory 
Demyelinating Polyneuropathy, which selectively impacts 
larger nerve fibers, or Early Diabetic Peripheral Neuropathy, 
which impacts smaller fibers [3;4]. 
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There is a large body of literature devoted to describing 
various techniques for determining the nerve fiber 
conduction velocity distribution (CVD).  The pioneering 
work of Cummins and Dorfman [5;6] describe techniques 
that use two compound action potentials to estimate the 
conduction velocity distribution using a least squares 
approach.  Common to these studies was the assumption that 
fibers included in a specific velocity class have identical 
evoked potential waveforms. 

More recently there have been several additional studies 
including the work of Gonzalez-Cueto, Papadopoulou and 
Gu [7-9].  The study presented by Tu et. al. focused on a 
regularized least squares algorithm but features many of the 
same assumptions associated with waveform commonality 
related to velocity classes that were made in earlier work 
[10].  This study also investigated the impact of noise on the 
integrity of the estimated CVD. 

In several recent publications, we have demonstrated the 
utility of a group delay based approach for determining the 
size or conduction velocity distribution of fibers in a 
peripheral nerve trunk [11].  In a subsequent study, we 
demonstrated that simulated annealing could be used to 
optimize the group delay estimate of the nerve fiber diameter 
distribution in the context of the maximal compound evoked 
potential template [12].  Both these studies involved 
simulations where deterministic functions were used to 
simulate the single fiber evoked potentials.  While this 
approach was useful in demonstrating the overall efficacy of 
the technique, the method by which the technique would 
have to be modified to accommodate non-deterministic 
sampled data was not described and is consequently the 
focus of this study. 

II. METHOD 
The principal difficulty associated with applying the 

group delay and simulated annealing approach to non-
deterministic sampled data is based on the lack of a suitable 
time shift, delay reference or temporal marker j that is 
inherent to the deterministic function used to describe the 
single fiber action potentials [13].  What is required is the 
determination of a suitable temporal marker for a non-
deterministic function characteristic of what could be 
expected from the sampled data of the single fiber action 
potential waveforms (1)(t) and (2)(t) as per the notation 
used in previously published work [11;12]. 

The availability of a suitable time reference for the non-
deterministic case is necessary to implement the simulated 
annealing algorithm utilized to optimize the nerve fiber size 
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Figure 1.  Flowchart of the simulated annealing algorithm that computes an improved estimate of the nerve fiber diameter population set 𝒅 from 
the group delay estimated population set 𝒅෩ for non-deterministic sampled data.  The flowchart assumes utilization of the first recording site 
template maximal compound evoked potential although either the first or second site could be used. 
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distribution estimate against the maximal compound evoked 
potential template.  This necessity is based on the fact that 
the simulated annealing approach varies the fiber diameter, 
and consequently the time delay of the fiber evoked 
potential, for a randomly chosen fiber in the nerve trunk 
population.   

A physically relevant temporal parameter associated with 
the individual decomposed single fiber action potential 
waveforms 𝛤()(𝑡) is the centroid of the absolute value of 
the waveform in question which may be computed as per 
(1). 
 �̇� = ∫ ห𝑡Γ୨(୬)(t)ห𝑑𝑡ஶିஶ∫ ቚΓ୨(୬)(t)ቚ 𝑑𝑡ஶିஶ  

 
(1) 

                 
Since the standard physical interpretation of the centroid is 
in the context of masses, the functions evaluated in the 
centroid expression must be positive for all t.   

Initially, sampled waveforms are shifted such that their 
centroids are coincident with the propagation delay 
parameter for each fiber estimate.  The centroid parameter 
for a given single fiber evoked potential waveform is then 
utilized in the simulated annealing algorithm at the point 
where a randomly selected fiber 𝑑ሚ is chosen from the group 
delay estimated set 𝒅෩.  A new trial fiber diameter 𝑑ሙ is 
generated and the original randomly selected fiber diameter 
is set equal to the new value such that 𝑑ሚ = 𝑑ሙ.  The 
concomitant delay time 𝛿ሙ is computed for the randomly 
generated fiber diameter.  Utilizing the centroid of the 
associated sampled waveform 𝛤෨()(𝑡) for the fiber 𝑑ሚ as the 
temporal reference, the time sampled evoked potential 
waveform 𝛤෨()(𝑡) is time shifted such that its centroid �̇� is 
aligned with the time delay 𝛿ሙ.  The rest of the simulated 
annealing algorithm proceeds as described in [12].  Due to 
the overall complexity of the algorithm, a further description 
of the modification is given in the flow chart of Figure 1. 

 

III. RESULTS 
A population of 100 randomly generated fibers was 

utilized in these studies in accordance with the formula for 
the randomly generated distribution outlined in previously 
published work [11;12].  Parameters for the specific 
distribution utilized are given in the caption to Figure 3.  
These fibers were subjected to a virtual stimulus pulse train 
of successively increasing amplitudes ranging from zero to a 
maximum of 1 mA in 500 nA steps.  At each step the 
compound evoked potential at both virtual recording sites 
was computed and subsequently, the estimate of single fiber 
action potential waveforms were obtained at each recording 
site.  The concomitant group delays between the two virtual 
recording sites were computed yielding the group delay 
estimated set of fiber diameters 𝒅෩. 

 
Figure 2.  Plot of two typical single fiber evoked potential waveforms 
showing their centroids, as per (1), computed from a modified form [11;12] 
of the function proposed by Fleisher [13].  The relevant parameters for 
Waveform #1 were a = 5 m, r = 0.5 mm, s = 1a, e = 1 S/m,  = 0.998 
and a recording distance of 25 mm.  For Waveform #2, the parameters were 
a = 5 m, r = 0.5 mm, s = 0.5a, e = 1 S/m,  = 0.998 and a recording 
distance of 50 mm.  In both cases c = 5.0105 s-1.  The parameter values are 
specified using labels consistent with previously published work [11;12]. 

 
The modified simulated annealing technique with the 

centroid approach described above was then applied to each 
of the extracted evoked potential waveforms in the set (2)(t).  
Results of the centroid computation are shown in Figure 2 
for two single fiber evoked potential waveforms with 
parameters as indicated in the figure caption. 

 
Figure 3.  Graph of a maximal compound evoked potential template 
waveform and the maximal compound evoked potential estimate waveform 
obtained through group delay estimation and simulated annealing 
optimization.  The simulated annealing algorithm utilized the centroid 
technique outlined in this paper with the concomitant time shifting of the 
estimates of the single fiber evoked potential waveforms in (2)(t).  The 
relevant simulation parameters for the fiber size distribution were 1 = 0.35 
m, 1 = 1.699 m, 1 = 7.5 m, 2 = 0.65 m, 2 = 1.699 m and 2 = 13 
m.  For simulation of the initial single fiber evoked potentials, the relevant 
parameters were r = 1 mm, c = 5105 s-1, s = 1a, e = 1 S/m,  = 0.998,  
= 10 mA and  = 3.5105 m-1.  The simulated annealing algorithm was 
implemented with the parameters T = 10, TMIN = 1.010-5, MIN = 1.010-4 
and an annealing step factor of 0.9.  The maximum number of trials for 
each annealing temperature step was limited to 1000. 
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 The graph of Figure 3 shows the results of an optimization 
of a set of estimated singled fiber evoked potentials 
waveforms at the second recording site (2)(t) against the 
template maximal compound evoked potential waveform.  
Relevant parameters for this simulation are given in the 
figure caption.   

The chi-square test comparing the actual distribution to 
the group delay estimated distribution yields Q(2|x) = 
0.4697 while the comparison of the actual to the annealed 
distribution yields Q(2|x) = 0.7000. 

IV. DISCUSSION 
It has previously been demonstrated by the author that the 

simulated annealing approach can make significant 
improvements in fiber diameter distribution estimates made 
using the group delay technique.  Based on the modification 
proposed in this paper, the technique is also beneficial when 
applied to the extracted estimates of the single fiber evoked 
potential waveforms where there is no closed form 
functional description. 

A quantitative description of the relevant distributions 
using the chi-square test is also revealing as to the efficacy 
of the modified technique.  The chi-square test indicates that 
there is a demonstrable improvement in the fidelity of the 
fiber diameter distribution obtained after annealing over that 
of the fidelity of the distribution that results from just the 
group delay estimation process when compared with the 
actual distribution. 

In the author’s experience, it is advantageous to apply the 
simulated annealing algorithm to data sets at the more distal 
recording site from the stimulus site.  Optimization results at 
the more distal site yield an improved estimate of the fiber 
diameter distribution compared to performing the 
optimization with the more proximal recording site data set. 
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