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Abstract: The nerves in the skin surface of the foot are comprised of unmyelinated smaller somatic
nerves and larger myelinated sensory nerves. Current diagnostic methods are unable to evaluate
combined nerve conduction velocity (NCV) from both unmyelinated smaller somatic nerve (USSN)
and myelinated larger nerves (MLN) respectively. Computational models may provide an alternative
tool to determine the NCV of the combined nerve. Therefore, a combined functional dorsal nerve
model (CFDNM) of the various dorsal nerves along with its associated nerve ending of the human foot
is proposed and constructed. The combined dorsal nerve model consists of synthetic USSN (SUSSN)
and dorsal MLN of the foot. The unmyelinated as well as myelinated electrophysiological nerve
models were used to simulate selected SUSSN and MLN of the foot by injecting an external stimulus
at the most distal part of SUSSN of the foot through the use of bidomain model. Results from our work
demonstrated that the action potential propagated from the most distal part to proximal part of distinct
dorsal nerves of the foot, e.g., the simulated NCV of the combined intermediate dorsal cutaneous nerve
(IDCN) of the foot was 28.4 m s™'. The CFDNM will provide a vital tool for diagnosis initially small
fibre neuropathy (SFN) by computing NCV in the prospective studies.

Keywords: myelinated sensory nerve; unmyelinated somatic nerve; nerve conduction velocity;
computational model; electrophysiological nerve model; action potential; small fibre neuropathy

1. Introduction

The nerves of the foot are comprised of both unmyelinated and myelinated nerves [1-3]. The
plantar and dorsal side of the foot is composed of several sensory and motor nerves in concert with
unmyelinated somatic nerves that are present in the skin surface of the foot. Afferent fibres innervating
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the skin of the foot convey information to the central nervous system which is necessary to control
body mechanics and accurate loading [4,5]. Furthermore, examining nerve function in the foot can be
beneficial for diagnosis of various types of diabetic mellitus conditions such as diabetic neuropathy
and non-healing ulcers of the foot [6,7].

The examination, as well as recognition of diabetic neuropathy is an intricate process [8,9].
Clinically a number of different diagnostic methods have been employed to diagnose small and larger
fibre diabetic neuropathy. For instance, sensory nerve conduction studies (NCS) is useful for
computing nerve conduction velocity (NCV) along the entire length of larger peripheral nerve rather
than determination of the patient-specific nerve damage response [10,11]. Skin biopsies are employed
for the examination of small fibre neuropathy (SFN) by quantifying a decrease in intra-epidermal nerve
fibre density (IENFD) [12,13]. Although, the aforementioned methods have been successfully applied
clinically, unfortunately, there is no diagnostic method that examines the combined effect of USSN
and MLN present in the skin.

Moreover, some of the problems related to these diagnostic methods remains unsolved, the
position of the electrodes to measure the specific nerve response in the combined nerve, actual NCV
in the specific nerve location, length of the nerves is unknown in combined nerves and no electrical
stimulation procedure is available to measure NCV in USSN. Hence, computational modelling of the
nerves in the foot is likely to demonstrate a beneficial tool for the examination and prognosis of
combined nerve damage response without dependence on human or animal experimental studies in
diabetic neuropathy.

There are a number of existing computational models of the upper and lower limbs, e.g., 3D
human medial nerve model [14], model of the nerves in the lower limb used for assessing functional
electrical stimulation [15], model for lower limb sensorimotor neuroprostheses [16], human model for
investigating the performance of feet in balance [17], model of the foot for assessing soft tissue
stiffening in the foot [18], model for the examination of blood transport in the foot [19], perturbed
nerve geometrical model of the foot for the simulation of SFN [20]. However, there is no known
computational models which specifically determines the NCV in the combined USSN and MLN of the
human foot. Also, in our previous study, an initial framework was proposed for the construction of
one-dimensional (1D) synthetic single element structural and functional model characterizing the
anatomical and physiological performance of the foot nerves [21], but it was not used to simulate the
action potential in the combined nerve model.

Therefore, in this study, a baseline combined functional, i.e., synthetic unmyelinated smaller
somatic nerves (SUSSN) and myelinated larger nerves (MLN) model is proposed. The proposed model
was then used to compute the combined NCV in the various larger dorsal nerves of the foot by applying
an extracellular stimulus current at the most distal point of the selected SUSSN using unmyelinated
and myelinated electrophysiological nerve model. A grid based finite difference method was employed
to solve the bidomain conduction model. The developed combined functional model will be utilized
in prospective studies for the examination of the combined response of small as well as large fibre
neuropathy by examining the NCV in the desired nerve.

2. Materials and methods

In this research work, a combined one dimensional (1D) functional model of various dorsal nerves
in the human foot is proposed and constructed. The combined functional dorsal nerve model (CFDNM)

Mathematical Biosciences and Engineering Volume 19, Issue 9, 9321-9334.



9323

incorporates the modified unmyelinated Hodgkin-Huxley (UHH) [22] and the myelinated Chiu,
Ritchie, Rogert, Stagg and Sweeney (MCRRSS) [23] electrophysiological nerve models. These models
were employed to construct and propagate action potential using grid based finite difference method
to obtain the Bidomain model solution in SUSSN and MLN respectively. The simulation studies in
CFDNM were performed on a single nerve fibre (SNF) of the selected SUSSN and MLN nerve. SNF in
the various dorsal nerves of the CFDNM was selected in order to achieve the optimal NCV for a diameter
of 1.5 and 10 pm in the selected SUSSN and MLN as evident from previous studies [24,25] respectively.
The components incorporated in the construction of the CFDNM are presented in Figure 1.
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Figure 1. Phases incorporated in the construction of the CFDNM. (a) Construction of
larger dorsal structural nerve model (DSNM) using 1D cubic Hermite basis function, (b)
Construction of SUSSN network based on intra-epidermal nerve fibre density (IENFD) as
well as Monte Carlo’s Algorithm, (c) Development of 1D nerve path selection algorithm
(NPSA) to select a single 1D SUSSN region and their connected MLN path from the
respective DSNM model respectively, (d) Combined 1D selected nerve structural model
includes selected SUSSN path along with their connected MLN path, (e) CellML based
UHH and MCRRSS nerve models used for action potential generation in the combined
structural nerve model respectively, (f) Bidomain model for action potential generation
and propagation along the 1D combined nerve model, and (g) 3D visualization of 1D
combined nerve structural model and NCV measurement of the selected 1D combined
nerve model.

2.1. 1D combined dorsal structural nerve model (DSNM)

Initially, the dorsal structural nerve model (DSNM) consisting of various dorsal nerves of the foot
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was constructed from the image digitization of anatomical illustrations using 1D cubic Hermite basis
function as described in detail previously [26]. This DSNM was used as input for the development of
CFDNM as shown in Figure 1(a). The second stage for the development of 1D combine DSNM was
to construct the normal bifurcated synthetic somatic intra-epidermal nerve fibre (IENF) network from
one of the cutaneous branch of the larger DSNM over the complete region of foot as discussed in
previous studies [26,27] and mentioned in Figure 1(b). The previously constructed normal synthetic
IENF model was based on quantitative data of IENFD at different areas of the foot and modifying the
previously used Monte-Carlo algorithm [27]. The selected SUSSN network was again selected as an
input for the CFDNM construction. Since, the developed DSNM incorporates different MLN branches
along with their cutaneous branches and the SUSSN network over the entire skin of the foot. Also,
standard NCS only executed on 20% of the distinct largest diameter [10,11]. Hence, a 1D tree nerve
path selection algorithm (NPSA) was also constructed as represented in Figure 1(c), which
automatically selected the 1D nerve path from the desired nerve ending point by checking the shortest
path between the starting and target nodes. This was done by choosing the most distal nerve point of
the selected nerve mesh as the beginning nerve point whereas the most proximal nerve points of the
selected larger nerve mesh acted as target nerve points using aforementioned 1D NPSA. The combined 1D
DSNM was then developed by combining the selected 1D SUSSN path (present in the foot’s skin)
along with their connected MLN using a 1D cubic Hermite Basis function as mentioned in Figure 1(d).

2.2. 1D combined functional dorsal nerve model (CFDNM)

The 1D combined DSNM was implemented as an input for the development of CFDNM. For this
purpose, the UHH and MCRRSS nerve models encoded in CellML [28,29] were used to simulate
action potential propagation in the SNF of 1D combined structural nerve model, i.e., desired SUSSN
of the foot’s skin and interconnected dorsal MLN as illustrated in Figure 1(e) respectively. These
electrophysiological nerve models were utilized to determine action potential in a single grid point of
the desired SUSSN of the skin of the foot and interconnected dorsal MLN respectively. Equations (1)
and (2) are the mathematical equations and their parameters employed in both UHH [22] and
MCRRSS [23], implemented in CelIML.

Unmyelinated HH model

dVsyssn _ Istsussn— UNasussN*HIksussN+ILsUSSN) (1)

ar Csussn

where, Igsyssy 18 an external stimulus current required to activate the membrane of selected SUSSN
and stimulus current value is 0.7 pA with duration of 0.5 ms, Csyssy is the membrane capacitance

dVsussn

with a value of 0.1 pF mm?, indicates membrane potential value in a specified time of

SUSSN, Iyasussy represents the depolarization of the cell, Ixgyssy and I syssy are responsible for
the repolarization of the cell.

Myelinated CRRSS Model

1
dv —SMLN _—_ 1y v+ LML
MLN _ T™DymiNLMLN )
ar

CMLN
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where, Ig oy 1S the stimulus current used in CRRSS model, Cy;;y is the membrane capacitance of

CRRSS model having 0.1 uF mm™, dvd# represents the membrane potential in a specified time of

MLN, Iyomin and Iy are the ionic currents of the sodium and leakage channel used in MLN,
Dyn represents the diameter of the nerve with a value of 1.3 mm, L,y indicates nodal gap length
having 7 um in length.

The 1D combined DSNM was employed as a contribution for the action potential propagation
along the SNF of the 1D combined nerve model. Subsequently, the nerve mesh was divided into
equally space grid point along the whole length of 1D combined selected nerve model. The bidomain
model was utilized to simulate the action potential generation and propagation along the complete path
of 1D selected combined nerve mesh by injecting an extracellular current in the most distal part of
the 1D path SUSSN as shown in Figure 2(g). The CelIML based electrophysiological nerve models
and bidomain model formed a feedback loop for computing updated action potential, the ionic currents,
and their particular ODEs values at each grid point repeatedly until it reached a final desired time
period. For this purpose, grid based finite difference method and Euler numerical integration technique for
implicitly solving differential equations of the UHH and MCRRSS models’ ionic currents respectively.

2.3. 3D visualization and computation of NCV

Continuum mechanics graphical user interface (CMGUI), a front end part of CMISS
(https://www.cmiss.org) [30] was used to visualise the 3D image of the combine DSNM and also the
action potential propagation from the most distal part of the selected SUSSN to the proximal side of
the connected 1D MLN. The NCV was computed by dividing the total distance of the specific 1D
combined SUSSN connected with the MLN over time to propagate the action potential from the distal
part to the proximal part.

3. Results

The combined 1D structural dorsal nerve model of the foot was constructed which encompasses
both the SUSSN and MLN. As an example, the selection of the 1D nerve path from one of the SUSSN
network and their connected larger dorsal IDCN using 1D nerve selection algorithm is presented in
Figure 2. The dorsal nerve model was comprised of a number of nerves as shown in Figure 2(a) and
illustrated by the black line with the node points represented by the red spheres. The desired selected 1D
IDCN path using abovementioned 1D NPSA is illustrated in Figure 2(b) by the blue line with the red
spheres. Figure 2(c) represented the combined larger dorsal nerve model (black line) as well as
selected 1D IDCN path (blue line) using 1D NPSA respectively. The synthetic IENF network from
the cutaneous branch at the fourth dorsal toe is shown by black lines with the node points represented
by the red sphere as shown in Figure 2(d). The beginning node point was selected randomly as the
most distal nerve ending point of this selected IENF network. The selected smaller 1D nerve path using
the algorithm is given in Figure 2(e) and represented by the blue line with the red sphere. The combined
IENF network and the selected 1D larger nerve path from this chosen IENF network is shown in
Figure 2(f). Finally, the larger 1D IDCN nerve path and the selected 1D IENF network path are
combined to construct 1D IDCN mesh using the 1D cubic Hermite basis function explained in

Mathematical Biosciences and Engineering Volume 19, Issue 9, 9321-9334.



9326

Figure 2(g) and represented by blue line and dorsal structural nerve model represented by black
line respectively.

A

Target Node

Start Node

© ®

Figure 2. Selection of 1D larger and smaller nerve paths from the developed dorsal
structural nerve model of the foot using 1D path algorithm: (a) Normal dorsal nerve model,
(b) Selection of the 1D IDCN path from the dorsal nerve model, (c) Selected 1D IDCN
nerve with a dorsal nerve model, (d) Synthetic IENF network at the fourth dorsal toe,
(e) 1D smaller nerve selection from the IENF network, (f) Selected 1D nerve path along
with synthetic IENF network at fourth toe, (g) Combined selected 1D nerve path consists
of larger and smaller nerve.

For simulation studies in the developed combined 1D nerve model, initially single MLN diameter,
e.g., IDCN along with associated 1D SUSSN endings (present in the fourth toe’s region) was selected
as shown in Figure 2(g) as an input. Consequently, an extracellular stimulus current was injected at
the most distal part of selected SNF of IDCN for determining the NCV. The intensity of this stimulus
current was 0.7 pA with duration of 0.5 ms with an initial stimulus time of 1 ms. The diameter of
distal SUSSN endings was 1.5 um since it provided the maximum NCV [31]. The diameter of the
SNF myelinated IDCN was set at 10 um as diameter of each single MLN of human nerve varies
between 6—10 um [32]. An assumption was that diameter of 1D combined selected SNF IDCN
remains same over the complete passage of the nerve. The intracellular and extracellular conductivities
of the selected SUSSN and MLN IDCN were 32.5 and 34.5 mS um! respectively. Once the simulation
studies were completed on the selected IDCN along with the most distal smaller somatic nerves
connected with the cutaneous branch of IDCN, then the simulation studies were performed on each of
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the larger dorsal nerves along with most distal single SUSSN associated with the cutaneous branch of
dorsal MLN. The parameters that were used to simulate the different nerves present in the 1D
CFDNM are presented in Table 1.

Table 1. Simulation parameters employed in CFDNM of the human foot.

Parameters and their values used for the simulation

. Nerve Length of the Intracellular Extracellular
Dorsal nerves in the foot .. ..
types nerve (mm) conductivity conductivity (mS
(mS pm™) pm™")
Medial dorsal cutaneous Larger 248.2 35.0 35.0
nerve (MDCN) Smaller 19.1 32.0 32.0
Intermediate dorsal Larger 232.1 34.5 34.5
cutaneous nerve (IDCN) Smaller 12.4 32.5 32.5
Deep peroneal nerve (DPN)  Larger 237.8 37.0 37.0
Smaller 14.1 35.0 35.0
Sural nerve (SN) Larger 260.9 25.0 25.0
Smaller 9.1 75.0 75.0
Lateral dorsal cutaneous Larger 99.9 62.5 62.5
nerve (LDCN) Smaller 27.4 50.0 50.0
Saphenous nerve (SaN) Larger 165.1 35.0 35.0
Smaller 25.8 32.0 32.0

The action potential propagation in the larger MLN of IDCN along with their connected SUSSN
is represented in Figure 3. The orthodromic NCS simulation studies were opted in this work, i.e., the
action potential propagated from each of the very distal smaller nerves through the larger IDCN and
travelled towards the very proximal end of the nerve fibres. Figure 3(a) illustrated the combined 1D
CFDNM and selected combined 1D SUSSN and MLN IDCN nerve model with no action potential
at 0.1 ms. Figure 3(b) represented that action potential was propagated at four different locations and
time periods in the 1D larger combined IDCN nerve model, when an external current was applied at
the most distal part of SUSSN using bidomain model.

Additionally, the NCV in the SNF of the combined functional IDCN nerve model was determined
by measuring the total length of the selected 1D combined IDCN nerve (consists of both SUSSN and
MLN IDCN) and dividing by the time at which action potential propagated from the distal part of
SUSSN endings of IDCN to the proximal part of the MLN. The simulated total length of the combined
IDCN model was 244.5 mm and the simulated onset and peak latency were 8.6 and 8.9 ms respectively.

Similarly, the NCV in the SNF of the other combined larger dorsal nerve were simulated by
altering the intracellular and the extracellular conductivities of the MLN and SUSSN. The simulated
combined onset and peak latencies and NCV in the SNF of various larger dorsal nerves of the combined
nerve model is presented in Figure 4.

Mathematical Biosciences and Engineering Volume 19, Issue 9, 9321-9334.
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Figure 3. Action potential propagation in the CFDNM: (a) Depiction of CFDNM (black
lines) and the selection of 1D larger combined IDCN nerve model (blue lines) with no
action potential at 0.1 ms. (b) Propagation of action potential in the combined functional
1D IDCN nerve model at location 1 (2 ms), location 2 (4 ms), location 3 (6 ms) and
location 4 (8 ms) respectively.
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Figure 4. Latencies and nerve conduction velocities (NCV) in the SNF of various nerves
of the CFDNM of the foot.

4. Discussion

In this study, a baseline CFDNM of the human foot was proposed and developed. Initially, the
combined DSNM was developed and it comprised of selected SUSSN endings selected along with
their connected MLN from the dorsal nerve model respectively. The CFDNM was then constructed by
implementing the modified UHH and MCRRSS nerve models to simulate the electrical activity in the
SUSSN and its connected MLN, primarily in larger IDCN and the synthetic somatic nerve present in
the second dorsal toe by injecting an extracellular stimulus current at the most distal part of the selected
SUSSN endings.

The intracellular and the extracellular conductivities in the CFDNM were higher as compared to
the relevant larger nerve of the foot (see Table 1). This was done to achieve the appropriate NCV of
this combined nerve closely matched with the NCV of the same larger nerve model. For instance, the
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NCV in the combined 1D IDCN model was 28.4 m s as compared to experimental NCV of larger
IDCN were ranges between 33—53 m s! [33] as the diameter of the nerve is proportional to NCV [34].
Secondly, in this study the experimental based maximum diameter of the SNF of the larger nerve and
USSN were employed to achieve the maximum NCV respectively [24,25]. Therefore, the developed
combined 1D baseline nerve model was useful in determining a suitable NCV of any specific dorsal
nerve location with a variable length of nerve by changing the diameter and conductivity values
respectively. This was especially beneficial because NCS and skin biopsy are only limited to the larger
and smaller nerves clinically [10-13].

There were some limitations with the combined baseline 1D functional nerve models. The
first limitation of this model was with the 1D NPSA. This algorithm was not able to automatically
select 2-3 SUSSN endings into a single nerve ending points coming from a specific cutaneous nerve
branch of a MLN. The selection of 2-3 nerve endings was necessary for simulating and diagnosing
diabetic foot ulceration as the SUSSN endings were very close with each other. Eventually, the
combined model was not able to perform simulation studies with an automatic selection of 2-3 nerve
endings points although simulation studies with the single nerve ending were giving comparable NCV
with the related larger nerve NCV.

Future investigation should be conducted to address the current model limitations. The 1D NPSA
can be further improved by connecting multiple nerves endings to one nerve point by defining the
shortest path between two nerve points in the selected nerve endings. Finally, once the multiple, 2-3
nerve endings were selected automatically from the 1D NPSA; these selected nerve endings were
stimulated by with an extracellular stimulus current. The desired compound NCV was obtained by
assigning the suitable intracellular and the extracellular conductivities to each of the nerve endings.

Moreover, the developed baseline CFDNM will be modified to simulate the functional outcomes
by computing NCV in distal sensory neuropathy (DSN), a common and painful sensory symptom of
diabetes mellitus [35,36]. Previous researches suggested that axonal degeneration is the most common
problem occurs in DSN patients [35-39]. Therefore, perturbation studies in the developed CFDNM
may be perform to investigate DSN by degenerating axons in SNF of SUSSN and the distal part of the
MLN as most of the nerve was damaged distally [40]. These axonal degenerations in the SNF of the
selected nerve of the CFDNM were achieved by varying the length of the perturbed SUSSN and MLN,
lowering the intracellular and extracellular conductivities respectively, while the conductivities in the
remaining normal MLN remains constant. All other parameter values, e.g., diameter of the selected
SUSSN and MLN, stimulus current etc. will be kept constant as of normal baseline CFDNM. In this
way, the functionally interrupted CFDNM will be employed for the examination and diagnosis of
diabetic neuropathy in early stages.

Furthermore, the CFDNM will be validated in the forthcoming study by performing experimental
NCS studies and considering demographic data of the normal and diabetic neuropathic subject using
the following data collection:

1) Determine the subject specific diameters of SUSSN and MLN.

2) Apply the realistic stimulus current and stimulus duration in the developed CFDNM.

3) Identify and determine the realistic location and distance of stimulating and recording
electrodes in a normal and diabetic neuropathy patient.

4) Compute and validate the NCV of the various SUSSN and MLN in CFDNM with the
experimental NCS.
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5. Conclusions

The first computational combined functional dorsal nerve model (CFDNM) was developed. The
CFDNM was able to determine and compare the sensory NCV in the various normal combined dorsal
nerves of the foot. These models were next used to investigate the functional consequences of
combined nerves in various locations of the foot by determining the NCV and SNAP for diagnosing
different diabetic neuropathy conditions such as diabetic foot ulceration in its initial phase.
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