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“What would life be if we had no courage to attempt anything?”
“¿Qué sería de la vida si no tuviéramos el valor de intentar hacer algo nuevo?”

Vincent Van Gogh
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Abstract

Chronic pain disease has 35-50% of prevalence worldwide. In addition to the
physical and emotional problems that the patients (and their social circle) have,
the financial cost to society is huge. When drugs stop working, spinal cord stimu-
lation (SCS) therapy is a non-drug alternative treatment for several conditions of
chronic pain, such as neuropathic pain. In the last 40 years, SCS computational
modeling has been the key tool to analyze and understand the effect of the stimu-
lation parameters on neural response. However, the lack of realistic models limits
the model-based predictions accuracy for SCS therapy optimization concerning
the stimulation parameters management and the development of clinical applica-
tions.

This thesis presents three improvements in SCS modeling from cellular to
organic levels:

· Cellular level: a human Aβ sensory myelinated nerve fiber model is shown.
The model simulates the action potential creation and propagation of human
sensory fibers produced by electrical stimulation. Moreover, to consider the
current losses produced at the internodal compartments, a realistic myelin
model is included.

· Organic level: two spinal cord volume conductor models are presented.
The first one is a generalized SCS model, which is based on in vivo 3T high-
resolution magnetic resonance images from the human spinal cord, solving
then one of the main limitations of previous SCS models, which is the in-
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clusion of cadaveric measurements. The second one is a 3D patient-specific
SCS model, which includes the entire spinal cord geometry variation of
three different vertebral levels (T8, T9, and T10) from patients undergo-
ing SCS treatment. This novel approach is validated clinically, showing
that patient-specific modeling improves model-based predictions accuracy
compared to generalized SCS models.

In addition to this, this thesis presents three studies related to SCS therapy by
using the three computational models developed previously:

- Role of stimulation frequency: the investigation of the role of the stim-
ulation frequency on sensory neural response is performed using the hu-
man Aβ sensory myelinated nerve fiber model. The outcome of this study
showed that frequency could have a significant influence on the reduction
or increase of the neuron activity, participating thus in the selection of the
targeted neural elements in SCS therapy, in tonic stimulation.

- Effect of electrode polarity: using the 3D generalized SCS model, the
effect of the most used and known polarities (bipolar, guarded cathode, and
dual-guarded cathode) is shown. The results showed that, unlike guarded
cathode, dual-guarded cathode maximized the activating area and depth in
dorsal columns, also increasing the probability of activating dorsal roots
fibers.

- Clinical applications: the pre-implantation selection of the electrode polar-
ity was performed with the 3D patient-specific model. The findings showed
that this clinical application could determine the electrode configurations
that best overlapped paresthesia coverage to the painful dermatomes of the
patient before the SCS device implant. On the other hand, the effect of offset
electrodes was also investigated. In this case, the results revealed that stag-
gered offset placement canceled the left- or right-activation displacement in
the dorsal columns, suggesting that offset electrodes placement should be
avoided in tonic stimulation.



Resum

El dolor crònic es una enfermetat amb una prevalència d’entre el 35% i el 50%
de la població mundial. A més dels problemas físics i emocionals que comporta
en els pacients (i la gent del seu voltant), el cost financer que suposa per a la so-
cietat és enorme. Quan els fàrmacs deixen de fer efecte, la teràpia d’estimulació
de mèdul·la espinal (EME) és una alternativa no farmacològica que s’usa per al
tractament de diverses condicions de dolor crònic, com el dolor neuropàtic. En
els últims 40 anys, el modelatge computacional de l’EME ha sigut la ferramenta
clau per a analitzar i entendre l’efecte dels paràmetres d’estimulació elèctrica en
la resposta neuronal. No obstant això, la falta de models realistes limita la pre-
cisió de les prediccions dels models per a l’optimizació de la teràpia d’EME, en
referència a la programació dels paràmetres d’estimulació i el desenvolupament
d’aplicacions clíniques.

Esta tesi presenta tres millores en el modelatge computacional de la teràpia
d’EME, des del nivell cel·lular fins al nivell orgànic:

· Nivell cel·lular: es presenta un model de fibra mielínica Aβ sensitiva hu-
mana. El model simula la creació i propagació del potencial d’acció de fi-
bres humanes sensitives que es produeix baix l’efecte d’un estímul elèctric.
A més a més, amb la finalitat de considerar les pèrdues de corrent produïdes
als compartiments internodals, la mielina es modela de forma realista.

· Nivell orgànic: es presenten dos models de conductor volumètric de mèdul·la
espinal. El primer es tracta d’un model d’EME generalitzat, el qual es basa
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en imatges de ressonància magnètica de 3T d’alta resolució de mèdul·la
espinal humana obtingudes in vivo. Esta proposta resol una de les princi-
pals limitacions present en models d’EME anteriors, que és la inclusió de
mesures geomètriques obtingudes de cadàvers. El segon model és un model
tridimensional personalitzat al pacient, el qual inclou la variació de la ge-
ometria de la mèdul·la espinal en tres nivells vertebrals diferentes (T8, T9
i T10) a partir de pacients sotmesos al tractament d’EME. Aquesta inno-
vadora proposta és validada clínicament, demostrant també que el mode-
latge computacional personalitzat millora la precisió de les prediccions del
model en comparació a un model generalitzat.

A més, esta tesi presenta tres estudis relacionats amb la teràpia d’EME uti-
litzant els tres models desenvolupats prèviament:

- El paper de la freqüència d’estimulació: la investigació del paper de la
freqüència d’estimulació en la resposta neuronal sensorial es realitza mit-
jançant l’ús del model de fibra mielínica Aβ sensitiva humana. Els resultats
d’este estudi mostren que la freqüència podria tindre una influència signif-
icant en la reducció o augment de l’activitat de la neurona, participant així
en la selecció dels elements neurals objectiu en la teràpia d’EME, en estim-
ulació tònica.

- Efecte de la polaritat de l’elèctrode: usant el model 3D generalitzat d’EME,
es mostra l’efecte de les polaritats més conegudes i utilitzades: bipolar, cà-
tode guardat i doble-càtode guardat. Els resultats mostren que, a diferència
del càtode guardat, la polaritat de doble-càtode guardat maximitza l’àrea i
profunditat d’activació en els cordons posteriors, augmentant també la prob-
abilitat d’activar les fibres de les arrels dorsals.

- Aplicacions clíniques: usant el model 3D personalitzat al pacient, s’ha
realitzat la selecció pre-implant de la polaritat de l’elèctrode. Els resul-
tats mostren que esta aplicació clínica podria determinar les configuracions
d’elèctrodes que millor solapen la cobertura de parestèsia amb els der-
matomes dolorosos del pacient abans de l’implant del dispositiu d’EME.



RESUM xxiii

D’altra banda, també s’ha estudiat l’efecte de la posició esglaonada dels
elèctrodes en el pacient. En este cas, els resultats revelen que el posiciona-
ment esglaonat cancel·la el desplaçament esquerre o dret de l’activació neu-
ronal en els cordons posteriors, sugerint així que el posicionament esglaonat
deuria evitar-se quan s’aplica l’estimulació tònica.





Resumen

El dolor crónico es una enfermedad que tiene una prevalencia de entre el 35% y
el 50% de la población mundial. Además de los problemas físicos y emocionales
que conlleva en los pacientes (y la gente de su alrededor), el coste financiero que
supone para la sociedad es enorme. Cuando los fármacos dejan de hacer efecto,
la terapia de estimulación de médula espinal (EME) es una alternativa no farma-
cológica que se usa para el tratamiento de diversas condiciones de dolor crónico,
como el dolor neuropático. En los últimos 40 años, el modelado computacional
de la EME ha sido la herramienta clave para analizar y entender el efecto de los
parámetros de estimulación eléctrica en la respuesta neuronal. Sin embargo, la
falta de modelos realistas limita la precisión de las predicciones de los modelos
para la optimización de la terapia de EME, en referencia a la programación de los
parámetros de estimulación y el desarrollo de aplicaciones clínicas.

Esta tesis presenta tres mejoras en el modelado computacional de la terapia de
EME, desde el nivel celular hasta el nivel orgánico:

· Nivel celular: se presenta un modelo de fibra mielínica Aβ sensitiva hu-
mana. El modelo simula la creación y propagación del potencial de ac-
ción de fibras humanas sensitivas que se produce bajo el efecto de un estí-
mulo eléctrico. Además, con el fin de considerar las pérdidas de corriente
producidas en los compartimentos internodales, la mielina se modeliza de
forma realista.

· Nivel orgánico: se presentan dos modelos de conductor volumétrico de
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médula espinal. El primero se trata de un modelo de EME generalizado, el
cual está basado en imágenes de resonancia magnética de 3T de alta resolu-
ción de médula espinal humana obtenidas in vivo. Esta propuesta resuelve
una de las principales limitaciones presente en modelos de EME anterio-
res, que es la inclusión de medidas geométricas obtenidas de cadáveres. El
segundo modelo es un modelo tridimensional personalizado al paciente, el
cual incluye la variación de la geometría de la médula espinal en tres nive-
les vertebrales diferentes (T8, T9 y T10) a partir de pacientes sometidos
al tratamiento de EME. Esta novedosa propuesta es validada clínicamente,
mostrando además que el modelado computacional personalizado mejora
la precisión de las predicciones del modelo en comparación a un modelo
generalizado.

Además de esto, esta tesis presenta tres estudios relacionados con la terapia
de EME usando los tres modelos desarrollados previamente:

- El papel de la frecuencia de estimulación: la investigación del papel de la
frecuencia de estimulación en la respuesta neural sensorial se realiza medi-
ante el uso del modelo de fibra mielínica Aβ sensitiva humana. Los resul-
tados de este estudio muestran que la frecuencia podría tener una influencia
significante en la reducción o aumento de la actividad de la neurona, partic-
ipando de este modo en la selección de los elementos neurales objetivo en
la terapia de EME, en estimulación tónica.

- Efecto de la polaridad del electrodo: usando el modelo 3D generalizado
de EME, se muestra el efecto de las polaridades más conocidas y usadas:
bipolar, cátodo guardado y doble-cátodo guardado. Los resultados mues-
tran que, a diferencia del cátodo guardado, la polaridad de doble-cátodo
guardado maximiza el área y profundidad de activación en los cordones
posteriores, aumentando también la probabilidad de activar las fibras de las
raíces dorsales.

- Aplicaciones clínicas: usando el modelo 3D personalizado al paciente, se
ha realizado la selección pre-implante de la polaridad del electrodo. Los
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resultados muestran que esta aplicación clínica podría determinar las con-
figuraciones de electrodos que mejor solapan la cobertura de parestesia con
los dermatomas dolorosos del paciente antes del implante del dispositivo
de EME. Por otro lado, también se ha estudiado el efecto de la posición
escalonada de los electrodos en el paciente. En este caso, los resulta-
dos revelan que el posicionamiento escalonado cancela el desplazamiento
izquierdo o derecho de la activación neuronal en los cordones posteriores,
sugiriendo así que el posicionamiento escalonado debería evitarse cuando
se aplica la estimulación tónica.
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Chapter 1

Introduction

During the last four decades, several Spinal Cord Stimulation (SCS) computa-
tional models have been developed by many researchers. Generally, these models
are aimed to understand the effect of the stimulation parameters on neural activa-
tion by computational simulation [23, 58, 60, 78, 93], to study the effect of the
electrode design [54, 92], and even to make the hypothesis of the mechanisms of
action that could be behind electrical stimulation for chronic pain treatment [8, 55,
79]. However, although SCS computational modeling has been demonstrated to
be an indispensable tool to improve the SCS device design and the programming
parameters management in clinical practice, the model-based predictions accu-
racy are highly dependent on chronic pain neurophysiological knowledge and the
available computational capability.

As shown in Fig. 1.1, SCS modeling is a combination of a nerve fiber model
with a volume conductor model of the spinal cord.

First, the knowledge of the neurophysiological mechanisms of action involved
in SCS therapy determines the neural structure to be stimulated, and therefore, the
nerve fiber model to be used. At the same time, the nerve fiber model is developed
according to the type of neuron to be modeled, thus the model accuracy depends
on the available experimental data to compare the model results, the considered
ionic channels that participate in the creation of the action potential, and the in-
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Figure 1.1: Limitations of SCS modeling and model-based predictions accuracy affecta-
tion.

ternodal model included.
On the other hand, the spinal cord volume conductor model is developed from

spinal cord measurements, then the model realism depends on the resolution of the
magnetic resonances images. Moreover, the accuracy of the electric field distribu-
tion prediction accuracy strongly depends on the computational capability. Lastly,
this model also depends on the available histological data of the nerve fiber distri-
bution in human dorsal columns, since it determines the size and locations of the
nerve fibers in the dorsal columns of the spinal cord volume conductor model.

Therefore, SCS modeling evolves as science progresses and technology im-
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proves, leading to more accurate model-based predictions to enhance SCS therapy
for chronic pain treatment. This demonstrates the interest this field of research
awakes not only in the academic community but also in society in general.

1.1 Motivation

Current SCS models are still based on cadaveric measurements of the spinal cord,
and most of them also use nerve fiber models that are too complex, include unre-
alistic internodal model or do not represent the electrical behavior of human sen-
sory nerve fibers, which limit the model-based predictions accuracy. However, the
increase of available experimental data for both nerve fiber characterization and
spinal cord measurements as well as the increase of the computational capability
allow to develop more realistic and sophisticated SCS models. This opportunity
has motivated us to accomplish the present work.

1.2 Objectives

1.2.1 General objective

This thesis aims to develop a realistic three-dimensional SCS computational model
to study the effect of the stimulation parameters on neural activation and perform
clinical applications that help to improve and optimize SCS therapy.

1.2.2 Specific objectives

To achieve the main goal of this work, this thesis focuses on:

- The developement of a realistic human Aβ myelinated sensory nerve fiber
computational model.

- The development of a realistic generalized spinal cord volume conductor
computational model.
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- The development of a patient-specific spinal cord volume conductor model.

1.3 Manuscript Outline

This manuscript is compound of 8 chapters, including the introductory, the conclu-
sions, and the contributions list chapters. After the introductory chapter, it starts
by describying chronic pain disease and spinal cord stimulation therapy concepts,
and reviewing the state of the art in nerve fiber models and spinal cord volume
conductor models for SCS computational modeling. Then, the new approaches to
improve model-based predictions in SCS therapy are proposed from cellular level
(nerve fiber model) to organic (spinal cord volume conductor model), perform-
ing computational studies that present new strategies to optimize SCS therapy in
clinical scenario.

• Chapter 2. State of the art: in this chapter, a brief introduction of chronic
pain disease opens to a broad spinal cord stimulation therapy description,
from the different types of the system components to the detailed descrip-
tion of the surgery procedure and the associated complications. Then, state
of the art focused on spinal cord stimulation computational modeling, in-
cluding both nerve fiber models and spinal cord volume conductor models
evolution, is presented.

• Chapter 3. SCS computational modeling. General methodology: in this
chapter, the general methodology applied in the computational studies per-
formed in this work for the evaluation parameters calculation, using a nerve
fiber model in combination with a spinal cord volume conductor model, is
described.

• Chapter 4. Developement of a human Aβ sensory nerve fiber model: in
this chapter, a new human sensory nerve fiber model is shown, Solanes et al.
[133], which solves the problem of the unrealistic myelin representation that
previous sensory nerve fiber models present, and reduces the computational
complexity. The model-based action potential characteristics measurements
and the generation of the strength-duration, conduction velocity-diameter,
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current-distance, and current-diameter relationships are performed to anal-
ize the electrical behavior matching to human sensory fibers experimental
data. Then, the sensitivity analysis showed the parameters that are most
sensitive to changes in myelin model paramaters and axonal and external
resistivities. A computational study is then performed to investigate the
role of frequency in tonic stimulation in SCS therapy, using the new sen-
sory nerve fiber model described within this chapter.

• Chapter 5. Development of a realistic generalized spinal cord volume
conductor model: in this chapter, a new realistic generalized spinal cord
volume conductor model is proposed, Durá et al. [36], whose geome-
tric parameters are based on in vivo spinal cord measurements from high-
resolution magnetic resonance images. A sensitivity analysis is also con-
ducted to show the geometric and electrical parameters that most affect
the model-based predictions. A comutational study is then performed to
study the effect of the most used and known electrode polarities (bipolar,
guarded cathode, and dual-guarded cathode) on neural activation in the dor-
sal columns of the spinal cord, Durá et al. [36], Solanes et al. [135] and
Solanes et al. [134]. From the results, a new programming strategy is pre-
sented to control paresthesia coverage in clinical practice, Durá et al. [36].

The results shown in this chapter come from a work shared with other Ph.D.
student: José Luis Durá Cantero. In Durá et al. publication [36], it is clearly
stated that José Luis Durá and Carmen Solanes contributed equally to this
work.

• Chapter 6. Development of a patient-specific spinal cord volume con-
ductor model: in this chapter, a new detailed 3D patient-specific spinal
cord volume conductor model is proposed to enhance model-based predic-
tions accuracy and to perform future clinical applications. After the model
description, two 3D patient-specific SCS models are developed from two
patients undergoing SCS therapy. In addition to this, the model-based pre-
dictions are compared to both the clinical data from the two patients and the
generalized SCS model-based predictions, showing the significant accuracy
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obtained with the 3D patient-specific SCS models. A clinical application is
then proposed to perform a pre-implantation selection of the electrode po-
larity, which show the potential usefulness of the 3D patient-specific SCS
model. Finally, the investigation of the effect of electrode offset on the dis-
placement of neural activation and paresthesia coverage prediction is pro-
vided, Solanes et al. [136] and Solanes et al. [132].

• Chapter 7. Conclusions and perspectives: in this chapter, the degree of
accomplishment of the objectives of this thesis is stated. Moreover, the
perspectives, including the future research lines and clinical applications,
are also disclosed.

• Chapter 8. Contributions: in this chapter, the publications achieved, the
research awards obtained, and the projects guided during this doctoral pe-
riod are listed.



Chapter 2

State of the art

2.1 Chronic pain. Description, classification and treat-
ments

Chronic pain (CP) is defined, according to pain duration, as persistent or recurrent
pain that lasts or recurs for more than 3 or 6 months [150]. However, CP not only
affects the patient’s daily activity and quality of life (both as sensory and emo-
tional problem), but it also affects his family and social circle [35].

The estimate prevalence of CP is between 35% and 50% worldwide [5]. In
Europe, some studies have demonstrated that CP affects between 10% and 30% of
the adult population [35, 152]. Indeed, this condition has a prevalence of 16.6%
among the general population in Spain [35]. So, in addition to the physical and
emotional burden CP brings, in Europe the financial cost to society is huge, esti-
mated at aboutN570 billion per annum (approximately 3% of their gross domestic
product (GDP)) [152].

There is a huge number of disorders that belong to the CP category. Therefore,
a recent study has proposed a new CP classification in the International Classifica-
tion of Diseases (ICD). This classification comprises the most common clinically
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relevant disorders, divided into the following 7 groups [150]:

1. - Chronic primary pain:

Chronic primary pain is pain in one or more anatomic regions associated
with significant emotional distress or functional disability that cannot be
better explained by another CP condition.

2. - Chronic cancer pain:

Pain is a frequent and debilitating accompaniment of cancer. Chronic cancer
pain includes pain caused by the cancer itself (the primary tumor or metas-
tases) and pain that is caused by the cancer treatment (surgical, chemother-
apy, radiotherapy, and others).

3. - Chronic postsurgical and posttraumatic pain:

This is pain that develops after a surgical procedure or a tissue injury (trauma,
burns) and persists at least 3 months after surgery or tissue trauma. The
diagnosis of neuropathic pain requires a history of nervous system injury
(nerve trauma, stroke or diabetic neuropathy) and a neuroanatomically plau-
sible distribution of the pain.

4. - Chronic neuropathic pain:

Chronic neuropathic pain is caused by a lesion or disease of the somatosen-
sory nervous system. The somatosensory nervous system provides infor-
mation about the body including skin, musculoskeletal and visceral organs.

5. - Chronic headache and orofacial pain:

Chronic headache and orofacial pain is defined as headaches or orofacial
pains that occur at least 50% of the days during at least 3 months. The most
common chronic orofacial pains are temporomandibular disorders.

6. - Chronic visceral pain:

Chronic visceral pain is persistent or recurrent pain that originates from the
internal organs of the head and neck region and the thoracic, abdominal and
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pelvic cavities. The pain is usually perceived in the somatic tissues of the
body wall (skin, subcutis and muscle) in areas that receive the same sen-
sory innervation as the internal organ at the origin of the symptom (referred
visceral pain).

7. - Chronic musculoskeletical pain:

Chronic musculoeskeletical pain is defined as persistent or recurrent pain
that arises as part of a disease process directly affecting bone(s), joint(s),
muscle(s) or related soft tissue(s). The entities subsumed in this approach
include those characterized by persistent inflammation of infectious, au-
toimmune or methabolic etiology, such as rheumatoid arthritis, and by struc-
tural changes affecting bones, joints, tendons or muscles, such as symp-
tomatic osteoarthrosis.

According to Pain Proposal, the mean european time to get the right treatment
to a specific CP disorder is 1.9 years [149]. Nowadays, there are different drug
treatments and therapies to CP management. The most frequent World Health Or-
ganization (WHO) class drug treatments prescribed to patients with chronic pain
in Europe are NSAIDs (nonsteroidal anti-inflammatory drugs) (43-44%) and opi-
oids (22.4-23%). Those with any general chronic neuropathic pain also are fre-
quently prescribed anti-epileptics (50.7%) and anti-depressants (28.7%) among
other non-standard pain medication. On the other hand, the most frequent non-
drug pain treatment tried by those with moderate-to-severe general chronic pain
was massage (30%) followed by physical therapy (21%) and acupuncture (13%)
[118]. However, most of these available treatments only produce slight improve-
ments and it is rare that a total recovery is achieved. One of the main problems
of CP management is that, although CP is recognized as a major public health
problem, fewer than 2% of patients ever attend a pain clinic with the remainder
managed mainly in primary care, if anywhere [152]. So, management of CP is
generally unsatisfactory, since two-thirds of sufferers, report dissatisfaction with
current treatment and most CP persist for many years [152].

Fortunately, there is a non-drug treatment modality that could be the last alter-
native to the patient to recover his quality of life: Spinal Cord Stimulation (SCS)
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therapy.

2.2 Spinal Cord Stimulation (SCS) therapy

SCS therapy is a reversible and minimally invasive pain treatment modality pred-
icated on reducing the intensity, duration and frequency with which pain is felt
[77]. This electrical neurostimulation technique has been used for more than 50
years, since Shealy et al. reported the first clinical case of the SCS effectiveness in
a patient in 1967 [128]. During all these years, SCS has been clinically proven to
be effective for treating a variety of chronic pain conditions that are refractory to
current pharmacotherapies [50]. The most common indications for SCS therapy
include complex regional pain syndrome (CRPS), failed back surgery syndrome
(FBSS) with radicular pain, peripheral neuropathy, phantom limb pain, angina,
ischaemic limb pain, postherpetic neuralgia, postamputation pain, multiple scle-
rosis, spinal cord injury or lesion and diabetic neuropathy [39, 66].

The neurophysiological mechanisms involved in SCS therapy are still not
well-known. However, Melzack and Wall developed the gate-control theory in
1965 [100], which has been the basis for understanding the mechanisms of action
of SCS for many years. The gate-control theory states that painful nociceptive in-
formation in the periphery is transmitted to the spinal cord in small-diameter (un-
myelinated C-fibers) and lightly myelinated Aδ fibers. On the other hand, other
sensory information, such as touch or vibration, are carried in large myelinated
sensory Aβ-fibers. The theory explains that, if there is more activity of small
nerve fibers (C-fibers and Aδ fibers), a “gate” would be opened and a painful feel-
ing would be transmitted to the brain. On the contrary, if there is more activity of
large Aβ nerve fibers, the transmission of large-fiber information would close the
“gate” and a tingling sensation would be produced, known as paresthesia (see Fig
2.1). As a result, the clinical effect of this gate closure would be analgesia.

Although SCS therapy evolved as a consequence of this gate-control theory,
it does not explain the mechanism of action of SCS accurately [12]. Thus, there
is a great and common interest of studying the SCS mechanisms of action and its
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Figure 2.1: Gate-control theory of pain diagram [103]. Activation of small nerve fibers
(unmyelinated C-fibers and myelinated Aδ fibers) produces gate opening and painful sen-
sation is transmitted to the brain. On the contrary, activation of large nerve fibers (myeli-
nated Aβ-fibers) produces gate closing and pain signal is inhibited [137].

exact electrical target. As an example, according to Guan [50], recent studies have
identified some gate-keepers, such as γ-aminobutyric acid (GABA), which can be
activated by convergent Aβ-fiber inputs. These GABAergic neurons may play a
role of inhibitory gates in dorsal horn. So, they may suppress nociceptive inputs
mediated by thinly myelinated Aδ- or unmyelinated C-fibers.

According to the gate-control theory, the goal of SCS therapy seems to be
to activate the large Aβ nerve fibers of the spinal cord. Thus, the knowledge of
where these nerve fibers are located in the spinal cord is pivotal to determine the
stimulation target.

Fig. 2.2 shows the anatomy of the spinal cord. The spinal cord is a soft bun-
dle of nerves which extends from the base of the brain to the low back. It runs
through the spinal canal and it is protected by the bones of the vertebral column
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(a) Spinal cord localization in the vertebral
column.

(b) Dermatomes distribution in body human
skin.

(c) Parts of the spinal cord.

(d) Dermatomes distribution
in the DCs of the spinal cord
at T11 vertebral level

Figure 2.2: Spinal cord anatomy. DC: dorsal column.

(vertebrae) (see Fig. 2.2(a)) [101]. The spinal cord is composed of grey matter and
white matter (see Fig. 2.2(c)). The grey matter is a symmetrical butterfly-shaped
structure in the middle of the spinal cord. The dorsal horn is in the posterolateral
position and contains mainly sensory neurons [108]. The white matter is orga-
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nized in three columns: dorsal, lateral and ventral. The dorsal columns (DCs) are
involved in touch, proprioception and vibration sensation [108]. As it is shown
in Fig. 2.2(d), in the DCs, there is a lamination of fibers that are somatotopically
organized. So, each segment of the spinal cord innervates a certain sensory area
of the body, known as dermatome (see Fig. 2.2(b)). On the other hand, the dorsal
roots (DRs) are a set of sensory nerves of a spinal nerve (a nerve associated with a
specific segment of the spinal cord) which carry sensory information to the spinal
cord and enters the posterior side of the cord (see Fig. 2.2(c)), known as the dorsal
root entry zone (DREZ), which is near the dorsal horn of the grey matter [34]. The
large myelinated Aβ-fibers are distributed in the DCs and in the DRs. The main
difference between these two structures is that DCs carry sensory information of
all body dermatomes of a specific vertebral level while DRs carry information of
a specific segment of the spinal cord, i.e. one or two dermatomes [55, 92, 106].

Then, in order to ensure the success of SCS, the objective of the therapy seems
to be focused on activating the maximum myelinated Aβ nerve fibers of the DCs
of the spinal cord to produce the maximum overlap paresthesia coverage to the
painful dermatomes of the patients [55].

The SCS therapy system consists of electrodes, implantable pulse generator
(IPG) and patient’s controller (see Fig. 2.3) [12]. The electrodes are placed in the
epidural space, just over dura mater. There is a wide variety of electrode sizes and
shapes, with more or less contacts than others. They can be divided in two main
groups [112]:

- Percutaneous electrodes: Percutaneous electrodes are shaped like a straight
wire (see Fig. 2.3(a)). This shape allows physicians to introduce these elec-
trodes into the spine through a large hollow needle, which is a minimally
invasive surgical procedure. Typically, two electrodes are implanted and
placed parallel to each other on either side of the midline of the spinal cord
to produce concordant paresthesia to the patient [39, 74].

- Surgical or paddle electrodes: Surgical electrodes are shaped like a pad-
dle, so they are wider and flatter than percutaneous electrodes (see Fig.
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(a) (b) (c)

Figure 2.3: SCS therapy system. (a) Percutaneous electrodes of four and eight
contacts connected to a non-rechargeable IPG (Prime, Medtronic). (b) Paddle elec-
trodes (Medtronic). Image courtesy of Medtronic, Inc. (c) Rechargeable IPG (Intellis,
Medtronic) and patient’s controller. Image courtesy of Medtronic, Inc. IPG: implantable
pulse generator.

2.3(b)). Due to their shape, the surgical procedure to introduce them in the
spinal canal is more invasive, involving a small incision in the back and a
laminectomy (procedure that removes a portion of the vertebral bone called
the lamina). The main advantages of this type of electrodes are that they
have more electrical contacts over a greater area of the spinal cord which
allows greater flexibility in terms of stimulation patterns; and, as they are
fixed over the dura mater, they rarely displace away from their intended
position, which is a common problem with percutaneous electrodes.

The electrodes are connected to the IPG. The IPG contains the battery to
power the stimulator system to produce the required electrical pulses. It is usually
implanted under the skin in gluteus. There are two types of IPG [112]:

- Non-rechargeable: A non-rechargeable IPG usually lasts from two to four
years, since it depends on how high the stimulation parameters are (i.e. how
much current it is delivering). When the IPG’s battery is running out, the
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IPG has to be surgically replaced. The advantage of a non-rechargeable
IPG is that the patient does not need to learn the recharging procedure.
However, this type of battery requires replacement every few years because
of the short duration.

- Rechargeable: A rechargeable IPG has a battery duration of 9 years (see
Fig. 2.3(c)). The patient usually has to recharge it every few days using a
recharge system, although how often this is necessary depends on the stim-
ulation parameters applied. The main advantage of rechargeable IPGs is
that they reduce the number of battery replacement surgeries. In addition,
rechargeable IPGs are smaller than non-rechargeable IPGs. The disadvan-
tage is that there are patients who may find the recharging procedure diffi-
cult.

The patients also have a controller to modify and adjust the amplitude of the
stimulation to the conditions in which they are (body position, weather, moment
of the day) (see Fig. 2.3(c)). Therefore, the patients are who control their own
stimulation therapy.

The surgical procedure of SCS system implant is shown in Fig. 2.4. The SCS
system implant is usually performed in two stages [112]:

- First time stage: This stage is based on the implant of the electrodes. First,
the electrodes are inserted to the epidural space of the spinal cord through
a hollow needle (see Fig. 2.4(a)). To visually verify that the electrodes
are well-positioned, intraoperative fluoroscopy is used (see Fig. 2.4(b)).
When the correct position of the electrodes is checked by the intraopera-
tive images (radiographies), an intraoperative stimulation test is performed
by a biomedical engineer to verify that paresthesia covers the painful der-
matomes of the patient. If the patient reports he does not feel the paresthesia
in his painful dermatomes, the electrodes are relocated until finding the op-
timal position, i.e. the position with which higher paresthesia coverage is
achieved. Once the stimulation test finishes, a small incision is performed
to fix the electrodes to avoid their migration. Then, the electrodes are con-
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(a) First time surgery (b) Radiography of the electrodes position

(c) External neurostimulator (WENS
(Medtronic))

(d) IPG (Intellis (Medtronic)) implant in the
second time surgery

Figure 2.4: Surgical procedure of the SCS system.

nected to temporary extension leads, and these to an external neuroestim-
ulator that the patient will wear outside the body (see Fig. 2.4(c)). From
this moment, the patient will have fifteen days to check if the stimulation
produces is beneficial not. If it is effective, the patient will undergo to the
second stage. If not, the electrodes will be surgically removed.

- Second time stage: In this stage the implant of the neurostimulator is per-
formed. First, the temporary extension leads are removed. Then, the wires
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from the electrodes are passed under the skin to be connected to the IPG.
An incision is made to implant the IPG, and the electrodes are connected to
it (see Fig. 2.4(d)). Finally, an impedance test is performed by a biomedical
engineer to make sure all parts and connections of the SCS system work
properly.

SCS therapy has been proved to be effective in most of chronic pain condi-
tions but, although it is often described as a save and relatively easy technique,
complications are reported in 20-75% of cases [73]. The main complications of
SCS therapy are divided as follows:

- Hardware complications:

– Electrode migration: electrode displacement is the most common com-
plication of SCS. It is suspected when there is a change in the pares-
thesia coverage location, which is usually associated with a loss of
pain relief. Generally, this problem is treated by readjusting the stim-
ulation parameters but, if electrodes are highly displaced, reprogram-
ming may not work. When stimulation parameters reprogramming
fails, surgical electrode repositioning is mandatory. In fact, this is one
of the main causes of surgical revision in permanent implanted pa-
tients. This complication is more common within the first four weeks
after implantation, because after this period, the tip of the electrode is
kept in place by connective tissue [12].

– Electrode fracture: the incidence of electrode fracture is approxi-
mately 3-9%. This problem almost usually results in a loss of pain
relief due to SCS dysfunction. The damage of the electrode or the
wires can be produced by repetitive folding and straightening of the
electrode, because of spinal movements. If electrode fracture is sus-
pected, impedance checking can be performed to determine if it is
elevated or not. Elevated impedance is usually associated to electrode
fracture. Then, the broken electrode must be withdrawn and replaced
by a new one [12].

– Battery failure: this complication is less frequent than electrode mi-
gration or electrode fracture. Battery failure can occur when electrode
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disconnection is produced or when battery requires replacement be-
fore the expected date, which was previously determined by the pro-
gramming parameters that are applied to the patient [12].

- Biological complications:

– Pain related to device components: patients implanted with neuro-
modulation devices often report pain concerning the site of the device
components such as pain around the IPG site or over the electrode
anchor site [38].

– Infection: this is one of the major complications of SCS, with inci-
dences of 4% to 10%, and it is a common cause for SCS system ex-
plant. The generator pocket site is the most common location of in-
fection. Potential risk factors for infection or poor wound healing in-
cluded diabetes, debilitated status, malnutrition, extremely thin body
habitus, obesity, autoimmune disorder, corticosteroid use, decubitus
ulcers, pre-existing infection, poor hygiene, urinary or fecal inconti-
nence and malabsorption syndrome. The treatment for SCS infection
is the complete removal of the system and treatment with antibiotics
[38].

- Spinal cord stimulation side effects: Electrical SCS-induced non-analgesic
effects occurs about 35% of cases [73]. The most common side effects are
lower-limb electrical shocks induced by position changes and intercostal
neuralgia at the stimulated thoracic level [73]. In this cases, reprogram-
ming the stimulation parameters could help but, generally, it rarely works
because stimulation is still more annoying than effective. Then, if the pa-
tient’s quality of life worsens, the stimulation is turned off and the SCS
system is removed in a surgical intervention.

Nevertheless, despite the many complications, SCS is a safe technique if the
appropriate recommendations are followed and the patients are wisely selected
[73].
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2.3 Stimulation parameters and SCS therapy concepts

The four basic parameters which need to be programmed in SCS therapy are am-
plitude, pulse width, frequency and polarity, whose combination satisfies an indi-
vidual’s pain coverage needs [48].

As for amplitude, a fundamental concept of SCS is the usage range. The per-
ception threshold (PT) is defined as the amplitude necessary for the patient’s initial
experience of paresthesia. The discomfort threshold (DT) is the point at which the
patient can no longer tolerate the paresthesia. Thus, the usage range is the interval
of amplitudes that are between the PT and the DT [111].

Frequency and pulse width are usually combined to produce different stimula-
tion waveforms to the patient in SCS therapy. There are three types of stimulation
that can be applied in SCS therapy:

- Tonic stimulation: this stimulation is characterized by the delivery of elec-
trical current with a frequency of 40-50 Hz and a pulse width that falls
between 150-500 µs [87]. The mechanism of action of SCS in this stimu-
lation can be understood through the gate-control theory [20, 65, 100, 130].
Thus, when Aβ-fibers are activated, pain signals are inhibited and the pa-
tient starts experiencing the paresthesia [3].

- Burst stimulation: it uses bursts of pulses rather than a continuous stream
of pulses. Burst stimulation is a series of five 1000-µs pulses at a frequency
of 500 Hz, with an interspike interval of 1000 µs and spike trains repeated
at a rate of 40 Hz [3]. The cumulative charge of five 1000 µs spikes is
charge-balanced passively and immediately after the burst. Burst stimula-
tion produces pain suppression without generating paresthesia in patients
(paresthesia-free) [3]. However, the process by which burst SCS imparts
clinical efficacy is still unclear [20]. To our knowledge, a study reported by
Tang et al. showed that, unlike tonic stimulation, no activity on the gracile
nucleus was produced in burst SCS [146]. Several studies postulated instead
that burst stimulation may modulate dorsal column and dorsal horn activ-
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ity [20], showing that burst stimulation 1) modulates low-threshold, tactile
C-fibers that are known to be antinociceptive and 2) mediates multiplexing
which could contribute to supra- spinal analgesic and modulation of cortical
attentional mechanisms [33, 64, 84].

- High frequency (HF) stimulation: HF stimulation involves the use of kilo-
hertz tonic stimulation (up to 10 kHz) to treat neuropathic pain without
paresthesia. It has been developed to improve the clinical results of tonic
SCS. There are three hypotheses of the mechanism of action of HF stim-
ulation: (a) that HF stimulation induces a depolarizing block; (b) that HF
stimulation induces the desynchronization of neural signals from clusters
of neurons firing; and (c) that impulses reaching a neuron within a certain
time frame may depolarize it and fire an action potential although every
individual impulse is insufficient. Nevertheless, these hypotheses have not
been demonstrated yet, leading to the current unknowledge of the neural
structures that are involved in high-frequency stimulation [3].

Finally, polarity is defined as the combination of anodes (positive amplitude)
and cathodes (negative amplitude) that are programmed in the electrode contacts.
As percutaneous electrodes usually have eight contacts, a huge number of com-
binations can be used. Hitherto, this stimulation parameter allows to modulate
the electric field displacement to produce better paresthesia coverage in patients
[106]. In the clinical scenario, polarity is determined by eliciting the patient’s oral
responses to the trial and error-based application of the stimulation. The effect of
some polarities on paresthesia have been studied in the last years, as bipolar (in
which an anode is followed by a cathode), monopolar (in which a cathode and
the anode are two-contact separated) and guarded cathode (in which a cathode is
programmed between anodes) [60, 92, 93].

2.4 Myelinated nerve fiber models

SCS computational modeling has been a valuable tool to understand basic mech-
anisms of nerve fiber excitation modulated by stimulation parameters, such as
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amplitude, pulse width, polarity, and frequency [78]. SCS modeling usually com-
bines a spinal cord volume conductor model with a myelinated nerve fiber model.
During the last 70 years, several nerve fiber models have been developed, and its
selection is pivotal to obtain accurate SCS model-based predictions.

Myelinated nerve fibers are nerve fibers which are insulated by a myelin
sheath. Myelin is a fatty substance that insulates the nerve cell axons in order
to increase the speed at which information travels from one nerve cell body to
another. Then, these nerve fibers have nodes of Ranvier, which are the spaces
between the myelin coatings on the neuron’s axon, and internodes, which are the
parts of the axon that are recovered by the myelin [157].

The activation of myelinated nerve fibers occurs when an action potential (AP)
is produced in the nodes of Ranvier and propagated along the axon. An AP can be
defined as the sudden and reversal change in membrane potential in response to a
threshold stimulus [52]

In the last 50 years, several myelinated nerve fiber models have been devel-
oped and used for SCS modeling studies to simulate the action potential propaga-
tion, i.e. the neural activation, as shown in Fig. 2.5.

The first nerve fiber models were unicellular models which reproduced the
membrane dynamics of a specific type of cells. The first unicellular model was
developed by Frankenhaeuser and Huxley in 1964 [44]. This model simulates
the AP in a myelinated nerve fiber of Xenopus Laevis (amphibian). Later, in 1979,
Chiu et al. showed a new unicellular model which described membrane currents in
rabbit myelinated nerve (mammal) [22]. And it was not until 1995 when Schwarz
et al. presented the first unicellular model of membrane dynamics in human pe-
ripheral myelinated nerve fibers [127].

From these unicellular models, more sophisticated and realistic myelinated
nerve fiber models were developed to simulate the action potential propagation.
The first myelinated nerve fiber model was developed by McNeal in 1976 [97].
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Figure 2.5: Nerve fiber models developed during the last 50 years. The blue colored
nerve fiber models are based on the cable model. The yellow colored nerve fiber models
are based on the double-cable model.

This model was based on Frankenhaeuser and Huxley membrane dynamics equa-
tions. The novelty of this model was that it considers the extracellular stimulation
of the nerve fiber. However, the AP propagation cannot be simulated. On the
other hand, myelin is modeled as a perfect insulator [97], which is not realistic
because of current losses are not produced in the internodal compartments [121].
From McNeal’s model, two more nerve fiber models appeared. On the one hand,
Sweeney et al. developed the first mammal myelinated nerve fiber model, based
on Chiu et al. membrane dynamics, in 1987. This model also considered the
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Figure 2.6: Myelin models included in the nerve fiber models. Model A: perfect insulator.
Model B: cable model, imperfect insulator. Model C: double-cable model, imperfect
insulator. Figure modified from Gaines et al. [46].

myelin as a perfect insulator but it simulated the AP in the peripheral nerve in
functional neuromuscular stimulation [143]. On the other hand, in 1982, Bar-
ret and Barret developed another nerve fiber model, based on Chiu et al. mem-
brane dynamics, where the myelin is considered as an imperfect insulator and it
is modeled as a double-cable. This model does not simulate the AP propagation,
but it simulates the depolarizing afterpotentials and nerve fiber hyperpolarization.
Then, in 1999, Wesselink et al. presented the first human sensory nerve fiber
model, based in Schwarz et al. unicellular model. In this model, the myelin is
also considered as a perfect insulator, but it predicts the stimulation threshold of
the targeted neurons of tonic stimulation in SCS therapy. Moreover, AP propaga-
tion can be simulated. Based on Schwarz et al. unicellular model and Sweeney et
al. mammal myelinated nerve fiber model, one of the most used nerve fiber mod-
els in SCS modeling was developed in 2000: the Richardson, McIntyre and Grill
(RMG) nerve fiber model [121]. This model studies the effect of three myelin
models (see Fig. 2.6): perfect insulator (model A) and imperfect insulator (mo-
deled as cable (model B) and double-cable (model C)). The main conclusion is
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that myelin has to be considered as an imperfect insulator in nerve fiber models to
obtain more accurate and realistic results. However, the use of model B or model
C will depend on the accuracy need of the study to be performed [121]. The three
models simulate the AP propagation [121]. Furthermore, all electrical parameters
are in function of measured geometrical parameters of myelinated nerve fibers,
being then possible to simulate the AP in different fiber diameters [96]. Next,
McIntyre et al. developed a motor nerve fiber model from RMG model, most
known as MRG model [96]. In this case, apart from including the more complex
myelin model (model C), the MRG model also simulates the depolarizing (DAP)
and hiperpolarizing (AHP) afterpotentials that are produced on the recovery cycle.

Later, a myelinated nerve fiber model was developed by Howells et al. in 2012
[62]. This model is based on Schwarz et al. unicellular model and Barret-Barret
nerve fiber model. It is a double-cable model whose electrical membrane dynam-
ics parameters were adapted and validated to human sensory nerve fiber record-
ings. Although this is the first model to include Ih channels in order to get a more
depolarized nerve fiber, it does not simulate the AP propagation and it is not pos-
sible to simulate the AP in different nerve fiber diameters [62]. Recently, Gaines
et al. [46] developed a myelinated nerve fiber model (motor and sensory) from the
MRG model [96] and the Howells model [62], resulting in axon models that could
reproduce experimental results for conduction velocity, strength-duration curves
and activation threshold for both human motor and sensory axons.

2.5 SCS computational models

SCS computational models have been fundamental to the understanding of clini-
cal observations and the design of therapies with optimal results [151]. Compu-
tational models use the finite element method (FEM) to find only an approximate
solution to the problem. The advantage of the FEM is that the solution region
is considered to be built up of many small, interconnected subregions (finite ele-
ments), thus enabling the problem to be replaced by a simpler one when attempt-
ing to find a solution [116]. Spinal cord volume conductor models appeared later
than myelinated nerve fiber models. During the last 40 years, several spinal cord
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Figure 2.7: SCS models from 1980 to 2021. Blue bubbles are models developed and
used for studies about stimulation parameters effect on neural response. Red bubbles
are models developed and used for studies about the effect of different stimulation types.
Green squares are models developed with innovative features. Yellow squares are models
developed by our research group.

models have been developed to investigate the effect of electrical stimulation on
neural response.

As shown in Fig. 2.7 The first spinal cord model was developed by Coburn in
1980 [23]. This model was a two-dimensional finite-element model representing
non-homogeneous electrical conductivity of the human thorax in the mid-sagittal
and transverse planes. With this model, Coburn suggested that the effect of the
cathode of bipolar epidural electrodes was approximately equivalent to an epidu-
ral monopolar cathodic current source place at the same level. However, to un-
derstand how electric fields affects neural activation, three-dimensional solutions
were indispensable.

Therefore, from the previous computational model, Coburn and Sin devel-
oped the first three-dimensional spinal cord model in 1985 [25]. This model, in
addition to be successfully developed in three dimensions, also includes a bio-
physical model of the myelinated nerve axon (McNeal model [97]) in DCs and
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DRs [24]. The novelty of using a mathematical model for myelinated nerve fibers
in conjunction with three-dimensional spinal cord finite-element model allowed
the threshold predictions for several DC fiber diameters.

Then, as technological benefits improved and interest of the effect of elec-
trical stimulation on neural activation grew, many studies about SCS have been
published.

In 1991, Struijk et al. calculated the effect of mediodorsal cathodal and an-
odal epidural stimulation. It was concluded that with cathodal stimulation, longi-
tudinal fibers are depolarized, while dorsoventral fibers are hyperpolarized. With
anodal stimulation, the opposite will occur. It was found that parameters sub-
stantially affecting the potential distribution in the DCs are the conductivity of
the white matter and both the width and conductivity of the cerebrospinal fluid
(CSF) layer [142]. Later, collateral branching was included in the myelinated
nerve fiber model of the Struijk computational model in order to develop a more
realistic spinal cord model [141]. In 1993, the influence of CSF layer thickness,
the contact separation in bipolar stimulation and the laterality of the electrodes on
paresthesia thresholds were validated with clinical data by Struijk et al. [139].

From the Struijk spinal cord model, Holsheimer’s research group published
many studies related to neural structures involved in inducing paresthesia cover-
age and the effect of electrode configuration on their activation. For example,
as for paresthesia coverage, Holsheimer suggested that assuming that the largest
Aβ-fibers in a DR have a diameter of 15 µm, the smallest ones to be recruited at
DT would be 12 µm [55]; and that, to increase DC fibers recruitment, DR fibers
activation should be reduced [59]. On the other hand, regarding electrode config-
urations, Holsheimer et al. found that paresthesia coverage is increased when the
space between the SCS electrode and the spinal cord gets smaller [57]; Manola
et al. showed that DC fibers recruitment increased with electrodes having small
contact spacing and being centered on the spinal cord midline just outside the dura
mater [92] and that paresthesia coverage can be controlled by cathodal field steer-
ing [93].
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Other spinal cord computational models have been developed to compare the
different ways of stimulation types that can be produced. For instance, Huang et
al. and Howell et al. compared SCS profiles from intra- and extradural elec-
trode arrangements, concluding that intradural stimulation allows the increase
of DC fibers recruitment [61, 63]. Min et al. compared dermatome selectivity
of single- and multiple-current source systems and they suggested that multiple-
current source system may not provide incremental therapeutic benefit [104]. On
the other hand, Frahm et al. studied fiber activation in peripheral field stimula-
tion, suggesting that no anodal blocking was observed and it may be relevant to
investigate the overall position of the target nerve fibers before electrode place-
ment [43]. Arle et al. studied the effect of scar on SCS, concluding that scarring
produces significant current distribution changes [6]. And, a recent study of Veizi
et al., showed that 3D neural targeting SCS and its associated hardware flexibility
provide effective treatment for both chronic leg and chronic axial low back pain
that is significantly superior to traditional SCS [154].

Next-generation of computational models were more sophisticated, and stud-
ies were focused on the effect of the stimulation parameters on neural activation
[151]. As for polarity, Holsheimer and Wesselink suggested that guarded cath-
ode polarity produces the deepest and widest paresthesia coverage, although no
quantitative parameters were evaluated [60]. On the other hand, Lee et al. studied
the effect of pulse width in SCS, showing that DC area is increased with larger
pulse width values [78], which was in concordance with a clinical study results
from Yearwood et al. [51]. Relating to stimulation frequency, Lempka et al. sug-
gested that kilohertz frequency SCS may not function through direct activation or
conduction block of DC or DR nerve fibers [79]. Nevertheless, Arle et al. pro-
posed that, in high-frequency stimulation, larger-diameter fibers are blocked while
smaller and medium fibers are recruited [8].

Recently, SCS modeling focused on patient-specific modeling. For instance,
Lempka et al. compare the results of SCS simulations obtained from a canoni-
cal SCS model versus a patient-specific SCS model. The results showed that the
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patient-specific model predicted sensory thresholds that are more consistent with
the clinical measurements [81]. From 2019 onwards, our research group has de-
veloped a realistic generalized SCS model [36], and a patient-specific SCS model
[136] with innovative features, as we will see troughout this thesis.



Chapter 3

SCS computational modeling.
General methodology

Generally, SCS computational models consist of a combination of two submodels:
the spinal cord volume conductor model, and the myelinated nerve fiber model.

On the one hand, the volume conductor model includes the different tissues
that compound the spinal cord: white and grey matter, cerebrospinal fluid (CSF),
dura matter, epidural fat, and vertebral bones. Therefore, both the geometrical pa-
rameters and the electrical properties of the spinal cord are considered. Moreover,
the stimulation electrodes are also modeled and included in the model, with their
respective geometry and electrical properties. Thus, the volume conductor model
is used to simulate the electric field distribution within the spinal cord when an
electrical stimulation is applied.

On the other hand, the myelinated nerve fiber model includes the membrane
dynamics of a sensory fiber, the ion channels responsible of the action potential
generation, the electrical properties, and the fiber size. Hence, the nerve fiber
model simulates the activation -or not activation- of a neuron under the effect of
an electric field.

29
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The fiber diameter of afferent Aβ fibers in human DC ranges between 1-15
µm [40, 90]. The large axon diameters (> 11.5 µm, i.e. from 12 to 15 µm) in-
crease significantly from the midline to DR entry zone [40, 160]. Thus, although
12.8-µm axon diameter has a low density in the DC [40], we can assume that the
largest fibers recruited first in the DC have a diameter of 12 µm and 15 µm in
the DR [55, 56, 78, 79, 92, 93], since the highest axon diameters are located in
the dorsolateral columns and are farther from the stimulation electrode [40]. As
experimental morphology measurements are available for 12.8 and 15-µm axon
diameters [96], the SCS models developed in this thesis (the generalized and the
patient-specific SCS models) include a population of 12.8-µm axon diameter in
the DC and 15-µm axon diameter in the DR.

The workflow followed to simulate the neural response in the DCs and DRs
of the spinal cord is shown in Fig. 3.1. First, the electric field distribution is simu-
lated in the volume conductor model, using COMSOL Multiphysics® v. 5.6. The
electric potential values on the nodes of Ranvier in every nerve fiber considered
in the model are then imported to the nerve fiber model, which is developed in
MATLAB® R2017a. To quantitatively evaluate the electrical stimulation result,
several evaluation parameters, which are related to paresthesia coverage and stim-
ulation parameters in SCS therapy, are calculated (see Figure 3.2):

• Perception threshold (PT): defined as the lowest voltage needed to ac-
tivate the first DC 12.8-µm (PTDC) or DR 15-µm diameter (PTDR) nerve
fiber. This value is the electrode voltage and is expressed as the voltage
programmed in a pole (the leading edge of the stimulation pulse, in V).

• Discomfort threshold (DT): this is the clinical value that produces painful
paresthesia. In the volume conductor models, DT is ratio between the per-
ception threshold and discomfort obtained from the real patients per PT and
thus may be the ratio value per PTDC or the ratio value per PTDR, since both
neural structures could be involved in PT [65].

• Recruitment ratio (RDC/DR): the ratio between PTDC and PTDR, which
indicates the nerve fibers most likely to be activated first: DR (values equal
to or higher than 1) or DC nerve fibers (lower than 1).
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Figure 3.1: SCS computational model submodels and workflow. DC: dorsal column;
PT: perception threshold; DT: discomfort threshold; AA: activating area; AD: activating
depth; AP: action potential.

• Activating area (AA): defined as the maximum transversal area of the DCs
within which DC nerve fibers are activated at DT.

• Activating depth (AD): the maximum cross-sectional depth of the DCs
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Figure 3.2: Evaluation parameters obtained from the SCS model. DC: dorsal columns;
DR: dorsal roots; PTDC: perception threshold in DC; PTDR: perception threshold in DR;
DT: discomfort threshold; AA: activating area; AD: activating depth.

within which DC nerve fibers are activated at DT.

• Number of left and right activated fibers: defined as the transverse (left or
right) cross-sectional area that is stimulated (in µm2) per density of 12.8-µm
fibers in the DC (0.11·10−3(µm2)−1, according to Feirabend et al. [40]). It
represents the number of fibers that would be activated.
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Development of a human Aβ
sensory nerve fiber model
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4.1 Motivation

This chapter is aimed to accomplish the first specific objective stated in Chapter
1, which is the development of a human Aβ sensory nerve fiber model. This work
will also contribute to the performance of a realistic SCS computational model to
study the effect of the stimulation parameters, that is the main goal of this thesis.

During the last 50 years, different nerve fiber models have been used in SCS
modeling to predict the stimulation parameters, and neural activation in the DC.
Simplified models are useful to decrease the computational cost, but they assume
intrinsic errors that should be avoided in SCS modeling [46, 121]. Others, which
consider the effect of the ionic channels and pumps in the internodes that may
play a role in the excitation properties of the axon, are suitable to study changes
in post-action potential excitability, but the high computational complexity, and
the parameter uncertainty of the dynamic properties of the internode ionic chan-
nels and pumps, make them not be the best option for tonic SCS studies [46, 62,
96]. In SCS therapy, the aim of tonic stimulation is to activate large Aβ sensory
fibers to produce paresthesia coverage in the painful dermatomes of the patients
with neuropathic pain [20, 100]. Tonic SCS modeling is therefore aimed to sim-
ulate neural activation at one stimulation pulse, where post-action potentials are
not considered.

Thus, this chapter proposes a simplified but more accurate human Aβ sensory
nerve fiber model for tonic SCS computational modeling. Moreover, a model
validation is performed to ensure that the nerve fiber model behaves electrically
as human sensory nerve fibers. Finally, due to the need of understanding how
the stimulation parameters (amplitude, pulse width, polarity, and frequency) in-
fluences neuronal response, the last part of this chapter includes a study about the
effect of frequency on the electrical response of Aβ sensory nerve fibers in tonic
stimulation, using the developed nerve fiber model.
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4.2 Nerve fiber model description

The sensory nerve fiber developed is a combination of the Wesselink-Holsheimer-
Boom (WHB) sensory nerve fiber model and the Richardson-McIntyre-Grill (RMG)
motor nerve fiber model B. The parameters of the membrane kinetics were taken
from [159], which are described in Appendix A. The values of the electrical pa-
rameters of the nodal and internodal (myelin) compartments are shown in Table
4.1. To yield an action potential shape that includes hyperpolarizing afterpoten-
tial that matches experimental data from the electrical behavior of sensory nerve
fibers, the following parameters of the model were adjusted.

The axoplasmic resistivity (ρax) is shown to produce significant changes in
CV values [121]. The WHB model has a ρax value of 33 Ω·cm. In our model,
this value was increased to 70 Ω·cm to match CV values to experimental data for
fiber diameters ranging from 5.7 to 16 µm. On the other hand, to avoid sponta-
neous firing and match the action potential characteristics to experimental data,

Table 4.1: Electrical parameters of the developed sensory nerve fiber model.

Symbol Parameter Value Unit
pNa Na+ channel permeability 7.04·103 cm·s−1

gK Slow K+ channel conductivity 30 mS·cm−2

gLk Leak channel conductivity 60 mS·cm−2

[Na]out Na+ channels extracellular concentration 154 mM
[Na]in Na+ channels intracellular concentration 30 mM
F Faraday constant 96485 C/mol
R Gas constant 8314.4 mV/K mol
T Temperature 310.15 K
EK K+ channel equilibrium potential −84 mV
ELk Leak channel equilibrium potential −84.14 mV
Vrest Resting potential −84 mV
ρax Axoplasmic resistivity 70 Ωcm
ρext External resistivity 300 Ωcm
cn Specific nodal capacitance 2 µF·cm−2

cm Specific myelin capacitance 0.1 µF·cm−2

gm Specific myelin conductance 1 mS·cm−2
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the membrane kinetics was calibrated by adjusting the sodium activation and in-
activation gate coefficients (αm and αh, respectively). Therefore, we used the αm
and αh voltage and time-dependent parameters obtained from the Howells model
for sensory nerve fibers (see Appendix A) [62].

In Fig. 4.1, the electrical diagram of the developed sensory nerve fiber model
is presented. As the figure shows, the internode (myelin) is modeled as in the
RMG model B, represented by a conductance connected to a capacitor in paral-
lel. In this manner, the myelin behaves as an imperfect insulator, which means
that current losses are considered. On the other hand, the model of the nodes of
Ranvier includes three ionic currents: sodium current, fast potassium current, and
leakage current. The equations of the ionic currents, the myelin parameters, and
the gates’ probabilities of the ionic channels are shown in Appendix A.

Applying Kirchhoff’s law, the membrane currents at each compartment n is
equal to the sum of the incoming axial currents and to the sum of the capacitive
and ionic currents (if the compartment is a node of Ranvier) through the mem-
brane. Thus, two first-order differential equations are required: one for nodal
compartments (Eq. 4.1) and one for internodal compartments (Eq. 4.2):

dVn

dt
= (Ga(Vm,n−1 − 2Vm,n + Vm,n+1+

Ve,n−1 − 2Ve,n + Ve,n+1)− πdlIion,n)/Cn (4.1)

dVn

dt
= (Ga(Vm,n−1 − 2Vm,n + Vm,n+1 + Ve,n−1

− 2Ve,n + Ve,n+1)−Gm(Vm,n − Vrest)/Cm (4.2)

where Ga is the axial conductance between two compartments (mS), Cn is
the nodal membrane capacitance (mF), Gm is the myelin membrane conductance
(mS), Cm is the myelin membrane capacitance (mF), Vm,n is the membrane po-
tential value at n compartment (mV), d is the nodal diameter (cm), l is the nodal
length (cm), Iion,n is the sum of the ionic currents at n nodal compartment (mA/cm2),



4.2. Nerve fiber model description 37

Figure 4.1: Electrical diagram of the developed sensitive nerve fiber model.

Vrest is the resting potential (mV), and Ve,n is the external electric potential in n
compartment (mV). A complete description of these parameters is presented in
Appendix A. The total number of differential equations to be solved depends on
the number of nodes of Ranvier we consider the nerve fiber has.

4.2.1 Shape of the AP

Several parameters were calculated using the developed nerve fiber model to char-
acterize the simulated action potential.

The amplitude of the action potential corresponded to the absolute value mea-
sured from the resting potential up to the peak amplitude. It was measured with
an stimulus amplitude of 1.2 Vth.

Conduction velocity (CV) was used to compare the behavior of the model with
experimental data. It was measured from two consecutive nodes of Ranvier with
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Figure 4.2: Methodology for rheobase (left) and chronaxie (right) values calculation.
Electrode-to-axon distance: 500 µm; nerve fiber diameter: 12.8 µm.

a stimulus amplitude of 1.2 the voltage threshold (Vth).

Chronaxie was also measured and compared to experimental data values. As
shown in Fig. 4.2, chronaxie value corresponded to the stimulation pulse width
needed to activate a nerve fiber at 2 Vth. Vth is first measured using a pulse width
of 1500 µs, which is known as rheobase.

Absolute and relative refractory periods were also calculated using the devel-
oped nerve fiber model to characterize the refractory behavior of the model. The
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methodology for ARP and RRP calculation is shown in Fig. 4.3. First, to produce
an initial action potential, a stimulation pulse width of 100 µs and an amplitude
of 20% above of the Vth were used. Then, to elicit a second action potential, the
same pulse width of 100 µs was used, but the amplitude was risen to 4 Vth. Thus,
the absolute refractory period corresponded to the maximum interval between two
pulses in which no second potential can be produced; and the relative refractory
period corresponded to the maximum interval in which an elevated stimulus was
required to elicit a second propagating action potential [159].

The simulated action potential obtained from the developed sensory nerve
fiber model can be seen in Fig. 4.4. The characteristics measured from the si-
mulation of the action potential were compared against the values estimated from
experimental data (see Table 4.2).

We first calculated the action potential amplitude. For this parameter, we ob-
tained a value of 108.5 mV. Experimentally, the action potential amplitude in hu-
man nerve fibers is around 117 mV, according to Schwarz et al. [127]. However,
this experimental value corresponded to an action potential produced from a nerve
fiber at 25◦C and not at body temperature (37◦C).

As for CV, the developed nerve fiber model presented a value that was within
the physiologic range (25-70 m/s) obtained from several experimental studies
[107, 115, 124, 153]. CV depends directly on nerve fiber diameter; thus, CV in-
creases with fiber diameter. In this case, the value obtained (50 m/s) corresponded
to a 12.8 µm-diameter nerve fiber.

Chronaxie values were also calculated. Here, experimental data from mam-
malian myelinated axons show chronaxie values in the range of 70-90 µs [115],
while the experimental range of myelinated axons from rat brain is 106-400 µs
[110]. The developed nerve fiber model presented a chronaxie value of 103 µs,
a value 14.44% higher than the maximum value of the experimental range mam-
malian DC myelinated axons (90 µs) [115], and 2.9% lower than the minimum
value of the experimental data from rat brain [110].
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Figure 4.3: Methodology for RRP (left) and ARP (right) values calculation. ARP: abso-
lute refractory period; RRP: relative refractory period. Electrode-to-axon distance: 500
µm; nerve fiber diameter: 12.8 µm.

The absolute and the relative refractory periods (ARP and RRP, respectively)
were also measured. ARP was 1.23 ms, which is 55.7% higher than the maximum
value of the experimental range (0.79 ms). And RRP was 2.42 ms, a value that
is within the experimental range (2-3.95 ms) measured from human median and
sural nerves [144]. Therefore, the refractoriness of the developed sensory nerve
fiber model approximates to sensory human nerve fibers experimental data.
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Figure 4.4: Simulated action potentials at 37◦C obtained with the developed model (left).
The horizontal line represents the rest potential considered (-84 mV); and action poten-
tial propagation through two nodes of Ranvier and one internode located between them
(right). A nerve fiber of 12.8 µm in diameter was stimulated with a stimulus of 300 µs
of pulse width and an amplitude of 1.2 Vth. A separation of 6 nodes of Ranvier between
the two nodes was selected to clearly see the action potential propagation. The internode
that was just in the middle of the two selected nodes was the one whose action potential
is represented in the graph.

On the other hand, the propagation of the action potential through the myelin
compartment of the nerve fiber was also simulated (see Fig. 4.4). The myelin is
modeled as an imperfect insulator and, when the action potential is propagated
through the myelin, current losses are produced. The action potential amplitude
is 108.5 mV in the first node of Ranvier but, in the myelin compartment, the am-
plitude is decreased to 106.7 mV (1.66% lower). Then, when the action potential
is propagated to the following node of Ranvier, the amplitude value remains as
in the previous node of Ranvier (108.5 mV). Thus, the figure shows that current
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losses are produced at every internode compartment.

Fig. 4.5 shows the action potential shape of the WHB model and the new
nerve fiber model during the afterpotential of a 12.8 µm-diameter fiber. The figure
reveals that neither depolarizing afterpotential nor hyperpolarizing are generated
in the WHB model. Therefore, when the action potential is over, the membrane
potential is maintained at the initial resting potential (-84 mV), showing no volt-
age fluctuations. Nevertheless, the new nerve fiber model developed generates a
hyperpolarizing afterpotential. In this case, the membrane voltage reaches 0.88
mV below resting potential immediately following the action potential, then ris-
ing gradually back to the resting potential (-84 mV). This voltage fluctuation had

Table 4.2: Characteristics of the Wesselink sensory nerve fiber model and experimentally
determined characteristics of myelinated nerve fibers. Calculated values with monopolar
stimulus of 100 µs of pulse width; 12.8 µm nerve fiber diameter and 0.5 mm of distance
between the electrode and the nerve fiber. DC: dorsal column; WM: white matter.

Parameter
Model val-
ues

Experimental data
values

Specifications of the
experimental data

Amplitude
(mV)

108.5 117 [127] Human, 25◦C of temperature

Conduction ve-
locity (m/s)

50 25−65 [115] Mammalian, DC myelinated
axons, WM

25−70 [153] Human sural nerve, body tem-
perature

9−65 [126] Human peripheral nerves, body
temperature

Chronaxie (µs) 103
70−90 [115] Mammalian, DC myelinated

axons, WM
106−400 [110] Rat brain, myelinated axons,

WM
Absolute Re-
fractory Period
(ms)

1.23 0.58−0.79 [144] Human median and sural nerves

Relative Re-
fractory Period
(ms)

2.42 2−3.95 [144] Human median and sural nerves
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Figure 4.5: Hyperpolarizing afterpotentials obtained with the Wesselink-Holsheimer-
Boom nerve fiber model (left), and the new nerve fiber developed (right). The curves
of the models’ response shown are semilog plot of the action potential. The electric re-
sponse corresponds to a 12.8 µm-diameter nerve fiber stimulated with a 100 µs-duration
monophasic rectangular pulse. Electrode is located 0.5 mm from the middle of the axon.

a duration of 5.3 ms. From experimental data, it is shown that motor nerve fibers
generate a depolarizing afterpotential following the action potential [29], while
sensory nerve fibers produce a hiperpolarizing afterpotential [138]. Therefore, the
afterpotential generated by the new nerve fiber model behaves as a sensory nerve
fiber.

On the other hand, differences between the action potential durations were
also observed. The action potential in the WHB model had longer duration than
the new nerve fiber model (1 versus 0.8 ms, respectively). Experimental record-
ings showed an action potential duration of 2.6 ms. Thus, both the WHB and the
new nerve fiber model action potentials were shorter than the experimental data
(56.5 and 65.2% lower, respectively).
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4.2.2 Electrical behavior of the model

To examine the electrical behavior of the developed sensory nerve fiber model,
conduction velocity-diameter, strength-duration curve, current-distance, and current-
diameter relationships were generated. The strength-duration and CV-diameter
curves were also compared to experimental data and previous nerve fiber models
(WHB sensory model, MRG motor model, and Gaines et al. sensory model).

The CV-diameter curve also presents differences between the nerve fiber de-
veloped and previous nerve fiber models (see Fig. 4.6). Comparing to the MRG
motor fiber model, the three sensory nerve fiber models (the WHB model, Gaines
et al. model, and the new model developed) show lower CV for all fiber diameters
considered (5-16 µm), which matched better to the experimental data obtained
from sensory fibers [126, 153]. The CV values from 5.7 to 8 µm in Gaines et
al. model and the developed model were lower than the experimental data from
Van Veen et al. [153]. However, in the range of 8.7-12.8 µ, both models fitted
well to experimental data from Schalow et al. [126]. Thus, the new nerve fiber
model presents CV values that are within the experimental range of sensory nerve
fibers, with the advantage of being more realistic than the WHB model, and less
computationally complex than the Gaines et al. model.

The strength-duration curve was normalized to the rheobase voltage, as shown
in Fig. 4.7. The new nerve fiber model data presents a similar shape to curves
obtained with previous nerve fiber models, experimental data, and clinical. The
developed model shows lower stimulation threshold values than the experimental,
clinical data, and the other computational models for pulse durations below 400
µs. For instance, for 100 µs-duration, threshold stimulus in the developed model
is 28.42 and 38.2% lower than the experimental and the clinical data (2.04 ver-
sus 2.85, and 3.3 the rheobase voltage, respectively), while Gaines et al. model
has a threshold stimulus that is 45 and 68.4% higher (4.8 versus 2.85, and 3.3 the
rheobase voltage, respectively). The WHB sensory fiber model and the MRG mo-
tor fiber model present values that are 17.6 and 22.5% higher than the threshold
stimulus obtained with the developed model (2.4 and 2.5 versus 2.04 the rheobase
voltage, respectively).
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Figure 4.6: Conduction velocity for different fiber diameters (5.7-16 µm) of the devel-
oped model, WHB model [159], MRG model [96], Gaines et al. model [46], and experi-
mental data from Van Veen et al. [153] and Schalow et al. [126].

The current-distance relationship, i.e. threshold activation as a function of
electrode-to-axon distance, was also generated for distance ranging from 100 to
1000 µm (see Fig. 4.8). The figure reveals that higher electrode-to-axon distance
requires higher threshold stimulation to activate the nerve fiber. Here, the strength-
duration curve from the MRG motor nerve fiber model is also shown to compare
the results. In this case, the developed sensory nerve fiber model presents higher
activation threshold values than the MRG motor nerve fiber model. According
to Gaines et al. [46], a sensory nerve fiber model should obtain lower activation
threshold values than a motor nerve model, as in real sensory and motor neurons
behavior. The unexpected results obtained could be explained by the different ρext
value considered in each model. In the developed model the external medium
isotropic, thus ρext has a value of 300 Ω·cm. However, to obtain the current-
distance curve, McIntyre et al. considered the nerve fiber within an anisotropic
medium, therefore ρext has a longitudinal value (300 Ω·cm) and transversal (1200
Ω·cm) [96]. As higher resistivity values produce lower activation threshold val-
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Figure 4.7: Strength-duration curve of the developed model compared to WHB model
[159], MRG model [96], Gaines et al. model [46], experimental data (Mogyoros et al.
[105]) and clinical (Abejón et al. [1]).

ues (see Section 4.2.3), it could explain why the MRG motor nerve fiber presents
lower activation threshold values than the developed sensory nerve fiber model.
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Figure 4.8: Current-distance (left) and current-diameter (right) relationships. Stimulus
applied for the current-distance curve: cathodical rectangular monophasic pulse of 100
µm-duration. Nerve fiber diameter: 12.8 µm; ρext: 300 Ω·cm. Stimulus applied for
MRG motor nerve fiber model results [96]: cathodical rectangular monophasic pulse.
Nerve fiber diameter: 10 µm; ρext: 300 Ω·cm (longitudinal) and 1200 Ω·cm (transversal)).
Stimulus applied for the current-diameter curve: cathodical rectangular monophasic pulse
of 100 µm-duration. Electrode-to-axon distance: 500 µm.

Moreover, the activation threshold stimulus against nerve fiber diameter rang-
ing from 5.7 to 16 µm has been obtained (see Fig. 4.8). Here, as nerve fiber
diameter increases, activation threshold decreases. This model behavior is in ac-
cordance with several previous studies, such as Gaines et al. [46], McIntyre et al.
[96], Wesselink et al. [160], and Holsheimer [55]. Thus, the developed sensory
nerve fiber model electrically behaves as expected.

4.2.3 Sensitivity analysis

Owing the model representation of the myelin as well as the resistivity parameters
have an effect on the action potential characteristics, the excitation and conduc-
tion properties of the axon model [121], a sensitivity analysis has been carried
out examining the relative changes in action potential amplitude, CV, absolute
and refractory periods (ARP and RRP, respectively), chronaxie, and activation
threshold resulting from scaling: gm (specific myelin conductance), cm (specific
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Figure 4.9: Sensitivity analysis of AP (action potential) amplitude (left) and CV (conduc-
tion velocity) (right). All parameter values are expressed as multiples of default parameter
value. All AP amplitude and CV values are normalized to their respective values obtained
with default parameters. Default values: gm: 1 mS·cm−2; cm: 0.1 µF·cm−2; ρax: 70
Ω·cm; ρext: 300 Ω·cm; AP amplitude: 108.5 mV; CV: 49.25 m/s.

myelin capacitance), ρax (axoplasmic resistivity), and ρext (external medium resis-
tivity). The results of the sensitivity analysis were generated by stimulating a 12
µm-diameter neve fiber with an extracellular electrode located 500 µm from the
central node of the axon, applying a monopolar rectangular monophasic pulse of
100 µs-pulse width.

Fig. 4.9 shows the relative changes of AP amplitude and CV. The figure re-
veals that AP amplitude is not sensitive to changes in either of ρax, and ρext, and
little sensitive to gm and cm changes, having a maximum of 2.16% of variation in
AP amplitude when the default values are doubled.

On the other hand, CV also presented no sensitivity to ρext variations. How-
ever, changes in gm, cm, and ρax produced significant changes in CV value (see
Fig. 4.9). For instance, when these parameters are doubled, CV decreases by 8.7,
26, and 30% its default value (49.25 m/s), respectively. And, when gm, cm, and
ρax are 50, 35, and 25% reduced, CV value increases in the vicinity of 5, 11, and
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Figure 4.10: Sensitivity analysis of ARP (absolute refractory period) (left) and RRP (rel-
ative refractory period) (right). All parameter values are expressed as multiples of default
parameter value. All AP amplitude and CV values are normalized to their respective val-
ues obtained with default parameters. Default values: gm: 1 mS·cm−2; cm: 0.1 µF·cm−2;
ρax: 70 Ω·cm; ρext: 300 Ω·cm; ARP: 1.23 ms; RRP: 2.42 ms.

17%, respectively. Thus, the results also show that CV is most sensitive to ρax
variability.

As for the absolute and refractory periods (ARP and RRP, respectively), the
sentivity analysis is shown in Fig. 4.10. In this case, little changes are produced
in both ARP and RRP values, not exceeding 10% of change in any variation of
the considered parameters. However, differences were observed between ARP
and RRP sensitivity results. For example, ARP is most sensitive to gm, cm varia-
tions, while RRP is most sensitive to gm and ρax. Moreover, when ρax is doubled,
ARP decreases around 4% the default value (1.23 ms) while RRP increases by
5% its default value (2.42 ms); instead, when gm is doubled, ARP reaches the
maximum increasing value change (8.1%) while RRP reaches the maximum de-
creasing value change (5%).
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Figure 4.11: Sensitivity analysis of chronaxie (left) and activation threshold (right). All
parameter values are expressed as multiples of default parameter value. All AP amplitude
and CV values are normalized to their respective values obtained with default parameters.
Default values: gm: 1 mS·cm−2; cm: 0.1 µF·cm−2; ρax: 70 Ω·cm; ρext: 300 Ω·cm;
chronaxie: 103 ms; activation threshold: 66.4 µA.

Finally, Fig. 4.11 shows the sensitivity analysis results of chronaxie and acti-
vation threshold.

Chronaxie shows little changes to ρext variability, since a maximum of 2% of
change is obtained when ρext is doubled. Nevertheless, significant variations are
produced when gm, cm, and ρax changed. For instance, chronaxie value presents
an increase of 4, 3.9, and 2% when gm is half-reduced, and cm and ρax are half-
increased, respectively. On the contrary, chronaxie decreases by 6, 4, and 5%
when gm is half-increased, and cm and ρax are 35 and 25% reduced, respectively.

As for activation threshold sensitivity results, the figure shows that activation
threshold is most sensitive to ρext. Although little variations are produced when
gm, cm, and ρax are doubled, i.e. activation threshold approximately increases 6%,
the maximum change occurs when ρext is half-reduced, producing an increase of
100% of the activation threshold default value (133 versus 66.4 µA). Furthermore,
the activation threshold is 50% lower when ρext is doubled (33.2 versus 66.4 µA).
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Figure 4.12: Summary of the sensitivity analysis results at a) maximum, and b) minimum
values of gm, cm, ρax, and ρext values. The colormap represents the percentage of change
in AP (action potential) amplitude, CV (comduction velocity), ARP (absolute refractory
period), RRP (refractory relative period), chronaxie, and Vth (threshold stimulation).

In Fig. 4.12, the results of the sensitivity analysis are shown in a colormap.
The figure represents the percentage of change of the AP amplitude, CV, ARP,
RRP, chronaxie, and Vth when gm, cm, ρax, and ρext are at their maximum and
minimum values. On the whole, the sensitivity analysis shows that CV is the
most sensitive parameter to gm, cm, and ρax changes; and that activation threshold
is the most sensitive parameter to ρext changes (see Fig. 4.12). For the rest of
the parameters (AP amplitude, ARP, RRP, and chronaxie), no more than 10% of
change has been obtained at different gm, cm, ρax, ρax variations.
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4.3 The role of frequency on Aβ sensory nerve fibers ac-
tivation in tonic stimulation.

The investigation of the effect of the stimulation parameters by computational
modeling is useful for SCS therapy programming optimization. The management
of amplitude, pulse width, and electrode configuration on neural activation has
been widely studied and is well-established in tonic stimulation, such as Lee et
al. [78], that predicted greater activation of medial dorsal column fibers with in-
creased pulse width, which correlated with a clinical study from Yearwood et al.
[51]; Holsheimer et al. [60], who observed the major determinant of dorsal col-
umn and dorsal root activation is electrode polarity; or Durá et al. [36], that pre-
dicted higher dorsal column fibers activation with dual-guarded cathode polarity.
However, how to manage frequency remains unclear. Thus, the aim of this work is
to study the effect of frequency on the electrical response of sensory Aβ neurons
in tonic stimulation. As for frequency, the recent growing use of new stimulation
strategies in clinical practice, such as 10 kHz [69, 148] and burst stimulation [32,
114], has increased the interest of studying, by computational modeling, the effect
of high-frequency stimulation on Aβ fibers electrical response, despite the limita-
tion that the mechanisms of actions are still not well-understood for these types of
stimulation [8, 79, 87]. Nonetheless, although the mechanisms of action are well-
known for tonic stimulation [20, 87, 103, 151], little is known about how “low”
stimulation frequency management affects sensory Aβ nerve fibers activation.

Frequencies between 2-1,200 Hz can be delivered by most neurostimulators
[155]. However, tonic stimulation usually applies an electrical stimulus with a
“low” frequency that ranges between 40-60 Hz, a pulse width of 150-500 µs, and
amplitude producing comfortable tingling sensation (paresthesia) in the painful
area of the patient [20, 80, 87, 103]. Several studies show that different type of
neurons could likely entrain electrical stimulation below 200 Hz [11, 15, 147],
and even at 900 Hz [103].

The goal of this study is to investigate the electrical response of sensory Aβ
nerve fibers to different frequencies that are available in tonic stimulation. To
achieve this, the developed sensory nerve fiber model is used to simulate, by com-
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putational modeling, the action potential and the evolution of the gates’ probabili-
ties of the ionic channels and the firing rate of a nerve fiber at different stimulation
frequencies. Finally, the electrical response of two nerve fiber diameters (5.7 and
12.8 µm) is also shown.

4.3.1 Effect on nerve fiber activation

In this study, several stimulation frequencies (50, 350, 600, 800, and 1000 Hz)
were considered to simulate the action potential and the gates’ probabilities of the
ionic channels of a 12.8 µm nerve fiber diameter. A common frequency used in
tonic stimulation for SCS therapy is 50 Hz. As shown in Fig. 4.13, when a 50
Hz stimulus is applied, an action potential every pulse is obtained. At each pulse,
the gates’ probabilities of sodium (m and h gates) and potassium (n gate) channels
are ready to electrically depolarize the axon. The time between pulses (20 ms) is
higher than the refractory period of the nerve fiber (2.42 ms), so the gates of the
ionic channels have enough time to recover and are available to be activated again
at the next stimulation pulse.

When the stimulation frequency is increased to 350 Hz, an action potential per
pulse is also obtained (see Fig. 4.13). In this case, the gates’ probabilities of the
ionic channels are not totally recovered when the next pulse is applied, since the
time between pulses is 11.6% higher than the relative refractory period (2.7 versus
2.42 ms), and 119.5% higher than the absolute refractory period (2.7 versus 1.23
ms). As shown in Fig. 4.13, at the time the second pulse starts, m gate (sodium
channel) and n gate (potassium channel) are totally recovered, but h gate has a
value of 0.469, i.e. it is 76.94% recovered, which means that the nerve fiber is still
in the refractory state. However, the stimulus amplitude applied (1.2 Vth) is strong
enough to depolarize the axon again, generating an action potential every pulse.

Fig. 4.14 reveals that at a frequency of 600 Hz the firing rate of the nerve fiber
is reduced by half (300 Hz) i.e., an action potential is obtained every two pulses.
Here, after the first pulse, the axon is depolarized, and then the recovery cycle
starts. For this stimulation frequency, the time between pulses is 1.67 ms, which
is 35.8% higher than the absolute refractory period (1.23 ms) and 31% lower than
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Figure 4.13: Electric response of a 12.8 µm nerve fiber during a stimulus with a frequency
of 50 Hz (left) and 350 Hz (right), and pulse width of 300 µs. The figures above show the
stimulus pattern applied. The figures below show the action potential and the evolution
of the gates’ probabilities in the node 75 of the nerve fiber at each pulse stimulus. The
amplitude applied is 1.2 Vth (threshold stimulus). Electrode is located at 0.5 mm from the
middle of the axon.
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Figure 4.14: Electric response of a 12.8 µm nerve fiber during a stimulus with a frequency
of 600 Hz (left) and 800 Hz (right), and pulse width of 300 µs. The figures above show the
stimulus pattern applied. The figures below show the action potential and the evolution
of the gates’ probabilities in the node 75 of the nerve fiber at each pulse stimulus. The
amplitude applied is 1.2 Vth (threshold stimulus). Electrode is located at 0.5 mm from the
middle of the axon.

the relative refractory period (2.42 ms). Although the nerve fiber would be in the
refractory state, now the amplitude applied (1.2 Vth) is not strong enough to pro-
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duce another axon depolarization in the second pulse. As shown in Fig. 4.14, m
gate (sodium channel) is recovered, but n gate (potassium channel) has a value of
0.3698 and h gate (sodium channel) is 0.2946, being at 71.28% and 48.3% of their
recovery, respectively. Instead, when the third pulse starts, the recovery cycle has
progressed; m and n gates of the ionic sodium and potassium channels are recov-
ered while h gate is almost at their initial value (0.4664 versus 0.6096), thus an
action potential can be generated again.

On the other hand, with an 800 Hz-stimulus, the sensory fiber is depolarized
every three pulses, producing a firing rate that is reduced to one third of the stim-
ulation frequency (see Fig. 4.14). In this scenario, the time between pulses is
1.25 ms, which is 1.63% higher than the absolute refractory period (1.23 ms) and
51.65% lower than the relative refractory period (2.42 ms). The evolution of the
gates’ probabilities shows that at the first pulse the action potential is produced.
When the second pulse is applied, the fiber had not enough time to recover and
leave from the absolute refractory period. Although m gate (sodium channel) is
recovered, n gate (potassium channel) and h gate (sodium channel) are still at
28.6% (0.4924) and 32.46% (0.197) of their initial values (0.2873 and 0.6096, re-
spectively), hence no depolarization is produced. At the third pulse, the gates of
the ionic channels had more time to recover. The time between the third and the
first pulses is 2.5 ms, which means that the nerve should have finished the recovery
cycle (the relative refractory period is 3.3% lower than the time between pulses
(2.42 versus 2.5 ms)). However, although the second pulse did not generate an
action potential, the gates’ probabilities were lightly reverted. Hence, at the third
pulse, m gate is totally recovered, n gate value is almost at its initial value (0.3204
versus 0.2873, respectively), and h gate recovery has increased to 64.1%. In this
case, the stimulation amplitude is not high enough yet, thus an action potential is
not produced. But, at the fourth pulse, although the recovery cycle is not finished
yet (m and n gates are recovered, but h gate is at 74% of its recovery), the time
between the first and fourth pulses is 3.75 ms, which is about 55% higher than the
relative refractory period (2.42 ms), thus the nerve fiber is not in the refractory
state and it can be depolarized again.
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Figure 4.15: Electric response of a 12.8 µm nerve fiber during a stimulus with a frequency
of 1000 Hz and pulse width of 300 µs. The figure above show the stimulus pattern applied.
The figure below show the action potential and the evolution of the gates’ probabilities in
the node 75 of the nerve fiber at each pulse stimulus. The amplitude applied is 1.2 Vth
(threshold stimulus). Electrode is located at 0.5 mm from the middle of the axon.

The electrical response of a sensory nerve fiber to a 1000 Hz-stimulus is shown
in Fig. 4.15. The figure reveals that after the first pulse depolarization, no more
action potentials can be generated again. The time between pulses is 1 ms, which
is 18.7% lower than the absolute refractory period (1.23 ms). At the second pulse,
the fiber is still in the absolute refractory period, and the stimulus cannot elicit
an action potential. At the third pulse, the nerve fiber would be in the refractory
state. But, although the gates have partly recovered, the stimulus is not strong
enough to depolarize the fiber. From this point, Fig. 4.15 shows that the recovery
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of the ionic channels gates is slower than in previous pulses. As there is only 1
ms between pulses, the fiber has no time to advance in the refractory state i.e., the
recovering produced between pulses is always reverted by the stimulation pulse.
Although m gate recovers completely, n gate and h gate recover a maximum of
81% and 68.72%, respectively. Owing the fiber cannot enter an excitable state as
well as the stimulus amplitude is not sufficient to depolarize the nerve fiber, the
rest of pulses do not generate action potentials, and the firing rate of the nerve
fiber is overridden.

4.3.2 Patterns of activity and nerve fiber diameter

According to a histological study from Feirabend et al. [40], the largest fibers
that can be recruited in the medial DC have a diameter of 12 µm. However, the
maximum fibers density in the medial DC corresponds to fibers diameters < 7.1
µm. As there are available data for the geometric parameters of 5.7 and 12.8 µm-
diameter fibers [96], and previous computational models also considered these
fiber diameters [79, 82, 141], we simulated the activation pattern of a 5.7 and 12.8
µm-diameter nerve fiber in function of the stimulation frequency at different pulse
widths: 100, 300, and 500 µs.

Fig. 4.16 shows that higher stimulation frequencies generate lower firing rates
in both fiber diameters (5.7 and 12.8 µm). Moreover, there are frequencies where
the firing rate of a 5.7 µm nerve fiber is lower than the one of a 12.8 µm nerve
fiber. For instance, in a 100 µs-stimuli, a 400 Hz-stimulus produced 400 Hz of
firing rate in a 12.8 µm-diameter fiber while it is reduced by half (200 Hz) in a
5.7 µm-diameter fiber. In a 300 µs-stimuli, it is with a 600 Hz-stimulus when
the firing rate of a 12.8 µm-diameter fiber is reduced by half (300 Hz) while it
is one-third reduced in a 5.7 µm-diameter fiber (200 Hz). A similar effect is
obtained with a 500 µs-stimuli 300 Hz-stimulus, where the firing rate of a 12.8
µm-diameter fiber is equivalent to the stimulation frequency (300 Hz), but the fir-
ing rate of a 5.7 µm-diameter fiber is reduced to one-third (200 Hz). Therefore,
there are ranges of stimulation frequency where the neural activity of small nerve
fibers is reduced, and the activity of the large axons is higher. For example, in a
100 µs-stimuli, the activity of large nerve fibers would be greater than small fibers
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Figure 4.16: Firing rate in function of stimulation frequency for 5.7 and 12.8 µm-
diameter nerve fiber when applying a pulse width stimuli of: a) 100 µs; b) 300 µs; and
c) 500 µs. The nerve fibers are stimulated with a rectangular monophasic pulse, and an
amplitude of 1.2 Vth (threshold stimulus). Electrode is located at 0.5 mm from the middle
of the axon.

at 375-425 Hz, 600-800 Hz, 900-1100 Hz, and 1100-1300 Hz. Instead, in a 500
µs-stimuli, the activity of large nerve fibers would be greater than small fibers at
200-400 Hz, and 600-800 Hz.

Fig. 4.16 also reveals that the higher the pulse width is, the firing rate is lim-
ited to a lower range of frequencies. Thus, a 100 µs-stimuli generates firing rates
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from 1 to 1300 Hz; a 300 µs-stimuli produces firing rates from 1 to 900 Hz; and
the firing rate of a 500 µs-stimuli is produced between 1 and 775 Hz.

Fig. 4.17 shows the neural activity produced when applying a 300 µs, 350 Hz
stimulus in 5.7 and 12.8 µm-diameter nerve fibers. In 12.8 µm nerve fiber, every
pulse generates an action potential, while an action potential every two pulses is
generated in 5.7 µm nerve fiber. At the second pulse, m (sodium channel) and
n (potassium channel) gates are totally recovered in both nerve fiber diameters,
however, the h gate (sodium channel) value is 0.496 (81.4% recovered) for the
12.8 µm-diameter fiber and 0.4676 (76.7% recovered) for the 5.7 µm-diameter
fiber, i.e. the h gate recovery is faster in the 12.8 µm nerve fiber than in the 5.7
µm one. The threshold stimulus needed to activate both fibers is different. In this
case, the threshold stimulus to activate a 5.7 µm-diameter fiber is 80% higher than
the one for a 12.8 µm-diameter fiber (0.81 versus 0.45, respectively).

4.4 Discussion

4.4.1 New nerve fiber model

This chapter presents a human Aβ sensory nerve fiber model that is a combina-
tion of the most used nerve fiber models in SCS modeling: a sensory nerve fiber
model (the WHB model, which is the one that most approximates to human nerve
fibers behavior [159]) and a motor nerve fiber model (the RMG model B, which is
the one that most approximates to the real electrical behavior of the myelin [121]).

The main difference between the WHB model and the RMG model B is that
they consider different ion channels. While the WHB model considers sodium,
fast potassium, and leakage currents to have an approximate behavior of a human
sensory nerve fibers, the RMG model B considers fast and persistent sodium cur-
rent, slow potassium, and leakage currents with the aim of having an approximate
behavior of mammalian motor nerve fibers. Moreover, they present a different
myelin model; the WHB model considers the myelin as a perfect insulator, which
is known to be an incorrect approximation, and thus a limitation of the model [97,
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Figure 4.17: Electric response of a 12.8 µm nerve fiber (left) and 5.7 8 µm nerve fiber
(right) during a stimulus with a frequency of 350 Hz and pulse width of 300 µs. The
figures above show the stimulus pattern applied to 12.8 µm nerve fiber (left) and 5.7
µm nerve fiber (right). The figures of the right column show the action potential and
the evolution of the gates’ probabilities in the node 75 of the nerve fiber at each pulse
stimulus. The amplitude applied is 1.2 Vth (threshold stimulus). Electrode is located at
0.5 mm from the middle of the axon.
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159]; and, on the other hand, the RMG model B considers the myelin as an imper-
fect insulator, i.e. with current losses, which make the model more physiological
accurate [121]. With the objective of having a more accurate sensory nerve fiber
model, a combination between these two models has been made.

Thus, the new model maintains the same ion channels of the WHB model,
and the myelin is modeled as in the RMG model B, i.e., as an imperfect insulator.
Some model parameters were calibrated using action potential characteristics de-
rived from physiological data and/or validated in previous computational studies
(see Appendix A).

To validate the electrical behavior of the new sensory nerve fiber model, we
studied the shape and propagation of the action potential, the generation of af-
terpotentials, the CV-diameter, strength-duration, current-distance, and current-
diameter relationships.

We observed that amplitude, CV, chronaxie, absolute and relative refractory
periods values obtained from the new model present a good approximation to
experimental data (see Table 4.2).The inclusion of the myelin as an imperfect in-
sulator had significant changes in the fiber response. On the one hand, when the
action potential is propagated to an internodal compartment, there is a decrease of
the action potential amplitude, for this model considers current losses produced
in the internodes of a myelinated nerve fiber. This effect produced a reduction of
the CV, which is in concordance with McIntyre et al. [96]. On the other hand, the
finite impedance myelin model considered also produced changes in the strength-
duration and CV-diameter curves. From the strength-duration relationship results,
the model developed presented a lower threshold stimulus than the WHB model.
Furthermore, while the WHB had higher values than the MRG motor model for
pulse durations below 200 µs, the model developed in this study showed lower
values than the MRG motor fiber for all pulse durations. This outcome is in con-
cordance with previous modeling results and experimental data [41, 46, 62, 91,
105], which show that sensory nerve fibers have lower stimulation thresholds than
motor nerve fibers.
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The CV-diameter curve also showed that the nerve fiber model of this study
had lower CV values than the WHB sensory model for diameters above 8.7 µm.
However, the CV obtained were within the experimental range from mammalian
DC axons [115] and was also lower than the MRG motor nerve fiber, which is in
accordance with Dawson et al. [30], who showed that sensory nerve fibers have
lower CV than motor nerve fibers from human experimental data.

Moreover, we adjusted the voltage and time-dependent parameters of the sodium
activation and inactivation coefficients. These changes avoided spontaneous firing
and favored the generation of hyperpolarizing afterpotential following the action
potential (see Fig. 4.13). However, no depolarizing afterpotentials were gene-
rated. Both depolarizing and hyperpolarizing afterpotentials can be produced in
motor and sensory nerve fibers [96]. However, experimental recordings show that
depolarizing afterpotentials are produced after the action potential in motor nerve
fibers [29] while hyperpolarizing afterpotentials are produced after the action po-
tential in sensory fibers [138]. According to previous studies [16, 88, 96], the
afterpotential phenomena can extend tens of milliseconds after the action poten-
tial (∼20 ms or more). Therefore, as the maximum timeframe of this study is 20
ms (in 50 Hz-stimulus), we can just consider the hyperpolarization after a spike
that affects the refractory time of the nerve fiber model [8].

The current-distance and current-diameter relationships were also generated.
Both curve shapes fitted to previous computational modeling studies, i.e. higher
distance increases the activation threshold [13, 96, 117, 122, 158], and higher fiber
diameter decreases threshold values [46, 55, 97, 163].

To identify the parameters that most affect the nerve fiber model-based pre-
dictions, a sensitivity analysis has been performed. The outcome show that CV is
the most sensitive parameter to gm, cm, and ρax changes, which is in agreement
with Richardson et al. [121]. On the other hand, activation threshold is the most
sensitive parameter to ρext changes. For the rest of the parameters (AP amplitude,
ARP, RRP, and chronaxie), no more than 10% of change has been obtained at
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different gm, cm, ρax, ρax variations.

Hence, the agreement of the nerve fiber model electrical behavior with experi-
mental data and computational modeling studies results makes this computational
model valid for SCS computational studies for tonic stimulation.

4.4.2 Effect of frequency on nerve fiber activation

Using the developed human Aβ sensory nerve fiber model, a study was performed
to investigate the role of frequency on neural activation. The action potential
and the gates’ probabilities were simulated at 50, 350, 600, 800, and 1000 Hz-
stimulus, with a pulse width of 300 µs.

The results show that frequency is the stimulation parameter that allows to in-
crease or decrease the electrical activity of a sensory Aβ nerve fiber. Thus, while
50 Hz-stimulus produces a firing rate of 50 Hz in a 12.8 µm-diameter, the firing
rate could be maximized to 350 by applying a 350 Hz-stimulus, since an action
potential is obtained every pulse (see Fig. 4.13). North et al. stated that the stimu-
lation rate of the neurons could be doubled by frequency doubling [109], which is
in accordance with our results, since a higher stimulation frequency can increase
the firing of large sensory Aβ nerve fibers. On the other hand, the results obtained
in this study are also in agreement with the hypothetical neuron response stated by
Miller et al. [103], who showed a neuron that would generate an action potential
every three pulses when frequency was increased. As shown in Fig. 4.14, at 600-
Hz pulse the nerve fiber fires every two pulses while it fires every third pulse at 800
Hz-stimulus. This outcome is in accordance with an experimental study, based on
rat DC single axons recordings, from Crosby et al. [27], who showed that the
increase of the kilohertz-frequency SCS from 1 to 20 kHz lowered the neuronal
activity in the DC. Furthermore, according to Bowman and McNeal [14], stimula-
tion frequencies higher than 1000 Hz generated a firing decrease and/or blockade
of the action potential conduction of single alpha motoneurons from cats. This
finding is also presented in Fig. 4.15, which shows how 1000 Hz-stimulus would
override the electrical activation of a 12.8 µm-diameter nerve fiber (only an action
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potential is obtained at the first pulse). As for the gates’ probabilities, the results
show that m (sodium channel) gate recovers faster than n (potassium channel) and
h (sodium) gates, playing an important role in nerve fiber depolarization, but not
in repolarization. Although n and h gates participate in nerve fiber repolarization,
the recovery is slower for h gate. Indeed, Fig. 4.13 and Fig. 4.14 show that the
fiber cannot be depolarized until having h gate around 70-75% recovered. At 1000
Hz-stimulus (see Fig. 4.15), the time between pulses only allows h gate to recover
a maximum of 68.72%, then no more action potentials are obtained after the first
nerve depolarization. This outcome reveals that sodium channels, and more es-
pecifically the h gates, are the responsible of the sensory nerve fiber excitability,
which is in agreement with Bucher and Goaillard [15], who stated that the nerve
fiber pattern activity is limited by the refractory period as well as the sodium chan-
nel inactivation. Another experimental study from Ackermann et al. [2] showed
that fast sodium conductances play a role in determining the frequency at which
the fiber was blocked. And a previous kilohertz-stimulation computational study
from Arle et al. also stated that h gate was one of the primary ionic gate dynamics
leading to high frequency blocking phenomena [8].

Therefore, the results of this study suggest that, in tonic stimulation, i.e.,
supra-threshold stimulation, low- (from 1 to 50 Hz), mid- (50-500 Hz), and high-
(>500 Hz) frequency stimulation could have important implications in clinical
practice. For instance, low-frequency would activate Aβ fibers at each pulse,
yielding pain relief with a low duty cycle (low energy consumption) [103, 129].
Mid-frequency would also produce Aβ fibers firing at each pulse up to 350 Hz,
which would suppose the increase of Aβ neurons activity at the cost of increasing
energy consumption. In this case, the cost-efficacy in terms of energy consump-
tion of stimulation frequencies ranging from 50 to 350 Hz should be analyzed
clinically to determine the stimulation frequency that is more efficient to pro-
duce pain relief. And high-frequency (>500 Hz), instead, would increase energy
consumption without increasing sensory Aβ fibers firing, even going so far as to
override the electrical activity of the sensory Aβ fibers (1000 Hz) [103].

On the other hand, not only does the stimulation pattern of an axon depend on
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the pulse frequency, but it also depends on the pulse width utilized and the size
of the nerve fiber. As shown in Fig. 4.17, there are ranges of frequencies where
the firing rate of large (12.8 µm-diameter) fibers is higher than the one of small
(5.7 µm-diameter) fibers. This outcome demonstrate the hypothesis proposed by
Miller et al. [103], who stated that the percentage of activated axons at any point
in time would depend on the charge delivered as well as the depolarization and re-
fractory period state. Moreover, Parker et al. provided direct electrophysiological
evidence of recruitment of large-diameter, high-conduction-velocity Aβ sensory
nerve fibers in the dorsal columns of the human spinal cord from measurements of
evoked compound action potentials from patients undergoing SCS for pain relief
[113]. According to Richardson et al. [121], variations in both the myelin conduc-
tance and capacitance (Gm and Cm) influence the excitation and conduction prop-
erties of the neuron, such as the chronaxie time, conduction velocity, or rheobase
amplitude. As both the Gm and the Cm depend on the geometric parameters of
the nerve fiber considered (see Appendix), the higher electrical response observed
in the 12.8 µm-diameter fiber compared to the 5.7 µm-diameter fiber could be
explained by the differences produced in the internodal parameters. Hence, as the
refractory period is higher in small sensory fibers, it could be possible to modulate
the neural activation of different neural structures to maximize the activity of the
large Aβ neurons in SCS. This finding is in accordance with Mahmud and Vas-
sanelli [89], who showed that the difference in membrane conductance properties
of excitatory and inhibitory neurons allows modulating their firing by the stimu-
lation wave parameters.

Besides, the results show that the firing rate of a nerve fiber depends on the
pulse width, since frequency and pulse width are inversely related when rectan-
gular stimulation pulses are used [103]. Hitherto, the increase of pulse width
produces lower firing rates, for the range of stimulation frequencies are also re-
duced (see Fig. 4.16).

Therefore, the knowledge of the electrical and geometrical properties of diffe-
rent neural structures, such as motoneurons, pyramidal neurons, sensory neurons,
glial cells, etc., and the posterior development of computational neural models
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could help to better manage the frequency stimulation parameter to increase (or
decrease) the activity of the targeted neural structures in a population of neurons.

In SCS therapy for chronic pain treatment, the stimulation protocols that are
used in clinical practice can be divided into two groups: paresthesia-based SCS,
known as tonic or “low” frequency stimulation; and paresthesia-free SCS, such as
burst, high-frequency, and 10-kHz high-frequency SCS. While tonic stimulation
uses supra-threshold stimulus and the mechanisms of action are well-known, the
paresthesia-free protocols use sub-threshold stimulus, and the mechanisms of ac-
tion are still unrevealed [20, 67, 151]. However, the advantage of paresthesia-free
SCS is that patients can have pain relief without noticing the paresthesia sensation
[3, 123]. In terms of energy cost, tonic stimulation is the most efficient, for it
produces pain relief with the lowest duty cycle compared to burst or 10-kHz stim-
ulation (4.6% versus 20 and 30%, respectively), as stated by Miller et al. [103].
Hence, the increase of alternative frequencies and stimulation patterns to improve
patient’s experience makes necessary the performance of computational studies
that help us to understand the effect of the stimulation parameters for the better
management of SCS therapy.

4.4.3 Limitations

In the sensory nerve fiber model developed in this chapter, the myelin is mo-
deled as a linear conductance in parallel with the membrane capacitance. There
are more sophisticated sensory nerve fiber models developed, such as Howells
et al. [62], Zhu et al. [163], and Gaines et al. [46], that include different seg-
ments (paranodal, juxtaparanodal, and internodal), in addition to ionic channels
(fast K+, slow K+, leak, and hyperpolarization-activated cyclic-nucleotide gated
(HCN)) in the internodes, which have a significant influence on the resting poten-
tial, and fiber accommodation [62]. Although these models are physiologically
more accurate, the added computational complexity, and the parameter uncer-
tainty of the dynamic behavior of the internodal channels these models present
justify the use of the simplified sensory nerve fiber model developed in this study
[46, 96, 121]. Nonetheless, a recent study from Joosten and Franken [67] indicates
that tonic SCS can depolarize the sensory Aβ fibers in both the antidromic and or-
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thodromic directions. Antidromically, due to sensory Aβ fibers are branched, the
inhibitory interneurons located in the dorsal horn can be activated, inhibiting then
the incoming signals from nociceptors and thus closing the “spinal gate of pain”.
Therefore, future sensory nerve fiber models should include branch points since
it could increase the accuracy of the model-based predictions when investigating
the excitability of sensory Aβ nerve fibers.

The study performed in Section 4.3 of this chapter is focused on the simula-
tion of the effect of frequency on neural activation in tonic stimulation. It is well-
known that stimulation frequencies ranging between 40-60 Hz produce paresthe-
sia and increase GABA neurotransmitter release from GABAergic inhibitory in-
terneurons that are activated by Aβ fibers inputs, according to the gate-control
mechanism of action [50]. However, higher frequencies seem to produce other
mechanisms that help to relief neuropathic pain, such as 100 Hz, that likely ac-
tivates endogenous δ-opioid systems; or 500 Hz, that was shown to improve pe-
ripheral blood flow [50, 103]. The developed nerve fiber model does not consider
any transsynaptic network processing nor any neurotransmitters release, which are
known processes involved in the tonic SCS mechanisms of action [67]. Thus, the
real clinical effects could differ from the clinical implications exposed from the
results of this work.

A recent computational study from Arle et al. [7] shows that threshold accom-
modation is higher in the large-diameter fibers than in the small ones, yielding
thus the inversion of larger and smaller diameter fiber thresholds. Unlike tonic
spinal cord stimulation, the accommodation phenomenon could suppose the re-
cruitment of smaller DC fibers (medium-diameter fibers) in burst stimulation and
high-frequency stimulation, which could explain the paresthesia-free mechanism
of action treatments [7]. Fiber accommodation phenomenon is produced after ap-
plying a single or a train of conditioning pulses, which help us to investigate the
fiber’s excitability [7, 62, 85, 86]. Owing to conditioning pulses are not used in
SCS therapy, nor are different stimulus pulses applied simultaneously, we did not
analyze the threshold accommodation phenomenon in this work. Nonetheless,
future computational studies that use conditioning stimulus should consider this
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effect to investigate the influence of fiber accommodation.

The effect of the stimulation amplitude to different stimulation frequencies
on the neuronal activation pattern was not included in this study. According to
Miller et al. [103], the amplitude should be considered when discussing the neu-
ral mechanisms of SCS frequency. For example, with moderate-high amplitude,
the high frequency could induce axonal blocking mechanisms, while subthresh-
old stimulation could favor non-activating neuronal mechanisms, such as tempo-
ral summation, or desynchronization of the neural activity [71, 79]. Thus, future
computational studies related to the effect of frequency on neural response in SCS
therapy for chronic pain treatment should include the influence of the stimulation
amplitude.

The findings of this computational study are based on the electrical response
of a single sensory Aβ nerve fiber under extracellular stimulation. Although the
outcome of this work has been extrapolated to possible clinical implications in
tonic SCS, both a computational study using a realistic SCS model, and a clinical
study related to the effect of the stimulation frequency in tonic SCS should be per-
formed to validate the results. The nerve fiber distribution in the dorsal columns,
the electrical properties of the spinal cord, and the different spinal elements in-
volved in the mechanisms of action of tonic SCS are elements that should be
considered in future research works to increase the accuracy of the model-based
predictions in SCS therapy.

4.5 Summary

In this chapter, a human Aβ sensory myelinated nerve fiber model is first de-
scribed. The main novelty of this model is that it reproduces the electrical be-
havior of human Aβ sensory fibers, which are the SCS therapy target in tonic
stimulation. The model is based on human nerves experimental data. Moreover, it
includes a realistic internodal (myelin) model with low computational complexity.

To examine the electrical behavior of the developed nerve fiber model, the
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shape of the action potential is analized, including the measurements of the fol-
lowing parameters: action potential amplitude, conduction velocity, chronaxie,
and both absolute and relative refractory periods. In addition to this, conduc-
tion velocity-diameter, strength-duration, current-distance, and current-diameter
relationships are generated and compared to previous experimental data and com-
putational modeling studies, showing a well-matching.

The chapter also includes a sensitivity analysis that was conducted to identify
the parameters of the developed model that most affect the model-based predic-
tions. the results show that conduction velocity is the most sensitive parameter
to changes in specific myelin conductance (gm) and capacitance (cm), and axonal
resistivity (ρax). And, as for the absolute activation threshold value, it showed to
be the most sensitive to external resistivity (ρext).

In the last section of the chapter, a study is performed to investigate the role of
frequency on Aβ human sensory nerve fibers activation in tonic stimulation, using
the sensory nerve fiber developed. According to the results, frequency could have
a considerable implication on the modulation of the firing rate of a nerve fiber.
Thus, the frequency could play an important role to select and increase the activ-
ity of specific neural elements of the spinal cord in SCS therapy.
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dula espinal, In XXXV Congreso Anual de la Sociedad Española de In-
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5.1 Motivation

This chapter is aimed to accomplish the second specific objective stated in Chapter
1, which is the development of a realisitc generalized spinal cord volume conduc-
tor computational model. This work will also contribute to the study of the effect
of one of the stimulation parameters (polarity) to optimize SCS therapy, that is the
main goal of this thesis.

Generalized spinal cord models have shown to be useful to study the effect
of the stimulation parameters on neural response with low computational cost. In
fact, over the past 40 years, several spinal cord models have been developed, be-
coming more accurate and realistic thanks to the increased spinal cord geometric
data availability and computing capabilities. In this sense, the first SCS models,
such as Coburn et al. [25] and Struijk et al. [142], are based on cervical measure-
ments from cadavers, and included geometric parameters that were poorly known,
such as the CSF layer. When a study about magnetic resonance (MR) spinal cord
assessment of C4-C5, T5-T6, and T11-T12 vertebral levels in healthy subjects
conducted by Holsheimer et al. was published [53], more realistic SCS models
were developed, such as Manola et al. [93], Lee et al. [78], Arle et al.[6], and
Veizi et al [154]. And others, although the SCS models include more detailed tis-
sue anatomy, such the spinal cord vasculature in Khadka et al. [70], or the dorsal
root entry zone arc length in Viljoen et al. [156], they include tissues that are still
based on cadaveric measurements [4, 79].

Owing to the lack of realistic SCS models for T8-T10 vertebral levels, where
electrodes are usually implanted for epidural stimulation, this chapter proposes a
new SCS model based on in vivo spinal cord measurements from high-resolution
MR images. Besides, a sensitivity analysis is performed to identify the geometric
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and electrical parameters that most affect the model results. Finally, to show the
generalized SCS model usefulness, a computational study of the effect of elec-
trode polarity on neural activation is conducted, comparing the most known po-
larities used in clinical practice.

5.2 Generalized SCS model description

A 3D volume conductor model of the spinal cord for T8, T9, and T10 vertebral
levels was developed using real geometric parameters from a magnetic resonance
imaging (MRI) study of the human spinal cord of 23 volunteers [42] (see Fig. 5.1).

The measurements considered are the following: the anteroposterior diame-
ter (�AP), transverse diameter (�T), distance between the dura mater and spinal
cord in anterior (A), posterior (P), right (R), and left (L) directions, and posterior
width (PW) (see Fig. 5.2(a)) [42]. All measurements were taken in the prone po-
sition. The values of all gemetric parameters of T8, T9, and T10 vertebral levels
are shown in Appendix C (Table C.1). A FEM model was created in COMSOL
Multiphysics® (version 5.6) which included the following tissues: grey and white
matter, cerebrospinal fluid (CSF), dura mater, fat, and bone (see Fig. 5.2(b)).

In the model, dura mater has a thickness of 0.3 mm, for the maximum dura
mater thickness in the human spinal cord at the L2-L4 levels is 0.3 mm, according
to previous studies [119, 120, 161, 162]. The fat tissue has 4 mm, and bone has
10 mm.

The electrodes model corresponds to a common stimulation lead size used in
SCS therapy. Thus, they are modeled as multipole percutaneous leads with the
electrode contacts (poles), the insulation, and the electrode-tissue interface (see
Fig. 5.2(d)). Eight poles are considered since commonly used percutaneous leads
have eight contacts. Percutaneous leads are modeled as cylinders with a length
of 24 mm and a diameter of 1.3 mm. The contacts (conducting domains) have a
length of 3 mm, and they are spaced 4 mm apart with the application of an insulat-
ing polymer (non-conductive domains). The electrode-tissue interface is modeled
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Figure 5.1: Measurements from a MRI of the human spinal cord. Image modified from
Fradet et al. [42].

as a 0.1 mm-thickness howllow cylinder which covers the active contacts. Until
now, this structure has only been considered in a deep brain stimulation model de-
veloped by Butson et al. [18, 98]. The electrodes model is located in the epidural
space of the SCS model. The distance between electrodes and the electrode-dura
mater distance are defined according to the study to be performed.

Table 5.1: Tissue electrical conductivities considered in the conductor volume model of
the spinal cord.

Material Electrical conductivity (S/m) References
Grey matter 0.23 [6, 55, 76]

White matter
Transversal: 0.083

[6, 55, 76]
Longitudinal: 0.6

Cerebrospinal fluid (CSF) 1.7 [6, 55, 76]
Dura mater 0.03 [111]
Fat 0.04 [6, 55, 76]
Bone 0.02 [76],[111]
Poles (platinum-iridium alloy) 5.278·106 [26]
Insulation 0.002 [111]
Electrode-tissue interface 0.15 [95]
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(a) Geometric parameters of the model. (b) Tissues considered in the model.

(c) Dimensions of the generalized model.
Electrodes are in the epidural space. Bone
tissue is not shown.

(d) Parts of the electrode model.

Figure 5.2: Generalized volume conductor model of the spinal cord.

The electrical tissue conductivities considered were obtained from [6, 26, 55,
76, 95, 111] (see Table 5.1). The volume conductor model measured 45 (x) mm
× 42 (y) mm × 88 (z) mm, as shown in Fig. 5.2(c).

A tetrahedral adaptive mesh was used to avoid errors in the narrow and edge
zones (see Fig. 5.3). The model uses just under 3,800,000 elements with a maxi-
mum element edge length of 1.94 mm and a minimum of 0.05 mm. In the white
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Figure 5.3: Tetrahedral adaptive mesh of the generalized spinal cord volume conductor
model. Smaller edge length is used in the region of interest (grey matter, white matter,
CSF) and small structures (dura mater, electrode). A larger edge length is used in the rest
of the tissues (fat, bone).

matter tissue, the edge length ranged between 50-194 µm. According to Arle et
al. [6] these mesh resolutions are accurate enough to resolve axons electrically
down to the dimension of their internodal distances. The mesh properties details
are shown in Table 5.2.

To avoid possible edge effects, the Dirichlet boundary condition (electric insu-
lation) was imposed on the most external surfaces of the model. We also imposed
an electric potential boundary on the surfaces of the active contacts of the elec-
trode (see Table 5.2).

The FEM was used for the calculation of the electrical potential distribution
as an approximate solution of the Laplace equation (∇2V=0). The current density
(J(x,y,z)) was obtained from the generalized version of Ohm’s Law (see Equations
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5.1 and 5.2):

J = σ · E (5.1)

E = −∇Ve (5.2)

where Ve is the electrical potential of a specific point of the volume conductor
model, E is the electric field, J is the current density, and σ is the electrical con-
ductivity tensor. The electric field, the electric potential, and the electric current
were calculated using the conjugate gradient iterative method solver [63].

To include the nerve fiber distribution in the generalized SCS model, the fol-
lowing procedure is followed. As the geometry in the generalized model is sym-
metrical, 20 surfaces of 200×800 points of resolution are defined in COMSOL
Multiphysics®. Each surface is a point matrix which includes the position of the
node of Ranvier in the model’s x, y and z-axis, and the electric potential value in
that node after an electric field is applied. The first surface is located just in the
DC border (see Fig. 5.4) and the following surfaces are located below each other
at a separation of 50 µm. Each surface includes 100 longitudinally distributed
fibers, thus a total of 2,000 fibers are considered within the model, as shown in the
axial view in Fig. 5.4. As the generalized model measures 88 mm in length, each
nerve fiber has 66 nodes of Ranvier.

Table 5.2: Boundary conditions and mesh resolution data of the generalized SCS model.

Boundary conditions
External bounds Zero current (Electric insulation)
Bounds of lead contacts User-defined tension (Electric potential)

Mesh resolution
Type Adaptive
Number of elements 3,724,378
Maximum element size (mm) 1.94
Minimum element size (mm) 0.05
Maximum element grow rate 1.35
Resolution of curvature 0.3
Resolution of narrow regions 0.85
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Figure 5.4: Nerve fiber distribution in the dorsal columns (DC) in the generalized vol-
ume conductor model. In the axial view, each blue point represents a nerve fiber in that
position.

For the DR fibers two parametric surfaces of points (at left and right sides of
the spinal cord) are defined in COMSOL Multiphysics®, which mimic the shape
of a DR (see Fig. 5.5), i.e. they start in the CSF and enter the white matter in a
curve (known as Dorsal Root Entry Zone (DREZ)) until reaching the dorsal horn
of the grey matter. The distance between the left and right DREZs is PW, defined
above in Fig. 5.2(a). Each surface includes 80 DR (1 mm spaced), so that a total
of 160 DR fibers are included in the model. DR fibers have a diameter of 15 µm
and consist of 5 nodes of Ranvier. Since a low-thoracic segment is modeled (from
T8 to T10 level), the type A1 DR fiber model as described by Struijk et al. is used
[140].

All the simulations are performed with a rectangular monophasic pulse stim-
ulus, which is similar to the clinical stimulation scenario that includes a lower
amplitude passive charge recovery phase [103]. Although the frequency is set to
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Figure 5.5: Nerve fiber distribution in the dorsal roots (DR) in the generalized volume
conductor model. The figure above shows the definition of the x, y and z axes in the
model. The figures below show the spatial location of the surfaces of points (shown in
red) where the 168 DR fibers are included in transverse (left), coronal (center) and sagittal
(right) views.

50 Hz clinically, in the simulations we apply just one pulse, for nerve fibers are
activated at each pulse in tonic stimulation [103]. This assumption considers elec-
trical stimulation as a quasi-static phenomenon, which is valid for frequencies up
to 10 kHz [13]. Hence, the simulations of the electric field distribution are run as
static models in COMSOL Multiphysics®.

5.2.1 Myelinated nerve fiber model

To determine nerve fiber activation (in the DC or DR), we used the Richardson,
McIntyre, and Grill (RMG) myelinated nerve fiber model [121]. The model was
implemented using MATLAB® R2017a. We used model B because its conduction
velocity (61 msec−1) was within the experimental range for a 10-µm fiber (47-63
msec−1) [121]. The model incorporates a finite impedance single-cable myelin
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(a) RMG model. (b) Fiber model response.

Figure 5.6: a) Schematic diagram of myelinated nerve fiber and equivalent electric cir-
cuit. b. Action potential when the nerve fiber is stimulated at threshold stimulus (blue
line) and at subthreshold stimulus (red line).

sheath. This is important, because representation of myelin is a significant factor
in axon excitability and conduction [121]. The electrical representation for both
the myelin and nodes of Ranvier are shown in Fig. 5.6(a). The MRG model
allows for the calculation of the membrane potential in each node of Ranvier (Vn),
taking into account Ve values obtained from equation 5.3, by solving the following
equation:

dVn

dt
= (Gaxial(Vm,n−1 − 2Vm,n + Vm,n+1 + Ve,n−1

−2Ve,n + Ve,n+1)− πdlIion,n)/Cm,n (5.3)

where n is the corresponding node of Ranvier, Cm is the membrane capacity
(µF), Iion is the total sum of the ionic currents (mA), and Gaxial is the conductance
between the centers of two adjacent compartments (mS). For more details about
MRG model equations, see Richardson et al. [121], and for details of the geome-
tric parameters, see McIntyre et al. [96]. All the parameters used in the model are
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also shown in Appendix B. When equation 5.3 is solved for each node of Ranvier,
we obtain the temporal evolution of the membrane potential, which is known as
the action potential. Thus, if a nerve fiber measuring 12.8 µm in diameter is stim-
ulated by a square stimulus pulse of 300 µsec of duration and 2 V of amplitude, a
specific action potential is produced, as shown in Fig. 5.6(b) (blue line). However,
for a subthreshold stimulus (1.9 V of amplitude), no action potential is produced
(Fig. 5.6(b) (red line)), and the fiber is not activated.

5.2.2 Model behavior

We reproduced two previous studies and compared our results with those from
other research groups.

The first study consisted in analyzing the evolution of PTDC vs. dorsal CSF
(dCSF) thickness. Holsheimer et al. [56] obtained PTDC considering a nerve fiber
measuring 12 µm in diameter. As displayed in Fig. 5.7(a), our results showed
that a higher dCSF thickness required a higher PTDC (solid line), as also shown
by Holsheimer et al. (dotted line). The absolute values of PTDC were similar to
Holsheimer’s. The main difference was how fast PTDC grew with dCSF thickness.
Thus, for example, in our results, at maximum dCSF thickness (4.8 mm), PTDC
was 725% greater than at minimum dCSF thickness (0.8 mm; 5.8 vs. 0.8 V, re-
spectively). However, Holsheimer et al. obtained an increase of 1166% of PTDC
(7 vs. 0.6 V, respectively).

We also analyzed the effect of fiber diameter on PTDC. The results are shown
in 5.7(b). Consistent with Holsheimer et al. [55] (dotted line), we found that the
larger the nerve fiber diameter is, the lower the PTDC required (solid line). Hol-
sheimer et al. observed that their data points were best fitted by power function
and showed the equation and the square correlation. We also verified that the best
fit of our data points was by power function. We obtained the maximum differ-
ence of PTDC (200% greater than the Holsheimer group results [9.8 vs. 4.88 V,
respectively]) when a fiber measuring 5.7 µm in diameter is stimulated.
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(a) (b)

Figure 5.7: a) Threshold stimulation as a function of dCSF thickness. Solid line: results
obtained using our model. Dotted line: results from Holsheimer’s group [56]. b) Thresh-
old stimulation as a function of nerve fiber diameter. Solid line: results obtained using
our model. Dotted line: results from Holsheimer’s group [55].

The differences observed in Fig. 5.7 between these two studies and our results
could arise from the respective differences between the spinal cord models. On
the one hand, Holsheimer’s group used a T11 vertebral level, whereas we used a
T10 vertebral level model. Each vertebral level has a different dCSF thickness,
which is greater in the case of T10. On the other hand, we used an MRG nerve
fiber model while Holsheimer’s group used a Wesselink nerve fiber model in both
studies. The main difference between the two models is that the myelin in the
MRG model undergoes current losses because it is modeled as an imperfect in-
sulator. As these two differences could affect the excitability of the nerve fibers,
they could explain the differences observed. Besides, the stimulated fiber size and
the stimulation pulse width used in our simulations are different from the Hol-
sheimer’s group (12.8 versus 12 µm and 300 versus 210 µm, respectively). De-
spite these distinctions, the behavior of the model is very similar to that reported
by Holsheimer’s group, since both behave as a power function.
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5.3 Sensitivity analysis

As shown in previous studies [106], the stimulation parameters (PTDC, PTDR, AA
and AD) are all influenced by the geometry of the spinal cord and the electrode
position in the epidural space. Therefore, a sensitivity analysis was conducted
with the generalized model to identify the geometric and electrical parameters of
the spinal cord that had the greatest effect on the stimulation parameters.

5.3.1 Geometric parameters of the spinal cord

In this section, we examined the relative changes in PTDC, PTDR, AA and AD that
resulted from varying the following geometric parameters: �AP,�T, CSF diame-
ter, dorsal CSF (dCSF) thickness, and dura mater thickness in their physiological
range for T9 vertebral level (see Table 5.3) [42].

Fig. 5.8 reveals that PTDC and PTDR are most sensitive to variations in �AP.
When �AP increases, PTDC is 12.77% lower, while PTDR is 8.65% higher. The
opposite effect is produced when �AP decreases, i.e. PTDC is 8.5% higher, and
PTDR is 11.07% lower. AA and AD are also influenced by changes in�AP, being
5.38 and 12.5% higher when �AP decreases by 6.15%, respectively. However, at
maximum value of�AP (6.9 mm), AD is maintained and AA is around 3% lower.

Table 5.3: Geometric parameters considered in the sensitivity analysis. Minimum and
maximum values are taken from in vivo MRI measurements of the human spinal cord, T9
vertebral level [42].

Geometric parameter Minimum value
(mm)

Maximum value
(mm)

References

�AP 6.1 6.9 [42]
�T 8.3 9.7 [42]
CSF diameter 12 16 [42]
dCSF thickness 3.14 4.83 [42]
Dura mater thickness 0.3 0.410 [120]
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Figure 5.8: Sensitivity of perception threshold on DC (PTDC), perception threshold on
DR (PTDR), activating area (AA), and activating depth (AD) to variations in antero-
posterior (AP) diameter (left) and transversal (T) diameter (right) of the spinal cord. All
parameter values are expressed as multiples of default parameter value. All PTDC, PTDR,
AA, and AD are normalized to their respective values obtained with default parameters.
Default parameters: AP diameter: 6.5 mm; T diameter: 9 mm. Vertebral level: T9. Stimu-
lation parameters applied: rectangular monophasic pulse; guarded cathode configuration;
pulse width: 300 µs.

On the other hand, little changes are observed in �T variations, as shown in
Fig. 5.8. The most sensitive parameters are PTDR and AA. For instance, PTDR and
AA are 4.63 and 5.38% increased when �T is at its maximum value (9.7 mm).
Nevertheless, no significant changes are produced for PTDC and AD.

Thus, the stimulus parameters are more sensitive to�AP than to�T changes.

Fig. 5.9 shows how the stimulation parameters vary from changes in dCSF,
CSF diameter and dura mater thickness.

The figure reveals that PTDC and AA are most sensitive to changes in dCSF
thickness. For instance, PTDC increases in the vicinity of 35% when dCSF is at its
maximum value (4.83 mm); and AA decreases about 16% when dCSF decreases
to 3.14 mm. PTDR and AD also present variations, but they are less sensitive,
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Figure 5.9: Sensitivity of perception threshold on DC (PTDC), perception threshold on
DR (PTDR), activating area (AA), and activating depth (AD) to variations in cerebrospinal
fluid (CSF) diameter, dorsal CSF (dCSF) thickness, and dura mater thickness. All pa-
rameter values are expressed as multiples of default parameter value. All PTDC, PTDR,
AA, and AD are normalized to their respective values obtained with default parameters.
Default parameters: CSF diameter: 13.6 mm; dCSF: 4.25 mm; dura mater thickness: 0.3
mm. Vertebral level: T9. Stimulation parameters applied: rectangular monophasic pulse;
guarded cathode configuration; pulse width: 300 µs.

since maximum changes of 7.4 and 12.5% are obtained, respectively, when dCSF
increases 0.7 mm.

CSF diameter also produces significant changes in the stimulation parameters.
In this case, when CSF diameter increases, the PTDR increase is higher than the
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Figure 5.10: Summary of the sensitivity analysis results at a) maximum, and b) minimum
values of �AP, �T, �CSF, dCSF thickness, and dura mater thicknes. The colormap
represents the percentage of change in PTDC (perception threshold in dorsal columns),
PTDR (perception threshold in dorsal roots), AA (activating area), and AD (activating
depth).

PTDC one (10.16 versus 6%, respectively). The same occurs when CSF diameter
is reduced to 12 mm, i.e. PTDR decreases more than PTDC (8.85 versus 6%, re-
spectively). Instead, AA and AD are inversely related to CSF diameter increasing,
thus both parameters show a decrease of 6.72 and 11.1%, respectively, when CSF
diameter is at the maximum value of 16 mm. However, at 12 mm of CSF diameter
no changes are observed for AD values, while AA increses by 6% its default value.

As for dura mater thickness changes, PTDC and PTDR are the most sensitive
parameters. In fact, with 0.06 mm of increase in dura mater thickness, PTDC and
PTDR increase 8.5 and 7.8%, respectively, while only 0.7% of variation is ob-
tained for AA and no changes for AD parameter. But, when dura mater thickness
increases 0.05 mm more, PTDC and PTDR increase 6.4 and 5.7% more, AD has an
increase of 12.5%, and AA increases 3.8%.

Fig. 5.10 represents the results of the sensitivity analysis in a colormap. The
figure reveals that PTDC is the most sensitive stimulation parameter to dCSF thick-
ness. Instead, although the rest of parameters (PTDR, AA, and AD) are also sensi-
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tive to changes in the geometric parameters of the spinal cord, no more than 15%
of change is produced in any of the stimulation parameters considered.

5.3.2 Electrical conductivities of the spinal cord tissues

In this section, we examined the relative changes in PTDC, PTDR, AA and AD that
resulted from varying the electrical conductivities of the following tissues: bone,
fat, dura mater, CSF, white matter (transversal and longitudinal), and grey matter
in their physiological range (see Table 5.4).

Fig. 5.11 shows the stimulation parameters variation to bone, fat, dura mater
and grey matter electrical conductivity changes.

In general, almost all parameters are sensitive to electrical conductivity changes
in fat and dura mater tissues, but not to bone and grey matter tissues ones.

In both fat and dura mater tissues, as electrical conductivity increases, PTDC
and PTDR values decrease. In fat tissue, these parameters values are reduced by
48.94 and 54.12%, respectively, while they are 57.1 and 55.1% reduced in dura
mater tissue. Instead, AA and AD are more sensitive to changes in fat electrical
conductivity than in dura mater electrical conductivity. For instance, when fat

Table 5.4: Tissue electrical conductivities considered for the sensitivity analysis.

Tissue Minimum
value1 (S/m)

Maximum
value2 (S/m)

References

Bone 0.0024 0.06 1[102], 2[94]
Fat (epidural space) 0.02 0.6 1[102], 2[94]
Dura mater 0.03 0.461 1[9, 142], 2[94]
CSF 1 2.51 1[45], 2[94]
White matter (transver-
sal)

0.023 0.439 1[102], 2[47]

White matter (longitu-
dinal)

0.0543 0.915 1,2[94]

Grey matter 0.033 0.23 1[102], 2[47]
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Figure 5.11: Sensitivity of perception threshold on DC (PTDC), perception threshold on
DR (PTDR), activating area (AA), and activating depth (AD) to variations in electrical
conductivity of bone, fat, dura mater, and grey matter tissue. All parameter values are
expressed as multiples of default parameter value. All PTDC, PTDR, AA, and AD are nor-
malized to their respective values obtained with default parameters. Default parameters:
σbone: 0.02 S/m; σfat: 0.04 S/m; σdura mater: 0.03 S/m; σgrey matter: 0.23 S/m. Vertebral level:
T9. Stimulation parameters applied: rectangular monophasic pulse; guarded cathode con-
figuration; pulse width: 300 µs.

electrical conductivity is at its maximum value (0.6 S/m), AA and AD increase
37.6 and 45% the default value, respectively. On the contrary, at the highest value
of dura mater electrical conductivity (0.461 S/m), AA is decreased 7.76%, and no
changes are produced in AD value.
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Figure 5.12: Sensitivity of perception threshold on DC (PTDC), perception threshold on
DR (PTDR), activating area (AA), and activating depth (AD) to variations in electrical
conductivity of transversal white matter (WMtrans), longitudinal white matter (WMlong),
and cerebrospinal fluid (CSF) tissue. All parameter values are expressed as multiples of
default parameter value. All PTDC, PTDR, AA, and AD are normalized to their respective
values obtained with default parameters. Default parameters: σWMtrans : 0.083 S/m; σWMlong :
0.6 S/m; σCSF: 1.7 S/m. Vertebral level: T9. Stimulation parameters applied: rectangular
monophasic pulse; guarded cathode configuration; pulse width: 300 µs.

On the other hand, the relative changes in the stimulation parameters values
to variations in white matter (transversal and longitudinal directions), and CSF
electrical conductivity changes are shown in Fig. 5.12.
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Figure 5.13: Summary of the sensitivity analysis results at a) maximum and b) minimum
values of bone, fat, dura mater, CSF (cerebrospinal fluid), WM (transversal and longitu-
dinal) (white matter), and GM (gray matter). The colormap represents the percentage of
change in PTDC (perception threshold in dorsal columns), PTDR (perception threshold in
dorsal roots), AA (activating area), and AD (activating depth).

The figure reveals that AA and AD parameters are more sensitive to both
transversal and longitudinal white matter electrical conductivity changes than to
CSF electrical conductivity. The difference observed between increasing transver-
sal and longitudinal white matter electrical conductivity is that AA and AD are
directly related to transeversal electrical conductivity, while they are inversely re-
lated to longitudinal electrical conductivity. For example, at maximum value of
transversal electrical conductivity (0.45 S/m), both AA and AD increase 125% the
default value, however, AA and AD are reduced to around 14% the default value
at maximum value of longitudinal electrical conductivity (0.915 S/m).

On the contrary, PTDC and PTDR are most sensitive to changes in CSF electri-
cal conductivity. The parameters are directly related to CSF electrical conductiv-
ity variations. At the maximum CSF electrical conductivity (2.51 S/m), PTDC and
PTDR values are in the vicinity of 40% higher than the default value. However,
when CSF electrical conductivity is at its minimum value (1 S/m), both stimula-
tion parameters are decreased around 34% the default value.

Fig. 5.13 represents the results of the sensitivity analysis in a colormap. The
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figure shows that AA and AD are the most sensitive parameters to changes in
fat, WM (transversal and longitudinal) electrical conductivities, while PTDC and
PTDR are the most sensitive parameters to variations in CSF electrical conductiv-
ity. Moreover, PTDC and PTDR are also sensitive to the decrease of fat and dura
mater electrical conductivity.

5.3.3 Geometry and electrical conductivity of the stimulation elec-
trode

In this section, the relative changes in the stimulation parameters values to varia-
tions of the electrical conductivities of the poles, insulators, and electrode-tissue
interface of the electrode as well as the effect of electrode-tissue interface and
electrode-dura mater distance (De-d) in their possible range of values are exam-
ined (see Table 5.5).

Fig. 5.14 shows the stimulation parameters variations to poles, insulation, and
electrode-tissue interface changes.

Table 5.5: Lead parameters considered for the sensitivity analysis.

Electrical conductivity
Material Minimum

value1 (S/m)
Maximum
value2 (S/m)

References

Poles (platinum-
iridium)

2.86 · 106 5.278 · 106 1[28], 2[26]

Insulators
(polyurethane)

1 · 10−7 0.002 1[75], 2[111]

Electrode-tissue inter-
face

0.05 0.2 1[17], 2[95]

Geometric parameters (mm)
Electrode-tissue inter-
face thickness

0.01 1 1,2[17]

De-d 0 2 User defined
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Figure 5.14: Sensitivity of perception threshold on DC (PTDC), perception threshold on
DR (PTDR), activating area (AA), and activating depth (AD) to variations in electrical
conductivity of poles, insulation, and electrode-tissue interface of the electrode. All pa-
rameter values are expressed as multiples of default parameter value. All PTDC, PTDR,
AA, and AD are normalized to their respective values obtained with default parameters.
Default parameters: σpole: 5.278 · 106 S/m; σinsulation: 0.002 S/m; σinterface: 0.15 S/m. Ver-
tebral level: T9. Stimulation parameters applied: rectangular monophasic pulse; guarded
cathode configuration; pulse width: 300 µs.

The figure reveals that PTDC, PTDR, AA, and AD are not sensitive to changes
in poles and insulation electrical conductivities. However, although no changes
are observed for AA and AD values when electrode-tissue interface electrical
conductivity changes either, PTDC and PTDR present significant variations. In
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Figure 5.15: Sensitivity of perception threshold on DC (PTDC), perception threshold on
DR (PTDR), activating area (AA), and activating depth (AD) to variations in electrode-
tissue interface thickness and distance electrode-dura mater (De-d). All parameter values
are expressed as multiples of default parameter value. All PTDC, PTDR, AA, and AD are
normalized to their respective values obtained with default parameters. Default parame-
ters: electrode-tissue interface thickness: 0.1 mm; De-d: 0.1 mm. Stimulation parameters
applied: rectangular monophasic pulse; guarded cathode configuration; pulse width: 300
µs.

this case, when electrode-tissue interface electrical conductivity is 0.05 S/m (min-
imum value), PTDC and PTDR increase around 11%. When electrode-tissue inter-
face electrical conductivity is at its maximum value (0.2 S/m), PTDC and PTDR
reduce about 4% the default value.

The relative changes in PTDC, PTDR, AA, and AD to electrode-tissue interface
thickness and De-d variations are shown in Fig. 5.15.

As for electrode-tissue thickness variation, AA and AD are most sensitive
than PTDC and PTDR. For instance, at 1 mm of electrode-tissue thickness, AA and
AD values are 18.4 and 12.5% higher, instead PTDC increases 3.5% while PTDC
decreases about 2% its default value. However, when electrode-tissue interface
is reduced to 0.01 mm, no more than 3% of change is obtained for either of the
stimulation parameter.
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Figure 5.16: Summary of the sensitivity analysis results at a) maximum and b) minimum
values of poles, insulators, and Ie-t (electrode-tissue interface) electrical conductivities,
and Ie-t and De-d (electro-dura mater distance) thickness. The colormap represents the
percentage of change in PTDC (perception threshold in dorsal columns), PTDR (perception
threshold in dorsal roots), AA (activating area), and AD (activating depth).

On the other hand, the figure reveals that PTDC and PTDR are most sensitive
to De-d. The increase of De-d causes the increase of PTDC and PTDC. In fact, 1
mm increase in De-d increases PTDC by 76.1% and PTDR by 54.1%. AA is also
shown to be sensitive to De-d. Variations in De-d causes the increase of AA. In this
case, 1 mm increase of De-d increases AA by 18.7%. Variations in De-d causes
similar changes in AD, i.e. a 11% maximum increase in AD is obtained when
De-d increases to its maximum value (2 mm).

In Fig. 5.16, the representation of the results of the sensitivity analysis is
shown in a colormap. The figure illustrates that PTDC and PTDR are the most
sensitive parameters to variations in De-d and Ie-t electrical conductivity (see the
red and blue squared in Fig. 5.16), followed by AA, which is also sensitive to
variations in De-d and Ie-t thickness (see the yellow and light blue squares in Fig.
5.16). Instead, the parameters related to the material of the electrodes (poles,
and insulators electrical conductivities) show no changes in any of the stimulation
parameters considered (see the green squares in Fig. 5.16).
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5.4 Effect of electrode polarity on neural activation in
single-lead stimulation

The four basic stimulation parameters which need to be programmed in SCS ther-
apy are amplitude, pulse width, frequency, and polarity, whose combination sat-
isfies an individual’s pain coverage needs [48]. From the mentioned stimulation
parameters, polarity is one of the most complicated to determine. Percutaneous
electrodes have from four to eight poles, thus a huge number of anode-cathode
combinations can be used. For instance, 6558 combinations could be used when
using two four-contact stimulation electrodes. A study conducted by Holsheimer
and Wesselink suggested that guarded cathode polarity produced the deepest and
widest paresthesia coverage, however no quantitative parameters were evaluated
[60]. In clinical practice, polarity is determined by eliciting the patient’s oral
responses to the trial and error-based application of stimulation, which may be
time-consuming. For these reasons, the goal of the present study is to quantita-
tively investigate the effect of electrode polarity on neural activation by computa-
tional simulation and to propose a new strategy to maximize paresthesia coverage
in clinical practice.

5.4.1 Methods

We used the 3D volume conductor model of the spinal cord at the T10 level de-
scribed in Section 5.2. In this study, the volume conductor model measures 45
(x) mm x 42 (y) mm x 44 (z) mm and includes 80 DRs (40 DRs per side) spaced
1 mm apart throughout the longitudinal axis of the volume conductor model (see
Fig. 5.17(a)). The purpose of this overpopulation of DR fibers was to ensure
that the lowest DR stimulation threshold could be determined and to minimize the
effect of the relative position of the cathode with respect to the DR in the longitu-
dinal axis. We used a tetrahedral adaptive mesh to avoid incorrect solutions in the
narrow and edge zones of the model. The element size ranged from 0.067 to 1.57
mm. The model had 1,536,452 elements.

As shown in Fig. 5.17, we modeled multipole percutaneous leads, including
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(a) Spinal cord model. (b) Electrode model.

Figure 5.17: a) Dorsal roots and electrode modeling. Model dimensions: x: 45 mm, y:
42 mm, and z: 44 mm. b) Geometric parameters of the lead size: contact length (a) is 3
mm; insulator length (b) is 4 mm; insulator length in the extremes (c) is 1.5 mm and lead
diameter (d) is 1.3 mm.

the electrode contacts, the insulation, and the electrode-tissue interface. Usually,
percutaneous leads have eight contacts, but we only included four contacts in the
model because, in our clinical practice, no more than four consecutive contacts
are programmed. Despite the availability of different percutaneous lead sizes, we
only used one lead size because we wished to see the effect of polarity and not
the effect of lead geometry on neural activation. The geometry we used can be
seen in [99]. The electrodes were then modeled as cylinders measuring 24 mm in
length and 1.3 mm in diameter. The poles (conducting domains) had a length of
3 mm and were spaced 4 mm apart with the application of an insulating polymer
(nonconductive domains). The insulator at the extremes of the electrodes had a
length of 1.5 mm (see Fig. 5.17(b)). Moreover, we included the electrode-tissue
interface as a hollow cylinder with a 0.1-mm thickness, which covered the active
contacts. To date, this structure has only been considered in a deep brain stimu-
lation model developed by Butson et al. [17, 18]. Finally, the percutaneous lead
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model was positioned in the midline of the transversal plane of the model. The
electrodes was 0.1 mm from the dura mater.

Based on a previous study by Holsheimer [55], we considered two nerve fiber
sizes in the SCS model. On the DC surface, 12.8-µm nerve fibers are the largest
that can be activated. However, the DR nerve fibers can have a diameter of 15
µm [40, 160]. As the geometric parameters of 12.8- and 15-µm nerve fibers have
been published (36), we used these fiber sizes in our simulations. In the model,
the fiber distribution consisted of a set of 30 rows of 100 nerve fibers (a total of
3000 fibers) spaced 50 µm apart and running from the DC surface to a depth of
2.25 mm (see blue zones in Figs. 5.19).

5.4.2 Simulation results

We analyzed and compared the effect of electrode polarity in single-lead stimula-
tion and studied the effect of having different discomfort thresholds (DTs) in all
considered polarities for both the AA and AD in the spinal cord. The electrode
polarities considered for the study are shown in Fig. 5.18, which are the most
common polarities used in single-lead stimulation: bipolar 1 (B1), bipolar 2 (B2),
guarded cathode (GC), and dual-guarded cathode (DGC).

Table 5.6: Evaluation parameters values of single-lead stimulation with different po-
larities: B1 (bipolar 1), B2 (bipolar 2), GC (guarded cathode) and DGC (dual-guarded
cathode).

Electrode polarity PTDC PTDR RDC/DR Activating
area (mm2)

Activating
depth (µm)

Single-lead stimulation
B1 2.1 3.1 0.68 2.1 450
B2 2 2.5 0.80 2.8 550
GC 1.6 4.4 0.38 1.5 350
DGC 1.4 2.7 0.52 3.1 600
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(a) (b) (c) (d)

Figure 5.18: Single-lead polarities considered in this study. Positive symbols represent
the anodes (positive voltage) and negative symbols represent the cathodes (negative volt-
age). Only four electrode contacts are represented because no more than four contacts are
programmed. a) Bipolar 1 (B1). b) Bipolar 2 (B2). c) Guarded cathode (GC). d) Dual-
guarded cathode (DGC).

First, we simulated the AA and AD at three DT values (1.2PTDC, 1.4PTDC,
and 1.8PTDC) (see Fig. 5.19). The figure reveals that, regardless of the performed
polarity, as DT increases, both AA and AD also increase. It also shows that DGC
and B2 are the polarities within which it is possible to get higher AA and AD.
On the other hand, evaluation parameters were calculated at a DT of 1.4PTDC to
quantitatively compare the effect of using different polarities. As we can see in
Table 5.6, the polarity with a better DC stimulation preference versus DR stimu-
lation is GC, with a RDC/DR of 0.38. However, GC polarity produces the lowest
AA and AD values (1.5 mm2 and 350 µm, respectively). Nevertheless, B1 and B2
polarities present higher AA and AD with the disadvantage that RDC/DR increases
to 79% and 110%, respectively, whereas the results show that DGC polarity pro-
vides double the AA and AD of GC polarity with a reduction of 12.5% of PTDC.
But, in comparison to GC polarity, DGC polarity increases RDC/DR by 36%.



5.4. Effect of electrode polarity on neural activation in single-lead stimulation 99

Figure 5.19: Activating area and depth obtained in different single-lead polarities in the
DC at different DTs (1.2PTDC, 1.4PTDC, and 1.8PTDC). Blue zones represent the nerve
fibers that are not activated and red zones represent the activated nerve fibers.



100
CHAPTER 5. Development of a realistic generalized spinal cord volume

conductor model

5.5 Discussion

We developed a 3D generalized spinal cord model that includes the following
novel aspects. First, the geometry of the model is based on measurements of all
spinal cord levels from high-resolution in vivo T2-weighted magnetic resonance
images acquired at 3T [42]. Therefore, as in a real spinal cord, the white matter
is not centered within the spinal canal in the spinal cord model. This is an im-
portant contribution, since it enables us to see that, owing to the midline offset of
the white matter modeled, in single-lead stimulation, the AA is not central, but
lateral. However, previous models, besides not including the midline offset of the
white matter, used anatomical data taken from the rat spinal cord atlas [19], post-
mortem measurements of human spinal cord [6], or in vivo human measurements
at some vertebral levels (C4-C6, T5-T6 and T11-T12) from low-resolution in vivo
T2-weighted magnetic resonance images acquired at 1.5T [92, 93]. The second
novel aspect is that our model is the first to include the electrode-tissue interface
around the active contacts of the electrode in a spinal cord model. It is important
to consider this element, because it affects the stimulation threshold values of the
nerve fibers and, therefore, the remaining evaluation parameters.

It is indisputable that SCS computational models are useful to study the effect
of the electric field on neural activation. However, these models must include the
appropiate level of detail to accurately predict the neural response to SCS and to
correlate model predictions with clinical outcomes [162]. Performing a sensitiv-
ity analysis, we determined the anatomic, electrical and technical factors that may
affect model-based predictions of neural activation.

Spinal cord geometry has a biological variability [42], i.e. all geometric pa-
rameters has a biological range of values. Most of SCS computational models use
cadaveric measurements [4, 79] or mean values from in vivo measurements for
the geometric parameters [36]. To investigate the effect of geometric variations
on evaluation parameters prediction, we performed a sensitivity analysis. The re-
sults show that PTDC, PTDR, AA, and AD are most sensitive to dCSF thickness (a
maximum of 35% of change in PTDC is obtained). All evaluation parameters are
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affected by changes in�AP,�T, CSF diameter, and duramater, although no more
than 15% of change is produced.

Electrical properties of the tissues can also affect SCS model predictions. The
sensitivity analysis was conducted for variations in bone, fat, dura mater, grey
matter, transversal and longitudinal white matter, and CSF electrical conductivi-
ties. The outcome of the study reveals that the activation thresholds (PTDC and
PTDR) are most sensitive to fat, dura mater, and CSF tissue electrical conductivity,
obtaining up to 60% of change in the threshold prediction. This result is in agree-
ment with Zander et al. [162], who stated that lowered dura mater conductivity
produced significant changes in activating function values. As for AA and AD, a
high sensitivity to fat and white matter (transversal and longitudinal) conductivi-
ties was obtained. However, no evaluation parameter was sensitive to changes in
bone and grey matter conductivities.

Technical design and position of the stimulation electrode could also influence
SCS model outcome. The results of the sensitivity analysis showed that changes in
electrical conductivity of electrode materials (poles and insulators) had no effect
on the evaluation parameters prediction. On the other hand, variations in electrical
conductivity and thickness of the electrode-tissue interface (or encapsulation) in-
creased around 15-20% the evaluation parameters, which is in concordance with
Zander et al. results [162]. However, all evaluation parameters were most sensi-
tive to changes in D e-d (up to 160% of change in activation thresholds prediction).

The sensitivity analysis demonstrates that the geometric and electrical param-
eters of the spinal cord tissues and the stimulation electrode determine the magni-
tude and direction of the electric field, thus current flow, generated during SCS.

The modeling study we present quantitatively compares the effect of electrode
polarity in single-lead stimulation on neural activation in SCS therapy and deter-
mines which one maximizes the AA and AD in DC. To the best of our knowledge,
there are some works that also studied the effect of polarity in SCS [60, 92, 93,
125] and even the effect of using a multiple current versus single current source
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stimulation [78, 104]. However, this is the first study that considers and com-
pares the effect of the most known and used electrode polarities (B1, B2 and GC)
including, in addition, DGC polarity. To date, the most commonly analyzed polar-
ities have been B1, B2, and GC [58, 59]. Thus, several studies from Holsheimer’s
group proved that GC produced the greatest recruitment of DC fibers and the
widest paresthesia coverage [58, 59, 60, 92]. However, the effect of DGC polar-
ity has never been compared with that of the other polarities in SCS. This effect
has only been evaluated in a peripheral nerve field stimulation study from Frahm
et al. [43], where DGC presented a larger AA than GC, and in a cathodal field
steering study from Manola et al. [93], where DGC showed extended recruitment
of DC fibers as compared with dual cathode (two consecutive cathodes without
anodes). Therefore, given the lack of studies on the effect of electrode polarity in
SCS and the wider paresthesia coverage obtained empirically using DGC in our
clinical practice, we included DGC polarity in this study.

From the simulations results, DGC performed the best to maximize AA and
AD values. B1 and B2 polarities also achieved high AA and AD, but DR stimu-
lation was more easily produced. This effect was previously found by Barolat et
al. [10], who observed that narrower spacing between bipolar contacts increased
DC fiber selectivity. However, as for RDC/DR, the best performing polarity was
GC, since it presented the lowest value, meaning that it is less likely to activate
DR nerve fibers, as predicted in previous studies [10, 60, 92, 106]. In addition,
B2 presented the highest RDC/DR value; therefore, these polarities were likely to
stimulate DR nerve fibers, reducing paresthesia coverage to only two dermatomes
and producing a stimulation which would not be sufficient to cover all pain der-
matomes.

In our clinical practice, polarity is established by trial and error and asking
the patient about the location of the tingling sensation. In addition, polarity is
the first parameter to be programmed, because it determines the electric field, and
therefore, the location of the nerve fibers that will be activated. By selecting this
location, we can select the dermatomes to be activated. Then, according to the
results, a new strategy is proposed to establish polarity. The strategy consists first
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in using DGC with the aim of maximizing the AA and AD. However, if the DR
was activated, then paresthesia coverage would be reduced to only one or two
dermatomes. This could result in inefficient stimulation for the patient in terms
of paresthesia coverage. Therefore, in these cases, the appropriate following step
would be to use GC polarity to ensure DC nerve fiber activation, owing to its low
recruitment ratio.

5.5.1 Limitations

One of the main limitations of SCS research is the lack of available clinical data.
Clinical studies are complicated to perform owing to the highly subjective and
sensitive nature of the data obtained from the patient’s sensations. Thus, to date, it
has been not possible to clinically validate the model presented in this study. Fur-
ther research would require clinical data from a specific group of patients (with a
specific age, sex, disease, electrode geometry, and position in the vertebral level)
to clinically validate the computational model. This would provide more accurate
and realistic SCS models because computer modeling helps us to understand SCS
effects, improve the stimulation parameters management, and design better elec-
trodes and devices [49].

On the other hand, lead position in the computational model is unrealistic, in
the sense that it is perfectly situated in the midline of the spinal cord. This position
is complicated to reproduce in a real patient, because it is not possible to know the
exact location of the physiologic midline of the spinal cord in each patient.

Moreover, nerve fiber distribution within the DC is a complex feature, which
requires further research. In current mathematical models, some studies use sev-
eral nerve fiber sizes [78, 92], whereas others maintain a fixed nerve fiber size
distribution [6, 93]. This uncertainty of how fiber size changes with depth affects
both AA and AD.

Finally, the nerve fiber model used does not consider any connectivity be-
tween nerve fibers. It is possible that the activation of one nerve fiber contributes
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to the activation of other nerve fibers positioned around it. If this assumption is
proven to be true, the results reported may be affected, because the stimulation
threshold values (PTDC and PTDR) would probably be reduced, and the remaining
parameters (RDC/DR, AA and AD) that depend on these values would be different.
Therefore, to have a more realistic model of the spinal cord, nerve fiber connec-
tivity would have to be considered in further studies. However, the inclusion of
this new feature in the model would not affect the main conclusions of the present
study.

5.6 Summary

In this chapter, a 3D realistic generalized volume conductor spinal cord model is
first presented. One of the main novelties of the model is that it is based on mean
values from in vivo high-resolution MRI of the human spinal cord. Moreover, the
spinal cord offset, as well as the electrode-tissue interface, are also considered.

Two studies were reproduced to compare the model behavior to previous SCS
models. The developed model showed excellent agreement with Holsheimer’s
group model results.

In addition to this, a sensitivity analysis was conducted to identify the geome-
tric, electrical and technical parameters that most affect the model-based predic-
tions, showing that model accuracy is limited with regards to absolute values pre-
diction.

The last part of the chapter shows a study performed with the developed gen-
eralized SCS model. The goal of this study is to investigate the effect of electrode
polarity on neural activation and to propose a strategy to maximize paresthesia
coverage in clinical practice. According to the results, DGC polarity is the best
to expand the activating area in DCs, while GC lowers neural activation in DC
with the benefit of reducing DRs fibers activation. Thus, the clinical strategy pro-
posal is to first use DGC to maximize activation in DC but, if DRs activation is
produced, polarity should be changed to GC polarity to increase DCs fibers rather
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than DRs fibers activation.
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6.1 Motivation

This chapter is aimed to accomplish the third specific objective stated in Chapter
1, which is the development of a patient-specific spinal cord volume conductor
model. This work will also contribute to the performance of a realistic SCS com-
putational model to carry out clinical applications that help to optmize SCS ther-
apy, that is the main goal of this thesis.

In the spinal cord geometry at each spinal level, the size and shape of the
spinal cord and spinal canal, the relative location of the spinal cord within the
spinal canal and the amount of CSF between the epidural location of the SCS lead
and the dorsal column (DC) fibers all vary between patients. All these geomet-
rical parameters play a significant role in selecting the programming parameters
(polarity, amplitude, pulse width and frequency) to optimize neural activation, i.e.
paresthesia coverage, for individual SCS patients [83]. In fact, owing the changes
in spinal cord geometric parameters, a variation of the evaluation parameters (ac-
tivation thresholds and activating area and depth in DCs) is produced, as shown in
Chapter 5, Section 5.3.1.

The first proposal of a patient-specific SCS model was made by Lempka et
al. in 2019, which model predicted sensory thresholds consistent with the clinical
measurements. However, the spinal cord dimensions of the model are the average
patient measurements of the T9 spinal cord anatomy [81]. As the electrodes can
be located at different vertebral levels, using average measurements for the geo-
metrical parameters in the computational models and including only one vertebral
level may limit the results obtained, since it is not possible to reproduce the loca-
tion of the electrodes within the spinal cords of individual patients.

In this context, the aim of this chapter is to develop a more detailed 3D patient-
specific spinal cord model which includes the authentic anatomical structure and
spinal cord dimensions of the different vertebral levels at which percutaneous elec-
trodes are usually implanted (from T8 to T10). The previously developed gener-
alized model is also used to compare the model-based predictions of both models
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to two real cases. Then, two studies are performed with the patient-specific SCS
model. The first one is a proposal of a clinical application to perform a pre-
implantation selection of the electrode polarity; and the second one is focused on
the investigation of the effect of electrode offset on the displacement of neural
activation and paresthesia coverage prediction in a patient.

6.2 Workflow

The steps followed to develop the patient-specific volume conductor model are
shown in Fig. 6.1.

First, the T2- and T1-weighted MRI are acquired before the SCS system im-
plant. Then, two softwares (Spinal Cord Toolbox [31] and Seg3D) are used to
segment the spinal cord (white and gray matter) and its surrounding tissues (CSF
and vertebral bones). Once the segmentationas are obtained, Amira-Avizo™
is used to smooth them. This step is pivotal to avoid any geometric error that
could be produced during the segmentation process, such as sharped edges, or
holes.

After the postprocessed of the segmentations, they are imported to COMSOL
Multiphysics®, where the rest of the surrounding tissues are added (fat and dura
mater). At this point, the electrodes are also included in the model to calculate
the electric field distribution. To compare the model-based predictions with the
clinical data, the electrodes’ location in the patient is obtained from the X-rays
acquired after the SCS system implant. However, if the aim of the study is to per-
form a clinical application, the user is who defines the location of the electrodes.

Once the entire geometry of the spinal cord and the electrodes are in COM-
SOL Multiphysics®, the electrical conductivities are asigned, the boundary con-
ditions are defined, the mesh is created, and the electric field distribution is then
calculated.

This workflow summarizes the main steps that are followed to develop the
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Figure 6.1: Workflow for the developement of the patient-specific volume conductor
model.

patient-specific volume conductor model of a patient. The details of each step
showed in this section (see Fig. 6.1) are widely explained in the next section
(Section 6.3).

6.3 Patient-specific SCS model

The patient-specific SCS model considers the same tissues (and the same electrical
conductivities) as the generalized volume conductor model (see Chapter 5, Section
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(a) T2w MR image at 3T (b) T1 MR image at 3T

Figure 6.2: High-resolution MRI modalities of the spinal cord from T4 to L1 vertebral
levels of a patient. CSF: cerebrospinal fluid.

5.2). The difference is that here the segmentation of each anatomical structure of
the spinal cord from the own patient is required. Thus, a high-resolution anatom-
ical magnetic resonance image of the patient is needed to develop the patient-
specific model.

In this work, preoperative 3T high-resolution MRI scans were used without
contrast media administration of the thoracic spine to obtain the patient-specific
spinal cord anatomy. The scans consisted of T2-weighted and T1-weighted im-
ages with a sagittal orientation, as seen in Fig. 6.2(a) and 6.2(b), where white
matter, CSF, fat tissue (epidural space) and vertebral bone can be differentiated.
The sagittal T2-weighted and T1-weighted images were obtained using the proto-
col for spinal cord MRI acquisition from the Standard Operating Procedure (SOP)
given by De Leener et al. [31] (T2-weighted image parameters: scanning se-
quence = cube, magnetic field = 3T, field of view = 25.6 mm, number of slices =
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(a) GM segmentation in T8 (PW=5.4 mm), T9 (PW=4.8 mm), and T10 (PW=5.1 mm) verte-
bral levels of a patient’s spinal cord (axial).

(b) CSF (blue) and WM
(red) segmentation (axial)

(c) CSF (blue) and WM (red) segmen-
tation (sagittal)

(d) Vertebral levels labels
(sagittal)

Figure 6.3: Grey mater, white matter, CSF layer, and vertebral levels automatic segmen-
tation results from SCS toolbox software in axial and sagittal views. MR images used:
T2- and T1-weighted. GM: grey matter; PW: posterior width; WM: white matter; CSF:
cerebrospinal fluid.

60, slice thickness = 0.8 mm. T1-weighted image parameters: sequence = SPGR,
magnetic field = 3T, field of view = 32 mm, number of slices = 60, slice thickness
= 1 mm). The scans were obtained with the patient in supine position. The Spinal
Cord Toolbox (SCT) developed by De Leener et al. [31] was used to automat-
ically segment the grey matter, the white matter, and the CSF layer from T8 to
T10. Fig. 6.3 show the superimposed grey matter (Fig. 6.3(a)), white matter and
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(a) Bone segmentation view in
Amira-Avizo™software

(b) Smooth bone segmentation
from Amira-Avizo™software

Figure 6.4: Vertebral bone segmentation process.

CSF segmentations in axial and sagittal views (Fig. 6.3(b) and Fig. 6.3(c)) with
the T2w MRI, and the vertebral levels labelling (Fig. 6.3(d)) with the T1w MRI.
All segmentations were verified by visual inspection. MR images were obtained
at the Hospital Politècnic i Universitari La Fe using General Electric equipment.

Bone segmentation was performed manually on Seg3D software in 40 0.8 mm
thick cuts of the MR image to segment the vertebral bones (see Fig. 6.4(a)).

All the segmentations (bone, CSF and white matter) were smoothed by Amira-
Avizo™software to reduce meshing and geometrical errors for solving the FEM
model in COMSOL Multiphysics®. As an example, Fig. 6.4(b) shows the result
of the smoothing process, with notably reduced sharp edges.

The segmentations were imported to COMSOL Multiphysics® software to
calculate the electric field distribution in the spinal cord (see Fig. 6.5). Dura
mater was not segmented from the patient’s MRI since the image resolution was
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(a) Axial view (b) Sagittal view (c) Coronal view

Figure 6.5: Patient-specific model in COMSOL Multiphysics®.

not good enough to differentiate it from the rest of the tissues. However, based on
previous studies [119, 120, 162], the maximum value of the dura mater thickness
in the human spinal cord at the L2-L4 levels is 0.3 mm. Therefore, dura mater
was included in the model by creating in COMSOL Multiphysics® a layer of 0.3
mm thick that covers the CSF. Fatty tissue was included by adding a cylinder to
cover the entire spinal canal. The dorsal root (DR) anatomy was not included ex-
plicitly, following Zander et al. [162], who stated that the anatomy of the dorsal
rootlets can be ignored in FEM design. As we were interested in the activation of
the DC nerve fibers, grey matter was not included in the volume conductor model
to reduce the computational cost. To confirm that excluding the grey matter did
not produce differences in the model predictions, we performed a sensitivity anal-
ysis, which suggested that the grey matter could be ignored in the FEM design,
since there were small errors in the perception thresholds for the DC (PTDC) and
DR (PTDR) nerve fibers, and thus, the activating area (AA) (see Apendix C, Table
C.2). However, the grey matter segmentation was used to locate the DR nerve
fibers, since posterior width (PW) could be measured (see Fig. 6.3(a)).
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Electrodes were modeled as eight-pole percutaneous leads located in the epidu-
ral space (see Fig. 6.5(a)). The electrode-tissue interface was included as a 0.1-
mm thick hollow cylinder with 0.15 S/m electrical conductivity [36] covering the
active electrode poles. The model’s electrode bipolar impedance was approxi-
mately 1 kΩ, consistent with clinical bipolar impedance measurements, so that a
conversion of 1 V to 1 mA can be used as an approximation of the relative current-
controlled stimulus magnitudes for the voltage-controlled stimulation.

A tetrahedral adaptive mesh was used to avoid errors in the narrow and edge
zones. The patient-specific model used around 12,300,000 elements, with a max-
imum element edge length of 2.4 mm (in the bone and fat tissues) and a minimum
of 0.024 mm (in the white matter tissue). The white matter element edge length
ranged between 24-240 µm. According to Arle et al. [6] these mesh resolutions
are accurate enough to resolve axons electrically down to the dimension of their
internodal distances. In Table 6.1 the details for the boundary conditions and mesh
resolution data of the patient-specific volume conductor model are shown.

As the geometry of the spinal cord is asymmetric in the patient-specific model,
in order to locate the nerve fiber distribution, the middle line of the spinal cord
(white matter) is first determined in COMSOL Multiphysics® (see Fig. 6.6). The
middle line is determined manually for each of the three vertebral levels (T8, T9

Table 6.1: Boundary conditions and mesh resolution data.

Boundary conditions
External bounds Zero current (Electric insulation)
Bounds of lead contacts User-defined tension (Electric potential)
Mesh resolution
Type Adaptive
Number of elements 12,229,088
Maximum element size (mm) 2.4
Minimum element size (mm) 0.024
Maximum element grow rate 1.3
Resolution of curvature 0.2
Resolution of narrow regions 1
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Figure 6.6: Definition of the middle line in DC of the patient-specific model. Middle line
is defined for the three vertebral level (T8 (red), T9 (green)and T10 (yellow)) manually
in COMSOL Multiphysics®. After assigning the points (in positions x, y and z) on the
surface of the white matter of the previously defined middle line the rest of the nerve fibers
are selected applying a lateral separation of 66-79 µm (in x-axis) and a depth separation
of 50 µm (in y-axis). Each blue point of the DC represents a node of Ranvier of a nerve
fiber in that position.

and T10). Using MATLAB® R2017a, we then selected the points on the surface
of the white matter closest to the points on the middle line that we had defined
previously in COMSOL Multiphysics® (see Fig. 6.6). The new middle line repre-
sents a nerve fiber located longitudinally along the white matter. From this nerve
fiber we obtained the location of the rest of the nerve fibers. As in the general-
ized model, we included 100 nerve fibers per surface by selecting points 66-79
µm from the previous nerve fiber (50 nerve fibers from the middle nerve fiber to
the left lateral and 50 nerve fibers from the middle nerve fiber to the right lateral).
We then increased the depth to 50 µm to select the 100 nerve fibers on the next
surface. A total of 20 rows of 100 nerve fibers were included in the model (2,000
nerve fibers), each with 64 nodes of Ranvier.



6.3. Patient-specific SCS model 117

Figure 6.7: DR nerve fibers distribution in the patient-specific model. The surfaces of
the (red) points defined to include the DRs in a specific zone of the spinal cord (between
T9-T10) is shown for transverse (left), coronal (center) and sagittal (right) views. DR:
dorsal root.

For DR fibers, two parametric surfaces of points (left and right sides of the
spinal cord) are defined. In this case, the curvature and spatial position are adapted
manually at each vertebral zone due to the geometric variation in the spinal cord
and spinal canal of the model, as shown in Fig. 6.7. DR nerve fibers thus have
between 5-7 nodes of Ranvier and a diameter of 15 µm.

Then, the points of the defined surfaces are exported from COMSOL
Multiphysics® to MATLAB® R2017a. The model equations of the nerve fibers
are solved using backward Euler implicit integration with a time step of 0.001 ms
to obtain the first activated nerve fiber on the DC surface. If an action potential
is obtained, PTDC is achieved. If not, we apply the minimum square method with
a relative error of 0.05 V until PTDC is achieved. Threshold stimulation of DR
(PTDR) nerve fibers is also calculated. A stimulation pulse is applied that consists
of a rectangular-wave voltage pulse with 300 µs duration (a typical tonic stimula-
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tion waveform).

6.4 Clinical restrospective proof-of-concept

The development of a patient-specific spinal cord model is a thorough and labo-
rious process. Not only is the segmentation of all spinal cord features required,
but the computing cost and time are also higher. Therefore, before performing
clinical studies with several patients, it is pivotal to investigate if the effort of a
patient-specific model development is worth it. Thus, this study is focused on de-
termining if a patient-specific spinal cord model performs a more accurate neural
response prediction than a generalized SCS model by comparing the model-based
predictions from both the generalized and patient-specific models to clinical data
from two patients undergoing SCS therapy.

6.4.1 Methods

Clinical data (perception and discomfort thresholds) were collected from two pa-
tients with neuropathic pain, after the SCS device implant, i.e. after the second
time surgery. The values of the stimulation parameters (PT and DT) were obtained
with the patients standing. PT was obtained when the patient started feeling a
slight tingling sensation and DT when the stimulation amplitude was raised and
the patient reported an unpleasant sensation. The selected polarity corresponds to
the electrode configuration that best paresthesia coverage produced, according to
the sensations reported by the patients.

For the computational simulations, the generalized SCS model used in this
study was the one developed previously, which is described in Chapter 5, Section
5.2. The patient-specific SCS models were developed from the patient’s MRI ob-
tained before the SCS implant surgery, as decribed in this chapter (Section 6.3).
Further details of the geometrical parameters of both models can be seen in figure
S1 and table S1 in Appendix C.
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The nerve fiber model used for the simulation of the neural response was the
combination of the WHM model and RMG model B, which is described in Chap-
ter 4, Section 4.2. The equations, geometric and electrical parameters of the model
are shown in Appendix A.

To compare the model-based predictions from both SCS models with the ex-
perimental data from the patients, electrodes were located in the same position
as implanted in the real patient, using the x-rays of the electrodes taken during
the implantation procedure as a reference. Figure 6.8 shows how electrodes are
definetely located in the epidural space (fat tissue), in both the generalized and
patient-specific models, from a patient’s x-rays obtained in antero-posterior (AP)
and lateral views.

Finally, the following evaluation parameters were calculated: PTDC, PTDR,
DT, RDC/DR AA, AD, and right and left activated fibers in DC. The method to
calculate these parameters is explained in Chapter 3.

6.4.2 Patient 1

The first patient in the study was a 47-year-old woman diagnosed with failed back
surgery syndrome who had reported chronic pain in both left lower limb and left
lower back. We found guarded cathode (GC) ((+)(−)(+)) and transverse guarded
cathode (TGC) ((+)(−)(+) in one electrode and a (+) located next to (−) using
the other electrode) polarities which produced paresthesia coverage in her pain
dermatomes. As the patient reported an undesired pleasant tingling sensation in
the right lower limb with GC polarity, TGC was used to manage her chronic pain.
The collected PT and DT are shown in Table 6.2. Fig. 6.9 shows the induced
paresthesia coverage in the front and back body and the programmed polarity.

Using the patient-specific and generalized models we calculated the stimula-
tion parameters for GC (5(+), 6(−), 7(+) (see Fig. 6.9(a))) stimulation, shown
in Table 6.2. Fig. 6.10(c) reveals that there are more activated nerve fibers on
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Figure 6.8: Left: intraoperative radiographies of the electrodes location after the second
time surgery in AP (above) and lateral (below) views. Center: electrodes location in
the generalized SCS model in AP (above) and lateral (below) views. Right: electrodes
location in the patient-specific SCS model in AP (above, with bone and fat tissue hidden
(left), and with dura mater and CSF also hidden (right) and lateral (below) views). AP:
antero-posterior; SCS: Spinal Cord Stimulation.
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(a) GC polarity. (b) TGC polarity.

Figure 6.9: Paresthesia coverage of patient 1. GC: guarded cathode; TGC: transverse
guarded cathode. The striped green zones represent the zones where the patient feels a
pleasant tingling sensation during stimulation. Left electrode: from pole 0 to pole 7; right
electrode: from pole 8 to pole 15. Vertebral level stimulated in both programs: T9. R:
right; L: left.

the left side than on the right of the DCs in the generalized model. The same ef-
fect was obtained in the patient-specific model (see Fig. 6.10(a)) but fewer nerve
fibers would be activated on the right side of the DC (34 nerve fibers versus 55
nerve fibers activated in the generalized model). Moreover, the opposite effect is
obtained on the left, i.e. the number of fibers that would be activated is 17.21%
higher than in the generalized model (143 versus 122). As for the stimulation pa-
rameters, we can see that AA does not change (1.62 mm2 for both models) and
AD is 5.3% lower in the generalized than in the patient-specific model (500 versus
528 µm, respectively). On the other hand, PTDC is 190% higher using the gen-
eralized model (3.8 V versus 1.31 V) and so DT is 189.9% and PTDR is 169.2%
higher than the values obtained with the patient-specific model (5.16 V versus
1.78 V and 11.2 V versus 4.16 V, respectively). RDC/DR prediction is similar in
both models, more specifically 7.94% higher in the generalized model (0.34 ver-
sus 0.314). Fig. 6.10 also show the significant difference of the spinal cord size
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between the generalized and the patient-specific model. In this case, the patient
presented a narrowing of the spinal cord at T9 vertebral level, which influences
the effect of the stimulation on the evaluation parameters, as shown in Table 6.2.

The results of the TGC (5(+), 6(−), 7(+) and 14(+) (see Fig. 6.9(b))) polar-
ity stimulation are shown in figures 6.10(b) and 6.10(d). There are more activated
nerve fibers on the left than the right side. Both the generalized and the patient-
specific spinal cord model obtained the same results as GC polarity, i.e. more
nerve fibers would be activated on the right in the generalized model (41 versus 25
nerve fibers). There is a similar difference in the stimulation parameters: AA and
AD are 10.6% and 13.06% higher in the generalized than in the patient-specific
model (1.46 versus 1.32 mm2 and 450 versus 391 µm), PTDC is 181.57% higher
using the generalized model, DT is 180.9% and PTDR is 184.4% higher than those
obtained using the patient-specific model. RDC/DR prediction is also similar but
in this case is 1.06% lower in the generalized model (0.47 versus 0.475). How-
ever, unlike GC, TGC polarity produces a neural activation displacement in the
site opposite to where the transversal anode is programmed, reducing the number
of activated nerve fibers by 26.47% on the right side of the DC (34 versus 25 nerve
fibers using GC and TGC polarities in the patient-specific model, respectively).

Table 6.2: Evaluation parameters obtained from the real patient 1, the generalized spinal
cord model and the patient-specific spinal cord model. PTDC: perception threshold in DC;
PTDR: perception threshold in DR; DT: discomfort threshold; RDC/DR: recruitment ratio;
AA: activating area; AD: activating depth.

Source PTDC

(V)
PTDR

(V)
DT
(V)

RDC/DR AA
(mm2)

AD
(µm)

Guarded cathode polarity
Real patient 1 1.4 - 1.9 - - -
Generalized model 3.8 11.2 5.16 0.34 1.62 500
Patient-specific model 1.31 4.16 1.78 0.314 1.62 528

Transverse guarded cathode polarity
Real patient 1 1.6 - 2.2 - - -
Generalized model 4.28 9.1 5.9 0.47 1.46 450
Patient-specific model 1.52 3.2 2.1 0.475 1.32 391
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(a) Patient-specific model. GC polarity. (b) Patient-specific model. TGC polarity.

(c) Generalized model. GC polarity. (d) Generalized model. TGC polarity.

Figure 6.10: Evaluation parameter prediction in TGC and GC polarities. Red points
represent activated nerve fibers. Blue points are not activated nerve fibers. White areas
are zones with no nerve fibers considered. Stimulus applied: a rectangular pulse of 300
µs duration with an electrical strength of 1.357 PT for GC polarity and 1.375 PT for TGC
in V. Dashed line represents the central line of the spinal cord. TGC: transverse guarded
cathode; GC: guarded cathode; PT: perception threshold.
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Table 6.2 shows the patient’s evaluation parameters obtained from the gener-
alized model and the patient-specific model. Although AA, AD and RDC/DR are
very similar in both models, the latter predicts the stimulation thresholds more
accurately. For example, for TGC polarity, the real patient reported a PTDC of 1.6
V. With the patient-specific model, the PTDC value is only 5% lower than the one
from the real patient while it is 167.5% higher in the generalized model. The same
effect occurs for DT and PTDR values prediction in GC and TGC polarities.

6.4.3 Patient 2

The second patient in the study was a 54-year-old woman diagnosed with failed
back surgery syndrome who had reported chronic pain in the center-right lower
back. Three programs were tested to cover her painful dermatomes. Only one of
the programs (program 2) produced paresthesia coverage in the center lower back,
which was used to manage her chronic pain. Fig. 6.11 shows the induced pares-
thesia coverage in the front and the back body and the programmed polarity. The
collected values of the stimulation parameters (PT and DT) for the three programs
are shown in Table 6.3.

The stimulation parameters were calculated for the three programs by using
the patient-specific model and three versions of the generalized model (one for
each vertebral level stimulated with the programs: T8, T9 and T10). The results
are shown in Table 6.3.

In program 1, PTDC, PTDR and DT are higher in the patient-specific than in the
generalized model (3.9%, 8.7%, and 8.65% higher, respectively). In both models,
the stimulation starts at the DR. However, RDC/DR is 4.5% lower in the patient-
specific model. This difference affects AA and AD predictions, which are higher
in the patient-specific model (0.346 versus 0.055 mm2 and 362.76 versus 50 µm,
respectively). As shown in Fig. 6.12, no left fibers would be activated in both
models, which is in agreement with the paresthesia coverage clinical data (see
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(a) Program 1. Vertebral level stimulated:
T8.

(b) Program 2. Vertebral level stimu-
lated: T9.

(c) Program 3. Vertebral level stimulated:
T10.

(d) Paresthesia coverage legend.

Figure 6.11: Paresthesia coverage of patient 2. The striped zones represent the anatomic
location where the patient feels a tingling sensation during stimulation. Soft tingling (yel-
low): a slight tingling that is felt like the initial sensation that is produced when the per-
ception threshold is achieved. Pleasant tingling (green): strong and comfortable sensation
produced at a stimulus amplitude that is just below the discomfort threshold. Unpleasant
tingling (red): discomfortable and painful sensation that is produced at (or above) the dis-
comfort threshold. Left electrode: from pole 0 to pole 7; right electrode: from pole 8 to
pole 15. R: right; L: left.
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Fig. 6.11(a)), since no tingling sensation is felt in the left side. Nevertheless, in
the patient-specific model more right fibers would be activated than in the gener-
alized model (33 versus 6, respectively).

In program 2, PTDC, PTDR, and DT are lower in the patient-specific than in
the generalized model (16.1%, 5.2%, and 11.4% lower, respectively). Instead,
RDC/DR is higher in the generalized model (1.06 versus 0.934), so the stimulation
starts at the DR, while it does at the DC in the patient-specific model. However,
although AA is higher in the generalized model (0.76 versus 0.56 mm2), AD is
lower than in the patient-specific model (300 versus 423.74 µm, respectively).
Fig. 6.12 shows that more right than left fibers would be activated in the patient-
specific model (38 on the right versus 21 on the left). Instead, the opposite effect
is obtained in the generalized model, i.e. more left fibers would be activated (52
on the left versus 32 on the right). According to paresthesia coverage clinical data
(see Fig. 6.11(b)), more tingling sensation is felt in the right lower limb. There-
fore, the patient-specific model results are in agreement with the clinical data.

Table 6.3: Evaluation parameters obtained from the real patient 2, the generalized spinal
cord model and the patient-specific spinal cord model. PTDC: perception threshold in DC;
PTDR: perception threshold in DR; DT: discomfort threshold; RDC/DR: recruitment ratio;
AA: activating area; AD: activating depth.

Source PTDC

(V)
PTDR

(V)
DT (V) RDC/DR AA

(mm2)
AD
(µm)

Program 1. T8 vertebral level
Real patient 2 6 - 6.8 - - -
Generalized model 5.1 4.6 5.2 1.11 0.055 50
Patient-specific model 5.3 5 5.65 1.06 0.307 362.76

Program 2. T9 vertebral level
Real patient 2 4.5 - 5.6 - - -
Generalized model 5.08 4.81 5.96 1.06 0.76 300
Patient-specific model 4.26 4.56 5.28 0.934 0.56 423.74

Program 3. T10 vertebral level
Real patient 2 3.6 - 4.4 - - -
Generalized model 3.36 3.66 4.1 0.918 1.29 450
Patient-specific model 3.6 3.36 4.1 1.07 0.4 312.17
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Figure 6.12: Evaluation parameter prediction for patient 2. Red points represent activated
nerve fibers. Blue points are not activated nerve fibers. White areas are zones with no
nerve fibers considered. Stimulus applied: a rectangular monophasic pulse of 300 µs
duration with an electrical strength of 1.13 PT for program 1 in V; 1.24 PT for program
2; and 1.22 PT for program 3. Dashed line represents the central line of the spinal cord.

In program 3, the stimulation parameters values (PTDC, PTDR, and DT) are si-
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milar in both models. While PTDC is 7.14% higher in the patient-specific model,
PTDR is 8.2% lower. RDC/DR is lower than 1 in the generalized model (0.918), so
the stimulation starts at the DC. Conversely, in the patient-specific model, RDC/DR
is higher than 1 (1.07), so the activation is first produced at DR fibers. Conse-
quently, AA and AD are higher in the generalized model (1.29 versus 0.4 mm2

and 450 versus 312.17 µm, respectively). In terms of paresthesia coverage, the
patient reported unpleasant sensation in the anterior lower left thigh, and a soft
sensation in the anterior lower right thigh (see Fig. 6.11(c)). Both models predict
right fibers activation (see Fig. 6.12), which is in agreement with the clinical data.
However, in the patient-specific model lower right fibers would be activated than
in the generalized model (15 versus 54, respectively). And the same occurs on the
left side, more left fibers would be activated in the generalized model (87 versus
33 in the patient-specific model).

As shown in Table 6.3, the patient-specific model predicts PTDC and DT val-
ues that are closer to clinical data. In program 1, PTDC and DT are 11.67% and
16.91% lower than in the real patient (5.3 versus 6 V and 5.65 versus 6.8 V, respec-
tively), while they are 15% and 23.53% lower in the generalized model (5.1 versus
6 V and 5.2 versus 6.8 V). In program 2, PTDC and DT are 5.3% and 5.71% lower
than the clinical values. Conversely, the generalized model presents PTDC and
DT values that are 12.88% and 6.43% higher than the clinical data. In program
3, the generalized model PTDC value is 6.67% lower than the value of the real
patient (3.36 versus 3.6 V), while the patient-specific model PTDC is in agreement
with the clinical data. As for DT value, both the generalized and patient-specific
models are 6.81% lower than the clinical value (4.1 versus 4.4 V, respectively).

6.5 Pre-implantation selection of the electrode polarity.
Clinical application

Selecting stimulation parameters before SCS surgery could be a future application
of a 3D patient-specific model. For this study we used the patient-specific model
of the patient 1.
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(a) Case 1. 5(+),6(−),7(+) and 14(+). (b) Case 2. 4(+),5(−),6(+) and 13(+).

(c) Case 3. 3(+),4(−),5(+) and 12(+). (d) Case 4. 2(+),3(−),4(+) and 11(+).

(e) Case 5. 1(+),2(−),3(+) and 10(+). (f) Case 6. 0(+),1(−),2(+) and 9(+).

Figure 6.13: Activation area and depth at ideal electrode position in the 3D patient-
specific model of patient 1. TGC polarity. Red points represent activated nerve fibers,
blue points not activated nerve fibers. White area represents zones with no nerve fibers
considered. Stimulus applied: a rectangular monophasic pulse of 300 µs duration with an
electrical strength of 1.4 PT in V. Vertebral bodies and fat tissues are hidden to highlight
electrode polarity. Red poles are anodes and blue poles cathodes. Dashed line is the
central line of the spinal cord. PT: perception threshold. Programmed poles for each
case: Case 1: 5(+)6(−)7(+) and 14(+); Case 2: 4(+)5(−)6(+) and 13(+); Case 3:
3(+)4(−)5(+) and 12(+); Case 4: 2(+)3(−)4(+) and 11(+); Case 5: 1(+)2(−)3(+) and
10(+); Case 6: 0(+)1(−)2(+) and 9(+).
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The electrodes were located at an ideal position (epidural space over the dura
mater, parallel to the white matter and 2.5 mm center-to-center separation) to max-
imize neural activation on the left side of the spinal cord. The electrode program
used for TGC polarity simulations has been experimentally shown to be the best
to cover pain dermatomes in the real patient 1. We then simulated the effect of
moving electrode polarity from the poles below to those above the electrodes (six
cases shown in Fig. 6.13) to determine the electrode program most likely to cover
the patient’s painful dermatomes.

As the white matter geometry changes at each slice, as shown in Fig. 6.13, the
fibers to be activated depend on the stimulation poles selected and the electrode
location. The evaluation parameters were calculated to find the differences for the
six cases considered (see Table 6.4).

In general, Case 4 (Fig. 6.13(d)) maximizes the number of left-activated nerve
fibers (213 versus 2 right-activated fibers), while Case 2 (Fig. 6.13(b)) activates
more right fibers (23), maximizes AA (1.77 mm2) and minimizes RDC/DR (0.275).
In terms of PTDC, Cases 2 (Fig. 6.13(b)), 3 (Fig. 6.13(c)) and 4 (Fig. 6.13(d))
present the lowest values (1.06, 1.03 and 1.08, respectively), since in these cases
the electrodes are closer to the dura mater, due to the geometry of the patient’s

Table 6.4: Evaluation parameters obtained from the patient-specific spinal cord model.
PTDC: perception threshold in DC; PTDR: perception threshold in DR; DT: discomfort
threshold; RDC/DR: recruitment ratio; AA: activating area; AD: activating depth.

Cases PTDC

(V)
PTDR

(V)
DT
(V)

RDC/DR AA
(mm2)

AD
(µm)

Left
fibers

Right
fibers

Parallel electrodes
Case 1. 5(+)6(−)7(+) and 14(+) 1.33 4.54 1.86 0.292 1.2 398.2 120 11
Case 2. 4(+)5(−)6(+) and 13(+) 1.06 3.86 1.49 0.275 1.77 502.1 171 23
Case 3. 3(+)4(−)5(+) and 12(+) 1.03 3.33 1.44 0.31 1.52 500 163 4
Case 4. 2(+)3(−)4(+) and 11(+) 1.08 3.21 1.51 0.335 1.41 457.8 213 2
Case 5. 1(+)2(−)3(+) and 10(+) 1.16 1.96 1.62 0.592 1.18 456 119 11
Case 6. 0(+)1(−)2(+) and 9(+) 1.31 3.57 1.83 0.367 1.46 532 152 8

Parallel electrodes with offset
Case 2. 4(+)5(−)6(+) and 13(+) 0.86 2.87 1.2 0.3 1.71 462.6 129 58
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spinal cord. Instead, Cases 1 (Fig. 6.13(a)), 5 (Fig. 6.13(e)) and 6 (Fig. 6.13(f))
need higher PTDC values to activate the nerve fibers (between 12-29% higher than
Cases 2, 3 and 4). AD is also affected, being higher in Case 6 (532 µm) and lower
in Case 1 (398.2 µm). In Cases 2 and 3, AD is about 500 µm, while it is about
10% lower in Cases 4 and 5 (457.8 µm and 456 µm, respectively).

6.6 Effect of electrode offset

The effect of electrode offset on neural activation was studied by using the patient-
specific model of patient 1. Implanted electrodes may be either perfectly parallel,
i.e. with the poles of the two electrodes facing each other, or one can be offset to
avoid them facing each other.

We compared AA and AD with parallel electrodes against parallel electrodes
with a vertical offset of 3.5 mm, i.e. interspersed poles. As Case 2 would activate
more right nerve fibers, this case was used to study the effect of electrode offset.

Fig. 6.14 shows that the effect of electrode offset is the loss of the electric
field displacement achieved with TGC polarity. The evaluation parameter values
are also shown in Table 6.4. When TGC is applied with the electrodes in parallel,
the number of left-activated nerve fibers is 32.56% higher than with electrode
offset (171 versus 129 nerve fibers) and the number of right-activated nerve fibers
increases by 52.17% with offset electrodes (23 versus 58, respectively). In terms
of AA and AD, offset electrodes also reduce these parameters (1.77 mm2 versus
1.71 mm2 and 502.1 µm versus 462.6 µm, respectively). RDC/DR is about 9%
higher than paralleled electrodes (0.275 versus 0.3). However, PTDC is about 20%
lower with offset (1.06 V versus 0.86 V) since the first activated nerve fiber is
closer to the electrode and there is no electric field displacement.
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(a) Parallel electrodes

(b) Parallel electrodes with offset.

Figure 6.14: Electrode offset effect on activation area and depth. TGC polarity. Red
points represent activated and blue not activated nerve fibers. White area represents zones
with no nerve fibers considered. Stimulus applied: a rectangular monophasic pulse 300
µs duration with an electrical strength of 1.4 PT in V. Programmed poles: 4(+),5(−),6(+)
and 14(+). Red poles are anodes and blue poles cathodes. Vertebral bodies and fat tissues
are hidden to highlight electrode polarity. Offset is generated by raising the right electrode
position on the y axis by 3.5 mm. Dashed line is the central line of the spinal cord. PT:
perception threshold.

6.7 Discussion

The SCS patient-specific model developed is the first that includes the spinal cord
geometry variation along three vertebral levels (from T8 to T10), which solves one
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of the main limitations reported by Lempka et al., i.e. the use of the same spinal
cord dimensions for all the vertebral levels considered [81]. This is an important
point as it is known that the different levels have different dimensions, and this
could play an important role when programming or implanting electrodes. As an
innovation, the model also includes the whole spinal cord geometry taken from 3T
MR images of the patient, except the dura mater, whose thickness was based on
measurements from human cadavers [119, 120]. Moreover, the exact geometry of
the patient’s vertebral bodies is also considered. According to Zander et al. [162],
albeit vertebral bone could be simplified as a cylindrical domain, the inclusion of
detailed 3D anatomical vertebrae is fundamental to consider potential threshold
changes. Vertebral body anatomy determines the geometry of the epidural space
at the different vertebral levels. Therefore, the relative position of the stimulat-
ing electrodes is included in the patient-specific model, and potential threshold
changes can be considered.

Apart from the 3D patient-specific model development, this chapter was also
aimed to examine the significance of a patient-specific model over a generalized
model.

The results show that the patient-specific model stimulation threshold predic-
tion fits better with the clinical data than the generalized model, which is in agree-
ment with the results obtained by Lempka et al. [81]. In patient 1, the generalized
model predicted higher thresholds for PTDC, and DT (see Table 6.2). On the base
of the sensitivity analysis results, the stimulation parameters are strongly sensitive
to dCSF thickness, and electrode position (De-d) (see Fig. 5.9 and Fig. 5.15 from
Chapter 5, Sections 5.3.1 and 5.3.3, respectively). These geometrical parameters
are significantly lower in the patient-specific than in the generalized model in pa-
tient 1 (see Appendix C for the geometry data, Table C.1), which explains the
difference observed in thresholds prediction. In patient 2, the generalized model
predicted lower thresholds in programs 1 and 3, and higher thresholds in program
2 (see Table 6.3). In this case, De-d and dCSF thickness are similar in both the
patient-specific and the generalized model (see Table C.1 in Appendix C for the
geometry data). Hence, the difference in thresholds prediction is not as marked as
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in patient 1. However, the patient-specific model also produced estimates of PTDC
and DT that were more consistent with the clinical measurements.

Neural activation predictions at clinical DT were simulated in both patients. In
patient 1, PTDR is higher than PTDC in both models (see Table 6.2). Thus, the stim-
ulation patterns are similar, i.e. there are more left-activated fibers. However, the
generalized model predicted more right-activated fibers than the patient-specific
model (see Fig. 6.10). Given that patient 1 reported a slight tingling sensation in
the right thigh with GC polarity, in addition to no tingling sensation in the right
side with TGC polarity, the patient-specific model produced axonal activation that
is more consistent to clinical results. This outcome suggests that the laterality of
the neural activation depends on the relative position of the electrodes, and the
spinal cord offset within the spinal canal. Moreover, we compared the effect of
TGC versus GC polarity in this patient. The results demonstrated that transverse
polarity displaced the sweet spot (the first activated nerve fiber), which is in con-
cordance with a previous study [37], and the clinical results (see Fig. 6.9). In
patient 2, the stimulation pattern changes at each program. For instance, unlike
the patient-specific model, the generalized model predicted DR stimulation and
more left-activated fibers in program 2 (see Table 6.3 and Fig. 6.12), which was
not in agreement with the clinical data (see Fig. 6.11(b)). From the sensitivity
analysis results obtained in Chapter 5, Section 5.3.1, PTDR was more sensitive to
CSF diameter than PTDC (see Fig. 5.9). Hence, variations in the RDC/DR produced
significant changes in the stimulation patterns. These results suggest that the in-
clusion of the patient’s spinal cord anatomy is pivotal for predicting the effect of
SCS accurately.

To examine the capability of the patient-specific model, a clinical application
for electrode program planning was performed. In this case, we used the patient-
specific model from patient 1, who reported chronic pain in the left lower limb and
left lower back. According to Taghva et al. [145], T9 and T10 are the most likely
vertebral areas to cover most areas of the body. However, T8 is more likely to
cover buttocks, back and thigh, and less likely to cover leg and foot. As T9 is less
likely to cover the anterior leg and T10 is not likely to cover the low back above
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the waist, for this patient, in order to ensure paresthesia coverage in the left lower
limb and back, the electrodes were located ideally across the T8 and T9 vertebral
levels (5 poles per lead in T9 and 3 poles per lead in T8). Eight-pole percutaneous
electrodes allowed us to stimulate the vertebral level using different programs and
poles. This is useful because, when some electrode poles fail, electrode replace-
ment surgery can be avoided by programming the working poles. The outcome
of the use case (see Fig. 6.13) shows that the programmed poles used in Case 4
(see Fig. 6.13(d)) are the best to ensure paresthesia coverage on the left side of
the body.

However, if non-targeted dermatomes are stimulated with this program or the
stimulation is painful (since these poles in the patient-specific model are between
T8 and T9), the programmed poles used in Case 3 (see Fig. 6.13(c)) or Case 1
(see Fig. 6.13(a)) would also allow us to maximize neural activation on the left
side, and as these poles are at T9 they are likely to cover the patient’s painful
dermatomes. This use case therefore shows that it is possible to determine the
poles that should be programmed first to maximize paresthesia coverage using a
patient-specific spinal cord model.

On the other hand, the effect of offset electrodes on neural activation was
also studied using the patient-specific model from patient 1. Based on the results,
with TGC polarity the offset reduces the capability of TGC polarity to activate
the more lateral nerve fibers (see Fig. 6.14). As it was important for the patient
studied to center activation on the left side of the DCs, electrode offset would not
be beneficial since it would be more difficult to focus paresthesia coverage on the
painful left dermatomes. In the event of non-paresthesia-based stimulation, leads
with a staggered offset placement is used to cover the target areas in a contiguous
fashion [68, 123]. However, the results suggest that aligned electrodes should be
implanted in tonic stimulation, for this leads placement could enhance right or left
dermatomes selection, contributing to a better patient’s paresthesia coverage.
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6.7.1 Limitations

The results of this study exhibited excellent agreement between the 3D patient-
specific model and clinical measurements, however the study had several limi-
tations. This study was a proof-of-concept performed with two patients within
which the geometrical spinal cord parameters that most affect SCS effect were
identified. To obtain statistically significant results, a cohort of patients should be
included in future studies. More electrode configurations should be tested along
the three vertebral levels (from T8 to T10) to validate clinically the patient-specific
model.

In terms of nerve fiber distribution, both the generalized and the patient-
specific model include overpopulation of 12.8-µm nerve fiber diameter in the DC.
According to Feirabend et al. [40], nerve fiber diameters higher than 11.5 µm are
sparse in the DC. But it is well-known that large nerve fibers show lower stimula-
tion thresholds than small nerve fibers [9, 55, 81]. Assuming that PT is obtained
when the largest nerve fiber is activated in the DC, we only considered a 12.8-µm
nerve fiber diameter and overpopulated the DC in order to minimize the effect
of the location of these fibers on the calculated thresholds. However, as previous
studies show [78, 79, 81], the inclusion of different nerve fiber diameters is useful,
notably when the aim of the study is related to the mechanisms of action or the
effect of a stimulation parameter on neural activation. On the other hand, recent
studies assume that 10% of fibers are activated at the perception threshold instead
of a single nerve fiber [4, 19, 81]. According to Anaya et al. [4], although compu-
tational modeling results showed well-matching with the clinical data, there is still
no relationship established between clinical measurements of PT or DT and the
corresponding degrees of DC neural activation. This limitation could affect the PT
values obtained in this study, which would explain the slightly lower thresholds
obtained with the patient-specific model compared to the clinical data (see Table
6.2 and Table 6.3).

The generalized model is based on measurements from MRI acquisitions that
were obtained with the patient in prone position. On the contrary, the MRI scans
for the patient-specific model were obtained with the patient in supine position.
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The patient posture during X-ray scans was prone. Furthermore, we collected the
stimulation thresholds (PTDC and DT) with the patient standing. Postural changes
produce dCSF thickness variations, generating stimulation thresholds changes, as
shown in previous studies [72, 83]. Thus, the patient position could explain the
differences observed between the models’ stimulation thresholds prediction and
the clinical measurements.

The grey matter is not included in the patient-specific volume conductor model.
As the electric field does not seem to be affected by the grey matter [142] it was
not included to reduce the computational cost. However, future patient-specific
models should include this structure since recent SCS action mechanisms are fo-
cused on the dorsal horns of the grey matter [21].

Percutaneous electrodes are flexible and can be curved when implanted. How-
ever, in the SCS model, the electrodes are modeled as rigid solids so that in some
cases it would be difficult to simulate the effect of the real electrode positions or
to find the best electrode location. In order to perform more realistic simulations,
future SCS models should therefore include flexible percutaneous electrodes.

After electrodes implantation, blood depositions and fibrin are produced on
the surroundings of the leads [131]. The encapsulation layer domain considered
in the models of this study did not take into consideration these tissue hetero-
geneities. According to Arle et al. [6], fibrosis affects both the neural activation
pattern and the stimulation thresholds. Hence, the inclusion of the tissue hetero-
geneities would improve the accuracy of the SCS effect prediction.

We also performed a clinical application to predict electrode polarity before
the SCS implant. The lack of a somatotopic map of the spinal cord at each verte-
bral level, in addition to the high variability in lead placement during the implant,
makes it very difficult to place the leads ideally. The distance between electrodes
and the alignment of the leads are parameters that can be controlled during the
SCS implant. Using the patient-specific model and the paresthesia coverage atlas
developed by Taghva et al. [145], these parameters could be determined, in addi-
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tion to the electrode polarity. This approach would enhance paresthesia coverage
in the patient. However, a clinical study with a cohort of patients would be needed
to validate this hypothesis clinically.

6.8 Summary

In this chapter, a 3D patient-specific volume conductor spinal cord model has been
developed. The main novelty of this model is that it is the first patient-specific
model that includes the patient’s spinal cord geometry from high-resolution MRI,
without using cadaveric measurements.

A clinical retrospective proof-of-concept was conducted using clinical data
from two patients undergoing SCS therapy. The outcome show that the patient-
specific model prediction matched better with the clinical data than the general-
ized model.

Moreover, a clinical application was performed with the patient-specific SCS
model to investigate the capability of the model to optimize the stimulation pa-
rameters in the clinical scenario, showing that the pre-implantation selection of
the electrode polarity clinical application could be helpful to focus paresthesia
coverage on the painful dermatomes of the patient more accurately.

The last study this chapter includes is the effect of electrode offset on neural
activation displacement. The results suggest that aligned electrodes contribute to
better right or left dermatomes selection, which could produce better paresthesia
coverage in tonic stimulation.



Chapter 7

Conclusions and perspectives

7.1 Contributions

The research described in this thesis has focused on three main issues related to
SCS computational modeling. The first issue, presented in Chapter 4, concerned
the realistic modeling and the computational complexity at the cellular level. The
second one, shown in Chapter 5, was about realistic modeling in generalized SCS
models. And the last issue, addressed in Chapter 6, concerned the 3D patient-
specific SCS modeling approach to improve SCS model-based predictions in tonic
stimulation.

From the described issues above, three computational models have been de-
veloped in this research work: one at the cellular level, which is a human Aβ
sensory myelinated nerve fiber model, shown in Chapter 4; and two at the organic
level: a realistic 3D generalized spinal cord volume conductor model, and a 3D
patient-specific spinal cord volume conductor model, both described in Chapter 5
and Chapter 6, respectively.

Moreover, taking advantage of the usefulness of the three models developed
in this thesis, three secondary issues related to SCS therapy have been addressed.
The first issue concerned the role of frequency in human Aβ sensory activation
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patterns (see Chapter 4). On the other hand, the second issue concerned the effect
of electrode polarity on neural activation in tonic stimulation, shown in Chapter
5. And the last issue concerned the clinical applications that could be performed
using 3D patient-specific SCS models (see Chapter 6).

7.1.1 On the development of a realistic human Aβ myelinated sen-
sory nerve fiber computational model

In Chapter 4, a human Aβ sensory myelinated nerve fiber model is proposed as
a solution to the realisitc modeling and the computational complexity problems
when simulating the electrical response of human Aβ sensory fibers [133]. The
approach consisted of the combination of the WHB sensory nerve fiber model
with the RMG model B, thus including a realistic internodal (myelin) model.

The model was validated by comparing the model-based action potential char-
acteristics to experimental data (amplitude, conduction velocity, chronaxie, abso-
lute and refractory periods), and examinig the electrical behavior of the model
(conduction velocity-diameter, strength-duration, current-distance, and current-
diameter relationships). The results show a well-matching AP characteristics and
electrical behavior to experimental data from sensory nerve fibers.

Also shown in Chapter 4 was the investigation of the role of stimulation fre-
quency in human Aβ sensory nerve fiber electrical response. The results of this
study showed that frequency had a significant influence on the reduction or in-
crease of the neuron activity. Thus, it could play an important role on the selection
of the targeted neural elements in SCS therapy.

7.1.2 On the development of a realistic generalized spinal cord vol-
ume conductor computational model

Chapter 5 presented a 3D generalized spinal cord volume conductor model that is
based on in vivo 3T high-resolution MRI from human spinal cord, including thus
a realistic spinal cord geometry [36].
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The model was validated by comparing both threshold-dCSF thickness and
threshold-diameter relationships to a previous SCS computational model-based
predictions. The electrical behavior outcome showed a good agreement with the
previous SCS model results [36]. Moreover, a sensitivity analysis of the geometric
and electrical parameters of the generalized volume conductor model was con-
ducted. In this case, the results showed that geometric and electrical conductivity
variations produced significant changes in the absolute model-based predictions,
highlighting then the importance of including a realistic spinal cord geometry to
improve the model-based predictions accuracy [135].

In Chapter 5, the study of the effect of the electrode polarity on neural acti-
vation in single-lead stimulation is shown. The study included the comparison of
the most used and known polarities: bipolar 1, bipolar 2, guarded cathode, and
dual-guarded cathode. The results showed that dual-guarded cathode increased
the AA and AD while guarded cathode reduced them [134]. Therefore, a clinical
programming strategy was proposed to ensure paresthesia coverage in the patient.
The novel strategy was using dual-guarded cathode first to maximize paresthesia
coverage and, in the event of DR fibers activation, using guarded cathode to focus
the stimulation in DCs [36].

7.1.3 On the developement of a patient-specific spinal cord volume
conductor model

Chapter 6 presented a novel 3D patient-specific volume conductor model that in-
cluded the entire anatomical structure and spinal cord dimensions of the three
vertebral levels where electrodes are usually implanted in SCS therapy (T8, T9,
and T10) [136]. The approach was based on the spinal cord segmentation from 3T
high-resolution MR from patients undergoing SCS therapy. Up to our knowledge,
this feature had never been included in a SCS computational model. Thus, to date,
the patient-specific volume conductor model developed in this work is one of the
most innovative SCS computational model.

In this case, the model was validated by comparing the model-based predic-
tions to the collected clinical data. Moreover the same model-based predictions
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were compared to the model results obtained with the 3D generalized spinal cord
model developed, decribed in Chapter 5. The outcome showed that the patient-
specific SCS model predicted more accurate model-based predictions than the
generalized model, i.e. the model-based predictions fitted better to the clinical
data [136, 132].

In Chapter 6, the investigation of clinical applications that could be performed
using the 3D patient-specific SCS model is also presented. On the one hand, the
results showed that the pre-implantation selection of the electrode polarity deter-
mined the poles that should be programmed first, leading to better overlapping
paresthesia coverage to the painful dermatomes of the patient. On the other hand,
the effect of offset electrodes was also investigated, showing that, unlike non-
paresthesia-based stimulation, leads with a staggered offset placement would not
beneficial in tonic stimulation due to the difficulty of focusing the stimulation in
the right- or left-side of the DCs [136].

7.2 Perspectives

The work performed in this thesis and the contributions obtained open several
research lines concerning the improvement of SCS modeling, and several clinical
applications concerning SCS therapy management.

7.2.1 Future research lines

The future of medicine goes to personalized therapies. SCS model-based predic-
tions strongly depend on the complexity of the nerve fiber computational model.
To our knowledge, nerve fiber models can simulate the AP of healthy nerve fibers,
and they are getting more and more accurate. However, the nerve fibers from a
patient with CP disease are not healthy. The malfunction of a specific ion chan-
nel, in addition to the effect of some neurotransmissor (such as GABA) should be
identified to each CP disease and included in the myelinated nerve fiber model. In
this manner, more accurate results could be obtained, and maybe the reason why
SCS therapy may not work in a specific patient could be also identified.
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On the other hand, another research line could be focused on improving the
spinal cord volume conductor model. Current SCS computational models are
monodomain models, i.e. both intra- and extracellular domains have equal anisotropy
ratios. The advantage of monodomain models is that, although they are not physi-
ologically accurate, in some cases they are adequate and have reduced complexity.
However, it would be interesting to develop a bidomain SCS model in order to pro-
vide greater physiological accuracy.

Finally, to simulate a realistic paresthesia coverage prediction, SCS model
should include how nerve fibers are distributed in DCs, the size and the type of
fibers that can be stimulated and the possible connections between them. The
best way to advance in the knowledge of these issues is through histological or
functional RM images studies. Nevertheless, these type of studies are sometimes
difficult to perform in vivo. Thus, SCS computational models should be also used
to make new hypothesis about how neural activation is affected by the stimulation
parameters with the aim of helping the scientific medical community to find out
the neurophysiological mechanisms of action that are behind SCS therapy.

7.2.2 Future clinical applications

This research work has been carried out under the Industrial Doctorate modality
in the UPV, in collaboration with the company: Biotecnología y Salud, S.L. The
result of performing this thesis together with clinical feedback from physicians
shows that the transference of the learnt knowledge to the clinical practice is nec-
essary. Thus, clinical applications development should be performed to improve
the management and efficacy of SCS therapy.

An interesting application could be the development of a stimulation parame-
ters programming guide. The fact of having eight-contact electrodes increases the
number of combinations between the four stimulation parameters (polarity, pulse
width, amplitude and frequency) that can be performed to stimulate the patient.
Most of times, patient programming sessions are time-consuming because stim-
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ulation parameters have to be refined to produce the best paresthesia coverage to
the patient. However, owing most of patients cannot stand or be in the same po-
sition for a long time, during the programming sessions they usually get tired and
stop being collaborative when reporting the stimulation sensation. In this sense,
a programming guide which explains how to manage each stimulation parameter
in different possible real cases could help physicians and biomedical engineers
to reduce the programming time, and thus, to improve feedback with the patient,
which is fundamental to produce a good paresthesia coverage.

Other future application is related to patient-specific SCS models. The ad-
vantage of working with the real geometry of the patient’s spinal cord is that
electrodes location could be planned before the implantation. This would be a
useful tool to help physicians to know in advance which is the best electrodes
location to ensure paresthesia coverage in the painful dermatomes of the patient.
Furthermore, the prediction of the stimulation parameters could be performed us-
ing the patient-specific model, predicting then which would be the battery con-
sumption. In this manner, the physician’s decision of implanting a rechargeable
or not rechargeable neurostimulator would be based on quantitative parameters
and would may help them to reduce expenses and surgical reinterventions for bat-
tery replacements, in addition to the reduction of possible infections to the patient.
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Appendix A

A.1 Equations, geometric and electrical parameters of
the Aβ human sensory myelinated nerve fiber model
developed

The new sensory nerve fiber model and its parameters at body temperature (37◦C).

Fiber geometry parameters [96]:

D: axon diameter (cm)
Fd: fiber diameter (cm)
L: internodal length (cm)
l: nodal length (cm) (its value is 1·10−4)
d: nodal diameter (cm) (value depends on fiber diameter)
lammemb: number of myelin lamellas (value depends on fiber diameter)
lam: number of lamella membranes per lamella (its value is 2)

D = CdFd −Dd

L = CLlog(D · (DL)−1)

WhereCd = 0.76,Dd = 1.81·10−6,CL = 7.87·10−4, andDL = 3.44·10−6.

The representative squeme of the geometric parameters is shown in Fig A.1.
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Figure A.1: Squeme of the geometric parameters considered in the new sesory nerve fiber
model. D: axon diameter; Fd: fiber diameter; L: internodal length; l: nodal length; d:
nodal diameter.

The parameters d and lam depend on fiber diameter as follows [96]:

Fiber diameter (µm) d (µm) lam
5.7 1.9 80
12.8 4.2 135

Gating parameters [159]:

Sodium m gates activation (αm is taken from Howells et al. [62]):

αm = [3.13 · 103(Vm + 36.3)]/[1− e(−36.3−Vm)/10.3]
βm = [0.33 · 103(−22.7− Vm)]/[1− e(Vm+22.7)/9.16]

Sodium h gates activation (αh is taken from Howells et al. [62]):

αh = [0.153 · 103(−113.8− Vm)]/[1− e(Vm+113.8)/11.9]
βh = [14.1 · 103/[1 + e(−28.8−Vm)/13.4]
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Potassium n gates activation:

αn = [51.7(Vm + 93.2)]/[1− e(−93.2−Vm)/1.1]
βn = [92(−76− Vm)]/[1− e(Vm+76)/10.5]

Membrane potential Vm in millivolts (mV)

Canonical gate probability equation:

dω

dt
= αω(1− ω)− βωω

where ω = m,h, n and the initial conditions (when t = 0) are:

m(0) = 0.07427
h(0) = 0.6096
n(0) = 0.2873

Internode parameters [121]:

Cm: Myelin capacitance (mF)
Gm Myelin conductance (mS)
Cn: Nodal capacitance (mF)
Ga: Conductance between compartments (mS)

Cm = (cmπFdL)(lam · lammemb)−1

Gm = (gmπFdL)(lam · lammemb)−1

Cn = cnπdl

Ga = (πD2)(4ρaxL)−1

Membrane currents [159]:

iNa: Sodium channel current density (mA/cm2)
iK : Fast potassium channel current density (mA/cm2)
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iLk: Leak channel current density (mA/cm2)
Iion: Total ion current (mA/cm2)

iNa = (pNam
3hV F 2([Na]o − [Na]ie

V F
RT ))(RT (1− e

V F
RT ))−1

iK = n4gK(Vm − EK)
iLk = gLk(Vm − ELk)
Iion = iNa + iKs + iLk

The sodium equilibrium potential (ENa) can be calculated applying the Nerst
equation:

ENa = RT

F
ln [Na]o

[Na]i
(A.1)



Appendix B

B.1 Equations, geometric and electrical parameters of the
Richardson, McIntyre and Grill (RMG) model B.

The geometric and electrical parameters used in the model and the membrane dy-
namics for nodes of Ranvier are shown (see Table B.1) [96, 121]. The dynamics
are defined at 20◦C. The adequate Q10 scaling factors are shown below for each
of the activation and inactivation parameters.

Fiber geometry parameters [96]:

D: fiber diameter (cm)
d: axon diameter (cm)
L: internodal length (cm)
l: nodal length (cm) (its value is 1·10−4)
nd: nodal diameter (cm) (value depends on fiber diameter)
N : number of myelin lamellas (value depends on fiber diameter)

Table B.1: Geometric parameters of the nerve fibers.

Fiber diameter (µm) d (µm) nd(µm) l (µm) L (µm) N
12.8 9.2 4.2 1 1350 135
15 11.5 1.9 1 1450 80
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In Table B.2, the electrical parameters of the ion channels, the myelin and the
node of Ranvier used in the model are indicated.

The equations of the membrane currents and the electric potential are given:

Internode parameters [121]:

Cm: Myelin capacitance (mF)
Gm Myelin conductance (mS)
Cn: Nodal capacitance (mF)
Gax: Conductance in internodal compartment (mS)
Gan: Conductance in nodal compartment (mS)
Gaxial: Conductance between compartments (mS)

Table B.2: Electrical parameters of the RMG nerve fiber model B.

Symbol Parameter Value Unit
gNaf Fast Na+ channel conductivity 3·103 mS·cm−2

gNap Persistent Na+ channel conductivity 5 mS·cm−2

gKs Slow K+ channel conductivity 80 mS·cm−2

gLk Leak channel conductivity 80 mS·cm−2

ENa Na+ channel equilibrium potential 50 mV
EK K+ channel equilibrium potential −84 mV
ELk Leak channel equilibrium potential −83.38 mV
Vrest Resting potential −82 mV
ρax Axoplasmic resistivity 70 Ωcm
ρex External resistivity 500 Ωcm
cn Specific nodal capacitance 2 µF·cm−2

cm Specific myelin capacitance 0.1 µF·cm−2

gm Specific myelin conductance 1 mS·cm−2
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Cm = (cmπDL)(lam · lammemb)−1

Gm = (gmπDL)(lam · lammemb)−1

Cn = cnπdl

Gax = πd2(4ρax(L/2))−1

Gan = πd2(4ρax(l/2))−1

Gaxial = ((1/Gax) + (1/Gan))−1

Membrane currents [121]:

iNaf : Fast sodium channel current density (mA/cm2)
iNap: Persistent sodium channel current density (mA/cm2)
iKs: Fast potassium channel current density (mA/cm2)
iLk: Leak channel current density (mA/cm2)
Iion: Total ion current (mA/cm2)
Vm(n, t): Transmembrane potential at node n at moment t (mV)
Ve(n, t): Field potential at node n at moment t (mV)

iNaf = gNafm
3h(Vm − ENa)

iNap = gNapp
3(Vm − ENa)

iKs = gKss(Vm − EK)
iLk = gLk(Vm − ELk)
Iion = iNaf + iNap + iKs + iLk

Iint(internode) = Gax[Ve(j − 1)− 2Ve(j) + Ve(j + 1)]
Iint(node) = Gax[Ve(j − 1)− 2Ve(j) + Ve(j + 1)]

The equations of the gate probabilities and coefficients with their respective
Q10 scaling factor are indicated below [121]:
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Fast sodium m gates activation:

αm = [1.86 · 103(Vm + 25.4)]/[1− e(−25.4−Vm)/10.3](Q10 = 2.2)
βm = [0.086 · 103(−29.7− Vm)]/[1− e(Vm+29.7)/9.16](Q10 = 2.2)

Fast sodium h gates activation:

αh = [0.0336 · 103(−118.0− Vm)]/[1− e(Vm+118.0)/11.0](Q10 = 2.9)
βh = [2.3 · 103/[1 + e(−35.8−Vm)/13.4](Q10 = 2.9)

Persistent sodium m gates activation:

αm = [0.86 · 103(Vm + 48.4)]/[1− e(−48.4−Vm)/10.3](Q10 = 2.2)
βm = [0.0086 · 103(−42.7− Vm)]/[1− e(Vm+42.7)/9.16](Q10 = 2.2)

Slow potassium n gates activation:

αs = [0.00122(Vm + 19.5)]/[1− e(−19.5−Vm)/23.6](Q10 = 3)
βs = [0.000739(−87.1− Vm)]/[1− e(Vm+87.1)/21.8](Q10 = 3)

Membrane potential Vm in millivolts (mV)

Canonical gate probability equation:

dω

dt
= αω(1− ω)− βωω

where ω = m, p, h, s and the initial conditions (when t = 0) are:

m(0) = 0.0878
p(0) = 0.4209
h(0) = 0.4012
s(0) = 0.2866



Appendix C

C.1 Dimensions of the generalized and patient-specific
spinal cord models

The geometrical parameters of the spinal cord (see Fig. C.1) used in both gener-
alized and patient-specific spinal cord models are listed in Table C.1:

A sensitivity analysis was performed to confirm that excluding grey matter

Table C.1: Geometrical parameters of the generalized and patient-specific spinal cord
model. The values used for the generalized models are extracted from Fradet et al. [42].

Parameter General
model
(mm)

General
model
(mm)

General
model
(mm)

Patient-specific
model (Patient 1)
(mm)

Patient-specific
model (Patient 2)
(mm)

Vertebral
level

T8 T9 T10 from T8 to T10 from T8 to T10

�T 8.9 9 8.2 from 6.64 to 7.9 from 8.1 to 9.1
�AP 6.2 6.5 6.6 from 5.36 to 6.2 from 5.3 to 6.55
PW 5.3 5.9 5.7 from 4.4 to 5.1 from 4.8 to 5.4
L 1.7 2.1 2.3 from 2.1 to 2.57 from 2 to 2.8
R 2 2.5 2.9 from 2.36 to 3.2 from 3 to 3.7
A 2 1.95 2.2 from 2.57 to 3.64 from 1.4 to 3
P 4.95 4.1 4 from 2.78 to 4.3 from 4.25 to 4.8
�CSF 12.6 13.6 13.4 from 9 to 11.75 from 13.8 to 15.6
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(a) Generalized spinal cord model. (b) Patient-specific spinal cord model.

Figure C.1: Geometrical parameters of the spinal cord. �T: transversal diameter, �AP:
anteroposterior diameter, �T: cerebrospinal fluid diameter, L: left, R: right, A: anterior;
P: posterior and PW: posterior width.

does not affect the model predictions. The results show small errors in the activa-
tion thresholds for the DC and DR nerve fibers (PTDC and DT are 0.15% higher
and PTDR is 0.625% lower), in the recruitment ratio (RDC/DR is 0.294 % higher)
and the activating area (AA is 1.85% higher), showing that grey matter can be
ignored in this FEM design (see Table C.2).

Table C.2: Sensitivity analysis of excluding grey matter in the generalized volume con-
ductor model. PTDC: perception threshold in DC; PTDR: perception threshold in DR; DT:
discomfort threshold (1.4 PTDC); RDC/DR: recruitment ratio; AA: activating area; AD:
activating depth. Stimulation parameters: guarded cathode (5(+),6(−),7(+)) and a rect-
angular monophasic pulse 300 µs duration.

Source PTDC

(V)
PTDR

(V)
DT
(V)

RDC/DR AA
(mm2)

AD
(µm)

FEM model with grey matter 3.8 11.2 5.32 0.34 1.62 500
FEM model without grey matter 3.806 11.13 5.328 0.341 1.65 500
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“Lograr aquello que has soñado
te hace feliz, pero sobre todo,

te hace feliz recordar el esfuerzo
empleado para lograrlo.”

“Achieving what you dreamed of
makes you happy, but mostly,

it makes you happy to remember
the effort used to achieve it.”

Rafa Nadal
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