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The Brain is wider than the Sky
For put them side by side
The one the other will contain
With ease and You beside.
The Brain is just the weight of God
For Heft them Pound for Pound
And they will differ if they do
As Syllable from Sound.
(Emily Dickinson, c. 1862 – The Brain is Wider than the Sky [Dickinson,
2012, XLIII])
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General introduction

Dylan J.H.A. Henssen

Chapter 1

Introduction to chronic neuropathic pain
The International Association for the Study of Pain (IASP) defines pain
as an unpleasant sensory and emotional experience, which is associated
with actual or potential tissue damage, or described in terms of such
damage (1, 2). Pain as a phenomenon has long been considered as another
submodality of the sense of touch (3) and therefore was not regarded to
dispose of a specialized set of receptors and neuronal elements. In 1644,
Descartes wrote down his view on the “pain pathways” and illustrated his
view as one of the first (Figure 1). Descartes wrote (4):
“If for example, fire (A) comes near the foot (B), the minute particles of this
fire, which as you know move with great velocity, have the power to set in
motion the spot of the skin of the foot which they touch, and by this means
pulling upon the delicate thread CC, which is attached to the spot of the
skin, they open up at the same instant the pore, d.e., against which the
delicate thread ends, just as by pulling at one end of a rope one makes to
strike at the same instant a bell which hangs at the other end.”
New insights acquired from anatomical, histological, genetical and
neuroimaging studies have challenged the hypothesis that pain is merely
a submodality of touch. Contemporary views on the “pain pathways”
are more sophisticated and underline that pain is a separate sensory
modality that requires specialized receptors, nerve fibers and brain regions
to interpret the input and cause a variety of responses (for a complete
overview of the general nociceptive system in humans, please see
Appendix A). Nowadays, it is believed that pain is caused by stimulation
of pain-signalling nerve fibers (nociceptive nerve fibers) or by damage toor by diseases that affect the somatosensory nervous system. Therefore,
a subdivision between pain and nociception is known today. Nociception
(Latin: nocere means “to hurt”) is understood as the physiological process
that involves specific neuronal pathways and signals (5). Nociception
comprises the processes of transduction, conduction and transmission
of noxious stimuli (6). “Transduction” is the process of converting the
noxious stimulus into electrical activity in the peripheral axons. The term
“conduction” is reserved for the passage of the action potential along
the axons to the central relay system within the central nervous system.
“Transmission” is the synaptic transfer and modulation of input from one
neuron to another.
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In general, pain serves an important, physiological function that serves an
evolutionary purpose. First, it serves the localization of painful stimuli and
second, it serves an homeostatic purpose to adapt to a painful situation
(5, 7). Acute pain represents a dominant signal that warns the individual
for an adverse, stressful or harmful condition. It furthermore urges the
individual to escape from that specific situation or avoid its continuation
(8). The alerting function of pain reflects the phasic activation of sensors
specialized in signaling noxious input (i.e., the nociceptors). For example,
when touching a warm stove, the nociceptors of the skin sense noxious
stimuli which evokes a response by signaling to the central nervous
system by use of nociceptive fibers. By signaling, the burned individual
reacts to the cutaneous noxious input by motor withdrawal and/or a
fight reaction. Both responses must be considered as protective responses
that elicit discontinuation of the harmful situation (i.e., burning the
individual’s skin). Thereby the pain phase is terminated. On the other
hand, under certain conditions, actual pain, or the threat of pain, may elicit
a generalized behavioral arousal, endocrine responses (e.g., corticosterone
secretion) and sympathetic activation (e.g., leading to elevations in blood
pressure and heart rate). Together with a transient antinociception, these
additional responses improve the performance of behavioral repertoires
permitting successful disengagement from encounters which could lead
to serious tissue damage (8).

Figure 1 Descartes’ concept of the “pain pathways”
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Generally, pain can be subdivided into two types of pain: acute and chronic
pain. Acute pain can be characterized by its transient character, whereas
chronic pain is pain that persists after the healing phase following the
initial injury. In regular clinical practice, pain that persists 3-6 months after
its onset is considered as chronic pain (9). The definition of the IASP defines
chronic pain as “…pain without apparent biological value that has persisted
beyond the normal tissue healing time” (10). From this definition, it can be
concluded that chronic pain has a temporal aspect to it, though at the same
time must be seen as an inappropriate process that serves no physiological
purpose. For acute pain to turn into chronic pain, various processes seem
to be involved. These processes can be chronologically categorized as
activation; modulation and; modification processes (7). More details on
these processes are provided in Appendix A.
By any measure, chronic pain is a major global health problem that affects
an estimate of 20% of the adult population and that another 10% of the
adults are diagnosed with chronic pain each year (11, 12). When investigating
the global burden of different diseases, it became apparent that the most
common symptomatic chronic condition is a chronic pain condition. This
condition is recurrent tension-type headache, which affects approximately
1.6 billion patients world-wide in 2013 (13). Next to the prevalence and
global burden of disease of chronic pain, it is furthermore known to
elicit multiple, serious sequelae, including depression, inability to work,
disrupted social relationships and suicidal thoughts (12). Unfortunately,
treatment options remain severely hindered by a lacked understanding
of the neuronal mechanisms that underpin pain in the nervous system.
Chronic pain conditions can be 1) neuropathic pain conditions (originating
from a lesion or disease of the somatosensory system, either peripheral
or central); 2)non-neuropathic pain conditions (due to an excess of
nociception, secondary to inflammation or tissue damage); or 3)conditions
in which pain exists without proven cause. Neuropathic pain, in itself, is
an important public health problem as well as it affects up to 6–7% of the
general population (14, 15). Neuropathic pain is qualitatively characterized
as burning pain, electric shocks, or pain evoked by touch/brushing (16) and
can arise in any part of the human body.
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Introduction into chronic neuropathic orofacial pain
Chronic, neuropathic, orofacial pain (CNOP) is a chronic, neuropathic pain
condition that involves the head, face, intraoral cavity and upper neck
region (17). CNOP has a considerable health concern due to the impact
on quality of life of individuals and the extensive usage of health care
facilities by them (18). Although the exact prevalence remains unknown,
in its broadest definition, it can affect up to 7% of the general population
(19). However, other estimations range from 0.03% to 0.5% of the global
population. This variance in prevalence is depending on the specific
disorder that causes CNOP, some being more common than others (20-22).
In addition to this, the etiology of CNOP remains partially elusive although
it can be linked with deficits of the central nervous system, systemic disease
and traumatic neuropathies, including those unintentionally caused by
dental procedures and flexible endoscopic sinus surgery (23-25). CNOP is a
long-term condition and is associated with numerous co-morbidities such
as depression, anxiety, catastrophising behavior and suicidal thoughts (19).
Due to its severity and impact on individuals’ lifes, CNOP forms a major
challenge for healthcare professionals to address (26-28). In addition to
the impact of CNOP on individuals lives, chronic orofacial pain is known
to exert a considerable economic impact on the rest of the society (29, 30).
In an attempt to underpin the possible etiologies and improve treatment
options of CNOP, several classification schemes have been put forth,
including the ICHD-3 (31). In 2003, neurosurgeon Kim Burchiel published
his classification system for orofacial pain syndromes that are commonly
encountered in neurosurgical practice. Burchiel based his system on the
anamnesis of the individual. Burchiel defined seven diagnoses that cause
orofacial pain:
1. Trigeminal neuralgia, Type 1; >50% episodic pain
2. Trigeminal neuralgia, Type 2; >50% constant pain
3. Trigeminal neuropathic pain; unintentional, post-incidental-/-surgical-/-traumatic pain
4. Trigeminal deafferentation pain; intentional, deafferentation pain
5. Symptomatic trigeminal neuralgia; i.e., multiple sclerosis
6. Postherpetic neuralgia; e.g., (after) trigeminal herpes zoster
outbreak
7. Atypical facial pain; Somatoform pain disorder
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Within Burchiel’s classification, trigeminal neuralgia Types 1 and 2 refer
to patients with a spontaneous onset of pain in the orofacial region who
suffer from either predominant episodic or constant pain. Trigeminal
neuropathic pain results from unintentional injury to the trigeminal
nerve (i.e., trauma or surgery), whereas trigeminal deafferentation pain
results from intentional injury of the trigeminal nerve. To such intentional
injuries belong peripheral nerve ablation, gangliolysis, or rhizotomy in an
intentional attempt to treat either form of CNOP. Symptomatic trigeminal
neuralgia as an entity is pain in the trigeminal distribution pattern
as a result of central lesions (i.e., multiple sclerosis, post-stroke pain).
Postherpetic neuralgia follows a cutaneous herpes zoster outbreak in the
trigeminal dermatome. The final category of Burchiel concerns atypical
facial pain, which is the most difficult to define. Burchiel proposes that this
disease is synonymous with facial pain secondary to a somatoform pain
disorder (32). Burchiel expressed his hope that the presented, in his eyes
more objective, classification system will facilitate future studies and that
the scheme would be used by others involved in providing care for CNOP
patients or at least would function as a catalysator for future discussions
regarding more effective classification systems (32). However, within
this classification, various diagnoses which cause CNOP are missing. For
example, primary headache disorders like migraine and cluster headache
are not included in this classification system. This is mainly due to the fact
that neurosurgeons do not encounter individuals suffering from primary
headache disorders (33, 34).
In agreement with the aforementioned definition of neuropathic pain,
CNOP arises after part of the somatosensory part of the nervous system
is damaged by a lesion or disease. The somatosensory part of the nervous
system of the orofacial region consists out of the trigeminal nerve
(peripheral nervous system) and the trigeminothalamic tract and part of
the thalamocortical radiation (central nervous system). A more extensive
and detailed overview of the anatomy of this system can be found in
Appendix A.

Neuromodulation to treat CNOP
Despite the fact that various pharmacological and interventional
treatments are available, it was estimated that these were only effective in
approximately 30% of the CNOP cases (35, 36). Next to the pharmacological-
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and interventional treatments, neuromodulation therapies arose over the
last decades as a treatment option for CNOP. A more extensive overview of
the pharmacological- and interventional treatment options is provided in
Appendix A.
The International Neuromodulation Society defines neuromodulation
as “the alteration of nerve activity through targeted delivery of a
stimulus, such as electrical stimulation or chemical agents, to specific
neurological sites in the body for the purpose of improving quality of life
and functioning of humans” (37). At the present time, implantable devices
for neuromodulation are either neural stimulators or microinfusion
pumps. In general, neuromodulation concerns the process of inhibition,
stimulation, modification, regulation or alteration of activity in the central,
peripheral or autonomic nervous system and investigates how electrical,
chemical, and mechanical interventions can modulate the nervous system
function. Neuromodulation is inherently nondestructive, reversible,
and adjustable (38). One of such neuromodulation therapies comprises
invasive motor cortex stimulation (iMCS), in which a neurosurgeon places
an electrode-strip over the primary motor cortex to alleviate pain. Here, we
will focus on iMCS, whereas the other neuromodulation treatment options
are discussed in Appendix A.
In the early 1990’s, Tsubokawa and his colleagues searched for a new
therapy to treat intractable neuropathic pain as other forms of therapies,
including continuous deep brain stimulation of thalamic nuclei, only
provided satisfactory pain relief in approximately 30% of the cases. For
that reason, they started to empirically stimulate various brain regions in
animal models for intractable neuropathic pain. During their experiments,
they recognized the primary motor cortex as a target that could provide
excellent pain relief. Within their experiments, Tsubokawa transected
the spinothalamic tract in cats, which led to thalamic hyperactivity and
pain-related behavior. By stimulating the primary motor cortex in these
cats, it was found that both the hyperactivity was inhibited and the
pain-related behavior diminished, indicating an analgesic effect of iMCS
in the treated cats. These experimental findings were in line with their
subsequent clinical investigations in individuals suffering from intractable
pain as a consequence of thalamic syndrome (39-43). Since then, iMCS
has been carried out in approximately 700 cases world-wide, yielding
highly variable outcomes (39, 44-78). Nevertheless, iMCS has become a
last resort neurosurgical therapy for various intractable neuropathic pain
syndromes, including various origins of CNOP (41-43, 52, 55, 59, 64, 73, 79-82).
15
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In 1993, Meyerson et al. reported for the first time on the use of iMCS in
CNOP as a last resort treatment. Subsequent to that note, they reported a
case series of 10 individuals suffering from CNOP, treated by iMCS. They
concluded that iMCS seemed to be a promising treatment of CNOP (83).
More recently, however, the European Federation of Neurological Societies
published their guideline on neurostimulation therapy for neuropathic
pain and regarded the data of iMCS in individuals with neuropathic pain
as level C evidence (84). Details of the practicalities of the iMCS technique
(Figure 2) can be found in Appendix A. The exact neural underpinnings by
which iMCS alleviates pain remain partially elusive (85). Animal studies
show that changes in brain activation occur in the S1-cortex, ACC, striatum,
thalamus, amygdala, several brainstem nuclei and cerebellum after iMCS
(86-89). Furthermore, it is believed that the endogenous opioidergic system
plays an important role in explaining the pain relieving effect of iMCS
(86, 89-100). Experimental studies in humans show increased cerebral
blood flow in the orbitofrontal cortex (49, 60, 101, 102), prefrontal cortex
(103), cingulate gyrus (49, 60, 101-104), insula (49, 102, 104), putamen (101),
thalamus (49, 60, 101-104), brainstem (49, 60, 101, 104) after iMCS. Decreases
in cerebral blood flow were found in the precentral gyrus (102), extrastriate
visual regions (104), right superior temporal gyrus and the left middle
occipital gyrus (103). A more systematic review on the underpinnings of
iMCS is provided in Appendix A.
Another, non-invasive method by which the primary motor cortex can be
stimulated concerns transcranial magnetic stimulation (TMS). In TMS, an
electromagnetic coil is placed over the scalp of an individual after which
a single pulse or repetitive pulses can be delivered. By delivering pulses to
the brain, the nervous system can be modulated and an analgesic effect
has been described (105). A more extensive overview of TMS as a treatment
of intractable neuropathic pain and the mechanisms involved is provided
in Appendix A.

Variable results of iMCS in CNOP and the heterogeneity of this
group of patients
Current pain treatments, including iMCS, are largely free of any
neurobiological concerns. This lack of specificity of treatment of
mechanisms potentially causes improper inclusion, which in turn, affects
the treatment effectiveness (106). Besides, the definition of CNOP is broad
and contains a heterogeneous group of individuals suffering from a
variety of disorders. It is thought that the lacking of a homogeneous group
of CNOP patients and the absence of clear classification criteria for CNOP
16
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preludes the drawing of a sound conclusion (107, 108). This phenomenon
was exemplified by Svensson and Mai in migraine treatment efficacy
(109), although this model can be translated to treating CNOP by iMCS as
well. If we assume that the efficacy of iMCS is (at least partially) dependent
on the underlying cause of CNOP, the studied population is of crucial
importance with regard to measuring the effectiveness of iMCS. If iMCS
is tested in 100 individuals who suffer from paroxysmal, halfsided pain in
the orofacial region due to the absence of more sophisticated diagnostic
tools and a more well-suited classification system of the causes of CNOP,
the results of iMCS can be affected by this poor definition. For example,
twenty of the included individuals might suffer from trigeminal neuralgia
type 1, but individuals suffering from other syndromes that cause
halfsided orofacial pain (i.e., cluster headache, symptomatic trigeminal
neuralgia and trigeminal neuropathic pain) were included. This study
therefore would fail as scientists can only show a positive response in
20% of the included cases after use of iMCS. The reason for this failure is
solely caused by improper and ill-defined inclusion criteria. Subsequently,
we must ask ourselves on which features the criteria are based. In general,
such classification criteria are based on neuroimaging findings, genetic
studies, epidemiological results and other insights in the pathogenesis of
a disease (Figure 3). Thereby, it becomes eminent that a proper and fitting
classification system, preferably based on a combination of findings from
various fields of study, is key to scientific and clinical success (110, 111).

Figure 2 Photograph of an invasive motor cortex stimulation electrode during the
procedure
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Figure 3 Theoretical example of an idealized research question in a patient population
which is poorly defined (right hand side) vs. a population which is rigorously defined
(left hand side) and the effects the definition can have on the outcome and assessment
of a therapy
Within this example, a 100% accuracy of the used test in migraine is assumed.
HC: Hemicrania continua; iMCS: Invasive motor cortex stimulation; STN: Symptomatic
trigeminal neuralgia; TN: Trigeminal neuralgia; TNP: Trigeminal neuropathic pain
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To explain this wide range in effectiveness of iMCS in CNOP, the involvement
of different parts of the trigeminal projection system was assumed to be
important. In 2010, it was found that the processing of trigeminal stimuli
in humans elicited bilateral activation patterns as measured by fMRI. This
was contradictory to the general opinion that such noxious stimuli are
thought to be largely encoded only in the contralateral cerebral hemisphere
and not bilaterally (112). Therefore, study of the trigeminal pathways on
which all CNOP disorders must rely, can be a starting point for elucidation
and classification.
Tools to investigate brain structure, white matter architecture in
particular
Most classical tools to investigate brain structure are based on methodologies
which can only be applied in a post-mortem setting (see Appendix A for
an overview). Most recent neuroimaging techniques advanced the study
of the relationship between dysfunction and neurological disorders.
Computed tomography (CT) in the 1970s allowing the first insights in the
brains of individuals, allowing neurologists to examine brain pathology in
vivo. Magnetic resonance imaging (MRI), however, proved more useful to
visualize structural brain pathologies, including white matter lesions (113).
More recently, the use of diffusion magnetic resonance imaging (dMRI)
and tractography has become a popular method to study white matter
pathways (114). However, due to the limited imaging resolution of dMRI
(typically 1-2 mm), its outcomes should be interpreted with care, especially
in the presence of small fiber bundles. It is known that tractography can
produce plausible looking bundles in locations where the white matter tract
does not actually exist, indicating that tractography produces substantial
amounts of false-positive fiber-bundles (115). A particularly well suited
technique to complement dMRI is polarized light imaging (PLI) (116), which
is a microscopy technique that can be used to quantify fiber orientation
based on birefringence of the myelin sheath in histological brain sections
(117). A more detailed description of the methods of MRI, dMRI and PLI can
also be found in Appendix A.
Overarching aim and thesis outline
A proper and fitting classification system of CNOP, preferably based on
a combination of findings from various fields of studies (i.e., anatomical
and epidemiological research) is an unmet scientific and clinical need,
hampering significantly successful treatment of CNOP. Therefore, the
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overreaching goal of the studies presented in this thesis were to identify
biological variables that could serve as criteria to classify individulas with
CNOP by applying a series of preclinical as well as clinical studies. The
outline of this thesis is described in the following pages.
This thesis contains one introductory chapter which prepares readers for
the subsequent seven research chapters. The final chapters constitute of
a broad discussion, future recommendations and the appendices. Within
this thesis, three threads link the different chapters and intertwine
the research domains. The first thread concerns CNOP as a collection of
disorders; the second thread discusses the anatomical substrate involved in
CNOP; and the third thread concerns iMCS and TMS to alleviate intractable
neuropathic pain, CNOP in particular.
Regarding the introductory chapter (Chapter 1); this chapted explains the
heterogeneity of CNOP and the elusiveness of the working mechanisms of
iMCS. In addition, the thesis outline, which you are reading at this moment,
is presented as well in Chapter 1.
Chapter 2 presents the results of an expert meeting and pre-meeting
questionnaire. During this meeting, all European experts on the topic of
iMCS, varying from neuroscientists, pain physicians and neurosurgeons,
were gathered to discuss the challenges of iMCS for future treatment of
patients suffering from chronic, thus far intractable pain, including CNOP.
The expert meeting was organized as a focus group discussion in order to
explore meanings that could not be analyzed using the pre-questionnaire
survey. This study aimed to classify responders and non-responders to
iMCS on an expert opinion level.
In Chapter 3, the concept of neural network analysis is introduced. Neural
network analysis will be applied on a patient cohort that was derived from
the literature by a systematic review of iMCS. By using neural network
analysis, a prediction model fitted onto the outcomes of iMCS in the
derived cohort, consisting of a heterogeneous group of patients that suffer
from various forms of pain, will be presented. With this innovative analysis
method, outcome predictor factors, confounders and effect modifiers
associated with the outcome of iMCS will be elucidated.
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Based on the results of Chapters 2 and 3, an anatomical hypothesis that
could underly the variable effectiveness of iMCS in treating CNOP will be
presented in Chapter 4. Within this section, the results from two fields
of study (i.e., animal tracing studies that investigated the trigeminal
system and functional MRI findings in subjects that experienced
either chronic or acute pain in the orofacial region) will be combined to
formulate a new hypothesis regarding trigeminal anatomy. Based on the
anatomical hypothesis, an observational study and systematic review
with meta-analysis were conducted, the results of which are presented in
Chapters 5 and 6, respectively. Both studies confirm results from Chapters
2-4.
The results established in Chapters 2-6 stimulated further investigation of
the anatomical hypothesis. Therefore, we tested the anatomical hypothesis
in Chapter 7 by use of an ex-vivo, high-resolution imaging study in which
we combined different techniques (including dMRI and PLI). The results
presented in Chapter 7 affirmed the anatomical hypothesis presented in
Chapter 4, although the clinical relevance of these results could not be
determined.
To investigate the clinical relevance of the findings in Chapter 8, a
randomized-controlled trial with cross-over design was constructed. This
study comprised a trial in which we treated CNOP patients with TMS
bilaterally and unilaterally in a double-blinded setting to test the clinical
significance of the investigated trigeminal tracts. Based on these outcomes,
we aimed to provide a more sophisticated classification system, hopefully
contributing to a better understanding of iMCS in CNOP and, ultimately,
improving iMCS therapy.
To conclude, Chapter 9 summarizes the contributes to the fields of
investigational neuroanatomy and neuromodulation of the primary
motor cortex in CNOP patients as reported in this thesis. The work
is discussed in the light of recent advances and the probable future
directions in the neuroscientific and neuromodulation communities.
Specifically, the implications of the present work regarding bilateral vs.
unilateral stimulation of the primary motor cortex to treat the various
disorders that cause CNOP are discussed. Chapter 10 then finally provides
recommendations and directions for future research
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Chapter 2

Abstract
BACKGROUND: Invasive motor Cortex Stimulation (iMCS) was introduced
in the early 1990’s by Tsubokawa and his group for patients diagnosed
with drug-resistant, central neuropathic pain. Inconsistencies concerning
the details of this therapy and its outcomes and poor methodology of most
clinical essays, divide the neuromodulation society worldwide in “believers”
and “non-believers”. A European expert meeting was organized in Brussels,
Belgium by the Benelux Neuromodulation Society (BNS)in order to develop
uniform iMCS protocols in the pre-, intra- and post-operative course.
METHODS: An expert meeting was organized and a questionnaire was
sent out to all the invited participants prior to this expert meeting. An
extensive literature research was conducted in order to enrich the results.
RESULTS: Topics that were addressed during the expert meeting were: 1)
inclusion and exclusion criteria, 2) targeting and methods of stimulation,
3) effects of iMCS, and 4) results from the questionnaire.
CONCLUSIONS: Substantial commonalities, but also important
methodological divergencies emerged from the discussion of iMCS experts
from seven European Centers. From this meeting and questionnaire,
all participants concluded that there is a need for more homogenous
standardized protocols for iMCS regarding patient selection, implantation
procedure, stimulation parameters and follow-up-course.
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Introduction
Neuropathic pain due to a lesion or disease of the brain and/or spinal
cord remains difficult to treat and can lead to major disabling state (118).
After some unfruitful attempts to stimulate motor axons in the internal
capsule to alleviate chronic pain, implantable Motor Cortex Stimulation
(iMCS) was introduced in the early 1990’s by Tsubokawa and his group
for patients diagnosed with this drug-resistant, central neuropathic
pain (119). Since these syndromes were thought to be associated with
thalamic hyperactivity, a cat model was used to approach the possible
iMCS mechanisms of action. Following a mesencephalic lesion which
resulted in thalamic hyperactivity, stimulation of the motor cortex (M1)
reduced the hyper-activity of the thalamus (41-43). Since then, clinical
studies and systematical reviews have been published in order to confirm
or discuss the efficacy of iMCS in patients suffering from neuropathic pain
(74, 84, 120-125). Although the exact mechanisms of iMCS remain partially
elusive, the technique has become a last resort neurosurgical therapy for
intractable central and sometimes peripheral neuropathic pain (41-43, 52,
55, 59, 64, 73, 79-82). Next to the fact that the exact mechanisms of action in
iMCS are incompletely understood, inconsistencies concerning the details
of this therapy and its outcomes and poor methodology of most clinical
essays, divide the neuromodulation society worldwide in “believers” and
“non-believers”. In order to determine the current clinical significance
and the likely future developments of iMCS, a European Expert Meeting
was organized in Brussels, Belgium by the Benelux Neuromodulation
Society (BNS). In addition, a questionnaire was sent out to all the invited
participants prior to this expert meeting. The main topics, discussion
points and general conclusions are presented in this paper. Although this
summary was written after the meeting, we checked the literature for more
recent papers relevant to the topic, and included them in the discussion.

Methods
European Expert Meeting
A European Expert Meeting was organized in Brussels by the BNS board in
order to discuss the current state of the art concerning iMCS treatment in
patients with central neuropathic pain. Professionals with experience in
iMCS therapy from Brussels, Düsseldorf, Groningen, Lübeck and Nijmegen
attended this expert meeting. Colleagues from Lyon (L. Garcia-Larrea
and J. Maarrawi) and Beirut (J. Maarrawi, worked before in Lyon till
25
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2008), were not able to attend the expert meeting, but provided their
contribution to the questionnaire and participated to the written report.
Participants of the expert meeting included neurosurgeons that perform
iMCS, anesthesiologists specialized in the management of chronic pain
and (clinical) neurophysiology experts. At the expert meeting, keynote
speakers presented their expertise and leaded the group discussion. The
entire expert meeting (327 minutes) was audio recorded and afterwards
transcribed verbatim by one of the researchers (D.H.). The transcribed
meeting was conscientiously analyzed with directed content analysis
and independently coded line-by-line by two researchers (D.H. and E.K.).
The coding process was performed using Atlas.ti 6 software (www.atlasti.
com, Scientific Software Development GmbH, Berlin,Germany). The two
researchers discussed their findings and discrepancies in order to develop
a codebook of themes organized by categories and codes to be discussed
consecutively. Then, the initial draft was circulated among all the panel,
rediscussed, edited and completed in the light of recent literature, and
finally developed into the present form.
Questionnaire
Prior to the meeting, a questionnaire was sent electronically to all the
invited participants to the meeting. This questionnaire was created by the
professionals of Nijmegen in order to determine the discrepancies in the
methods of the whole iMCS procedure in the different centers involved. The
survey covered three main topics: 1) pre-operative: indications and patient
selection 2) intraoperative phase: surgical procedure, neurophysiological
monitoring and 3) post-operative phase: stimulation patterns, outcome,
follow-up and complications. The questionnaires were collected, categorized
and presented by one of the researchers (E.K.) at the meeting. The input
and background information that was collected from the participants
during the discussions and presentations at the expert meeting was used
for the final results of the questionnaire by two researchers (E.K. and
D.H.). Subsequently, the final results of the questionnaire were evaluated
by three researchers (D.H., E.K., R.v.D.) independently, leading to material
submitted for publication.
Ethical statement
This article does not contain any material or study with patients that were
performed by any of the participants in order to attend this expert meeting.
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Results
Topics that were addressed during the expert meeting were: 1) inclusion
and exclusion criteria, 2) targeting and methods of stimulation, 3) effects
of iMCS, and 4) results from the questionnaire. These topics are discussed
separately in this manuscript, although these themes were intertwined in
the expert meeting.
Inclusion and exclusion criteria
As Tsubokawa’s cat model of a spinothalamic tractotomy and the newer
indications suggest, a lesion within the CNS must be identified.
“First of all, we must be able to identify a lesion in the spinothalamic,
trigeminothalamic or thalamocortical tracts or their cortical targets.
Secondly, we must be able to link the described pain to the objectified
injury.”
This quote was a general remark in this session and all agreed that we
must try to ascertain that the patient suffers from definite neuropathic
pain. The definition of neuropathic pain was revised in 2008 by the
Neuropathic Pain Special Interest Group (NeuPSIG) of the International
Association for the Study of Pain, and implies pain in a neuroanatomically
plausible territory (i), with (ii) neurological exam and history consistent
with lesion or disease of somatosensory (mainly pain-related) pathways,
and (iii) objective evidence of the existence of such a somatosensory lesion
or disease by at least one confirmatory test (126). Furthermore, the integrity
of the corticospinal tract was considered obligatory for adequate analgesia.
Patients that suffer from motor weakness are known to show less pain
reduction (pain intensity score reduction of 15%), whereas patients with
absent or mild motor defecits show significantly better pain reduction
(pain intensity score reduction of 73%) (127).
However, the etiology and diagnoses of patients suffering from pain that
are included for iMCS differed among the several centers. There are a
number of causes that all participants agree upon. In the review by Lima
and Fregni, they included not only central pain from brain or spinal cord
injury, but also peripheral causes such as trigeminal neuropathic facial
pain, pain from peripheral nerve lesions and brachial plexus avulsion
and phantom limb pain (121). The etiology of the central lesions can be
vascular (infarction, bleeding), neoplastic, degenerative or inflammatory
(multiple sclerosis) or due to damaged neural structures after radiation
27

2

Chapter 2

or brain surgery (or more specifically, a lesion or dysfunction of the
spino-thalamo-cortical tract). In a number of studies and experiences of the
participants, atypical facial pain is not a clear diagnostic entity. Therefore,
the participants consider that patients who suffer from atypical facial pain
belong to a heterogeneous group, which is difficult to treat effectively with
iMCS. When the effect of iMCS with regard to the etiology was discussed,
it was stated that peripheral orofacial pain might respond less favorable to
iMCS than central orofacial pain, although there is no scientific evidence
available in the literature. Pain relief according to etiology showed no
statistical significant differences (51, 128). Pain from central or peripheral
origin is also not proven to respond differently to iMCS (129).
All participants agree that candidates with ongoing suspicion of
psychological or psychiatric morbidity (fear, anxiety and/or depression) or
drug or alcohol abuse problems must be excluded. Therefore, all patients
must undergo preoperative psychological assessment by a psychiatrist or
specialized pain psychologist in order to rule out such exclusion criteria.
The minimal mean reported Visual Analog Scale/Numeric rating Scale
(VAS/NRS) should be at least 5 before iMCS is considered, according to the
reported literature (125, 130-132). However, it is also agreed that VAS/NRS
scores are often not meaningful enough, and should not be considered
of absolute value. The possible usefulness of iMCS in other diagnoses,
such as perineal pain, remains unclear (77). Since transcranial magnetic
stimulation (TMS) can mimic the effects of iMCS, the predictive effect of
this tool is discussed during the meeting. The use of predictive (repetitive)
transcranial magnetic stimulation (rTMS) prior to iMCS-implantation
remains a point of discussion and although it is known to statistically
predict the efficacy of implanted iMCS, all participants agree that it has no
demonstrated value in excluding patients from iMCS (72, 133). The group of
Lefaucheur found a high positive predictive value of active rTMS for positive
response to iMCS, and this has been confirmed recently in an independent
sample of patients (134). However, the prediction is not absolute (80-90%)
and among the 33 patients who responded to active rTMS, 7 patients did not
respond to subsequent iMCS implantation. Furthermore, the rate of false
negatives (patients who responded to iMCS after rTMS did not provide pain
relief) showed to be considerable (35%) (72). The negative predictive value
of rTMS (i.e., the prediction of a bad clinical iMCS result if previous rTMS
is negative) is known to be rather low; however, recent data suggest that
the prediction of iMCS failure by a negative rTMS increases with time: it is
not significant at 6 months, but may reach almost 70% of correct negative
predictions at long-term follow-up (134).
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Targeting
The primary motor cortex has been localized in Brodmann Area 4 and
forms the anterior wall of the central sulcus. In general, it is assumed that
the success of iMCS relies partially on the position of the electrodes over a
specific cortical area. Although Penfield et al. investigated the homunculus
of both the motor and somatosensory cortex extensively (135, 136), the
somatotopic representation of the human body over the cortex can be
distorted in individual cases due to neural plasticity. Hence, targeting the
most optimal point of stimulation must be identified in the most accurate
way. The central sulcus can easily be recognized as this structure has
consistent anatomical features and is not connected to any other sulcus
(137). However, this remains challenging intra-operatively due to the
epidural approach and fixation of the electrodes in most cases. Although
the group considers electrophysiological intra-operative mapping of
the sensori-motor cortex as the gold standard for functional localization
of the sulcus (reversal of the N20 peak polarity indicated location of the
Rolandic sulcus), limitations of intra-operative mapping are present in
many patients, especially when performed under general anesthesia (138).
In order to improve the localization of the relevant motor area, functional
magnetic resonance imaging (fMRI) can be performed preoperatively.
Both techniques can then be fused in the neuronavigation software
as described by Pirotte et al. (132, 139). The authors found good overlap
between fMRI and intra-operative sensori-motor mapping in 17 out of 18
cases, and concluded that the functional accuracy of fMRI was confirmed
(139). Although the participants agree that intra-operative mapping is the
gold standard, additional fMRI information may be of value, especially
in patients with complete paralysis in whom fMRI is performed by the
use of mental movements. New developments with regard to targeting
include the use of navigated rTMS. Navigated rTMS offers the possibility of
identifying the stimulation target prior to surgery. Using these techniques,
there is no need to repeat navigation during the intervention as the target
that was identified rTMS can be precisely delineated with intraoperative
neuronavigation. Accurate targeting remains of vital importance at is
known that it improves electrode placement (140-142). All the participants
agreed that the use of sophisticated targeting methods improves the
clinical outcome of iMCS.
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Surgical technique and methods of stimulation
The surgical procedure is designed to ensure suitable exposure of the
primary motor cortex and uses anatomical landmarks (i.e., the coronal
suture, bregma, sagittal suture) to estimate the localization of the central
sulcus. A small craniotomy or burrhole is carried out in order to access
the extradural space. Using the aforementioned reversal of the N20 wave
into a P20 wave, the central sulcus can be indentified extradurally. One or
two electrodes are implanted over the motor representation contralateral
to the painful area, either parallel or perpendicular to the central sulcus.
Parallel implantation increases the covered proportion of the homunculus,
whereas perpendicular placement covers not only the precentral gyrus.
The latter increases the chance of stimulating the motor cortex when in
dout about its exact location. Bipolar coagulation of the superficial layer of
the dura, by which the dural nerves are cautherized, is discussed to prevent
painful sensations from iMCS itself. The electrode is connected to an IPG
(implantable pulse generator) placed subcutaneously in the infraclavicular
or abdominal tissue. The intensity of the stimulus is kept below the motor
threshold. The stimulus intensities obtained for epidural iMCS lie around
2 Volt according to the review of Nguyen et al. (143, 144), while other
groups go up to more than 8 Volt (121, 145). A cyclic stimulation mode, e.g.,
30 minutes active and 30 minutes inactive stimulation, is preferred. The
frequencies and pulse width vary throughout the literature as they can
be adapted to the patients experiences, and the distance between the site
of stimulation (i.e., dura mater) and the cortex (see Table 1). This distance
relies on multiple factors, but a major component is the amount (thickness)
of cerebrospinal fluid and the presence of cerebral atrophy. Some authors
tried to devise a guideline to optimize the stimulation parameters for
motor cortex stimulation, but observed a significant increase in pain when
the voltage was put in a higher setting (145).
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Table 1 Overview of iMCS trials and the used stimulation parameters.
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Effects of iMCS
To perform electrical stimulation, at least two poles are necessary, negative
(cathode) and positive (anode). It has been described that cathodal
stimulation depolarizes cortical fibers of interneurons that run parallel to
the cortical surface, which results in indirect (I-) waves. Anodal stimulation
on the other hand results in direct (D-) stimulation of the cortico-spinal
tract via the pyramidal cell axons, such as those from Betz cells that lay
in the fifth layer of the cortex. In chronic iMCS, the bipolar stimulation is
therefore likely to generate both D- and I-waves that activate cortico-spinal
and cortico-thalamic fibers (146-150), initiating a cascade of physiological
and neurochemical events eventually leading to analgesic effects (94,
151, 152). To the experience of the participants of this meeting, cathodal
stimulation of the precentral gyrus and anodal stimulation of the anterior
border of the central sulcus obtains the most favorable results.
“The shape of the electrodes that are used is not of crucial importance,
it is the distance in between the centers of the electrodes that makes the
difference”
According to the literature, the I-waves are hypothesized to be responsible
for the analgesic effect. The cathodal stimulation is therefore thought to
be of crucial importance as it stimulates the intracortical horizontal fibers.
The pain relieving effect due to stimulation of the motor cortex is thought
to be caused by at least three mechanisms of action. First, the thalamic
hyperactivity can be reduced by a hypothesized antidromic modulation
of cortico-subcortical circuits, as shown in animal models (42, 93, 152, 153).
Second, the descending volleys are thought to release endogeneous opioids
within the periaquaductal grey (PAG) and the cingulate cortex (98). Also, it
has been shown that posterior mesencephalic and cortical areas such as the
insula, cingulate and orbitofrontal areas are activated following iMCS (49,
101). These cortical regions are thought to mediate the affective, cognitive
and emotional aspects of pain (154). In the mesencephalic region, both the
PAG and the locus coeruleus appear involved (97, 101). Some patients report
an increase of local headache and pain in the fronto-temporal region,
at the site of the implantation, related to active iMCS. The experts from
Brussels hypothezise that this may be due to direct dural nerve stimulation.
Therefore, they prefer to coagulate the dura locally under the electrode,
which seems to alleviate these adverse symptoms.
Results from the questionnaire: preoperative phase
An overview of the results from the first part of the questionnaire is
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presented in Table 2. When the indications of the participating centers
are compared, it turns out that all centers use iMCS for post stroke pain in
both the orofacial region and also upper extremity. Centers in Groningen,
Lyon, Brussels and Beirut perform iMCS in post stroke pain of the lower
limb as well. Other centers see this target as challenging due to its difficult
anatomical localization close to the midline, and interior sections of the
motor area folding into the medial longitudinal fissure. However, the
cortical homunculus (135) is not always represented on the cortex as in
textbooks. The experts from Brussels report occasional projection of the
contralateral lower limb on the parasagittal convexity, both on fMRI and
IOM (intra-operative monitoring). Phantom limb pain treatment by iMCS
is performed in every center, except in Düsseldorf and Nijmegen. In some
patients they offer more specific treatments like dorsal root ganglion
(DRG)- stimulation, but on the other hand they consider phantom limb
pain as an option for iMCS. Other miscellaneous indications for iMCS
that were reported during the expert meeting were: post irradiation pain
for arterio-venous malformation (Düsseldorf), complex regional pain
syndrome (Lübeck), root lesion of the upper limb (Lübeck) and post stroke
dystonia (Groningen). In order to predetermine the success of iMCS, rTMS
is often performed. Nijmegen and Brussels are the only centers that do
not perform TMS prior to iMCS implantation. rTMS does play a role in the
inclusion of patients in most of the other centers, except from Lübeck and
Groningen. TMS seems to be specific enough but cannot be used as an
exclusion tool on itself. Düsseldorf mentions the use of external testing
for a week before final implantation of the iMCS stimulation device is
performed. Preoperative PET-scan using synthetic 11C-diprenorphine as
radioligand was performed in a small series of 15 patients operated in Lyon,
and was found to predict the efficacy of iMCS at one year, but this exam
is currently only used in research context and cannot be used in clinical
practice before a period of validation (99). Preoperative neurophysiology
is done in every center except Düsseldorf, they prefer to perform rTMS.
Other centers point out the importance of pre-operative neurophysiology
because of the fact that one gains more insights in the degree of the lesion
and the localization of the central sulcus (not in every patient the sulcus
can be localized by SSEP, eg patients with plexus avulsion, it is good to
foresee this prior to surgery). However, intraoperative recording of SSEPs
remains often possible even in central patients with no preoperative SSEPs
recorded from the scalp. When possible, fMRI is performed in every center,
but not standard in Düsseldorf, Lyon and Beirut. Brussels is the only center
that has used magnetoencephalography (MEG) as a tool to localize evoked
potentials.
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Table 2 Questionnaire part 1: Indications and patients selection
PFP: Post-stroke facial pain; PUEP: Post-stroke upper extremity pain; PLEP: Post-stroke lower extremity pain; SCI: Sciatic pain; PLP: Phantom
limb pain; PAP: Plexus avulsion pain; CTN: Classical trigeminal neuralgia; AFP: Atypical facial pain; pAVMirr: Post-AVM-irradiation pain; CRPS:
Chronic regional pain syndrome; RLUE: Root lesion upper extremity; PhTP: Postherptic trigeminal pain; TNP: Trigeminal neuropathic pain;
PSD: Post-stroke dystonia; TMS: Transcranial magnetic stimulation; PET: Positron emission tomography; MEG: Magnetoencephalography;
N/A: Not applicable; X: Blank
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Results from the questionnaire: intraoperative phase
Results from the second part of the questionnaire can be seen in Table
3. The electrode implantation for iMCS can be performed under local or
general anesthesia, via a burr hole or a small craniotomy. Adequate
pre-operative mapping seems essential if a limited approach e.g., a burr
hole is preferred. The choice between these two techniques seems up to
the care providers preference: however it has been reported that a burr
hole alone provides a too limited view of the cortex to perform cortical
mapping accurately. In order to perform cortical mapping as precise as
possible, intraoperative neurophysiology is carried out in all centers.
Almost all the centers use intraoperative neurophysiology for localization
and trial stimulation purposes. In Beirut, intraoperative neurophysiology
is merely used to localize the sulcus. The centers in Düsseldorf and Lyon
use neuronavigation next to intraoperative mapping. Most centers (6/7)
perform an epidural placement of the electrode. In Lübeck this depends
on the size of the subdural space: when it is enlarged as shown by MRIand/or CT-scanning, a subdural method is preferred. Other experts state
to use the subdural method only when iMCS is applied to medial spots,
such as the lower limb region. All centers except Beirut use perpendicular
placement of the electrodes relative to the central sulcus.
The experts from Lyon report that placement of the electrodes vary and is
patient-dependent: when electrophysiological testing suggests extensive
plasticity or when an extended painful region has to be stimulated, the
parallel placement of the electrode may be more convenient. The type and
number of electrodes vary per center and per patient and are summarized
in Table 3. The IPG is placed infraclavicular in all centers, except in Lyon
and Nijmegen. The latter center reports they changed the implantation
site years ago from the infraclavicular to the abdominal region because
some patients complained of local pain in the infraclavicular region. So
Lyon and Nijmegen centers place the IPG abdominally. A trial phase before
full internalization is performed in Düsseldorf (1week), Lübeck (2 weeks),
Groningen (2 weeks, they changed in 2013 to an all-in-one-procedure)
and Brussels (4 weeks). The others centers perform an initially
all-in-one-procedure. A remark is that this policy is also due to economical
reasons, since reimbursement will not be provided in some countries if
no external testing was applied. The professionals from Nijmegen explain
their choice and state that a trial phase is not feasible due to the experience
of positive effects with long-term active iMCS. Most centers wait a specific
postoperative period before activating the neurostimulator. Nijmegen and
Beirut start the stimulation 1 to 2 weeks after implantation.
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Table 3 Questionnaire part 2: Intra-operative phase
SSEP: Somatosensory evoked potentials; IPG: Implantable pulse generator; N/A: Not applicable; X: Blank
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Experts from Brussels report to start stimulating three days after the iMCS
device has been implanted. Düsseldorf and Groningen start stimulating
the day after the implantation has been performed. Only Lübeck starts the
IPG the same day of surgery. The centers report to wait in order to prevent
a seizure post-operatively. Antibiotics are used in all clinics to prevent
infection prevention, most centers report they continue antibiotics
postoperatively for at least 24 hours. Next to wound infection, epilepsy
is also known to be an adverse event of iMCS. This has been reported
sporadically by all centers, with the exception of Lyon and Beirut.
Results from the questionnaire: outcome, follow-up and complications
There was no consensus considering the amount of painrelief defining
a succesful implantation. Participants from Düsseldorf report to perform
permanent stimulation when a pain relief of at least 30% decrease of their
mean VAS is achieved; others want to observe at least 50% pain relief. Pain
intensity can only be a part of the beneficial effect of iMCS, and quality of
life (QoL) is unanimously reported to be of great importance as well. Only
experts from Düsseldorf report to stop stimulation temporarily when
patients do not notice any improvement in order to show patients the
difference of active and inactive iMCS. The stimulation parameters that are
used among the included centers range from 1-12 V, 20-80Hz and 90-450µs.
Surprisingly, an optimal result is defined differently by every center.
Düsseldorf states an improvement of pain of at least 25%. Centers in Lyon
and Beirut report to require at least 50% of pain relief. Nijmegen, Brussels,
Groningen and Lübeck state that not only pain reduction can be defined
as an optimal result. All centers underline the importance of QoL and the
daily pain medication. The period of time to obtain an optimal result is
reported to be 1-3 months by professionals from Düsseldorf, Lübeck, Lyon
and Beirut. Nijmegen and Groningen on the other hand report this to take
longer than 3 months. According to experts from Brussels, this period of
time depends of the patients. When tolerance occurs, different policies
can be implemented. Düsseldorf, Lübeck, Nijmegen, Groningen, Lyon and
Beirut perform frequent reprogramming. When not effective, Düsseldorf,
Lübeck, Nijmegen and Brussels turn off the iMCS for a period of time. Beirut
reports to reconsider the indication when iMCS was not successful. Only
Düsseldorf reports to perform deep brain stimulation after iMCS turned out
to be unsuccessful, preferred targets are the centromedian parafascicular
nucleus and ventroposterolateral thalamic nucleus (see Table 4).
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Table 4 Questionnaire part 3: Outcome, Follow Up, Complications
IPG: Implantable pulse generator; VAS: Visual analogue scale
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Discussion
As far as we know this is the first time the results of an expert meeting
on iMCS are reported. The BNS board organized this meeting in a primary
European setup, in order to discuss details concerning iMCS in pain
patients. Participants were experts in motor cortex stimulation from
Düsseldorf, Lübeck, Brussels, Nijmegen, Groningen, Lyon and Beirut
(collegue Maarrawi worked a long time together with the group of Lyon).
The expert meeting was held in order to discuss important topics and
characterize both the consistencies and discrepancies in the field of iMCS.
The inclusion criteria of iMCS vary among the centers. The experts agreed
that patients with severe refractory neuropathic pain from a documented
lesion in the peripheral or central nervous system seem to be potential
candidates for iMCS. In order to create more insights in the non-responder
group, an improved discrimination of the underlying pathophysiology
seems of crucial importance. This could provide an explanation to why the
atypical facial pain group responds inconsistently to iMCS. Also, further
neurophysiological insights in iMCS, such as the brain opioid receptor
density (99), are thought to contribute to the understanding of the efficacy
of iMCS. The predictive value of preoperative rTMS seems to be valid, but
it cannot yet be used as an exclusion tool (72, 133), although recent results
published after this meeting suggest that negative rTMS can predict iMCS
failure in the long run (>2 yrs follow up) (134). In the intraoperative phase,
cortical mapping by use of SSEPs and MEPs are believed to be the most
accurate tools in order to obtain the optimal position of the electrode. The
experts agreed that the use of supplementary fMRI is an useful adjunct,
in particular in patients with complete sensori-motor deafferentation (eg.
Plexus avulsion). The appointed region can be stimulated using one or two
electrodes, which are placed in most centers perpendicular to the sulcus.
The amount or type of electrodes are only thought to be important when
the distance between the contact points differs or shifts. Some patients
mentioned increased local pain at the local stimulation site following
active iMCS. In these patients, extensive coagulation of the dura prior to
the attachment of the electrode may provide pain relief as the current
hypothesis states that in these cases the dural nerves are stimulated. The
questionnaire showed a large discrepancy in stimulation parameters (1-12
V, 20-80 Hz and 90-450 µs), underscoring the ignorance about the optimal
parameters of stimulation. Finally, the definition of a good result was also
a point of discussion. While some experts value a simple reduction of the
VAS score, most vindicate that a reduced intake of pain medication and
the improved QoL are also of crucial importance. When suboptimal results
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are obtained during the follow-up phase, frequent reprogramming of the
stimulation parameters is thought to improve the results. When this turns
out to be unsuccessful, the iMCS device is switched off for a period of time
in order to let the patients compare the situation with and without active
iMCS.
One of the limitations of the expert meeting and questionnaire is that only
a selection of experts could be invited by the BNS. Experts from other iMCS
experienced centers in Europe, America and Asia were not included due to
practical organizational reasons, and this should be seen as a limitation.
Another limitation of the pre-meeting questionnaire is that not every
participant responded to every question (nevertheless still more than 95%
response to all questions). Strengths of this expert meeting are at first that
the discussions were transcribed verbatim and conscientiously analyzed
with directed content analysis and independently coded line-by-line by
two researchers (E.K. and D.H.) using professional software. Secondly, the
expertise concerning iMCS was well-represented by specialists of different
fields, including neurosurgeons, pain-specialized anesthesiologists
and clinical neurophysiologists. As a fruitful consequence of the expert
meeting, some centers concluded that changes in iMCS protocols needed to
be carried out. The experts converged in that more homogenous pre-, intraand post-operative protocols would contribute to better insights of the
neurophysiological mechanisms of iMCS, as well as improving its overall
efficacy and the reliability of reported results. Accordingly, the expertise
from the participating centers will be used in order to create specific
standardized protocols, so as to improve sharing, comparing and pooling
of data. However, this does not mean that a standard iMCS technique will
be produced: as the implantation still remains to be carefully adapted to
each individual case. Although the experts are not conclusive about the
fact that the differences that were observed during this expert meeting
could explain all the differences in outcome, a retrospective analyses of
the available data are a welcome supplement to the existing knowledge.
Next to creating a more standardized approach, all participants agree that
a European database should be established. This prospective database
could serve as a tool for measuring and comparing the results of iMCS in a
larger group in which the preoperative phase, the operative procedure and
the post-operative follow-up have been grossly standardized. However, the
general methodology for preparation of clinical trials, data documentation
and analysis, blinding of operators versus outcome etc. should be much
improved before an European database can become both reliable and
interoperable (155).
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Conclusion
Substantial commonalities, but also important methodological
divergencies emerged from the discussion of iMCS experts from seven
European Centers. The overall conclusion from this expert meeting and
questionnaire was that there is a need for more homogenous standardized
protocols for iMCS regarding patient selection, implantation procedure,
stimulation parameters and follow-up-course. After this meeting, the
attending experts and authors concluded that:
1) Patients that suffer from neuropathic pain that is caused by a
neuroanatomical substrate are the only potential candidates for
iMCS
2) Multidisciplinary assessment prior to iMCS should be carried out
to prevent inclusion of patients with psychological or psychiatric
disorders and/or substance abuse problems
3) In order to optimize the potential analgesic effect from iMCS,
sophisticated targeting of the primary motor cortex must be
carried out
4) Pain intensity scores (i.e., VAS and NRS scales) alone are
not meaningful enough to evaluate the effects of iMCS. A
multidimensional evaluation including pain intensity, pain
medication intake and quality of life must be implemented in
future, clinical trials.
Future investigation of the effects of iMCS includes the purpose is to
initiate an European observational study and to repeat this expert
meeting in 2018, enlarging the group of iMCS experts to other countries.
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Abstract
BACKGROUND: Invasive Motor Cortex Stimulation (iMCS) has been
performed for over 25 years to treat various intractable pain syndromes.
Its effectiveness shows to be highly variable and although various studies
revealed predictive variables, none of these were found repeatedly.
METHODS: This study uses neural network analysis (NNA) to identify
predictive factors of iMCS treatment of intractable pain. A systematic
review provided a database of patient data on an individual level of
patients who underwent iMCS to treat refractory pain between 1991 and
2017. Responders were defined as a pain relief >40% as measured by visual
analogue scale (VAS) score. NNA was carried out to predict outcome of iMCS
and to identify predictive factors that impacted the outcome of iMCS. The
outcome prediction value of the NNA was expressed as mean accuracy,
sensitivity and specificity. The NNA furthermore provided the mean
weight of predictive variables, which shows the impact of the predictive
variable on the prediction. The mean weight was converted into the mean
relative influence (M), a value that varies between 0-100%.
RESULTS: A total of 358 patients were included (202 males (56.4%); mean
age: 54.2 ±13.3), 201 of which were responders to iMCS. NNA had a mean
accuracy of 66.3% and a sensitivity and specificity of 69.8% and 69.4%,
respectively. NNA further identified six predictive variables that had a
relatively high M: 1) the sex of the patients (M=19.7%); 2) the origin of the
lesion (M=15.1%); 3) the preoperative VAS score (M= 9.2%); 4) preoperative
use of rTMS (M=7.3%); 5) preoperative intake of opioids (M=7.1%) and; 6) the
follow-up period (M= 13.1%).
CONCLUSIONS: The results from the present study show that six predictive
variables influence the outcome of iMCS and that based on these variables,
a fair prediction model can be built to predict outcome after iMCS surgery.
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Introduction
Invasive Motor Cortex Stimulation (iMCS) by use of an implanted
electrode of the primary motor cortex to alleviate intractable pain was
first described in the 1990s by Tsubokawa et al. (42, 43). Since then a total
of 700 cases have been described worldwide and an unpredictable, often
not long-lasting effect has been reported. Only a small number of studies
investigated outcome prediction factors in iMCS treatment of intractable
pain. Non-responders, on the other hand, have been far less studied over
the years and therefore, little is known about their specific characteristics
and underlying pain mechanisms. In the early period of iMCS, an intact
corticospinal tract was considered mandatory, as it was observed that pain
relief was satisfactory (≥40% pain relief) in only 15% of the patients with
motor weakness, whereas satisfactory pain relief was achieved in 73%
patients with absent or only mild motor deficits(52). Another publication
found that the level of pain relief in the first months after iMCS had strong
predictive values with regard to long-term outcome, whereas motor status,
pain characteristics and etiology/localization of the lesion were not of
statistical significance(59). Yet another study found that duration of pain
prior to iMCS surgery was of significant importance when it constituted
more than 5 years(51), whereas one study found no significant differences
between responders and non-responders to iMCS(129). A more recent
study from our group found central lesions to respond more favorable to
iMCS as compared to peripheral lesions(156), which was agreed upon in
an expert meeting on iMCS(157). However, none of these were found to be
of clinical importance in subsequent studies(51, 59, 129, 158). Besides the
fact that various pharmacological agents were regarded to impact iMCS
outcome, only responsiveness to gabapentin is still regarded a favorable
predictive factor(46). Finally, preoperative repetitive transcranial magnetic
stimulation (rTMS) of the primary motor cortex has been suggested as
a screening method as patients who respond favorable to rTMS usually
respond favorable to iMCS as well(72).
Neural network analysis (NNA) to construct prediction models have
been used to identify predictive factors within the field of neurosurgery
(i.e., epilepsy surgery, neuro-oncological surgery, spinal surgery and
neurovascular interventions; for a review see(159)). NNA’s analyze the
functioning of computational models which are based on biological neural
networks and are used to model non-linear statistical data. Thereby, NNA’s
are suited to reveal complex relations between input and output data
47

3

Chapter 3

and can be used to analyze predictive variables in medical treatments.
However, NNA to predict outcome and identify prediction factors has
never been implemented in iMCS. This study aims to predict the outcome
of iMCS as a treatment of intractable pain and to explore prediction factors
involved by use of NNA.

Materials and methods
Search strategy
PRISMA and MOOSE guidelines were followed during the conduction of
this systematic review(160, 161). PubMed, MEDLINE, Embase, The Cochrane
Library and Google Scholar were systematically searched in order to find
eligible articles regarding iMCS that were published before December 2017.
With help of a professional, independent librarian, search strategies were
composed. Search strings are provided in Supplementary file 1. To enrich
results, Medical Subject Headings (MeSH-) terms with major subheadings
were implemented. Furthermore, cross-referencing was carried out in order
to ensure that the maximum number of articles on iMCS were included in
this review. Articles were included for the first round of reviewing by three
independent researchers (J.D., R.W., D.C.) separately, based upon title and
abstract. Another researcher (D.H.) acted as the fourth, individual observer
who was consulted if the three researchers did not reach consensus.
Inclusion and exclusion criteria
Papers were included when they reported the use of invasive iMCS
in at least five patients to achieve pain relief which was measured by
modifications on a pain intensity scale (i.e., VAS) individually. Furthermore,
the diagnosis/pain condition of each patient had to be reported individually.
Articles that were written in a language other than English were excluded.
Reviews and articles that were animal based or those that investigated the
neurophysiological basis for iMCS were excluded as well.
Acquisition of individual patient data
Individual patient characteristics (predictive variables) were systematically
searched for in each article and extracted from the text and thereafter
included into a newly constructed standardized database of individual
patient data. The predictive variables of interest were: 1) sex; 2) age; 3)
the duration of pain before iMCS in years; 4) pain intensity scales preand postoperatively, 5) use of pain medication; 6) electrode placement;
7) electrode type; 8) applied stimulation parameters; and 9) the usage of
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preoperative and intraoperative screening methods (preoperative fMRI,
PET-CT or rTMS and intraoperative electrophysiological mapping (MEPs
and/or SSEPs)). At least six of the aforementioned inclusion criteria must
have been reported for final inclusion (Figure 1).

3

Figure 1 Flowchart of the conducted searches

Assessment
Responders to iMCS were defined as those who experienced a pain relief
greater than 40% as measured by pain intensity scores using the VAS. This
cut-off point was based on the earlier published papers that have commonly
used this cut-off point, stating that pain relief <40% was classified as
unsatisfactory (41, 59, 80, 124, 131, 140, 162-164)The diagnosis of each patient
was used to subdivide peripheral from central pain based upon the lesion
in the nervous system. Here, lesions or dysfunctions causing pain within
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the brain and/or spinal cord were considered as central pain. Other lesions
were marked as peripheral. Intake of pain medication was divided into
classes which were adapted from a literature-based classification used in
the medication quantification scale (165). In order to correct for missing
data, multiple imputations were carried out. First, the individual patient
data were pooled, after which the missing values were imputed using
multiple feed-forward imputations. The imputed data were pooled by
use of the mean of the five iteration outcomes with the original database.
Results from the descriptive statistical analyses were represented as mean
with ± standard deviation (SD)(if normally distributed), or as a median with
range (minimum-maximum)(if not normally distributed). Significance was
assumed when p < 0.05. IBM SPSS Statistics version 22 (IBM Corp. Released
2013. IBM SPSS Statistics for Windows, Version 22.0. Armonk, NY: IBM Corp.)
was used for statistical analyses.
Neural network design and data preparation
Design of the neural network and the data preparation were in agreement
with TRIPOD criteria(166, 167). The goal of the neural network was to
predict the occurrence of pain relief after iMCS treatment based on the
aforementioned predictive variables. A feed-forward neural network
without ordinal and scalar encoding was created with 2 hidden layers
and one output predictive variable (Figure 2). Input was separated in
two groups: scalar and categorical/dichotomous data. All missing data
within the scalar data were marked with a ‘missing indicator’ (1=present,
0=missing). Each missing scalar was replaced by an unrealistic value (e.g.,
-1000). If the scalar was not missing, the scalar exist indicator was set to 1.
Each scalar was provided paired with the missing indicator to the input of
the neural network where both values were connected to a single hidden
node (e.g., the first hidden layer). This allowed for training with missing
scalar values. All categorical/dichotomous values that were missing were
set to -1. All categorical/dichotomous input data were treated as ordinal
for the balance between the number of input nodes and the effect on the
accuracy(168). The categorical/dichotomous input nodes and the hidden
nodes from the scalar pairs were connected to a common (second) hidden
layer with 4- or 8- nodes and a training-dropout of 25.0% (169). The final
layer consisted of a single output node. All hidden nodes had rectifier
activation functions (ReLU) and the output layer was equipped with a
sigmoid activation function. Cases in which pain relief was reported as a
range were removed prior to NNA.
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Figure 2 Neural network design
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Equation 1 Calculation of the accuracy of the NNA

Neural network training conditions
The optimizer used was Adam (https://arxiv.org/abs/1412.6980v8) with a
(slow) learning rate of 5*10-4. Batch size during training was 4. The software
used was Keras(170) with the tensorflow backend(171). Due to the relatively
limited number of samples included, overfitting was regarded as a possible
risk of the analysis. Overfitting occurs when the NNA of the training set
does not results in a meaningful correlation between the input and output
variables or in terms of predictive value. Overfitting itself concerns the
“memorization” of the training cases, which leads to a decrease in prediction
accuracy when new, non-trained cases are introduced to the NNA. When
such new cases are introduced, the NNA shows to have difficulties with
discriminating the relevant variables from the non-relevant variables,
which impacts the predictive accuracy negatively. In order to minimize this
risk, the network was re-trained using different random distributions of
the dataset into a training set, validation set and test set. The distribution
of the data over the three different sets -training, validation and test setswas respectively 80%, 16% and 4%. All 4- or 8-nodes networks were trained
25 times, independently in order to minimize the risk of coincidental
findings. Achievements of the neural network are described as accuracy
and loss. Accuracy is defined as the number of correct predictions in relation
to all cases (Equation 1). Loss computation was the mean squared error and
indicates the overall fitness of the NNA (best fitness loss=0.0). Predictive
variables and responders/non-responders were divided randomly over the
three sets for NNA. During training the network, weights corresponding
with the lowest validation loss was stored and evaluated after 400 epochs.
Mean weights and the corresponding mean relative influence (M) show
the impact of each predictive variable on the prediction.
Neural network evaluation
Evaluation of the 25 individual trainings for each of the 4-node and 8-node
networks were based on the performance (loss and accuracy). Of these
the mean performance measures, the standard deviation, minimum and
maximum are reported for the 4-node and 8-node network. Furthermore
a receiver operating characteristic curve (ROC) is created per trained
network along with the area under the curve (AUC),optimum sensitivity,
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and specificity. The mean cumulative contributing weights of the input
data over the 25 networks per node-configuration is computed to give an
indication for the strongest prediction variables for the outcome.

Results
Descriptive statistics
A total of 27 articles were included representing 358 patients in total (mean
age 54.2±13.3years; 202 males(56.4%))(Table 1). The median duration of pain
showed to be 5 years with a range of 6 months to 40 years. Causes of pain
and corresponding prevalence data are summarized in Table 2. Peripheral
causes of pain were observed in 168 patients, whereas the central pain
group contained 187 patients (46.9% vs. 52.2%). Three patients (0.8%) (2;12)
could not be classified into central or peripheral pain. The peripheral pain
group consisted of 168 patients (46.9%) (diagnoses 1;3;4;5;6;7;8;9), whereas
the central pain group existed out of 187 patients (52.2%) (diagnoses
10;11). The mean pre- and postoperative VAS scores showed to be 8.0±1.1
and 4.4±2.4. Medication intake prior to iMCS is summarized in Table 2.
Preoperative rTMS was used in 15/385 cases (4.1%). Usage of two electrode
types was reported across the iMCS cases, in which a ResumeTM electrode
Resume, model 3587A, Medtronic Inc., Minneapolis, MN, USA) was used in
240 cases (67%) and a SpecifyTM electrode (Specify, model 3998, Medtronic
Inc., Minneapolis, MN, USA) was used in 26 cases (7.3%). Electrodes were
implanted in the subdural space in 55 patients (15.4%), whereas 303 patients
were implanted with epidural electrodes (84.7%). In 92 cases (25.7%)
the implanted electrode was not specified. The usage of intraoperative
targeting can be found in Table 2. The mean follow-up period consisted
of 2.0 years (±1.4years), ranging from 3 weeks till 8 years and 10 months
(Table 2).
NNA
Values for accuracy and loss of the twenty-five trainings of the three
sets the training set are provided in (Table 3). Both the 4 and 8 node
hidden layer 2 versions of the neural network had relatively high mean
squared errors(MSE)(>0.20) for the training set, validation set and test set,
indicating high loss and therefore relatively poor prediction. This indicated
that the neural network had difficulty to find a proper fit for accurate
predictions for pain relief after iMCS. The maximum MSE in especially
the validation set shows that after 400 epochs there was no converging
to an accurate prediction. The minimum MSE for the 4-node network in
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all cases is 0.19 while in the 8-node network this is 0.16 (test set) or 0.17
(training- and validation set) showing a slightly better fit to the data for
the 8-node network. The mean accuracy and MSE were higher for training
compared to validation and test showing some degree of overfitting
despite the preventive measures being taken. The standard deviation for
both accuracy and MSE showed to be lower in the training set as compared
to validation set and compared to test set, which also supported the
tendency of overfitting. Mean sensitivity, mean specificity and AUC of the
twenty-five runnings of the 8-node prediction model showed to be 71.9%,
65.1% and 73.8%, respectively (Figure 3). In depth analysis showed that six
predictive variables had a relatively strong mean relative influence on the
outcome of iMCS. These predictive variables were: 1)the sex of the patients
(M=19.7%); 2)the origin of the lesion (M=15.1%); 3)the preoperative VAS score
(M= 9.2%); 4) preoperative use of TMS (M=7.3%); 5)preoperative intake of
opioids (M=7.1%) and; 6)the follow-up period (M= 13.1%)(Table 4). Based on
these M-values, females were expected to experience greater pain relief by
iMCS. Furthermore, pain of central origin responded better to iMCS than
peripheral causes of pain. Patients with low preoperative VAS score were
more likely to experience a greater pain relief by iMCS. Patients who underwent
a preoperative screening rTMS session were observed to be more likely to
experience greater pain relief by iMCS. The intake of opioids preoperatively was
negatively correlated to the outcome of iMCS. Finally, increasing the duration of
follow-up was found to improve the outcome of iMCS.
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Table 1 Included articles
1= Trigeminal neuropathic pain; 2= Atypical facial pain; 3= Brachial plexus avulsion pain; 4= Anesthesia dolorosa; 5= CRPS; 6= Post-traumatic
and post-surgical pain of the peripheral nervous system; 7= Phantom-limb pain; 8= Post-herpetic pain; 9= Pain due to neurofibromatosis type
1; 10=Post-stroke pain; 11= Symptomatic neuralgia; 12= Idiopathic pain
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Table 2 Predictive variables of the studied population after imputation
TNP= Trigeminal neuropathic pain; AFP= Atypical facial pain; BPA= Brachial plexus
avulsion pain; AD= Anesthesia dolorosa; CRPS= Complex regional pain syndrome;
PTP= Post-traumatic and post-surgical pain of the peripheral nervous system; PhLP=
Phantom-limb pain; PHP= Post-herpetic pain; NF-1= Pain due to neurofibromatosis type 1;
PSP=Post-stroke pain; SN= Symptomatic neuralgia; IP= Idiopathic pain
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Table 3 Loss and Accuracy after training for the 4 and 8-node neural networks for 25
random distributions of training, validation and test.
MSE: Mean squared error

Table 4 Overview of the normalized influence of each predictive variable on the
responder identification based on the 5 best predicting 8-node networks
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Figure 3 Receiving operator curve of the best performing NNA

Discussion
Comparison with the literature on iMCS
This study included the individual patient data of 358 patients in total,
201 of which were regarded as responders (56.1%). NNA showed that six
predictive variables had a relatively high mean relative influence: 1)the
sex of the patients (M=19.7%); 2)the origin of the lesion (M=15.1%); 3)the
preoperative VAS score (M= 9.2%); 4)preoperative use of rTMS (M=7.3%);
5)preoperative intake of opioids (M=7.1%) and; 6)the follow-up period
(M= 13.1%). This study shows that males had a poorer response to iMCS
compared to females. A possible explanation for the sexually dimorphic
differences in response to iMCS might be found in the structural and
functional sexually dimorphic differences within the descending pain
modulation system, comprising both the periaqueductal grey and rostral
ventromedial medulla(177-181). As the descending pain modulation system
has been suggested to be influenced by iMCS(182), sex-related differences
between structure and function of this system could possibly explain

58

Systematic review and neural network analysis

the sexually bimorphic differences regarding response to iMCS therapy.
Regarding the location of the lesion, the present study found that central
lesions responded more favorable to iMCS as compared to peripheral
lesions. Others, however, stated that peripheral pain syndromes responded
favorable to iMCS(51, 125, 133, 183). However, the lack of a consensus on which
pain syndromes ought to be regarded as central and which as peripheral
pain syndromes complicates the overall analysis to some extent. Some
diagnoses can be regarded as true central (neuropathic) pain disorders,
for instance diagnoses like post-stroke pain, symptomatic neuralgias and
peripheral neuropathies However, as our knowledge concerning peripheral
and central mechanisms of sensitization grow(184), this central/peripheral
classification system might be outdated, although it is a rather practical
and clinical tool to classify pain syndromes to some extent. Furthermore,
patients with a low preoperative VAS score were more likely to experience
a greater pain relief by iMCS. Previous research did not show that
preoperative VAS score could be an outcome prediction factor(51, 125, 133,
183). Finally, since a pain score is a unidimensional measure, this usually
does not represent the complexity and multi-modality of chronic pain in
these patients. Intraoperative targeting, usually considered a standard of
care for most neurosurgical procedures to enhance safety and efficacy
of lead placement, was not found to have a major effect on the outcome
prediction model. This does not indicate that intraoperative targeting is
not useful in iMCS surgery. On the contrary, all papers reported to have
used some sort of intraoperative targeting method, although in 37.7% of
the cases, this was unspecified. This indicates that both responders and
non-responders to iMCS were operated under guidance of intraoperative
targeting, causing only a minor predictive effect of this variable alone.
Most probably, other factors, such as the aforementioned, play a more
paramount role in iMCS-outcome prediction. The usage of preoperative
rTMS was observed to have a positive relation with regard to the outcomes
of iMCS. It was already stated that preoperative rTMS might be capable
of confirming the indication of iMCS by mimicking its effect, having a
positive- and negative predictive value of 1.0 and 0.6, respectively(72).
However, only 15 patients underwent preoperative rTMS and together
with the publication bias of detrimental outcomes that might exist
concerning this topic, these findings should therefore be interpreted with
caution. Patients who used opioids for their treatment showed to be less
responsive to iMCS, which was suggested by the hypothesis of Maarrawi
et al. (2013) that opioid receptor availability is related to the efficacy of
iMCS(99). As it is known that downregulation of opioid receptors can
59

3

Chapter 3

be a consequence chronic agonist exposure (e.g., by long term opioid
medication), it can thereby be postulated that patients that used opioids
showed a poor response to iMCS(185, 186). Lastly, NNA showed that the
length of the follow-up correlated positively to the outcome of iMCS. This
can be explained by the fact that optimizing programming of the iMCS
system can take for months or even longer in some patients, increasing
the chance of success over time(157).
Mechanisms of action of iMCS
The precise mechanisms of action of iMCS remain largely elusive, although
it is known that the motor cortex and the thalamus have extensive,
modulatory, GABAergic connections with each other(93, 94, 187, 188).
Next to this, the opioidergic system is thought to play a pivotal role in
iMCS-induced analgesia as iMCS modulates the descending volleys that
reach the periaqueductal grey, rostral ventromedial medulla, trigeminal
sensory nuclei and dorsal horn, all known to be involved in processing
nociceptive input (92, 95, 98, 99, 182, 189-191). Next to this, activation of
the striatal dopaminergic system after iMCS was observed as well(192,
193). Another possible working mechanisms could be the modulation of
the locus coeruleus (i.e., release of norepinephrine)(97) and the rostral
ventromedial medulla(i.e., release of serotonin)(92, 191). The participation
of NMDA (N-meyhyl-D-aspartate) receptors is thought to play an
important role in neuroplastical changes in the thalamocortical circuit,
induced by chronic iMCS(194, 195). In order to explain these widespread
effects of iMCS, the activation of stellate interneurons in the fourth layer
of the cerebral cortex are assumed(146, 150, 196) as these thalamocortical
afferent fibers from C-type cells connect subcortical structures and circuits
to cortical areas(197-200).
Considerations of using NNA
Implementation of neural networks within this field of research remains
relatively understudied and therefore challenging. However, NNA can
be used to discover complex relations within datasets as they allow
insights in patterns of complex biological data that cannot be detected by
conventional statistical assessments(201). The relatively limited number of
included cases possibly hampered the analysis as overfitting, a well-known
possible problem in NNA, can occur. However, in order to minimize the
chance of overfitting, the network was re-trained using different random
distributions of the dataset into a training set, validation set and test set.
Although this limited number of patients formed a challenge for this study,
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the limited number patients worldwide impede clinical usage of neural
network prediction of success in treating chronic, intractable pain by.
Another specialty within neurosurgery in which NNA has been showed
to be of clinical value, is the field of neurovascular surgery. For example,
in 2000 DiRusso et al. reported on the use of a NNA in the prediction of
survival of patients after traumatic incidences. Their study showed that
in 5169 patients, the NNA gave accurate prediction with an AUC varying
between 89.5% and 91.2%, depending on the chosen predictive variables.
Such promising results show that further development of NNA’s in
neurosurgery, iMCS-therapy for intractable pain in particular, can be
considered as a promising technique that can help to improve future
neurosurgical procedures like iMCS.
5.3 Strengths and limitations
This study presents an NNA fitted on a literature-derived database
of individual patient data which is superior in comparison with the
aggregate approach(202, 203). A limitation of this approach is that studies
that presented aggregated data were excluded. Another limitation can
be found in the fact that missing data affects the outcome greater in an
analysis of individual patient level than in an analysis of aggregate data.
To counterbalance the effect of missing data, the authors conducted
multiple imputations of the database to extrapolate the missing data.
However, multiple imputation analysis assumes that the incomplete data
are missing at random such that the lack of these data was associated
only with the observed data. Another strength of this study concerns its
novel attempt to integrate unique data sources (e.g., individual patient
data of different studies) to investigate an understudied research area
(e.g., NNA in iMCS therapy). The heterogeneity of the included studies and
their protocols forms another limitation of this study. First, a broad variety
of diagnoses were treated with iMCS in the included studies. Second,
refractory or intractable pain has no formal definition, which might lead to
heterogeneity in terms of pain being intractable or refractory to treatment.
number of medications tried, number and length of conservative therapies
tried, use of topical agents, Spinal cord stimulation trial (if applicable), etc.
to qualify as intractable. For instance, Delavallée et al. (2014) reports pain
to be intractable when patients were refractory to at least two analgesic
medications, had presented neuropathic pain for at least 6 months ranging
between 5 and 10/10 and a VAS score evaluated four times a day, and were
evaluated by a neurosurgeon, neurologist and psychiatrist(82). The study of
Saitoh et al. (2000), however, used a less extensive definition of refractory
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pain: “…patients had been treated with various medications including
anticonvulsant and/or antidepressant drugs...”(64). In order to correct for
such inconsistencies, and as a previous study found that responsiveness to
gabapentin was positively correlated with iMCS outcome(46), the authors
included intake of oral analgesics into their final dataset and NNA. Third,
the heterogeneity of the group of patients treated with iMCS forms another
limitation. In addition, the different papers report the experiences of a
broad variety of centers, which furthermore indicates that the different
groups of patients were treated in accordance with different protocols.
These well-known causes of heterogeneity in the field of iMCS have also
been stated before in an expert opinion article(157).
Next to this, the lack of quality of life scores as an outcome measure must
be regarded as a challenge, especially as iMCS is indicated to diminish
pain, which is a very complex problem in these patients for years and is
known to have a tremendous effect on the QoL(156, 204). The absence of a
control group in the included studies forms another important limitation
as the possible influence of the placebo-effect in iMCS cannot be ruled
out. Nevertheless, the lack of a control group can be explained from an
ethical point of view by the unacceptable safety aspects of performing a
sham surgical intervention and limited trustworthiness of a control group
in iMCS studies. A double blinded on/off-phase trial could be a valuable
addition with regard to the lack of a control group. The study of Nguyen
et al. (2008), however, showed that active iMCS induces non-significant
improvements in QoL as measured by the McGill Pain Questionnaire,
which can be reversed by turning the iMCS system off in a blinded setting.
However, none of the alterations in QoL in any of the settings (baseline,
on and off) were found significant(164). Finally, the results from this NNA
are thought to be optimized when more coherent data could have been
used as input data. Therefore, a multinational prospective study or central
registry of the all the patients treated with iMCS, using unique diagnostic
criteria, their corresponding predictive variables, treatment characteristics
and outcome measurements would contribute greatly to this field of
neurosurgery and neuroscience.
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Conclusion
This study shows that iMCS can provide significant pain relief in a group
of well-selected patients. Furthermore, by using NNA, possible predictive
variables that impact the outcome of could be used in further prospective
studies. The use of rTMS prior to surgery is, however, still regarded as a
relatively sensitive and specific method of inclusion of patients for iMCS.
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Supplementary file 1
Used search strings
1. “Nervous System Diseases”[Mesh] AND “Motor Cortex/surgery”[Mesh] AND (“pain”[MeSH Terms] OR “pain”[All Fields])
2. “Neuralgia/therapy”[Mesh] AND Motor cortex stimulation[All
Fields]
3. (post[All Fields] AND (“surgical procedures, operative”[MeSH
Terms] OR (“surgical”[All Fields] AND “procedures”[All Fields]
AND “operative”[All Fields]) OR “operative surgical procedures”[All
Fields] OR “surgical”[All Fields]) AND (“pain”[MeSH Terms] OR
“pain”[All Fields])) AND “Motor Cortex”[Mesh]
4. “Neuralgia, Postherpetic”[Mesh] AND ((“motor cortex”[MeSH
Terms] OR (“motor”[All Fields] AND “cortex”[All Fields]) OR “motor
cortex”[All Fields]) AND stimulation[All Fields])
5. “Motor Cortex/surgery”[Mesh] AND Motor cortex stimulation[All
Fields]
6. “Motor Cortex”[Mesh] AND “Pain”[All Fields] AND “Neuralgia”[All
Fields]
7. “Neuralgia, Postherpetic”[Mesh] AND (“motor cortex”[MeSH
Terms] OR (“motor”[All Fields] AND “cortex”[All Fields]) OR “motor
cortex”[All Fields])
8. post[All Fields] AND neurosurgical[All Fields] AND (“pain”[MeSH
Terms] OR “pain”[All Fields]) AND (“motor cortex”[MeSH Terms] OR
(“motor”[All Fields] AND “cortex”[All Fields]) OR “motor cortex”[All
Fields])
9. symptomatic[All Fields] AND (“pain”[MeSH Terms] OR “pain”[All
Fields]) AND (“motor cortex”[MeSH Terms] OR (“motor”[All Fields]
AND “cortex”[All Fields]) OR “motor cortex”[All Fields])
10. post-surgical[All Fields] AND (“pain”[MeSH Terms] OR “pain”[All
Fields]) motor cortex
11. “neuralgia”[Mesh] AND “motor cortex stimulation”[All Fields]
12. “Motor Cortex/surgery”[Mesh] AND “neuralgia”[Mesh] AND
“motor cortex stimulation”[All Fields]
13. “Facial Neuralgia”[Mesh] AND “Pain”[All Fields] AND “Motor Cortex
Stimulation”[All Fields]
14. “Motor Cortex/surgery”[Mesh] AND “Pain”[Mesh] AND “motor
cortex stimulation”[All Fields]
15. (“Motor Cortex”[Mesh]) AND “Pain, Postoperative”[Mesh]
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16. “Facial Neuralgia”[Mesh] AND “Trigeminal Nerve Diseases/surgery”[Mesh] AND “Motor Cortex Stimulation”[All Fields]
17. (“Motor Cortex”[Mesh] AND “Neuralgia/surgery”[Mesh]) AND
“Treatment”[All Fields]
18. “Motor Cortex/surgery”[Mesh] AND iMCS[All Fields]
19. (“Pain”[Mesh] AND “Motor Cortex/surgery”[Mesh]) AND MCS[All
Fields]
20. (“Motor Cortex”[Mesh] AND “Neuralgia/surgery”[Mesh]) AND
“Deep Brain Stimulation”[Mesh]
21. (“Pain”[Mesh] AND “Motor Cortex/surgery”[Mesh]) AND “Electric
Stimulation”[Mesh]
22. ((“Motor Cortex”[Mesh]) AND “Pain Measurement”[Mesh]) AND
“Chronic Pain”[Mesh]
23. “Motor Cortex”[Mesh] AND “Neuralgia/surgery”[Mesh] AND
Clinical Trial[ptyp]
24. “Motor Cortex/surgery”[Mesh] AND “Neuralgia”[Mesh]
25. (“Motor Cortex/surgery”[Mesh]) AND “Pain”[Mesh]
26. (“Motor Cortex/surgery”[Mesh]) AND “Neuralgia/surgery”[Mesh]
27. “Motor Cortex/surgery”[Mesh] AND “Facial Pain”[Mesh]
28. “Electric Stimulation Therapy”[Mesh] AND “Motor Cortex/surgery”[Mesh]
29. ((“Electric Stimulation Therapy”[Mesh]) AND “Neuralgia”[Mesh])
AND “Motor Cortex/surgery”[Mesh]
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Abstract
BACKGROUND: Orofacial pain in patients relies on the anatomical
pathways that conduct nociceptive information, originating from the
periphery towards the trigeminal sensory nucleus complex (TSNC) and
finally, to the thalami and the somatosensorical cortical regions. The
anatomy and function of the so-called trigeminothalamic tracts have
been investigated before. In these animal-based studies from the previous
century, the intracerebral pathways were mapped using different retroand anterograde tracing methods.
METHODS: We review the literature on the trigeminothalamic tracts
focusing on these animal tracer studies. Subsequently, we related the
observations of these studies to clinical findings using fMRI trials.
RESULTS: The intracerebral trigeminal pathways can be subdivided into
three pathways: a ventral (contralateral) and dorsal (mainly ipsilateral)
trigeminothalamic tract and the intranuclear pathway. Based on the
reviewed evidence we hypothesize the co-existence of an ipsilateral
nociceptive conduction tract to the cerebral cortex and we translate evidence
from animal-based research to the human anatomy. Our hypothesis differs
from the classical idea that orofacial pain arises only from nociceptive
information via the contralateral, ventral trigeminothalamic pathway.
CONCLUSIONS: Better understanding of the histology, anatomy and
connectivity of the trigeminal fibers could contribute to the discovery of a
more effective pain treatment in patients suffering from various orofacial
pain syndromes.

Abbreviations
ACC: Anterior cingulate cortex; BOLD: Blood oxygen level dependent; CS:
Caudal subnucleus;
DTI: Diffusion tensor imaging; DW-MRI: Diffusion weighted magnetic
resonance imaging; fMRI: Functional magnetic resonance imaging;
IS: Interpolar subnucleus; MeN: Mesencephalic nucleus; MoN: Motor
nucleus; OS: Oral subnucleus; PAG: Periaquaductal gray; PO : Posterior
nucleus; PSN: Principal sensory nucleus; RF: Reticular formation; SN: Spinal
nucleus; ST: Spinal tract; TSNC: Trigeminal sensory nucleus complex; VPL:
Ventral posterolateral nucleus; VPM: Ventral posteromedial nucleus; V1:
Ophthalmic nerve; V2: Maxillary nerve; V3: Mandibular nerve
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Introduction
Facial pain can be caused by many factors. One of the most severe and highly
incapacitating conditions in which pharmacological treatments have an
insufficient effect, is called trigeminal neuralgia, which is considered one
of the trigeminal neuropathies (41, 43, 79, 172, 174, 205). Although trigeminal
neuropathies were first described more than 300 years ago, little is known
about the relationship with the trigeminal nerve itself and the origin of the
pain (32, 206). In order to gain insight in the pathophysiology of trigeminal
neuropathy, the anatomical connections between the trigeminal nerve
and the involved brain regions seem of great importance. In summary, it
is generally believed that sensory fibers involved in the conduction of pain
and temperature spread over the trigeminal sensory nucleus complex
(TSNC) and then cross over to the contralateral thalamus and cerebral
cortex (207-210). In 2010, however, Nash et al. reported a bilateral functional
magnetic resonance imaging (fMRI) registration in humans after noxious
orofacial stimulation. Twenty-eight human subjects were injected with
hypertonic saline (0.3ml) into the central belly of the right masseter muscle
and into the overlaying skin. Using Blood Oxygen Level Dependent (BOLD)
contrast, a 3T MR scanner imaged a bilateral fMRI-activation pattern
of the thalamus, S1 and S2 cortices after noxious orofacial stimulation.
As an explanation, the authors hypothesized an extra tract, originating
from the trigeminal nuclei running towards both thalami. However, no
anatomical details about topography, explanation or evidence can be
found in the anatomical literature for this hypothesized extra tract (112).
The aims of this review are 1) to provide a detailed overview of existing
knowledge of the anatomy and function of the trigeminal nerve, its nuclei
and its intracerebral pathways in animals, 2) to present studies that use
functional imaging in the discussion of cortical representation of pain and
3) to gain new insights in trigeminal anatomy in humans by synthesizing
animal-based studies and papers that discuss functional imaging in
humans.

Anatomy of the Trigeminal Nerve and the TSNC
The extracerebral portion of the three divisions of the trigeminal nerve
(V1: ophthalmic division, V2: maxillary division, V3: mandibular division)
has been described extensively before by many authors (207, 211-221). The
three main divisions fuse at the trigeminal ganglion, which divides into
motor and sensor rootlets. These rootlets enter the lateral pons and fibers
69

4

Chapter 4

course towards the four trigeminal nuclei: the 1)Principal Sensory Nucleus
(PSN), 2)Mesencephalic Nucleus (MeN), 3)Spinal Nucleus (SN) and 4)Motor
Nucleus (MoN) (Figure 1). The PSN and the SN together are also called the
Trigeminal Sensory Nuclear Complex (TSNC) and are held responsible for
the conduction of pain and temperature information (222). The trigeminal
nuclei have been well described by many authors (223-228).
A histological example of all the trigeminal nuclei, except the spinal nucleus,
is presented in Figure 2. This histological blockface was obtained from the
unpublished materials from Mollink et al. and, with consent of the authors,
was adapted and published here (229). The literature concerning the TSNC is
summarized below. The principal sensory nucleus (PSN) or pontine nucleus
of the trigeminal nerve is located dorsolaterally to the motor nucleus of the
trigeminal nerve in the pons. Its afferent fibers contribute to the perception
of discriminative sensations. The termination of these afferent fibers can
be divided into a ventral and a dorsal projection site within the PSN. The
PSN in the cat is a compact formation and consists of different shapes of
neurons (round, stellar and triangular types) (230). According to Kiknadze
et al., however, the subdivision of the PSN into a ventral and dorsal part is
arguable. Analysis of their data shows different-sized and different-shaped
neurons throughout the entire nucleus, at equal frequencies (231). The
spinal nucleus (SN) is located medially to the descending spinal tract (ST)
which is located in the dorsolateral region of the brainstem. The ST extends
from the trigeminal entry zone (middle pons) to the third cervical spinal
cord segment (C3). The SN therefore is oriented in a longitudinal plane and
can be subdivided into three subnuclei: the caudal- (CS), interpolar- (IS)
and oral subnucleus (OS). The CS extends from C3 to the obex and seems
consistent with the dorsal horn of the cervical spinal cord. Due to this
consistency, the subdivision into lamina according to Rexed can be used
(232, 233). Trigeminothalamic fibers are found in the layers I,V and VI of the
CS and are thought to provide the anatomical and physiological substrate
for pain and temperature perception in the facial region (234). The IS on
the other hand can be found in between the caudal end of the obex and
the caudal part of the motor nucleus of the facial nerve. The medial and
rostral borders have been described to be difficult to recognize under the
light microscope (235). The exact function remains unclear, but it is known
that the IS enlarges when the vibrissae in rodents are well developed and
therefore have a heavy central representation. The IS can be subdivided
into different regions, receiving input from different terminal branches
of the trigeminal nerve. The dorsolateral region receives input from the
auriculotemporal nerve, whereas the ventrolateral region is the termination
zone of the other ophthalmic and maxillary branches (235, 236).
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Figure 1 Schematic overview of the trigeminal nuclei in the brainstem
MeN= Mesencephalic nucleus, MoN= Motor nucleus, dPSN= Dorsal part of the principal
sensory nucleus, vPSN= Ventral part of the principal sensory nucleus, OS= Oral part of
the spinal nucleus, IS= Interpolar part of the spinal nucleus, CS=Caudal part of the spinal
nucleus, PAG= Periaquaductal grey, which receives afferents and courses more cranially as
the intranuclear tract, V= Trigeminal nerve, VII=Facial nerve, VIII=Vestibulocochlear nerve,
IX= Glossopharyngeal nerve, X=Vagus nerve
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Figure 2 Histological example of the anatomy of the TSNC
Histological section stained for myelin with the modified Heidenhain-Woelcke stain at
different levels of the cerebellum and the pons. The unstained areas are recognized as nuclei
CN V = Trigeminal nerve, MeN= Mesencephalic nucleus, PSN = Principal sensory nucleus of
the trigeminal nerve, MoN =Motor nucleus of the trigeminal nerve, * = Decussating fibers
of the trigeminal nucleus
The spinal nucleus is not visible is this section
Unpublished data, published with consent of Mollink et al. 2015 (229)

The OS or rostral subnucleus extends from the caudal pole of the facial
motor nucleus to the caudal part of the motor nucleus of the trigeminal
nerve (237). This subnucleus can be subdivided into a lateral and medial
part. The medial subdivision receives afferents from intraoral structures,
whereas the lateral part of the OS registers information from the dorsal
structures of the face and the vibrissae (224). Figure 3 recapitulates the
anatomy of the different trigeminal nuclei that are part of the TSNC.
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Figure 3 Anatomy of the different trigeminal nuclei that are part of the TSNC
dPSN= Dorsal part of the principal sensory nucleus, vPSN= Ventral part of the principal
sensory nucleus, OS= Oral part of the spinal nucleus, IS= Interpolar part of the spinal nucleus,
CS=Caudal part of the spinal nucleus, ST= Spinal tract, PAG= Periaquaductal grey, which
receives afferents and courses more cranially as the intranuclear tract, V= Trigeminal nerve,
VII=Facial nerve, VIII=Vestibulocochlear nerve, IX= Glossopharyngeal nerve, X=Vagus nerve
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Table 1 Tracing studies of the PSN
PSN= Principal sensory nucleus, SCP= Superior cerebellar peduncle

Intracerebral anatomy of fibers originating from the TSNC
Efferents from the PSN
In 1905, Wallenberg dissected the brains of rabbits and observed uncrossed
trigeminothalamic fibers, sprouting from the dorsal part of the PSN (238).
After the example of Wallenberg, others mentioned this ipsilateral circuit
as well (239-244). In 1957, Torvik studied the ascending pathways of the
trigeminal nerve by means of a partial or complete transsection of the
rostral brains of 22 kittens and retrograde cellular alterations in the TSNC. It
was concluded that from the PSN almost all fibers projected to one of both
thalami and that these projections were both contralateral as ipsilateral
(245). Smith carried out a partial unilateral stereotactic lesion of the PSN in
cebus- and rhesus monkeys and found a ventromedial decussation of fibers
at the level of the pontine tegmentum and a dorsal collection of axons that
form a smaller trigeminothalamic projection, originating from the dorsal
one-third of the PSN (246). No neurons from the PSN appeared to project
to the spinal cord (222). In 1982, Matsushita et al. also used the retrograde
horseradish peroxidase technique and injected it into the posterior ventral
nucleus of the thalamus. A large number of neurons were observed in the
ventral segment of the PSN and the IS of the SN on the contralateral side,
whereas on the ipsilateral side, the dorsal aspect of the PSN was marked
after injection (222).
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Figure 4 Anatomy of the trigeminothalamic tracts sprouting from the principal sensory
nucleus within the brainstem towards the diencephalon
dPSN= Dorsal part of the principal sensory nucleus, vPSN= Ventral part of the principal
sensory nucleus, OS= Oral part of the spinal nucleus, IS= Interpolar part of the spinal nucleus,
CS=Caudal part of the spinal nucleus, ST= Spinal tract, PAG= Periaquaductal grey, which
receives afferents and courses more cranially as the intranuclear tract, V= Trigeminal nerve,
VII=Facial nerve, VIII=Vestibulocochlear nerve, IX= Glossopharyngeal nerve, X=Vagus
nerve, * = Dorsal trigeminothalamic tract, ** = Ventral trigeminothalamic tract
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Rausell et al. showed in 1991 bilateral afferents to the VPM, originating
from both the ipsilateral and the contralateral PSN using an anterograde
tracing study in 3 cynomolgous monkeys (Macaca fascicularis) (247). Table
1 summarizes the mentioned tracing studies in animals. Figure 4 depicts
the trigeminothalamic tracts sprouting from the PSN.
Efferents from the SN
In 1978, Ganchrow injected the CS of the SN with tritiated amino acids in the
squirrel monkey and found that the efferents from the CS had a contralateral
projection to the VPM. Also, bilateral connections were observed to the
mediodorsal nucleus (MD), together with ipsilateral connections between
the PSN and the CS of the SN (248). Burton et al. studied the projections from
the CS of the spinal trigeminal complex with retrograde and anterograde
axonal transport techniques in cats. Projections to the thalamus were both
bilaterally to a dorsomedial region of the VPM as well as contralaterally
to the main part of the VPM and PO (posterior nucleus) of the thalamus
(249). Kunzle showed in 1998 a weak bilateral projection from the CS of the
SN in the hedgehog tenrec (Echinops telfairi) after injecting the trigeminal
subdivisions with wheat germ agglutinin conjugated to horseradish
peroxidase, biotinylated dextran amine and a solution of radioactive
amino acids. There was little evidence for a trigeminal projection to the
intralaminar nuclei but there was a distinct projection to the contralateral
zona incerta of the thalamus (250). However, in 1982 Ikeda et al. described
intranuclear ascending fibers originating from the IS of the cat, after
applying injections into the SN (251). The OS of the SN has been described
to be consistent with the PSN. Efferents originating from the OS of the SN
cross over to the contralateral VPM as a part of the trigeminal lemniscus
(207). This would result in the trigeminothalamic tract sprouting from the
SN as depicted in Figure 5. Furthermore, Panneton et al. injected retrograde
horseradish peroxidase into the rostral trigeminal region and showed that
neurons in all laminae, mainly lamina III and -IV of the medullary dorsal
horn, project through an intranuclear pathway (252). Within lamina III
and -IV, trigeminal fibers converge into their separate nuclei. Also, layer
III and IV contain, next to trigeminal fibers and trigeminal nuclei, many
interneurons that can be responsible for the intranuclear pathway (234).
A third tract therefore can be described, the so-called intranuclear tract
running towards or within the PAG from the IS and CS of the SN. This
would result in the trigeminothalamic tract as depicted in Figure 6. Table
2 provides an overview of the mentioned tracing studies.
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Figure 5 Anatomy of the trigeminothalamic tracts sprouting from the spinal nucleus
within the brainstem towards the diencephalon
dPSN= Dorsal part of the principal sensory nucleus, vPSN= Ventral part of the principal
sensory nucleus, OS= Oral part of the spinal nucleus, IS= Interpolar part of the spinal nucleus,
CS=Caudal part of the spinal nucleus, ST= Spinal tract, PAG= Periaquaductal grey, which
receives afferents and courses more cranially as the intranuclear tract, V= Trigeminal nerve,
VII=Facial nerve, VIII=Vestibulocochlear nerve, IX= Glossopharyngeal nerve, X=Vagus
nerve, * = Dorsal trigeminothalamic tract, ** = Ventral trigeminothalamic tract
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Figure 6 Anatomy of the intranuclear tract within the brainstem
dPSN= Dorsal part of the principal sensory nucleus, vPSN= Ventral part of the principal
sensory nucleus, OS= Oral part of the spinal nucleus, IS= Interpolar part of the spinal nucleus,
CS=Caudal part of the spinal nucleus, ST= Spinal tract, PAG= Periaquaductal grey, which
receives afferents and courses more cranially as the intranuclear tract, V= Trigeminal nerve,
VII=Facial nerve, VIII=Vestibulocochlear nerve, IX= Glossopharyngeal nerve, X=Vagus nerve
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Table 2 Tracing studies of the SN
CS= Caudal subnucleus, IS= Interpolar subnucleus, SN= Spinal nucleus, PSN= Principal
sensory nucleus

Function of the dorsal trigeminothalamic tract
Although the trigeminothalamic connections and origins have been
described extensively, little is known about the cells giving rise to these
tracts. The dorsal trigeminothalamic tract in animals (cats and monkeys)
consists of fibers originating from the dorsal PSN and the CS and OS of the
SN (207, 222, 253). This is summarized in Figure 7. The dorsal PSN receives
afferents originating from the oral cavity, hence it is associated with the
intraoral sensitivity (254). Takemura et al. specified this in 1993 by studying
the afferent axons from the lower and upper teeth. They found that these
fibers project to the PSN in monkeys (255). According to some authors, the
PSN also receives mechanoreceptive afferents from the intraoral cavity
(256-259). In line with these studies, in bird species that rely on tactile
information while feeding, the complete PSN seems to be enlarged (260).
Shigenage et al. showed that in cats, the branches supplying the anterior
face, i.e., the frontal, infraorbital and mental nerves, also terminate in the
ventral PSN (254). Furthermore, the alveolar (superior and inferior), buccal,
lingual and pterygopalatine branches, which are responsible for the
intraoral sensitivity, terminate not only in different areas of the PSN but
also in the OS and IS of the SN. The IS of the SN also receives input from
the anterior face region and the auriculotemporal, corneal, mylohyoid, and
zygomatic afferent nerve fibers (254).
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Figure 7 Anatomy of the dorsal trigeminothalamic tract within the brainstem towards
the diencephalon
dPSN= Dorsal part of the principal sensory nucleus, vPSN= Ventral part of the principal
sensory nucleus, OS= Oral part of the spinal nucleus, IS= Interpolar part of the spinal nucleus,
CS=Caudal part of the spinal nucleus, ST= Spinal tract, PAG= Periaquaductal grey, which
receives afferents and courses more cranially as the intranuclear tract, V= Trigeminal nerve,
VII=Facial nerve, VIII=Vestibulocochlear nerve, IX= Glossopharyngeal nerve, X=Vagus
nerve, * = Dorsal trigeminothalamic tract
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The projecting cells from the CS of the SN are held responsible for the
transmission of pain and temperature from the orofacial region. However,
dental pulp afferents projecting to the OS of the SN have also been reported
upon (253, 255). The afferents of the OS of the SN are described to convey
noxious information after mechanical stimulation (261), but the OS has also
been described as a caudal extension of PSN (249, 262). Others described
that the terminals from both the upper and lower pulpal afferents formed
a connection between the PSN and the OS of the SN (255). The IS and CS also
receive afferents from the intra-oral cavity, though this projection is less
dense compared to that of the PSN and the OS of the SN (255). Therefore,
the exact function of these separate subnuclei remains unclear. Although,
most assume that the ipsilateral, dorsal trigeminothalamic tract is
responsible for conducting proprioceptic sensorical information, it seems
logical to assume that both the SN and the PSN receive pain, temperature
and mechanoreceptive stimuli from the head and intraoral cavity.

Function of the contralateral, ventral trigeminothalamic tract
The ventral trigeminothalamic tract, as depicted in Figure 8, consists of
fibers originating from the ventral PSN, CS and IS of the SN. The fibers
from this ventral tract decussate along the medial border of the medial
lemniscus and are therefore also called the trigeminal lemniscus (207, 222,
245, 246). The ventral trigeminothalamic tract is held responsible for the
conduction of vital sensory information. The function of the various nuclei
has been studied intensively before. The PSN is believed to be mainly
involved in the conduction of tactile sensations and movement or position
sense (263). However, Kiknadze et al. showed that the same nucleus is
also involved in the processing of orofacial and dental pain in cats (231).
According to Shigenaga et al., the IS of the SN also receives input from the
anterior orofacial region and several trigeminal peripheral branches (254).
As we know from Sjögvist’s tractotomy, the CS plays an important role in
the transmission of vital information (264). These results would suggest
that the ventral trigeminothalamic tract plays an important role in the
contralateral registration of orofacial nociception, as suggested before by
others (207, 221).
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Figure 8 Anatomy of the ventral trigeminothalamic tract within the brainstem towards
the diencephalon
dPSN= Dorsal part of the principal sensory nucleus, vPSN= Ventral part of the principal
sensory nucleus, OS= Oral part of the spinal nucleus, IS= Interpolar part of the spinal nucleus,
CS=Caudal part of the spinal nucleus, ST= Spinal tract, PAG= Periaquaductal grey, which
receives afferents and courses more cranially as the intranuclear tract, V= Trigeminal nerve,
VII=Facial nerve, VIII=Vestibulocochlear nerve, IX= Glossopharyngeal nerve, X=Vagus
nerve, ** = Ventral trigeminothalamic tract
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Activation of brain regions in response to orofacial noxious
stimulation
Pain, including that of orofacial origin, can be mediated by two systems.
The medial system is composed of limbic structures and the anterior
cingulate and insular cortices and is responsible for the emotional-affective
and cognitive-behavioral dimensions of pain (154, 265). The lateral pain
network consists of the lateral spinothalamic tract, the VPL or VPM of
the thalamus and the S1 cortex and processes the sensory-discriminative
components of pain (209, 266, 267). The main components of the acute
pain network are the prefrontal, M1, S2, anterior cingulate and insular
cortices, the thalamus, supplementary motor areas, amygdala, PAG and
basal ganglia (268). According to classical knowledge, it would be logical
to assume that contralateral activation of the lateral system in response
to unilateral noxious stimulation would occur. Surprisingly, according
to Peyron and colleagues bilateral hemodynamic responses to acute
noxious stimuli were observed in the thalamus and anterior cingulate,
insular and SII cortices. An activation of S1, prefrontal and posterior
parietal cortices, the striatum, cerebellum, PAG and supplementary
motor areas was observed contralateral to the stimulus (269). Bingel et
al. published a bilateral somatotopic cortical registration in event related
fMRI after painful stimulation of the hand and foot. Touchless laser pain
stimuli were applied to the dorsum of the hand and foot after which the
neuronal response was measured using BOLD fMRI. In general, Bingel et al.
concluded that ipsilateral activity of S1 could be the result of an uncrossed
ipsilateral tract or transcallosal excitatory pathways (270, 271). Farell et
al. reviewed the literature on upper extremity noxious stimulation and
showed a predominant contralateral activation of the anterior cingulate
cortex (ACC), lentiform nucleus and the S1, S2 and M1 cortices, however
the included reports discussed various activation patterns of cortical and
subcortical structures. An ispilateral activation of the midbrain was also
observed. The insular cortex, thalamus, cerebellum, premotor areas and
inferior parietal lobule were regions that showed bilateral activation after
noxious stimulation of the upper extremity (272).
Taking orofacial pain into account, in 1998 May and colleagues injected
capsaicin in the foreheads of seven healthy volunteers. May et al. showed
a bilateral activation of the cerebellum and the anterior insula and
observed ipsilateral activation of the ACC and contralateral activation of
the thalamus (273). In 2002, DaSilva et al. showed an ipsilateral activation
of the SN in patients that underwent noxious thermal stimulation of the
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skin of the trigeminal areas (V1, V2 and V3). Also, DaSilva et al showed a
contralateral activation of the thalamus and S1 cortex after stimulation
(274). Brooks et al. showed a bilateral activation of the anterior insula, S2
and a contralateral activation of the posterior insula after noxious thermal
stimulation of the face, hand or foot. When stimulating the face or hand,
thalamic activity was also observed (275). Jantsch et al. in 2005 discussed a
bilateral fMRI activation of the S1 cortices after painful dental stimulation
in eight healthy subjects. Interestingly, Jantsch et al. also mention a
significant increase of BOLD-activation in the ipsilateral hemisphere
after stimulation for which they do not give any explanation. The group
of Jantsch conclude that a complex cortical network must be responsible
for a bilateral activation after orofacial stimulation (206). De Leeuw et al.
observed brain activation with painful hot stimulation of the trigeminal
nerve. In nine participants, the skin overlaying the left masseter muscle was
triggered using thermal stimuli. Using fMRI, brain activity was registered.
Bilateral activation was seen in the ACC, insula and thalamus (276). Ettlin
and his group reported in 2009 that bilateral non-nociceptive orofacial
mechanical stimulation can provoke a bilateral activation of the insular
cortex, whereas the S1-cortex was rarely activated (277). In the same year,
Nash et al. investigated nociception in 30 humans (22 males, 19-52 years)
using painful saline injections in the right masseter muscle. Both cutaneous
and muscle nociceptive input activated the caudal and oral subdivision of
the spinal nucleus. However, cutaneous nociceptive stimulation evoked a
large response within the interpolar part of the spinal nucleus, whereas
muscle nociception was registered in the principal sensory nucleus (278).
In 2010 Weigelt et al. studied thirteen healthy volunteers that underwent
stimulation of the dental pulp with a constant current tooth stimulator.
After stimulation, they reported a bilateral activation of the S1, S2, the
medial dorsal nuclei of the thalamus, insular cortices, ACC and precentral
areas such as M1 as seen on fMRI (279). The information of the studies that
discuss orofacial pain is presented in Table 3.
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Table 3 Synopsis of activated brain areas after noxious stimulation
N/A= not available from full text, A = Hand-area on S1, B = Anterior insular cortex, C = Medial insular cortex, D = Posterior insular
cortex, E = Author does not specify the results

4

85

Chapter 4

When investigated, the S2, insular and cingulate cortices seemed to be part
of a bilateral projection system. Other structures, such as the thalamus, S1
cortex and the precentral gyrus, were also involved in the bilateral pain
registration (206, 276, 279-281). Nevertheless, Brügger et al. subdivided three
lateralization patterns in the brain related to processing dental pain: 1)
hemispheric lateralization irrespective of side of stimulation, 2) structures
with predominant contralateral activation and 3) structures showing
hemispheric dominance and predominant contralateral activation. Pattern
1 shows that the right hemispheric effect is stronger to the cerebellar
lobes and the parahippocampal area. The left hemispheric effect on the
other hand is stronger to the putamen, pregenual, posterior and anterior
cingulate cortices and supramarginal area. The second pattern shows five
brain areas that are predominantly contralateral: the S1-cortex, thalamus,
posterior insula, amygdala, and subcentral area. The subcentral area also
shows lateralization to one hemisphere according to pattern 3. Also, they
observe an activation of the contralateral amygdala in response to noxious
dental stimulation (282).

Discussion
We reviewed in animals that the somatosensory fibers of the fifth cranial
nerve are distributed over the TSNC. From these nuclei, three tracts can
be recognized. From the ventral part of the PSN, a large crossed tract, the
trigeminal lemniscus or the ventral trigeminothalamic tract arises. This
tract also receives efferents originating from the OS and IS of the SN. From
the dorsal part of the PSN arises the dorsal trigeminothalamic tract, which
also consists out of fibers from both the contra- and ipsilateral SN. Both
tracts run to the thalamus, the VPL-region in specific. A third tract can be
observed, originating from the distal two thirds of the SN. Fibers of this
intranuclear tract course into the PAG (207, 222, 234, 238-249, 251, 252, 283,
284)(Figure 9). Although the mentioned ipsilateral tract has been described
before in animals, it has never been hypothesized to play a prominent
role in the conduction of noxious stimulation. A full understanding of
brain activation in response to nociceptive information is limited by
the complexity of the multidimensional character of pain and the pain
experience. Lateralization of the cortical areas involved in the medial pain
system that seem predominantly active and are not influenced by the
side of stimulation are the different parts of the cingulate gyrus (282). This
predominant activation could explain why fMRI studies show in some
cases an ipsilateral activation.
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Figure 9 Anatomy of the hypothesized bilateral orofacial pain registration system in
humans
dPSN= Dorsal part of the principal sensory nucleus, vPSN= Ventral part of the principal
sensory nucleus, OS= Oral part of the spinal nucleus, IS= Interpolar part of the spinal nucleus,
CS=Caudal part of the spinal nucleus, ST= Spinal tract, PAG= Periaquaductal grey, which
receives afferents and courses more cranially as the intranuclear tract, V= Trigeminal nerve,
VII=Facial nerve, VIII=Vestibulocochlear nerve, IX= Glossopharyngeal nerve, X=Vagus
nerve, * = Dorsal trigeminothalamic tract, ** = Ventral trigeminothalamic tract
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When the left cingulate gyrus gets activated after subjects are stimulated
on the left side of the body, this may appear to be an ipsilateral activation
pattern. Nevertheless, bilateral activation of the cingulate gyri has also
been observed after unilateral noxious stimulation (206). The robust
contralateral activation of the amygdala can only be speculated about.
A high emotional value attributed to orofacial/dental pain could be one
of the factors involved, but the emotional aspect of this kind of pain or
noxious stimuli has never been investigated (282). Even so, lateralization
of the amygdala turns out to be inconsistent throughout human literature
(282, 285, 286). The subdivisions of the insular cortices showed a subdivision
in activation. When bilateral activation was reported, this concerned
mainly the anterior insular cortex (206, 273). Contralateral activation was
mainly seen in the posterior insular cortex (206, 275, 282). The posterior
insular cortex is preferentially connected to other lateral structures,
such as the S1 and S2 cortices (287). The other structures of the lateral
pain system are also predominantly contralateral according to Brüggers
and Brooks’ studies (275, 282), although this is contradicted by various
reports discussing a bilateral activation (112, 276, 279). The activation of
the ipsilateral S1 cortex is also held implausible, according to Brügger and
colleagues, but other reports do state a bilateral activation of S1 in response
to noxious stimulation of the orofacial region (112, 206, 270, 279, 282).
The findings (112, 206, 270) could be in agreement with the results from
animal-based studies about the intracerebral pathways. When we focus on
facial pain, a double trigeminothalamic tract could be the answer to this
clinical question, if both the ventral and dorsal trigeminothalamic tract
are capable of nociceptive conduction. Another anatomical solution can be
found in the transcallosal pathways. Nevertheless, this seems implausible
bearing in mind the study of Stein et al. in which they investigated the pain
perception of a split-brain patient after high intensity noxious stimulation
was applied to the foot (288).
Limitations in the functional imaging of pain are 1) anticipation of
pain, 2) attentional modulation and 3) emotional accounts of pain. The
anticipation of pain is known to activate several brain regions, including
the ACC, cerebellum, ventral premotor and ventromedial prefrontal cortex,
the PAG and hippocampus (289-293). The Brügger study does indeed show
that, when anticipation is ruled out, the bilateral activation decreases.
This decrease in bilateral activity shows that anticipation of pain causes a
bilateral network to be activated. Nevertheless, when anticipation is ruled
out, there still seems to be a bilateral activation of cortical areas involved
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in the lateral pain system. This would suggest that both systems (pain
and anticipation of pain) play a prominent role in registration of pain.
Secondly, it is well known that pain related anxiety and fear are associated
with difficulties in attention and result in an increased awareness
of pain (294). Chronic lower back pain patients have been shown to
display activation of the insular cortex, supplementary motor area and
pre-motor area, cerebellum, thalamus, pulvinar, posterior cingulate cortex,
hippocampus, fusiform gyrus and angular gyrus after they saw a picture
showing an aversive movement (295). The emotional accounts have been
studied extensively as well. When cued expectation of pain stimuli is
studied, activation of various regions within the salience (insula and ACC),
sensorimotor and attentional control (parietal and frontal) networks have
been described (296-298). Taking the mentioned regions into account,
fMRI studies of the brain can be very useful and illustrative, but one must
be careful when interpreting these results.
Lin et al. states that a critical step in the future of fMRI investigations
is to understand the chronic dental pain-related anatomy and cortical
representations. The potential for investigating and understanding chronic
orofacial pain is highlighted by their two major findings. First, the thalamus
and S1 cortex were identified as two major sites of neuroplasticity and
second, the increased connectivity between the thalamus and the insula
(36). Although some other authors also state that the standard anatomy
can change under the influence of chronic stimulation, such as pain (299,
300), it seems logical to assume that orofacial pain is bilaterally registered
in healthy humans as well, according to other investigations (112, 206, 270,
276, 279-281). In order to gain more insight in the normal connectivity from
the orofacial region and the related cortical areas, we subsequently make
some proposals for future investigations. A post-mortem diffusion tensor
imaging (DTI) study based on a diffusion weighted MRI (DW-MRI) scan
could contribute to our insights in the trigeminal fibers, because this is
currently the only capable method of mapping the detailed architecture
of white matter fibers in human brain specimens (301). This technique
could create a more profound insight in trigeminal anatomy, specifically
concerning its intracerebral portion and is certain to contribute to clinical
knowledge and decision making in the daily practice of trigeminal
neuropathies. Nevertheless issues regarding high resolution MRI and
reliable qualitative probabilistic tracking of the trigeminothalamic tracts
may be important challenges to overcome (301). Beyond the challenges
inherent in acquiring suitable DW-MRI data, there are currently many
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obstacles to overcome regarding the tractographic modelling of white
matter tracts (302). The use of post-mortem DTI could be a welcome
supplement to the knowledge obtained by in-vivo fMRI-studies, in
which the activation of regions of the brain involved in the orofacial pain
registration, have been mapped. There still remain outstanding questions
that cannot be answered today. Is it possible that the trigeminothalamic
tracts in humans are more comparable to those in animals? Is it possible
that the several nuclei of the TSNC are indeed part of a conjoined complex
which makes it difficult to separate several types of somatosensorical
information and their conducting pathways? There is much left that we do
not comprehend concerning orofacial pain, but knowledge of the involved
trigeminothalamic and intranuclear pathways is believed to be of great
importance in treating patients suffering from orofacial pain syndromes
effectively .

Conclusion
The main aim of this review was to present new insights in trigeminal
anatomy in humans, based on both animal-based papers and fMRI research
studies. The classical point of view is that orofacial pain is conducted
in a contralateral fashion. However by synthesizing animal-based
literature and human functional imaging studies, we state that the exact
neuroanatomy of orofacial pain is largely elusive, and we hypothesize
the existence of a bilateral orofacial conduction system of nociceptive
information in humans.
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Abstract
BACKGROUND: Invasive motor cortex stimulation (iMCS) was introduced
as a last-resort treatment for chronic neuropathic pain. Over the years,
iMCS has been used for the treatment of various pain syndromes but
long-term follow-up is unknown.
METHODS: This paper reports the results of iMCS from 2005 until 2012
with a 3-year follow-up. Patients who suffered from chronic neuropathic
pain treated with iMCS were studied. The analgesic effect was determined
as successful by decrease in pain-intensity on the visual analog scale (VAS)
of at least 40%. The modifications in drug regimens were monitored with
use of the medication quantification scale (MQS). Stimulation parameters
and complications were also noted. Interference of pain with quality of life
(QoL), the Quality of Life Index (QLI), was determined with use of a specific
subset of questions from the MPQ-DLV score.
RESULTS: Eighteen patients were included. Mean pre-operative VAS
changed from 89.4 ± 11.2 to 53.1 ± 25.0 after three years of follow-up (P <
0.0001). A successful outcome was achieved in seven responders (38.9%).
All patients in the responder group suffered from pain caused by a central
lesion. With regard to all the patients with central pain lesions (n=10) and
peripheral lesions (n=8), a significant difference in response to iMCS was
noticed (P = 0.002). MQS scores and QLI-scores diminished during the
follow-up period (P= 0.210 and P = 0.007, respectively).
CONCLUSIONS: iMCS seems a promising therapeutic option for patients
with refractory pain syndromes of central origin.
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Introduction
In the early 1990s, Tsubokawa and colleagues presented that chronic,
invasive motor cortex stimulation (iMCS) was effective in treating
thalamic pain syndromes (42). Over the years, various reports in which this
last resort treatment was discussed were published and more indications
for iMCS were introduced; see for reviews, Lima et al. and Fontaine et al.
(74, 121). The main indications for iMCS are (1) central post-stroke pain
(including thalamus syndrome), (2) neuropathic orofacial pain of various
origins, (3) phantom limb pain, and (4) pain due to peripheral plexus
avulsion (74, 78). It has recently been estimated that over 700 patients
were treated with iMCS worldwide, using a variety of protocols (303). Due
to this heterogeneity, comparison of the results of iMCS remains difficult
(303). Next to the many success cases, other papers that discuss the lack of
efficacy of iMCS have been published as well (123, 164, 304). Nevertheless,
the current literature suggests that iMCS holds promise for patients that
suffer from specific conditions, such as trigeminal neuropathic pain and
post-stroke pain (162), although the exact mechanisms of iMCS remain
matter of debate. One of the hypothesized mechanisms includes the
activation of various interneural circuits within the primary motor cortex,
inducing an antidromic modulation of the thalamacortical fibers (41, 42,
146). With regard to this, different forms of stimulation have shown to
activate different neural circuits. Anodal stimulation seems to preferably
activate the corticospinal tract directly, whereas cathodal stimulation
seems to stimulate the thalamocortical tracts and the corticospinal
tract indirectly. The stimulation of thalamocortical tracts and indirect
stimulation of the corticospinal tract was observed to achieve the greatest
pain relief (146). iMCS has also been shown to activate different brain
regions remote from the site of stimulation. For example, the orbitofrontal
cortex, the insula, the cingulate cortex, the putamen, the thalamus and
the PAG have all been observed as areas that are influenced by iMCS
(49, 60). Next to these aforementioned mechanisms, the neurochemical
effects of iMCS has been investigated as well. For example, iMCS is known
to enhance the release of endogenous opioids in pain-related circuits
such as the periaquaductal grey and cingulate cortex (98). Furthermore,
the density of opioid receptor binding in the brain predicts the clinical
outcome of iMCS (99). It has also been postulated that the activation of
both inhibitory (GABAergic) pathways and excitatory (glutametergic)
pathways (146, 305, 306) plays an important role in iMCS. For instance, an
impaired intracortical inhibition, present in neuropathic pain patients,
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seems to be restored after stimulation of the primary motor cortex.
This indicates the involvement of the inhibitory system (306). Other
studies proposed the involvement of the inhibitory system in thalamic
modulation after iMCS (93, 94, 182, 188, 307). The excitatory pathways
are also hypothesized to be involved as the putamen releases dopamine
after iMCS as a result of activation of the glutametergic corticostriatal
projections (95, 193). The link between the analgesic effect of iMCS and the
glutamate N-methyl-D-aspartate (NMDA) receptors has been established
as well (194, 308), which could explain the long-lasting analgesia that
occurs after stimulation of the motor cortex (195). Other evidence from
experimental models of neuropathic pain show that analgesia after
electrical stimulation originates from the rostroventral medulla as well
as the descending serotoninergic pathways, which shows involvement of
the serotonergic system (191). Next to the discussion concerning suitable
candidates and the influenced pathways, the efficacy of iMCS seems to
depend greatly on the appropriate positioning of the electrode over the
cortical area of interest and the applied stimulation parameters. Different
shapes of the electrodes and settings of the pulse generator are known to
stimulate different neural structures and mechanisms in the brain (146,
309). This study aims to determine the efficacy of iMCS by presenting the
results of iMCS after a long-term follow-up of 3 years, using an assessment
using changes in VAS scores, the daily intake of pain medication and the
changes in quality of life (QoL) scores.

Material and methods
Study protocol
In 2003, an observational study protocol was set up in the university
medical centers of Nijmegen and Groningen, the Netherlands, in order to
study the effects of iMCS in patients that suffered from chronic neuropathic
pain (310). Patients were included between 2005 and 2013 when they
suffered from chronic intractable neuropathic pain and reported high
levels of pain (VAS > 5, measured three times daily during four days
(311)). The diagnosis chronic neuropathic pain was based primarily on
the patient’s history and physical examination. Questionnaires based on
the sensory descriptors and the quality of life have been developed to
diagnose chronic neuropathic pain. These instruments have been shown
to be valid and reliable discriminators of chronic neuropathic pain. In
addition, the presence of weakness, allodynia or hyperalgesia all favor a
diagnosis of chronic neuropathic pain (312). Furthermore, radiographic
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imaging techniques performed less than three years before inclusion for
iMCS, a neuroanatomical explanation that might contribute to the pain
should be seen. Patients were selected by anesthesiologist-pain specialists,
neurosurgeons, and clinical psychologists. At intake, patients were asked
to fill-in 1)the McGill Pain Questionnaire; 2)the Symptom CheckList 90; 3)
the 5-level Euro Quality of Life 5D version; 4) the Sickness Impact Profile 68
and; 5)to register their daily medication intake using a medication journal.
Quantitative sensory testing and an extensive physical examination were
carried out to assess and quantify sensory- and motor function. Patients
with severe, current psychological problems (e.g., depression, high anxiety)
or substance-abuse were excluded. Other exclusion criteria were the use
of therapeutic anticoagulants, cognitive and/or psychiatric disorders in
the medical history, nociceptive pain, an expected life expectancy less
than 3 years due to other diseases (e.g., cancer), contra- indications for
general anesthesia (e.g., severe cardio-pulmonary diseases), convulsive
disorders and the presence of other neuromodulation systems. All
patients underwent preoperative somatosensory-evoked potential (SSEP)
measurement to determine the integrity of the somatosensory system
in order to facilitate intra-operative neurophysiological monitoring. A
MRI-scan was used to determine any anatomical contra-indications (brain
atrophy, pathological structures) for the operative procedure. All patients
presented in this study had a follow up of three years. Final diagnosis of
patients was carried out in accordance with internationally renowned
guidelines (313, 314).
Surgical technique
The pre-operative fMRI was fused with the neuronavigation MRI. For this
purpose, cortex surface rendering technique was performed using the
Stealthviz software (Medtronic Inc., Minneapolis, MN, USA) to visualize
the cortical areas and determine the central sulcus and the motor cortex,
which then was marked on the skin by using neuronavigation. All patients
were operated under general anesthesia without muscle relaxation. A
small craniotomy (approximately 4 × 4 cm) was carried out over the central
sulcus. An electrode was placed perpendicular to the central sulcus in
the epidural space (Specify, model 3998, Medtronic Inc., Minneapolis, MN,
USA). The central sulcus was identified using the phase reversal of the
somatosensory evoked potential recorded with an eight-contact electrode
strip during median nerve stimulation. Consequently, monopolar anodal
train-of-five stimulation was used to map motor function at different
locations in the precentral gyrus. Stimulation intensity was increased
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until a reproducible motor evoked potential was found in the muscle of
interest (e.g., m. flexor carpi radialis or m. abductor pollicis brevis). Results
from electrophysiological testing were taken together with intraoperative
neuronavigation to determine the optimal cortical target for iMCS. The
iMCS electrode was sutured to the dura mater. After placement of the
electrode, the electrode was tunneled subcutaneously and connected with
an internalized pulse generator (IPG) (Medtronic Versitrel and later Prime
Advanced) that was implanted in the subclavian space or in a subcutaneous
abdominal pocket.
Data-analysis
An independent researcher (D.H.), who was blinded to the stimulation
conditions, investigated the patient records in this observational study.
Only patients who were treated in accordance to the aforementioned
treatment protocol and with a minimal follow-up of three years in whom
the effect of iMCS, occurrence of complications, daily intake of medication
and change in quality of life was complete, were analyzed.
Ethical statementregistration of clinical trial and reporting
This observational study was performed under the approval of the medical
ethical committee of the region Arnhem–Nijmegen. All patients, after
extensive pre-operative information, gave written informed consent due
to the experimental nature of this treatment at that time. This clinical trial
was not registered in 2003 due to the fact that, in The Netherlands, iMCS was
not an experimental method at that moment. The authors confirm that all
ongoing and related trials for this intervention are registered (ClinicalTrials.
gov Identifier: NCT03189823). The TREND Statement Checklist was added
to this paper in order to contribute to the standardization of the reporting
of non-randomized trials (Supplementary file 1).
Assessment
Pain is a complex, subjective and multidimensional phenomenon that is
difficult to measure by unidimensional pain scores only. Apart from the
visual analog scale (VAS), the intake of pain medication is thought to be a
valid tool of measuring pain relief (315, 316). Adding analgesic drug intake
as an outcome parameter could provide a more realistic assessment of
long-term benefits of iMCS (134). Five outcome variables were examined:
(1) the amount of pain relief, measured by the mean difference between
VAS score pre-operatively and the VAS score during the follow-up (1 month,
6 months, 1 year, and 3 years after implantation of the iMCS electrodes);
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(2) the change in the drug regimen of all patients per day; (3) interference
of pain with quality of life (QoL); (4) adverse events (infection, bleeding,
hardware removal, temporary seizures, and battery dysfunction); and (5)
the correlation between stimulation parameters and the pain relief per
patient. Pain relief was divided into three categories (140). A good pain
relief, level 1, was defined as a VAS reduction of 70–100%. Reduction of pain
according to a VAS scores change between 40% and 69% was defined as
satisfactory (level 2), while a minimal pain relief was defined as a reduction
of ≤ 40% on the VAS scores. A clinical relevant pain relief was defined as
≥ 40% reduction of pain (levels 1 and 2) (124, 140). The use of medication
was monitored using the electronic patient record during follow-up. The
medication quantification scale (MQS) was used in order to quantify
medication use and was calculated for each drug by multiplying the
dosage levels by their respective detriment weight (317). The dosage levels
(0–6) were based on the recommended daily dosage range as described
by Masters Steedman et al. (318). These scores are summed to provide a
quantitative index of total drug intake suitable for statistical analysis.
Interference of pain with quality of life (QoL) was measured before and
after (> 1 year) iMCS with use of the Quality of Life Index (QLI), based on the
Dutch version of the McGill pain questionnaire (MPQ-DLV) (319, 320). The
occurrence of complications was documented as well. Apart from biological
complications (eg. bleeding, infection), the removal of the hardware due to
a minimal effect was evaluated as well. To determine whether there was a
correlation between the used stimulation parameters and the pain relief,
the used stimulation parameters (intensities [V], pulse widths [µs], and
frequencies [Hz]) were reviewed.
Statistical analysis
IBM SPSS Statistics version 22 was used for statistical analyses of the
retrieved data (IBM Corp. Released 2013. IBM SPSS Statistics for Windows,
Version 22.0. Armonk, NY: IBM Corp.). The differences in VAS-scores
MQS-scores and QoL-indices over time were analyzed using a mixed
model analysis. To determine differences between groups in MQS-scores,
the Mann-Whitney U test was used. In order to correlate the applied
stimulation parameters, the Spearman rank correlation coefficient was
conducted. To determine the complication rate across time, a Poisson
regression analysis was conducted. Values are represented as mean ±
standard deviation (minimum- maximum). Statistical tests were two sided
and with a significance level of P < 0.05 (Supplementary file 2).
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Results
Eighteen patients were included (Figure 1). The mean age was 59.0 ± 7.3
years (41–72 years), and 10 of them were females. The mean duration
of pain was 7.7 ± 6.1 years (2–26 years). Table 1 and 2 summarize the
baseline surgery-related characteristics and the outcomes of iMCS and the
complications due to surgery.

Figure 1 CONSORT 2010 Flow chart

Pain relief according to VAS scores
The mean pre-operative VAS was 89.4 ± 11.2. A mean VAS score of 59.2 ±
21.4 was observed after 1 month (P < 0.0001). A clinical relevant pain relief
(level 1 and 2) was observed in 38.9% of the patients after 1 month. After 6
months, a mean VAS score of 58.3± 20.9 was observed (P < 0.0001). After
1 year, the most optimal results were observed with a clinical relevant
pain relief in 44.4% of the patients and a mean VAS score of 56.1 ± 29.6 (P <
0.0001). After 3 years of iMCS, a mean VAS score of 53.1 ± 25.0 was observed
(P < 0.0001). A clinical relevant pain relief was observed in 38.9% of the
described population after 3 years of follow-up and a mean VAS reduction
of 36.4 points.
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Table 1 Demographic characteristics.
a Group A, responding patients; group B, non-responding patients
AMP: amputation; AvP: avulsion pain; BMS: burning mouth syndrome; BPA: brachial plexus avulsion; CPSP: Chronic post-surgical pain; CVA:
cerebrovascular accident; ESG: extirpation of the submandibular gland; F: female; IONP: intraoral neuropathic pain; M: male; iMCS: invasive
motor cortex stimulation; MF: mandibular fracture; PSP: post-stroke pain; PIFP: persistent idiopathic facial pain; TN1: trigeminal neuralgia type
1 (>50% episodic); TN1: trigeminal neuralgia type 1 (>50% constant); TNP: trigeminal neuropathic pain; TS: thalamus syndrome; VAS: visual
analog scale; WS: Wallenberg syndrome; X: unknown
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Table 2 VAS scores and complication registration
a Group A: responding patients; group B: non-responding patients; b Level 1: 70–100%; level 2: 40–69%; level 3: 0–39%;c Device removed due
of minimal effect according to patients perspective; F: female; IPG: implantable pulse generator; M: male
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This indicates seven responders (R) to iMCS and eleven non-responding
patients (NR). All responders to iMCS (n=7) showed to be suffering pain
due to lesions in the central nervous system. In the non-responder group
(n=11), central lesions were seen in three cases. With regard to all the
patients with central pain lesions (n=10), a clinical relevant pain relief was
observed in 70% of the cases and a mean VAS reduction of 54.5% ± 23.9
could be observed. All the patients with a peripheral lesion (n=8) showed a
mean VAS reduction of 16.7% ± 10.0. This indicated a significant difference
in response to iMCS (P = 0.002). As many of the patients suffered from
orofacial pain, this group was also reviewed separately. When the orofacial
pain candidates and the site of the lesion were reviewed, iMCS showed
to have a significant favorable outcome (P = 0.003) in the treatment of
proximal (or central) lesions (Table 3).
Modifications in drug regimens
At baseline, 16 patients used pain medication. Figure 2 discloses the
cumulative daily intake of pain medication before and after iMCS. A total
reduction of 24% is shown. The daily intake of opioids decreased to zero
after iMCS. MQS scores per patient before and after iMCS are represented in
Table 4. The median MQS score before iMCS was 6.6, whereas the median
MQS score after iMCS was 5.4, which did not reach statistical significance
(P= 0.210). Responders showed a median MQS score before and after iMCS
of 6.3 and 5.4, respectively, ranging from 0 to 14.1 before iMCS and 0 to 20.7
after iMCS (z = -0.734; P = 0.463). The non-responders had a median MQS
score of 11.5 and 5.4 before and after iMCS, respectively, ranging from 5.4 to
26.1 before and 0 to 15.6 after iMCS (z = -2.549; P = 0.011).
Quality of life index
The QoL-index was used in order to measure the impact of iMCS on the
pain-related quality of life. QoL-indices were retained from thirteen
patients. Three patients were lost during follow-up of QoL due to recurrent
infections and removal and re-implantation of iMCS electrodes (#1;2;17).
The mean pre- and postoperative QoL-index showed to be 11.9 ± 3.5 and 7.7
± 4.4, indicating a significant improvement in QoL (P = 0.007). Responders
and non-responders to iMCS did not show a significant different
preoperative QoL-index (P = 0.249), whereas the postoperative QoL-index
showed significant differences in favor of the group responders (P = 0.002).
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Table 3 Characteristics of the orofacial pain patient group.
a Group A, responding patients; group B, non-responding patients; b Level 1, 70–100%; level 2, 40–69%; level 3, 0–39%; c Dimished, MQS after
iMCS<MQS before iMCS (negative rank); Increased, MQS after iMCS>MQS before iMCS (positive rank); No change, MQS after iMCS equal to
MQS before iMCS (tie); d Dimished, QLI after iMCS<QLI before iMCS (negative rank); Increased, QLI after iMCS>QLI before iMCS (positive rank);
No change, QLI after iMCS equal to QLI before iMCS (tie); * In Wallenberg syndrome or infarction of brainstem and cerebellum often causes
bilateral pain; (oro)facial pain will occur ipilateral to the side of the lesion; pain in the body will occur contralateral to the side of the lesion;
CPSP: Chronic post-surgical pain; F, female; ITB, intrathecal baclofen therapy; L/R, left or right; M, male; iMCS, motor cortex stimulation; MQS,
medication quantification scale; N/A, not applicable/not available; PEA, palmitoylethanolamide injection; PEMF, pulsed electromagnetic
field stimulation; PSP, post-stroke pain; PIFP, persistent idiopathic facial pain; RF lesion, radiofrequent nerve lesion; TENS, transcutaneous
electroneurostimulation; TN1, trigeminal neuralgia type 1 (>50% episodic); TN1, trigeminal neuralgia type 1 (>50% constant); TNP, trigeminal
neuropathic pain; AvP, avulsion pain; BMS, burning mouth syndrome
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Figure 2 Differences in the cumulative, total intake of pain medication in milligram per
day before and after iMCS.
GABA: gamma-aminobutyric acid; NSAID: non-steroidal anti-inflammatory drug; iMCS:
invasive motor cortex stimulation; SSNRI: selective serotonin and norepinephrine reuptake
inhibitor

Complications
Complications occurred in nine patients (50%). In three patients, an
infection of the electrode and the extension wire occurred and the
electrodes were removed (#1;2;17). One patient (#10) experienced a
short-lasting, intra-operative epileptic seizure during intra-operative
stimulation of the motor cortex. One patient suffered from an IPG hardware
malfunctioning (#13). In four cases, the system was explanted on request
of the patient due to an unsatisfactory pain relief (#8;10;11;16). After it was
observed that some patients suffered from local pain after implanting
the IPG in the subclavian area, the IPG implantation area was switched to
the subcutaneous abdominal space (#3;5;7). The complication rate across
time showed to be 0.16 events per person years (95%-Confidence interval=
0.07-0.34).
Stimulation parameters
The intensity of the stimulation varied between 1.5 V and 5.0 V. The
frequencies ranged from 40 Hz to 60 Hz, and the pulse width ranged from
60 µs to 120 µs (Table 4). No correlation between the applied intensities
or pulse widths and the pain relief at last follow-up could be observed
(Spearman correlation = 0.1, P = 0.692, and Spearman correlation = 0.045,
P = 0.860, respectively). A significant correlation (P = 0.035), however, was
observed between the applied frequencies and the pain relief at the last
follow-up (Spearman correlation = 0.498).
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Table 4 Stimulation parameters, medication quantification scales and analgesic effects per patient.
a Group A, responding patients; group B, non-responding patients b Level 1, 70–100%; level 2, 40–69%; level 3, 0–39%;c Stimulation parameters
that were reported at the last follow-up; d Dimished, MQS after iMCS<MQS before iMCS (negative rank); Increased, MQS after iMCS>MQS
before iMCS (positive rank); No change, MQS after iMCS equal to MQS before iMCS (tie); e Dimished, QLI after iMCS<QLI before iMCS (negative
rank); Increased, QLI after iMCS>QLI before iMCS (positive rank); No change, QLI after iMCS equal to QLI before iMCS (tie); AvP: avulsion pain;
BMS: burning mouth syndrome; BPAP: brachial plexus avulsion pain; CPSP: Chronic post surgical pain; Hz: Hertz; µs: microseconds; iMCS:
invasive motor cortex stimulation; MQS: medication quantification scale; MQSpost: medication quantification scale following iMCS; MQSpre:
medication quantification scale before iMCS; N/A: Not available; PIFP: persistent idiopathic facial pain; PSP: post-stroke pain; QoL-index pre:
Quality of life index before iMCS; QoL-index post: Quality of life index following iMCS; TN1: trigeminal neuralgia type 1 (>50% episodic); TN1:
trigeminal neuralgia type 1 (>50% constant); TNP: trigeminal neuropathic pain
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Discussion
Effect of iMCS
This paper reports that the positive effects of iMCS are associated with a
decrease in pain scores (VAS), improved quality of life and a diminished
consumption of pain medication. Various reports in chronic pain
management show that the improvement that patients experience after
iMCS takes place in numerous domains. Therefore, the analgesic effects
must be registered using pain intensity scores, quality of life assessments
and a medication intake score (321). For example, this study shows that,
although some patients do not report a significant pain reduction, their
pain medication diminished. This weaning of opioids can be the effect
of iMCS, but it can also be causative as during follow-up, patients were
screened for the effects and side-effects of the analgesics they used. Some
patients could gradually be weaned from opioids due to inefficacy and
bothersome side-effects. Therefore, as stated earlier, a single change in
outcome in these complex pain syndromes simplifies the quality of the
treatment effect. The QLI showed to be significantly decreased by iMCS
in all patients, which is an aspect that is not frequently addressed in the
literature on iMCS.
Central vs. peripheral pain
As mentioned, a significant difference in response to iMCS between the
central and peripheral pain patients was observed. This phenomenon
could be the result of a hypothesized double projection of body regions
to the thalamus and the somatosensory cortical areas (270, 322). If both
thalami get involved into nociceptic processing due to a peripheral
lesion, iMCS might not be capable to provide a complete analgesic effect
in this group. The significant difference in response to iMCS in orofacial
pain could be the result of a recent review, hypothesizing a double tract
that conducts orofacial pain (323). However, in general, classic trigeminal
neuralgia is not considered an etiology which is treatable by iMCS. Due
to the extensive history of interventions to provide pain relief, including
glycerol- and palmitoylethanolamide injections, stereotactic radiosurgery,
Sweet procedures and vascular decompressions, the diagnosis of a
classic trigeminal neuralgia can be discussed. All the aforementioned
interventions possible damage the trigeminal nerve, which would lead
trigeminal neuropathic pain, instead of pain caused by a classic trigeminal
neuralgia. In short, the onset of the trigeminal neuralgias in all these
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patients was most probably idiopathic but the chronic orofacial pain
treated by iMCS probably resulted from sensory deafferentation due to
various (Table 3). Possibly, the combination of a clear anatomical region
with detectable changes on neuro-imaging, combined with a relatively
large somatotopic area to be stimulated, is key to these findings. However,
classifying this anatomical diagnosis in a mechanism-based way remains
difficult.
Stimulation parameters and clinical effects
The various stimulation parameters (intensity, pulse width, frequency)
in combination with the anatomical position (e.g., distance dura-cerebral
cortex) of the electrode and per-operative neurophysiological
measurements, all influence the effects of iMCS (146). Regarding the
stimulation parameters used, recent research shows a wide range of
parameters (324). By changing these parameters in each individual
case during follow-up and using the (subjective) patient’s response, it is
considered that the optimal effect can be reached. Next to the electrical
parameters, the type of electrode and lead configuration are thought to
be of great importance in the achieved pain reduction (42, 59, 76, 125, 309).
No consensus on these matters has been achieved although stimulation
over the anterior bank of the central sulcus is frequently reported to
provide the best analgesic effect, which can also temporarily be observed
in some patients with non-invasive, transcranial magnetic motor cortex
stimulation(325). The use of fMRI and intra-operative cortical mapping as
presented in this study seems to be a useful method of finding the optimal
target for iMCS (132).
Strengths and limitations
All patients were seen by a team of anesthesiologist-pain specialists,
neurosurgeons, and clinical psychologists preceding the operation and
during the treatment process. Since it is known that an evaluation by the
operator involved creates bias, the participation of an independent observer
adds to the strength of the results. The absence of a control group forms
an important limitation of this study. Nevertheless, this lack of a control
group can be explained by the unacceptable safety aspects of performing a
sham surgical intervention and limited trustworthiness of a control group
in iMCS studies. A double blinded on/off-phase trial could be a valuable
addition with regard to the lack of a control group. Second, as over the years
new insights in neurophysiological features of chronic pain and iMCS were
gained, important diagnostic steps were not included in this protocol. For
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example, Rasche and Tronnier suggested that a double-blinded test trial
with an external stimulation device could identify non-responders and
placebo responders, hence improving the results of iMCS (303). They also
perform a trial with an externalized epidural lead, although the authors
think that the effects of iMCS can take for months to occur, which makes
an externalized epidural lead hazardous due to high risk of infections (303).
Other studies suggest that the efficacy of iMCS relies on the number of
available opioid receptors in the brain (98, 99). As both the double-blinded
test trial with transcranial stimulation and the pre-operative (11)
C-diprenorphine positron emission tomography scan were not widely
accessible exploration possibilities, possible non-responders were not
recognized. However, these sophisticated techniques are still not widely
available.
Nowadays, all ongoing and related trials for iMCS must be registered, but
just like this study, some studies might not have been registered as this
was not common practice at that time. For studies that were started at
the time when the registration of trials started and of which the results
currently can be presented, this might offer a problem. Strict adherence
to this policy might introduce loss of a huge amount of valuable data that
could be used to raise questions and help to develop or refute treatments.
Furthermore, more sophisticated imaging techniques such as diffusion
tensor imaging, at higher resolutions, could contribute to our understanding
of nociceptive pathways in humans. For example, as this report shows,
different forms of orofacial pain, conducted by different nociceptive
pathways (i.e., central vs. peripheral orofacial pain) respond differently to
iMCS. A stricter guideline or protocol of selecting and treating patients with
iMCS seems to be of great importance in order to optimize the efficacy.

Conclusion
MCS shows to be promising with regard to the long-term effects in
patients suffering from chronic, intractable, neuropathic pain, especially
in patients who suffer from pain, caused by a central lesion. Optimizing
the pre-operative diagnostic procedure and careful patient selection can
increase the success rate of iMCS. Second, the effect of iMCS should not
only be evaluated by measuring pain scores alone, but also by alterations
in daily intake of pain medication and quality of life.
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Supplementary file 2
Introduction
In 2003, the university medical centers of Nijmegen and Groningen start
an observational study in the Netherlands in order to study the effects of
iMCS in patients that suffered from chronic neuropathic pain.
Indications
1) Central neuropathic pain
2) Orofacial pain
Aim
1) To determine the efficacy of iMCS on pain intensity in a clinical
setting on short-term, middle-term and long-term follow up (up
until three years)
2) To determine the effects of iMCS on medications in daily intake of
pain medication
3) To determine the effects of iMCS on the quality of life before and
after treatment
4) To register the safety of iMCS with regard to the occurrence of
complications
Study design
The study design concerns an open, observational study.
Inclusion criteria
Patients are included when they:
1) suffer from chronic intractable pain
2) report high levels of pain (VAS > 5, measured three times daily
during four days)
3) have had radiographic imaging techniques performed less than
three years before inclusion for the implantation of iMCS to show
a possible conflict that might contribute to the pain.
4) are prepared to actively engage in this study and the follow-up
A multidisciplinary approach by the anesthesiologist-pain specialists,
neurosurgeons, and clinical psychologists was chosen for the selection of
patients.
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Exclusion criteria
1) therapeutic anticoagulants
2) severe, current psychological problems (e.g., depression, high
anxiety)
3) substance-abuse
4) cognitive and/or psychiatric disorders in the medical history
5) nociceptive pain
6) an expected life expectancy less than 3 years due to other diseases
(e.g., cancer)
7) contra- indications for general anesthesia (e.g., severe cardiopulmonal diseases)
8) convulsive disorders
9) the presence of other neuromodulation systems
10) severe cerebral atrophy
Procedure
All patients undergo an intake session at the outpatient clinic. Furthermore,
preoperative somatosensory-evoked potential (SSEP) measurement will be
used to determine the integrity of the somatosensory system in order to
facilitate intraoperative neurophysiological monitoring. A preoperative
MRI- and fMRI- scan is used to determine any anatomical contra-indications
(brain atrophy, pathological structures) for the operative procedure. The preoperative fMRI was fused with the neuronavigation MRI. For this purpose,
cortex surface rendering technique will be performed using the Stealthviz
software (Medtronic Inc., Minneapolis, MN, USA) to visualize the cortical
areas and determine the central sulcus and the motor cortex, which then is
marked on the skin by using neuronavigation. All patients will be operated
under general anesthesia without muscle relaxation. A small craniotomy
(approximately 4 × 4 cm) will be carried out over the central sulcus. An
electrode will be placed perpendicular to the central sulcus in the epidural
space (Specify, model 3998, Medtronic Inc., Minneapolis, MN, USA). A
phase-reversal somatosensory-evoked potential is used intraoperatively to
confirm the position of the central sulcus, thereafter cortical stimulation
will be performed to map functional motor areas. Following identification
of the optimal target, the electrode will be sutured to the dura mater. After
placement of the electrode, the electrode is tunneled subcutaneously and
connected with an internalized pulse generator (IPG) (Medtronic Versitrel
and later Prime Advanced) that will be implanted in the subclavian space
or in a subcutaneous abdominal pocket.
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Data-analysis
An independent researcher, who will be blinded to the stimulation
conditions, investigates the patient records in this observational study.
Ethical statement and registration of clinical trial
This observational study will be performed under the approval of the
medical ethical committee of the region Arnhem–Nijmegen. All patients,
after extensive pre-operative information, will be asked for written
informed consent due to the experimental nature of this treatment at that
time. This clinical trial was registered at ClinicalTrials.gov (NCT03189823).
The authors confirm that all ongoing and related trials for this intervention
are registered
Assessment
Pain is a complex, subjective and multidimensional phenomenon that is
difficult to measure by unidimensional pain scores only. Apart from the
visual analog scale (VAS), the intake of pain medication is thought to be
a valid tool of measuring pain relief. Adding analgesic drug intake as an
outcome parameter could provide a more realistic assessment of longterm benefits of iMCS. Four outcome variables will be examined: 1) the
amount of pain relief, measured by the mean difference between VAS
score pre-operatively and the VAS score during the follow-up (1 month, 6
months, 1 year, and 3 years after implantation of the iMCS electrodes); 2)
the change in the drug regimen of all patients per day; 3) adverse events
(infection, bleeding, hardware removal, temporary seizures, and battery
dysfunction); and 4) the correlation between stimulation parameters and
the pain relief per patient. Pain relief was divided into three categories.
A good pain relief, level 1, was defined as a VAS reduction of 70–100%.
Reduction of pain according to a VAS scores change between 40% and
69% was defined as satisfactory (level 2), while a minimal pain relief was
defined as a reduction of ≤ 40% on the VAS scores. An effective pain relief
is defined as ≥ 40% reduction of pain (levels 1 and 2).
The use of medication will be monitored using the electronic patient record
during follow-up. The medication quantification scale (MQS) will be used
in order to quantify medication use and will be calculated for each drug
by multiplying the dosage levels by their respective detriment weight. The
dosage levels (0–6) are based on the recommended daily dosage range as
described by Masters Steedman et al. These scores are summed to provide
a quantitative index of total drug intake suitable for statistical analysis.
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The occurrence of complications will be documented as well. Apart from
biological complications (eg. bleeding, infection), the removal of the
hardware due to a minimal effect was evaluated as well.
To determine whether there is a correlation between the used stimulation
parameters and the pain relief, the used stimulation parameters (intensities
[V], pulse widths [µs], and frequencies [Hz]) will be reviewed.
Interference of pain with quality of life (QoL) will be measured before and
after (> 1 year) iMCS with use of the Quality of Life Index (QLI), based on the
Dutch version of the McGill pain questionnaire (MPQ-DLV).
Statistical analysis
IBM SPSS Statistics version 22 is used for statistical analyses of the
retrieved data (IBM Corp. Released 2013. IBM SPSS Statistics for Windows,
Version 22.0. Armonk, NY: IBM Corp.). To analyze the differences in pain
relief and MQS scores and QoL-indices per subgroup, the Mann-Whitney U
test will be used. In order to correlate the applied stimulation parameters,
the Spearman rank correlation coefficient will be conducted. Values
are represented as mean ± standard deviation (minimum- maximum).
Alterations in MQS scores and QoL-indices before and after iMCS will be
calculated with use of the Wilcoxon signed-rank test. Statistical tests are
two sided and with a significance level of P < 0.05.
Follow-up
Modifications in pain intensity will be measured preoperatively and after
1, 6, 12 and 36 months. During the 36 months of follow-up, the occurrence
of complications will be monitored. Modifications in MSQ, QoL-index
and correlations between stimulation parameters and pain relief are
investigated at 36 months of follow-up.
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Abstract
BACKGROUND: Invasive motor Cortex Stimulation (iMCS) was introduced
in the 1990’s for the treatment of chronic neuropathic orofacial pain
(CNOP), although its effectiveness remains doubtful. This study aims to
investigate outcome predictor factors, confounders and effect modifiers
associated with the outcome of iMCS in treating CNOP.
METHODS: A systematic literature review and meta-analysis by use of a
mixed-model analysis was conducted.
RESULTS: From a total of 287 publications, 23 papers were included totaling
140 CNOP patients. A median pain relief according to the visual analogue
scale (VAS) of 66.5% (ranging from 0-100%) was observed. The different
etiologies of CNOP showed different response rates to iMCS. Overall,
etiologies which affected the trigeminal branches were suggested to
respond significantly worse as compared to etiologies affecting 1) the
central pathways of the trigeminal nerve (p=0.009) and 2) affecting the
trigeminal brainstem regions and nerve root (p=0.013). There was no
evidence that the effect of iMCS differed statistically significantly by sex
or stimulation parameters.
CONCLUSIONS: The significant difference in pain relief of iMCS in the
different etiologies causing CNOP encourages further research about
the neurophysiological mechanisms of iMCS and the neuroanatomical
pathways involved.
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Introduction
Invasive motor cortex stimulation (iMCS) has been introduced in the early
1990’s as a potential treatment for intractable central pain by Tsubokawa
and colleagues (42). Despite the fact that different mechanisms of action
have been described (41, 42, 99, 146), the exact underlying mechanisms of
iMCS remains elusive (85). In 1993, Meyerson and his colleagues reported
a case series of 10 patients suffering from chronic neuropathic orofacial
pain (CNOP) treated with iMCS (83). They concluded that although iMCS
seems to be a promising treatment of trigeminal neuropathic pain, the
indications for iMCS, the stimulation site and the optimal stimulation
settings should be established. Twenty-five years later, these issues are
still point of discussion and inconclusive results have been published
so far. One of the explanations for the varfying efficacy rates of iMCS in
CNOP might be the result of the various etiologies which underlie CNOP
(32, 326). That heterogeneity can induce variability in outcomes has been
exemplified in 2017 by Svensson and May (109).Therefore, we suggest that
in order to treat CNOP effectively, a uniform and proper nomenclature must
be implemented. Despite the extensive classification system published
by the International Headache Society (the International Classification of
Headache Disorders, 3rd edition) , the neurosurgical community uses the
Burchiel classification system for CNOP. This system includes diagnoses
commonly encountered in neurosurgical practice such as: trigeminal
neuralgia, trigeminal neuropathic pain, trigeminal deafferentation pain,
symptomatic trigeminal neuralgia, postherpetic neuralgia and atypical
facial pain. Descriptions of the patient’s history and characteristics of the
pain were used to distinguish between these diagnoses (Table 1) (32, 327).
In order to fill the knowledge gap concerning CNOP syndromes in relation
to iMCS, a systematic review and meta-analysis was performed to
investigate the effectiveness of iMCS in CNOP and to clarify whether the
etiology of CNOP contributes to iMCS outcome.

Methods
Protocol
MOOSE- and Prisma guidelines were followed during the conduction of
this meta-analysis (160). A literature search was conducted on Pubmed,
MEDLINE, Embase and Google Scholar for articles, in cooperation with an
independent, experienced librarian. The search string included: “Electric
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Stimulation Therapy”; “Facial pain”; “Face pain”; “Headache and facial pain”;
“Motor Cortex”; “Motor Cortex Stimulation”; “Neuralgia”; “Neuropathic”;
“Pain”; “Pain Management”; “Precentral Cortex “; “Thalamus”; “Trigeminal
nerve diseases”; “Trigeminal neuralgia”. Medical Subject Headings (MeSH-)
terms were used with major subheadings. The reference lists of retrieved
articles were cross-referenced for missing references. Furthermore,
authors of conference papers were contacted with the request to share
the unpublished data. Next to this, hand searching for grey literature was
carried out to include the non-formal part of the traditional publishing
circles. Based on title and abstract articles were independently selected for
full article review by two authors (DH and RB). In case of disagreement a
third author (EK) was consulted. Inclusion criteria were: 1) use of English,
Dutch or German language, and 2) invasive iMCS was performed as
treatment. Furthermore, the articles should report the individual patient
data of the subjects concerning at least 8 of the following items: age,
sex, etiologies of CNOP, duration of pain, the method of invasive iMCS,
pain relief post-operatively using Visual Analog Scale (VAS) or Numerical
Rating Scale (NRS) scores, applied stimulation parameters (i.e., amplitude,
pulse width and frequency), duration of trial phase, complications of
iMCS surgery and duration of follow-up. Reviews and articles that were
animal-based or those that investigated the neurophysiological basis for
iMCS were excluded.

Table 1 Classification of diagnoses by Burchiel et al. and Limonadi et al. (32, 327)
* Cannot be diagnosed by history alone

Assessment
Data was extracted from the individual papers and the final database
comprised patient-specific data, including age, sex, etiology of CNOP,
duration of pain, the method of iMCS, pain relief post-operatively using
Visual Analog Scale (VAS)- or Numerical Rating Scale (NRS) scores,
stimulation parameters (i.e., amplitude, pulse width and frequency),
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duration of trial phase, complications of iMCS surgery and duration of
follow-up of each patient. The analgesic effects were assessed using a
literature-based three-dimensional scale (140). Level 1, a good pain relief,
was defined as a VAS reduction of 70-100%. Reduction of pain according to
VAS scores by 40-69% was defined as satisfactory (level 2). Level 3, a minimal
pain relief was defined as a reduction of pain by less than 40%. A relevant
pain relief was defined as an analgesic effect >40% (124, 140). Patients with
less than 40% pain relief were regarded as non-responders (157). All values
were adapted to nominal numeric input. The quality of the studies were
respectively graded according to the GRADE approach guidelines defined
by Cochrane (328-337). Reported possible outcome predictive factors,
confounders and effect modifiers included 1) age of the patient, 2) sex of the
patient, 3) etiology, 4) duration of pain prior to iMCS, 5) pre-operative pain
intensity and 6) the applied stimulation parameters. The aforementioned
variables were also included in the present meta-analysis.
Statistical analyses
IBM SPSS Statistics version 22 (IBM Corp. Released 2013. IBM SPSS
Statistics for Windows, Version 22.0. Armonk, NY: IBM Corp.) was used
for statistical analyses. Three experts in biomedical statistics (TH, JH
and MB) were independently involved in choosing and conducting the
analyses. Descriptive statistical analyses were performed and the results
were represented as mean with ± standard deviation (SD)(if normally
distributed), as a median with range (minimum-maximum)(if not
normally distributed). Inductive statistics were carried out to clarify the
degree of overlap or discordance between the analyzed prediction factors
and the different included studies by means of the Chi-square test for
categorical data and One-way ANOVA for numerical data. In order to
determine correlations between the applied stimulation parameters
(amplitude, pulse width and frequency) and mean pain relief per study,
after correction for study weight, a Spearman’s rank correlation coefficient
was performed. A linear mixed model analysis was fitted in order to
include a study random effect that accounts for within-study dependency
across the included patients. Furthermore, the influence of discordances
between the studies and the in-between study variation was corrected
by use of the applied linear mixed model. To identify outcome predictive
factors, confounders and/or effect modifiers regarding the analgesic effect
of iMCS in treating CNOP, the linear mixed model analysis analyzed the
differences in mean pain relief in different subgroups. The mixed model
analysis was run for each variable separately in order to analyze the
effect of the variable on the outcome as an outcome predictive factor.
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When significantly influencing the outcome, the variable was assessed
as a confounder and effect modifier by fitting the mixed model analysis
repeatedly in combination with the residual variables. For all the analyses,
variables and outcomes of the statistical assessment were represented as
mean with ± standard deviation (SD)(if normally distributed), as a median
with range (minimum-maximum)(if not normally distributed). Statistical
significance was assumed when p < 0.05.

Results
General results
From the selected 287 articles, 23 papers could be included for data-extraction
(Figure 1). According to the GRADE guidelines, the study of Lefaucheur et
al. (131) and Velasco et al. (304) presented a high quality of evidence. The
publication of Nguyen et al. (164) was graded as moderate, and the one of
Brown et al. (130) as low quality of evidence. The other publications (47, 48,
51, 62, 78, 80-83, 123-125, 139, 145, 156, 174, 338-340) were of very low quality.

Figure 1 Applied search protocol and inclusion-exclusion rate of retrieved papers.

Descriptive statistics
Characteristics of the included patients per study are shown in Table 2.
The included studies represented a total of 140 individual patients, 92of
which were women (65.7%) and 48 of which were men (34.3%), having
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a mean age of 55.7 ± 13.3 years. Median duration of pain prior to iMCS
showed to be 6.0 years, ranging from 1.0-26.0 years. Mean preoperative
and post-operative pain intensity scores showed to be 8.5 ± 1.3 and 3.9 ±
2.8, respectively. Median pain relief showed to be 66.5% (0-100%). A level 1
pain relief (pain reduction of 70-100%) was observed in 45.4% of the cases,
a level 2 pain relief (pain reduction of 40-69%) was noted in 21.3% of the
cases and a level 3 pain relief (pain reduction of 0-40%) was observed in
33.3% of the cases.
The etiologies of CNOP could be categorized into various diagnoses,
summarized in Table 3. Included diagnoses and the corresponding median
pain reduction by iMCS and its range were: 1)Anesthesia dolorosa (80.0%,
20-100%) , 2)Atypical facial pain (22.5%, 0-50%), 3)Brainstem lesions (65.0%,
15-100%), 4)Dental avulsion pain (39.0%, 11-69%), 5) Neuro-fibromatosis
type 1 ( n=1; 5.0%), 6)Post-herpetic neuropathic pain (85.0%, 70-100%), 7)
Post-neurosurgical pain (90.0%, 11-90%), 8)Post-surgical pain (22.5%,
0-90%), 9)Post-traumatic pain (52.5%, 10-100%), 10)Symptomatic
trigeminal neuralgia (70.0%, 20-100%), 11)Trigeminal neuralgia (66.5%,
0-100%), 12) Trigeminal neuropathic pain (70.5%, 0-100%), 13)Trigeminal
deafferentation pain (45.8%, 0-84%) and 14)Idiopathic facial pain (50.0%,
15-67%)(Table 3). Using the Burchiel classification, the aforementioned
14 diagnoses were categorized into seven groups: 1)Atypical facial pain
(n=4; 22.5%, 0-50%), 2)Post-herpetic neuralgia (n=8; 85%, 70-100%), 3)
Symptomatic trigeminal neuralgia (n=37; 70%, 11-100%), 4)Trigeminal
deafferentation pain (n=4; 45.8%, 0-84%), 5)Trigeminal neuralgia, type 2
(n=14; 66.5%, 0-100%), 6)Trigeminal neuropathic pain (n=66; 50%, 0-100%)
and 7)Unknown (n=7; 50%, 15-67%) (Table 4). In 50 (41.3%) patients adverse
events were described. Neurologic adverse events (n=22) occurred in
11 patients or 22% of all complications, and included temporary, partial
seizures in 9 patients (18%), temporary speech arrests in 1 patient (2%) and
facial spasms in 1 patient (2%). Other complications were wound infections
(25 patients; 12%), post-incision pain (1 patient (2%), epidural infection (1
patient; 2%) and post-operative trauma (1 patient; 2%). Three studies used
patient-specific stimulation parameters (48, 82, 124), whereas seven other
study groups used the same frequencies and pulse widths in every patient
(81, 83, 123, 125, 130-132). None of the authors described a standard amplitude
that was applied in every patient. Three papers did not mention their
stimulation parameters (51, 174, 339). The mean stimulation parameters for
chronic iMCS ranged between an amplitude of 1.6-7.0V (n=98), pulse width
of 60-450µs (n=98) and frequency of 20-105Hz (n=98).
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Table 2 Characteristics from patients suffering from chronic orofacial pain, derived from the available eligible publications
1= Anesthesia dolorosa; 2= Atypical facial pain; 3= Brainstem lesion; 4= Dental avulsion pain; 5= Glossopharyngeal neuralgia; 6=
Neurofibromatosis type 1; 7= Post-herpetic neuropathic pain; 8= Post-neurosurgical pain; 9= Post-surgical pain; 10= Post-traumatic pain; 11=
Symptomatic trigeminal neuralgia; 12= Trigeminal neuralgia; 13= Trigeminal neuropathic pain; 14= Trigeminal deafferentation pain; *= limited
subjects in subanalysis due to missing information; VAS= Visual analogue scale; - = Missing
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Table 3 Overview of diagnoses causing orofacial pain and efficacy of iMCS
N/A= Not applicable ;VAS= Visual analogue scale
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Table 4 Overview of diagnoses causing orofacial pain, categorized by the Burchiel classification system and the
corresponding effectivity of iMCS
VAS= Visual analogue scale
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Inductive statistics
The overlap between the investigated variables and the different studies is
provided in Table 5. The distribution of the sexes of the participants between
the included studies showed to be not statistically different(p=0.243). The
distribution of the groups between the included studies, however, showed
to be statistical different as some studies only included certain diagnoses,
all belonging to the same group (p<0.001). The ages of the included
patients prior to iMCS was not significantly different between studies
(p=0.350). The duration of pain prior to iMCS and the preoperative VAS
scores were significantly different between studies with p-values of 0.038
and 0.025 respectively. Differences in the reported frequency, intensity
and pulse width were coarse and due to the large amount missing values
were common, therefore, could not be analyzed reliably using the ANOVA
calculation.
Correlation analysis
No significant correlation between the mean pain reduction and the
applied frequencies could be observed (Spearman correlation= -0.163; p=
0.110), intensities (Spearman correlation= 0.040; p= 0.698) or mean applied
pulse widths (Spearman correlation= -0.105; p= 0.304).
Outcome predictive factors, confounders and effect modifiers as assessed
with the mixed model analysis
According to the literature, next to stimulation parameters, the possible
outcome predictive factors are 1)age of the patient, 2)sex of the patient, 3)
location of the lesion in the trigeminal system, 4)duration of pain prior to
iMCS, and 5)pre-operative pain intensity scores. Age of the patient at the
moment of surgery and sex of the patient did not influence the outcome
of iMCS significantly (p= 0.163 and p=0.102). With regard to the location
of the lesion in the trigeminal system, a categorization based upon the
Burchiel categorization was made prior to analysis. Three subdivisions
of the trigeminal system were made: 1)the trigeminal branches (n=63),
2)the trigeminal root and -brainstem areas (brainstem) (n=44) and 3)the
central pathways of the trigeminal nerve (n=27) (Figure 2). Six patients
could not be subdivided into the three groups and were therefore excluded
from this analysis. Mixed-model analysis showed a mean pain relief of
iMCS of 49.1%, 66.8% and 71.0%, of the groups of etiologies affecting the
trigeminal branches, brainstem and central pathways, respectively. The
mean pain relief of iMCS between groups showed a significant difference
between the etiologies affecting the central pathways and branches, in
favor of the etiologies affecting the central pathways of the trigeminal
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system(p=0.009). Etiologies affecting the brainstem also responded more
favorably to iMCS as compared to etiologies affecting the trigeminal
branches (p=0.013)(Table 6). The duration of pain prior to iMCS did not
contribute to the outcome (p=0.333), nor did the preoperative pain intensity
(p=0.778). Neither age, sex of the patient and the preoperative pain
intensity score were a confounder (p=0.062; p=0.074; p=0.125; p=0.388) or
effect modifier (p=0.475; p=0.931; p=0.649). The confounding or modifying
effect of the variable “duration of pain prior to iMCS” could not be analyzed
due to missing data in both the central and intermediate groups.

6

Figure 2 Results from iMCS in three defined groups
A) Lateral view on the trigeminal tracts; A= Involvement of the trigeminal fibers distal
to the ganglion of Gasser (peripheral group); B= Involvement of the trigeminal fibers
proximal to the ganglion of Gasser (intermediate group); C= Involvement of the trigemino-thalamico-cortical fibers (central group); V1= Ophthalmic nerve; V2= Maxillary nerve;
V3= Mandibular nerve; PSN= Principal sensory nucleus; OS= Oral subnucleus; IS=Interpolar
subnucleus; CS= Caudal subnucleus; CP= Cerebellar peduncles; TTT= Trigeminothalamic
tract; TCT=Thalamo-cortical tract
B) Circle Chart showing the responder rate (%) in each group; A= Involvement of the
trigeminal fibers distal to the ganglion of Gasser (peripheral group); B= Involvement of the
trigeminal fibers proximal to the ganglion of Gasser (intermediate group); C= Involvement
of the trigemino-thalamico-cortical fibers (central group)
C) Outcome of the statistical analyses of the difference in means from the group A,B and C;
A= Involvement of the trigeminal fibers distal to the ganglion of Gasser (peripheral group);
B= Involvement of the trigeminal fibers proximal to the ganglion of Gasser (intermediate
group); C= Involvement of the trigemino-thalamico-cortical fibers (central group)
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Table 5 Overview of the overlap between the investigated variables and the included studies in the mixed model analyses
VAS= Visual analogue scale - = Missing
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Table 6 Fitted mixed-model analyses to determine outcome predictor factors, effect modifiers and confounders for pain relief (%)
N/A= Not applicable; VAS=Visual analogue scale
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Discussion
This study suggests that effectiveness of iMCS is associated with the
etiology of CNOP as etiologies affecting the peripheral branches respond
significantly worse than etiologies affecting the central trigeminal
pathways.
Responders vs. non-responders to iMCS
iMCS is considered a last-resort, experimental technique for patients
with CNOP who do not respond to regular treatments. However, the
consideration of non-responders to non-invasive treatments for iMCS
as a possible treatment raises important questions. So far, there is no
consensus on how to define a patient as a non-responder during treatment
of CNOP. Nevertheless, all patients in the included papers were described
as sufferers from severe CNOP that did not respond to regular treatments
(i.e., oral analgetics, including opioids and anti-epileptic medication) and
less regular treatments (i.e., cervical spinal cord stimulation, thalamic
deep brain stimulation). More than half of patients with severe CNOP
(66.7%) responded favorably to iMCS according to this meta-analysis
The most common etiologies of CNOP were 1) trigeminal neuropathic
pain, 2) symptomatic trigeminal neuralgia (post-stroke, MS-lesion) and 3)
trigeminal neuralgia (both type 1 and 2). A remarkable finding was that
patients that suffered from etiologies affecting the trigeminal branches
responded significantly less favorably than patients that suffered from
etiologies affecting the central pathways. However, a recent publication
discussed that in 36 patients suffering from trigeminal neuropathic pain,
26 responded favorably to iMCS (72%), even after a long-term follow-up of
5.6 years (minimal 1 year, maximal 10 years). They concluded that patients
with trigeminal neuropathic pain seem to be preferred candidates for iMCS.
A substantial amount (n=19) of their group, however, suffered from pain
originating from central or intermediate etiologies (303). This inconsistent
use of nomenclature made the interpretation of studies problematic
and complicated conducting this research. To facilitate comparison of
results, we recommended the use of the CNOP nomenclature as proposed
before by Burchiel et al. in future studies (32). The implementation of a
uniform nomenclature would aid future research that compares different
outcomes from different studies. Until then, the lack of differentiation of
the diagnoses that cause CNOP complicate the interpretation of results. For
example, Monsalve et al. narratively reviewed 100 patients that suffered
from CNOP with permanent implantation. They demonstrated that 84
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patients experienced good pain control. Despite the fact that Monsalve
and colleagues argued that the term “facial pain” encompasses a variety
of clinical conditions, they presented the results of iMCS in facial pain
without differentiation between conditions (144). Multiple other authors
aimed to elucidate outcome predictor factors before. For example, an
intact corticospinal tract has been considered mandatory for adequate
analgesia (52), whereas others found that neither age, sex, preoperative
motor status, pain characteristics, etiology of pain, quantitative sensory
testing or neurophysiological monitoring were of significant influence.
Only the pain intensity scores in the first months of follow-up seemed to
be of significant influence. The influence of the duration of pain before
surgery and the outcome of iMCS was found significant in one study,
whereas another, subsequently performed study did not find this to be
significant (51, 59, 129).
Anatomical substrate for localization of lesion within the trigeminal system
As stated, the key to understanding facial pain is thought lie in a proper
classification system. These scientific and clinical classifications have
only one goal: to decrease inter-rater variability, which also facilitates
future comparison of results of different centers (109). The use of a proper
nomenclature is also of vital importance because etiologies of trigeminal
branches might be initiated in a different fashion as compared to CNOP
etiologies affecting the central pathways. A new anatomical substrate
for the conductance of nociceptive information leading to CNOP that
could explain this phenomenon was hypothesized in 2016 (for a review
see (323)). The trigeminal fibers in the brainstem are known to establish
a complex network which has been studied in animals extensively. Three
tracts have been described: 1) the ventral trigeminothalamic tract (mainly
contralateral), 2) the dorsal trigeminothalamic tract (mainly ipsilateral)
and 3) the intranuclear tract, which runs partially in the PAG (323). These
tracts were also found to exist in humans, possibly explaining the here
described phenomenon.
Mechanisms of action of iMCS
The underlying mechanisms of action of iMCS still remain unclear, other
than that brain areas distant to the site of stimulation appear to be
involved. It is known that every thalamic nucleus receives feedback from
the sixth layer of the motor cortex, suggesting that the motor cortex and
the thalamus have extensive connections with each other (187). That these
connections and the zona incerta are involved in the regulation of pain,
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via the GABA-ergic pathways, has been shown extensively (93, 94, 188).
The opioidergic system seems of great importance, as iMCS is thought to
modulate the descending volleys towards the PAG and related nuclei (98,
99, 182, 189, 190). Activation of the striatal dopaminergic system seems
to be involved as well (192, 193). The release of norepinephrine from the
locus coeruleus (97) and serotonin from the rostroventromedial medulla
(92, 191) have been assumed to be involved in the analgesic effects of iMCS
as well. The participation of NMDA (N-meyhyl-D-aspartate) receptors has
also been explored and these are thought to play an important role in
neuroplasticity induced by chronic stimulation of the motor cortex (194,
195). Finally, mechanisms of the descending volleys in the spinal cord
have also been described (92, 95, 191). In order to explain these widespread
effects of iMCS, the activation of stellate interneurons in the fourth layer
of the cerebral cortex are assumed (146, 150, 196). These thalamocortical
afferent fibers from C-type cells connect subcortical structures and circuits
to cortical areas (197-200). Next to these neuroanatomical substrates,
corollary discharges have recently been investigated to explain the effect
of iMCS. A corollary discharge is a copy of a motor command that is sent
to the muscles to produce a movement. This corollary does not cause
movement itself but is directed to other brain regions to inform them
of the impending movement (341). It has been discussed that sensory
feedback comes from the peripheral nerves, the visual input, but also from
the motor cortex itself. Therefore, a possible mechanism of action of iMCS
is thought to lie in corollary discharges from the primary motor cortex that
counterbalance other feedback deficiencies (341). Although several clinical
trials showed a significant difference in analgesic effects between sham
and active stimulation of the primary motor cortex (304, 342, 343), the
placebo effect is known to play a prominent role in pain relief (344).
Stimulation parameters
Furthermore, different stimulation parameters were reported in treating
patients with iMCS. Although iMCS has been investigated for over twenty
years, no stimulation protocols have been published and the stimulation
parameters (frequency (Hz), pulse width (µs) and amplitude(V)) show
a widespread variation in all clinical trials. A review of the literature
showed that good clinical results can be achieved using relatively low
stimulation amplitudes (approximately 2V) (345). No recommendations
have been defined for other stimulation parameters. In this meta-analysis
no correlations between the applied stimulation parameters and the
analgesic effect could be revealed. This could mean that based on
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personalized healthcare, every patient is in need of his own settings.
This would be in accordance with a recent investigation that looked for a
guideline to optimize the stimulation parameters. With use of the baseline
motor thresholds (mean 8.0V), they concluded that intensities of 62% of
the motor threshold provided patients with the most optimal pain relief.
Also a significant increase of pain occurred when voltages were put in a
higher setting (145). Furthermore, it is known that the analgesic effect of
long-term iMCS decreases over time. A gradual increase in the required
stimulation parameters and extensive reprogramming has been described
before (123, 172).
Strengths and limitations
To the best of our knowledge, this meta-analysis is the first to analyze the
data from CNOP patients on a group level to identify outcome predictive
factors, confounders and effect modifiers in iMCS (144, 346). One of the
strengths of this study concerns its novel attempt to integrate unique
data sources to investigate an understudied research area. Nevertheless,
as the quality of the retrieved literature was considered to be very low,
the conclusions must be interpreted with care. The inconsistent use of the
nomenclature of several diagnoses forms another limitation of this study
as it complicates the analysis of groups of diagnoses. In addition, the lack
of psychometric properties of the VAS scores that were used as an outcome
measurement in all the included studies forms another limitation of these
studies and the present meta-analysis as it hampers the direct translation
of these results to clinical decision making. For example, the included
papers often did not report on modifications in quality of life scores before
and after iMCS. The absence of a large randomized controlled trial with
regard to iMCS CNOP forms an important limitation of this meta-analysis.
The absence of such well-designed trials indicate a crucial shortage in the
scientific literature with regard to iMCS and CNOP. Furthermore, part of
the scientific literature could not be included in this analysis due to the
fact that these papers did not present individual patient data (e.g., (79, 140,
303, 347)). It is known that randomized controlled trials are well-suited
to investigate the influence of the placebo response and to evaluate the
true treatment effect in an appropriate manner. The absence of such
well-designed trials indicate a crucial shortage in the scientific literature
with regard to iMCS and CNOP. Based on other invasive treatment studies,
the placebo-effect is possibly stronger as compared to studies in which less
invasive treatments were carried out. Therefore, it is not possible to rule
out or determine the placebo-effect in the included studies or the current
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paper. This limitation provokes a risk of bias that precludes the drawing of
a sound conclusion. Finally, it is for ethical reasons impossible to perform
a sham operation to provide a a control group. Possibly a double blinded
on/off-phase trial could be a valuable addition with regard to the lack of a
control group.

Conclusions
The overall analgesic effect of iMCS might be relevant for CNOP patients
who do not respond to other treatments. The best results of iMCS are
achieved in patients with CNOP etiologies affecting the central portion
of the trigeminal system. However, due to the small sample size, the poor
quality of the analyzed literature and the inconsistent use of diagnoses,
this statement needs further exploration in future studies.
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Abstract
BACKGROUND: Classic anatomical atlases depict a contralateral
hemispheral representation of each side of the face. Recently, however, a
bilateral projection of each hemiface was hypothesized, based on animal
studies that showed the coexistence of an additional trigeminothalamic
tract sprouting from the trigeminal principal sensory nucleus (PSN) that
ascends ipsilaterally. This study aims to provide an anatomical substrate
for the hypothesized bilateral projection.
METHODS: Three post-mortem human brainstems were scanned for
anatomical and diffusion magnetic resonance imaging (MRI) at 11.7T. The
trigeminal tracts were delineated in each brainstem using track density
imaging (TDI) and tractography. To evaluate the reconstructed tracts, the
same brainstems were sectioned for polarized light imaging (PLI).
RESULTS: Anatomical 11.7T MRI shows a dispersion of the trigeminal tract
(tt) into a ventral and dorsal portion. This bifurcation was also seen on
the TDI maps, tractography results and PLI images of all three specimens.
Referring to a similar anatomic feature in primate brains, the dorsal and
ventral tracts were named the dorsal and ventral trigeminothalamic tract
(dtt and vtt), respectively.
DISCUSSION: This study shows that both the dtt and vtt are present in
humans, indicating that each hemiface has a bilateral projection, although
the functional relevance of these tracts cannot be determined by the
present anatomical study. If both tracts convey noxious stimuli, this could
open up new insights into and treatments for orofacial pain in patients.
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Introduction
Classically, orofacial nociceptive afferents, running through the trigeminal
nerve and the trigeminal tract (tt), are believed to synapse in the ipsilateral
trigeminal sensory nucleus complex (221). Second-order neurons then
cross and ascend as the trigeminothalamic tract to the contralateral
ventro-posterior medial nucleus of the thalamus. From there, projections
ascend to the primary and secondary somatosensory cortices and other
cortical regions, such as the insula (348). However, the exact anatomy of the
central portion of the trigeminal pathways in humans remains a point of
discussion. Knowledge of the exact neuroanatomy of the trigeminal tracts
will contribute to the understanding of orofacial pain and its treatment.
Preclinical experiments provide evidence for a bilateral projection of the
orofacial region causing activation of both thalami and both primary
sensory cortices in healthy subjects as well as patients suffering from
chronic orofacial pain (112, 278). This bilateral representation of the orofacial
region can be explained by transcallosal pathways or by a bilateral
trigeminothalamic system. The involvement of transcallosal pathways in
the bilateral activation pattern of the aforementioned brain regions in the
registration of orofacial pain seems to be of limited importance according
to the split-brain study of Stein et al. However, proper interpretation of
the results of this study is hampered due to the small sample size (n=1)
(288). Additionally, Solstrand Dahlberg and colleagues report findings that
a decreased connectivity of regions in the brainstem that are involved in
orofacial pain with parts of the descending pain modulation system is
present in patients suffering from migraine. However, they also conclude
that the exact anatomy of the trigeminal pathways in the human brainstem
remain elusive (349). In 2016, a review of tracing studies in animals and
functional MRI studies in humans provided an overview of the trigeminal
tracts in the brainstem (323). Figure 1 depicts two trigeminothalamic
tracts sprouting from the principal sensory nucleus (PSN), the ventraland dorsal trigeminothalamic tract (vtt and dtt, respectively). The vtt is
a mainly contralateral pathway and is known to be present in human
specimens. The dtt, on the other hand, is a mainly ipsilateral pathway and
is predominantly known from animal-based studies and has only been
hypothesized to exist in humans (323, 350).
Based on the aforementioned results, we hypothesized that dtt would exist
in the human brainstem too. To test this hypothesis, we investigated the
neuroanatomy of the dtt in human brainstems using, multiple, advanced
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neuroimaging techniques, including post-mortem, 11.7 anatomical
magnetic resonance imaging (MRI) and diffusion-weighted MRI (dMRI)
and several post-processing techniques (e.g., tract density imaging (TDI)
and tractography). To complement the MR findings, the same brainstems
were sectioned to obtain histological transverse sections for polarized light
imaging microscopy (PLI). PLI is a microscopy technique to quantify fiber
orientation based on birefringence of the myelin sheath in histological
brain sections and has been reported as a well-suited technique to validate
MR findings (116).

Figure 1 Overview of the trigeminothalamic tracts that arise from the PSN in a dorsal
view
Cranial nerves indicated in Roman numerals; dPSN= dorsal principal sensory nucleus;
vPSN=ventral principal sensory nucleus; *= dorsal trigeminothalamic tract (dtt); **= ventral
trigeminothalamic tract (vtt)

Materials and methods
Acquisition of the post-mortem material
Three post-mortem brains were derived from the body donor program
of the department of Anatomy at Radboud University Medical Center,
Nijmegen, the Netherlands. The three donors had no known neurological
diseases and none of the brains showed pathological deformities after
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death. All specimens were perfused via the femoral artery using 10%
formaldehyde and a relatively short postmortem interval (<24 hours)
was employed to limit the reduction of several diffusion values (apparent
diffusion coefficient (ADC) and fractional anisotropy (FA)) (351, 352). After
embalmment, the specimens were fixated in 7.7% formaldehyde for at
least three months to a maximum of three years as it was suggested that
diffusivity measures remain stable up to three years after fixation (353).
Then the brain was extracted from the skull. The brainstem and cerebellum
were separated from the cerebrum via a transverse section, perpendicular
to the neural axis, at the level of the superior colliculus. The cerebellum
was dissected from the brainstem by a coronal cut through the middle
cerebellar peduncle. All three parts were fixated in 7.7% formaldehyde and
preserved for another two months. See Table 1 for additional information.
This study was carried out in accordance with the recommendations of the
CMO (Commissie Mensgebonden Onderzoek) region Arnhem-Nijmegen,
Netherlands. The post-mortem specimens were acquired via the body
donor program at the department of Anatomy of the Radboud university
medical centre, Nijmegen, Netherlands. All body donors in this program
signed a written informed consent during lifetime permitting the use of
their body and parts for science and teaching.
Magnetic resonance image acquisition
Prior to MR scanning, the three post-mortem brainstems were stored
in a phosphate-buffered saline solution (PBS 0.1M, pH 7.4) for one week
to reverse the decrease of the T2 relaxation rate of tissue introduced by
formaldehyde (354). Next, the brainstems were placed for 24 hours in
Fomblin® (Solvay Solexis Inc), a susceptibility-matched, hydrogen-free
liquid. The brainstems were then placed in a vacuum chamber for 10
minutes to reduce free air in the lumina of the blood vessels. Ultimate
maximum pressure within the vacuum chamber was set to 1350mmHg
to prevent cell membrane damages (355, 356), although the maximum
pressure did not exceed 500mmHg during the experiments as this was
not necessary to remove air bubbles. Finally, each brainstem was placed
in a 100 ml syringe, filled with Fomblin, for MR scanning. All imaging was
performed on a 11.7T Bruker BioSpec Avance III preclinical MR system (Bruker
BioSpin, Ettlingen, Germany) equipped with an actively shielded gradient
set of 600mT/m (slew rate 4570 T/m/sec). A circular polarized resonator
was used for signal transmission and an actively-decoupled birdcage coil
(Bruker Biospin) was used for receiving. Scanning was performed at room
temperature (20 degrees Celsius). T2* weighted images were acquired
using a 3D multi-gradient echo sequence at 0.25 mm isotropic resolution
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with the following parameters: TR = 3314ms; TE = 7ms; and flip angle =
20º. The dMRI data were obtained using segmented spin-echo echo-planar
imaging at 0.5 mm isotropic resolution. This sequence consisted out of four
segments. A total of 256 gradient directions were employed at a b-value of
4000s/mm2, in addition to 6 images with no diffusion weighting (b=0 s/
mm2) and the following gradient and pulse parameters: Δ= 12.5 ms, δ= 4.0
ms, TE = 30.70 ms, and TR = 13.75 s. The applied MR protocol was adapted
from an empirically designed protocol reported in the literature (357).

Table 1 Overview of the characteristics of the specimens used in this study

Probabilistic tractography
All processing of the MR images was performed with FSL (358). To correct
for eddy current artifacts and displacement between the different
diffusion images, an eddy current correction was applied (359). The dMRI
data was pre-processed for tractography with the bedpostX algorithm that
models multiple fiber orientations (n = 3) at each voxel (360). To delineate
the TT in our specimens, probabilistic tractography was performed using
the Probtrackx2 algorithm. A manually defined seed mask (i.e., the starting
point of tractography) was placed in the entry zone of the trigeminal
nerve on the fractional anisotropy (FA) maps. In order to address the
reproducibility of the drawing of the masks in each specimen, two
neuroanatomists, independently, delineated the location of the trigeminal
root entry zone on both sides of each brainstem. The overlap of both masks
was used as the seeding masks for tractography on either the right or left
side of each brainstem. Streamlines were drawn from each seed-voxel
(n = 50000 streamlines per voxel). Only streamlines that reached the
dorsal part of the brainstem near the PSN – defined by a waypoint mask
– were kept to avoid the inclusion of other large dominating white tracts
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that run through the brainstem (361). Maximum intensity projections
(MIPs) of the trigeminal tract streamlines along aspecified encoded color
direction, which improve the visualization of general tractography results
as they provide stereoscopic visualization, were overlaid on the fractional
anisotropy, which highlights the tract locations.
Track density imaging
Track density imaging (TDI) is typically used to investigate white matter
microstructure smaller than the imaging resolution by reinterpolation of
the quantitative maps by constrained spherical deconvolution based on
the response function at a finer resolution (362). TDI was applied to the
dMRI data to study the TT trajectory and its possible bilateral projections.
To generate the directionally-encoded color TDI maps, whole brainstem
probabilistic fiber-tracking was carried out with MRtrix as described
by Calamante et al. (362). Streamlines were generated (total numer of
streamlines: n = 500000; 20 per seed voxel) from a large number of random
seeds throughout the brainstem. Seeds are placed randomly throughout
the brainstem as described by other before (362, 363). The total number
of streamlines was calculated in each element of a grid that covers the
brainstem. It should be noted that the sampling distance of the grid was
smaller than the acquired voxel size, yielding TDI map with higher spatial
resolution than the source dMRI data (0.1mm isotropic). After tracking,
the streamline density was used as intra-voxel information to construct a
super-resolution TDI image (362).
Histological tissue processing
Histological sectioning was performed for the TT at the level of the
trigeminal nerve entry zone. This part was separated from the rest of
the brainstem with a transverse cut through the inferior olivary nucleus
and the inferior colliculus. To prevent the formation of ice crystals during
freezing, the brainstems were stored in a 30% sucrose PBS solution (PBS
0.1M, pH 7.4) at 4 °C for one week. The specimen was frozen by using dry
ice and serially sectioned with a HM 450 Sliding Microtome (Thermo Fisher
Scientific Inc., Waltham, Massachusetts, USA) at a thickness of 100 microns.
In a series of five axial sections, the first section was mounted on glass,
creating an inter-slice gap of 500 microns.
Polarized light imaging
PLI utilizes the optical birefringence of nerve fibers, which can be attributed
to the arrangement of lipid layers in the myelin sheaths wrapping the
axons (364, 365). Birefringence alters the polarization state of the light
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that is passed through the specimen depending on the orientation of the
myelinated nerve fibers. As such, taking a series of images while rotating
the linear polarizer plane allows for quantification of fiber orientation
at each pixel. The abovementioned principle of measurement is referred
to as polarimetry. In order to realize PLI measurements of the transverse
sections of the brainstems, two polarimeters were used: a large-area
polarimeter (LAP) for single shot medium-resolution (64 microns per pixel)
images covering the whole tissue section and a polarization microscope
(PM) to scan a grid of high-resolution images (1,3 microns per pixel) in
smaller regions of interest. Both types of polarimetric equipment work in a
similar manner. Monochrome green light passes through a linear polarizer
combined with a quarter wave retarder with its fast-axis oriented at 45°
with respect to the polarizer plane. This creates circularly polarized light
that passes through the specimen followed by another polarizer, which
captures the change in polarization induced by tissue birefringence. By
simultaneous rotation of all polarizing filters, the transmission intensity
is systematically imaged at discrete filter rotation angles. A typical PLI raw
image dataset comprised 18 snapshots at equidistant azimuth angles of
10°, ranging between 0° and 170°. On the LAP these measurements were
supplemented by 8° tilt measurements to the cardinal points allowing for
stereoscopic imaging to disambiguate the fiber elevation angle. Processing
of all raw images created, due to the coarse resolution of the LAP-particular
anatomical landmarks of the trigeminal pathways in the brainstem, were
scanned additionally in the PM to obtain images of higher resolution. The
PM used a reversed light pathway and rotates the polarizer only. A more
extensive description of the polarimeters engaged during PLI is given by
various other authors (116, 364, 366).
Results
T2* weighted MR images
The trigeminal nerve can be clearly observed entering the ventrolateral
part of the pons, after which the hypo-intense signal of the tt can be seen
traversing the brainstem. The tt penetrates the middle cerebellar peduncle
(mcp) and slopes slightly through the pons towards a large hypo-intense
bulge medial to the mcp. This enlarged portion of the tt represents the PSN
(Figure 2). The PSN is located lateral and dorsal to the medial lemniscus
(ml) and ventral to the central tegmental tract. At Figure 2D, two
hypo-intense extensions of the PSN, dorsal towards the fourth ventricle
(most probably dtt) and ventral towards the center of the brainstem (vtt),
can be discriminated.
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dtt= Dorsal trigeminothalamic tract, ml= Medial lemniscus, PSN= Principal sensory nucleus, pt= Pyramidal tract, vtt= Ventral trigeminothalamic
tract, TN= Trigeminal nerve, tt=Trigeminal tract

Figure 2 Overview of the transverse T2* weighted MR images of the human brainstem (specimen 2)
The TN enters the pons at the ventrolateral part and the tt courses in a dorsomedial direction towards the PSN, where it bifurcates into a
ventral and a dorsal branch. The ventral branch joins the ml whereas the dorsal one propagates towards the mesencephalic nucleus. This
configuration has been described in animals as the vtt and dtt.
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TDI-results
Figure 3 presents an overview of the results of the TDI analysis of the
three specimens in transverse sections confirming the findings of T2*
weighted MRI. It can be observed that the tt traverses through the mcp
in a dorsomedial and caudal direction. A portion of it appears to join
the ml, whereas the rest remains on its dorsomedial course through the
tegmentum. After the bifurcation of the tt, two tracts can be observed: 1)
a dorsomedial tract that courses in cranio-caudal direction and 2) a more
ventral tract, dorsal to the ml. Figure 4 shows a ventral and a dorsal region
of the brainstem as maximum intensity projection of multiple coronal
sections near the bifurcation. Their location is shown in (A). The ventral
region (C-E) shows that the majority of fibers from the tt join the ml crossing
to the contralateral hemisphere. The dorsal region (B-D) reveals a smaller
tract coursing towards the raphe without crossing. Instead it turns into a
cranio-caudal direction. In principle, these models reconfirm a bifurcation
of the tt near the transverse pontine fibers and the ml into a dorsal and
ventral part. The dorsal tract appears to remain on the ipsilateral side with
regard to the trigeminal root from which it sprouts, while the ventral one
crosses to the contralateral side of the brainstem. The dorsal tract can
therefore be determined to be the dtt; the ventral one to be the vtt.
Tractography results
Tractography results are depicted stereoscopically by use of MIP images.
Results from tractography show a bifurcation of the left (blue) and right
tt (red) in all three specimens. From this bifurcation, two tracts can be
recognized: a dorsomedial one, which courses in cranio-caudal direction
remaining ipsilateral, and a ventral one crossing to the contralateral side
at the dorsal surface of the ml. The dorsal tract can therefore be identified
as dtt, the ventral one as vtt (Figure 5).
Polarized light images
On the PLI images (Figure 6), the trigeminal root is observed to enter
the ventrolateral aspect of the brainstem. The tt then crosses the mcp
after which it bifurcates into a ventral and dorsal division. The ventral
division, recognized as the vtt, bends alongside the ml. The dorsal division,
recognized as the dtt, runs towards the tegmentum and the fourth ventricle
(Figure 6). Figure 7 depicts the tt coursing towards the dorsomedial aspect
of the brainstem. After exiting the mcp, the tt shows a bifurcation into two
tracts. The ventral branch runs posterior to the ml and courses towards the
midline of the brainstem. The dorsal tract runs towards the dorsal aspect
of the brainstem. The dorsal tract furthermore shows dispersing fibers that
run towards the cerebellum via the mcp and towards the dorsomedial area
of the brainstem.
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Figure 3 TDI fiber orientation maps of the three brainstems in two representative
transverse sections at the trigeminal entry level
The RGB (red-green-blue) color cross indicates the principal eigenvector orientations,
Red=left-right, Green=anterior-posterior, Blue=cranio-caudal. The fiber density is encoded
by brightness.
The fiber orientation is represented by color, while the fiber density is encoded by
brightness. The trigeminal tract bifurcates into a ventral and dorsal branch. The ventral
branch could be identified as the vtt while the dorsal branch corresponds to the dtt. The vtt
turns towards the raphe where it converges partially with the ml. The dtt courses towards
the dorsal wall of the tegmentum where the trigeminal mesencephalic nucleus is located.
There, the anterior-posterior orientation changes into a cranio-caudal orientation.
dtt= Dorsal trigeminothalamic tract, mcp= Middle cerebellar peduncle, ml= Medial
lemniscus, tt= Trigeminal tract, vtt= Ventral trigeminothalamic tract
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Figure 4 TDI fiber orientation maps of one brainstem (specimen 1) in two directions:
transverse sections at the trigeminal entry level and frontal sections at the level of the
vtt and dtt
The RGB (red-green-blue) color cross indicates the principal eigenvector orientations,
Red=left-right, Green=anterior-posterior, Blue=cranio-caudal.
Insets of B and C with a higher level of detail are shown in D and E.
A) Transverse TDI map of one brainstem (specimen 1) at the level of the entry of the
trigeminal nerve. The bifurcation of the trigeminal tract into vtt and dtt is depicted. Section
B is positioned at the level of the dtt and section C at the level of the vtt as indicated by
dashed lines.
B) Frontal TDI map of one brainstem (specimen 1) at the level of the dtt. Initially the tt has
a sagittal orientation after which it sprouts into a transversal. After sprouting from the tt,
the dtt courses towards the dorsal wall of the brainstem.
C) Frontal TDI map of one brainstem (specimen 1) at the level of the vtt. The tt has a mixed
anterior-posterior/left-right orientation. The vtt sprouts of from the inner face of the tt and
attaches itself to the ml dorsally where it turns upward to the cranial part of the brainstem.
D) Enlargement of inset D in frontal TDI map depicted in section B. This inset shows the
dtt in a frontal view and depicts that the tt has a anterior-posterior orientation, whereas
the dtt has a mixed left-right/craniocaudal orientation in the dorsal area of the brainstem.
dtt= Dorsal trigeminothalamic tract, ml= Medial lemniscus, tt= Trigeminal tract, vtt=
Ventral trigeminothalamic tract
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Figure 5 Maximum intensity projection (MIP) of the trigeminal pathways (right=red,
left=blue) in all three specimens taken from tractography results of dMRI overlain
on 11.7T fractional anisotropy of a transverse section located at the bifurcation of the
trigeminal tract
The tt can be observed to bifurcate into a ventral and dorsal division, the ventral and dorsal
trigeminothalamic tracts respectively. In specimen 3, a third sprout of the right tt between
the dorsal and ventral division courses towards the cerebellum via the stumb of the middle
cerebellar peduncle. The white arrows point at the dtt. The white dotted arrows point at
the vtt.
dtt= Dorsal trigeminothalamic tract, tt= Trigeminal tract, vtt= Ventral trigeminothalamic
tract
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Figure 6 PLI fiber orientation maps of transverse sections of the brainstem of all three
specimens at the level of the bifurcation of the trigeminal tract
The fiber orientation is defined by the color sphere.
The tt obviously penetrates the mcp as it courses towards the fourth ventricle. After crossing
the mcp, a curvature in the course of the tt can be observed. Part of the fibers bend towards
the dorsal border of the ml while the remainder propagates towards the fourth ventricle
finally turning in a medial direction towards the raphe of the brainstem.
mcp=Middle cerebellar peduncle, ml= Medial lemniscus, tt= Trigeminal tract, vtt= Ventral
trigeminothalamic tract, dtt= Dorsal trigeminothalamic tract
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Figure 7 PLI fiber orientation maps acquired at high resolution of transverse sections of
the brainstem of specimen 1 at the level of the bifurcation of the trigeminal tract
The fiber orientation is defined by the color sphere in the upper left corner.
A) The tt can be observed in the mcp (green). The tt bifurcates into two tracts: the ventral
portion (yellow) and dorsal portion (purple).
B) Detailed view of the bifurcation of the left tt shown in A. The vtt turns alongside the
posterior wall of the ml and courses towards the raphe of the brainstem. The dtt runs
towards the dorsal aspect of the brainstem splitting up again towards the cerebellum via
the mcp (green-aquamarine) and towards the mesencephalic nucleus (purple).
ml=Medial lemniscus, tt= Trigeminal tract, vtt= Ventral trigeminothalamic tract, dtt=
Dorsal trigeminothalamic tract

Discussion
For the first time, the existence of a bifurcation of the tt into a vtt and dtt in
the human brainstem using (d)MRI, TDI and PLI has been reported. It is well
known that the orofacial nociceptive afferents synapse in the ipsilateral
trigeminal sensory nuclear complex (TSNC) cross the midline and ascend
as the trigeminothalamic tract to the contralateral ventroposterior medial
nucleus (VPM) of the thalamus. This study shows that the crossing tract
can be identified as the vtt. The dorsal branch of the bifurcation could
represent the hypothesized ipsilateral dtt.
Comparison with existing studies
In primates, evidence of this bilateral somatosensory pathway through
the thalamus to the facial representation of the primary somatosensory
cortex has been previously provided (247, 367). In humans, this bilateral
representation pattern has been observed in functional MRI (fMRI) studies
that investigated the activation patterns of orofacial pain in humans.
These studies showed that unilateral noxious stimulation of the orofacial
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region evokes changes in both the contralateral and the ipsilateral thalami,
insular and primary somatosensory cortices (112, 368). Other studies
suggested that a bifurcation of the trigeminal nerve can be found at the
level of the brainstem, based on the blood oxygen level dependent (BOLD)
activation patterns in experimental orofacial pain settings (112, 278), which
is consistent with the results of this paper.
Furthermore, it is known from developmental brain research that the raphe
of the brainstem is a generator of attractants and repellents that channel
axonal growth to the proper side of the central nervous system, which
causes the crossing of the major somatosensory and motor pathways.
However, embryological development studies in mice have shown that a
minority of the axons that sprout from the PSN do not cross the midline
(369).
The vtt has been described to consist of fibers that sprout from the
ventral part of the PSN and the cranial two-thirds of the spinal nucleus
(SN). The axons of the second-order neurons in the aforementioned nuclei
decussate along the dorsal border of the ml and are therefore called the
trigeminal lemniscus (222, 246, 370). The function of the vtt is thought
to be the conduction of vital sensory information, including nociceptive
information. This study shows that the vtt indeed runs posterior to the ml
and some imaging techniques even show that there is no clear distinction
between the ml and the vtt. However, the high resolution PLI images show
that fibers of the ml and fibers of the vtt do not entwine along their courses.
The dtt has been described to consist of fibers originating from the dorsal
part of the PSN and the caudal two-thirds of the SN (222, 253). It has been
assumed that the dtt is responsible for conducting pain, temperature, and
mechanoreceptive stimuli from the anterior part of the facial region and
the intraoral cavity (for a review see (323)).
This anatomical study provides further evidence of the existence of both
the dtt and vtt; however, it cannot verify that both tracts are involved in the
conduction of noxious stimuli. It is well known that the primary afferents
of the somatosensory system can be subdivided according to myelinization
and size. The different fiber types cluster the afferents into group A-C, of
which the unmyelinated C-fibers and thin, myelinated Aδ-fibers subserve
nociceptive transmission, whereas B-fibers represent thin pregangliotic
fibers of the autonomic nervous system (371). Central white matter, on the
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other hand, cannot be allocated to nociceptive systems on the basis of its
architecture alone. For this reason, although the dtt seems to be present in
humans as well, its function cannot be determined by this study.
Technical considerations
The use of diffusion magnetic resonance imaging (dMRI) and tractography
has become a popular method to study white matter pathways (114).
However, due to the limited imaging resolution of in-vivo dMRI (typically
1.0-2.0 mm), its outcomes should be interpreted with care, especially in
the presence of small fiber bundles. However, a recent study of Setsompop
showed that on a clinical 3T scanner, imaging resolution of whole-brain data
could be acquired of 0.66mm and 0.76mm isotropic. This indicates that new
efficient methods that are capable of acquiring high-resolution diffusion
data in-vivo might be possible in the near future (372). Nevertheless, the
applied MRI protocol in this study was found to further increase resolution
to a spatial resolution of 0.2mm isotropic for the T2*-images and 0.5mm for
the diffusion data. Although this resolution is higher than the resolution
obtained in the study of Setsompop et al., it must be underlined that the
present data was acquired on a preclinical scanning system, using 11.7T in
an ex-vivo setting, whereas the setting of Setsompop et al. was a clinical
3T in-vivo setting. One of the limitations of this study is formed by the fact
that MR imaging parameters were not based on distribution of quantitative
longitudinal relaxation time (T1) and transverse relaxation time (T2) and
mean diffusivity (D) (373, 374). Therefore, corresponding histograms of
T1, T2 and D values which could have been used to optimize the imaging
protocol, are lacking from this study. On the other hand, an adapted
protocol that came forth from empirical investigation (357) was applied
and yielded the aforementioned results. Furthermore, it is known that
tractography can produce plausible-looking bundles in locations where
the white matter tract does not actually exist, indicating that tractography
produces substantial amounts of false-positive fiber bundles (115). In order
to optimize the investigation of white matter microstructure, TDI was used
as this techniques uses reinterpolation of the quantitative maps at a finer
resolution than the imaging resolution, which allows researchers to study
white matter structure smaller than the imaging resolution (362). As such,
dMRI of ex-vivo tissue allows for further evaluation of the tractography
results by direct comparison against histological reference measures
within the same specimen (375). Furthermore, complementation of the
tractography data by use of PLI has been suggested to overcome the coarse
sensitivity of diffusion tractography with respect to the identification of
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sharp bends, twists, and undulations (117).
One of the limitations of this study is formed by the fact that the
trigeminal tracts were not followed up to the thalamus due to the size of
the coil of the 11.7T MR-scanner. Therefore, we cannot confirm that the dtt is
connected to the thalamus as has been proposed in animal-based studies
(370). Furthermore, the restricted number of specimens and the lack of
other complementary neuroimaging techniques like optical coherence
tomography (OCT) form another limitation of this study. OCT provides
high resolution fiber architecture data at approximately 1 micron spatial
resolution. OCT is analogous to ultrasound techniques as it measures the
backscattered light of a sample. Specifically, it is sensitive to variations
of the refraction index in different types of tissue. For example, in 2014,
Magnain and colleagues suggested that OCT can be used to generate
accurate 3D reconstructions of histological layers in the cerebral cortex
(376). Furthermore, polarization-sensitive OCT is a special form of OCT that
uses the intrinsic optical properties of back-scattering and birefringence
of neural tissue. In this way, polarization-sensitive OCT has been used to
image the fiber orientation and cyto- and myeloarchitecture of human
nervous tissue and to visualize volumetric reconstructions of human brain
tissue (377). 3D-PLI, however, also provides the possibility to investigate
three-dimensional fiber orientations in sectioned tissue. Each section is
measured separately and basically provides a 3D vector field description
of fiber orientations, forming the basis for tractography (365). Finally, this
study did not use tracers, whereas most of the knowledge on which we
base our neuroanatomical insights regarding the trigeminal connections
are derived from animal-based tracer studies (for a review see (323)). In
2013, Seehaus et al. used fluorescent, retrograde tracers to stain projection
fibers in human tissue, showing that tracing studies can be performed in a
post-mortem setting on adult human neural tissue. However, the tracer was
injected into the subcortical white matter (approximately 500-1000µm
from the cortex) of the upper part of the temporal lobe. After 48 months,
the tracer had traced a tract with a maximal length of 13mm, which
makes it unsuitable for human tracing studies. The same study, however,
reported that DTI is capable of reflecting the shape and orientation of nerve
pathways (378). Future research should investigate the functionality of the
vtt and the dtt to determine the clinical significance of functional entities
like the TSNC with respect to different trigeminothalamic tracts.

Conclusion
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This study shows that the tt bifurcates at the level of the human brainstem
into two pathways which have previously been infrequently described in
birds, reptiles, rodents, and non-human primates. These fiber tracts course
in a ventral and dorsal direction and are therefore called the vtt and dtt,
respectively. Connectivity, functionality, and clinical significance of these
pathways must be determined in future studies.
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Abstract
BACKGROUND: Neuropathic orofacial pain is difficult to treat and
unilateral, repetitive transcranial magnetic stimulation over the primary
motor cortex has been introduced as an alternative management strategy.
Based on recent findings demonstrating that trigeminal pain is conducted
and processed in a bilateral fashion, we explored the effects of a single
session, uni- and bilateral, high frequency repetitive transcranial magnetic
stimulation to the primary motor cortex.
METHODS: Twelve patients suffering from intractable, neuropathic
orofacial pain (mean ± SD age: 52.9 ± 11.5 years; 2 males) were included. In
a patient-blinded, randomized controlled cross-over trial, patients received
a single session of unilateral- as well as a single session of bilateral, high
frequency repetitive transcranial magnetic stimulation, followed by a
two-week follow-up after each session. Outcome measurement was the
result of the McGill Pain Questionnaire (i.e., quality of life index and pain
rating index descriptors. Secondary outcome measurements were pain
medication use and global improvement score.
RESULTS: After the two single sessions of high frequency repetitive
transcranial magnetic stimulation, a semi-structured, face-to-face
interview was conducted in order to appraise perceptions and subtle
changes in daily live. Results showed a significant decrease in pain intensity
after the bilateral condition as compared to baseline (p<0.0001) and to the
unilateral condition and (p=0.014). Unilateral stimulation also decreased
pain intensity scores significantly as compared to baseline (p=0.005).
Bilateral rTMS elicited significantly higher scores on the self-reported
patient global improvement as compared to the unilateral condition
(p<0.0001). No statistically significant changes were found in the scores on
quality of life index, pain rating index descriptors and medication intake
were observed (p >0.05). Qualitative data from the interviews showed
that patients experienced more beneficial effects on physical-, emotionaland social well-being and in their development of leisure activities after
bilateral repetitive transcranial magnetic stimulation as compared to the
unilateral condition.
CONCLUSIONS: Our findings provide the first evidence that bilateral
high-frequency rTMS transcranial magnetic stimulation over the primary
motor cortex has a positive effect on neuropathic orofacial pain.
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Introduction
Neuropathic orofacial pain is an incapacitating and devastating condition
that significantly diminishes quality of life. It can be characterized by
stabbing, burning, electrical and/or shooting pain, often encompassed
by dysesthetic sensations in the trigeminal dermatomes and in
non-dermatomal areas of the trigeminal nerve (379). Neuropathic
orofacial pain can be caused by a variety of disorders, including trigeminal
neuralgia, post-herpetic neuralgia, symptomatic trigeminal neuralgia
(occurring after deterioration of the central connections of the trigeminal
nerve for example post-stroke pain), and trigeminal neuropathic pain
(i.e., caused by damage to the trigeminal nerve) (32, 380). As conventional
treatment options provided only limited pain relief, new treatment
options are currently being explored. One of these options is targeting the
primary motor cortex (M1) with transcranial magnetic stimulation (TMS).
M1 stimulation can be carried out by use of a non-invasive method called
transcranial magnetic stimulation (TMS). TMS was first demonstrated in
1985 (381) and uses electromagnetic induction to influence nearby cells, for
instance by depolarizing neurons sufficiently to trigger action potentials.
Orientation of the coil and stimulation intensity were found to influence
different neurons in a different fashion. Anteroposterior orientation of
the coil was found to have an inhibitory effect on interneurons, just like
low-intensity TMS. Lateromedial orientation on the other hand, showed
similarities with high-intensity TMS as they excite projection neurons
(105, 146, 382). TMS pulses can be applied singly, but for therapeutic use,
multiple pulses are rapidly applied (repetitive transcranial magnetic
stimulation (rTMS)). In general, TMS as a treatment for pain is delivered
over the contralateral hemisphere with regard to the site of pain with
an anteroposterior orientation of the coil (105). Nevertheless, in 2010, a
bilateral activation pattern of the trigeminal nociceptive system was
observed after experimentally inducing acute pain in the orofacial region
(112). This bilateral activation pattern was hypothetically explained in 2016
(323), which was confirmed by the recent discovery of a bifurcation of the
trigeminal tract into a ventral- and dorsal trigeminothalamic tract in 2018
(383). The aim of this study was, therefore, to assess whether bilateral rTMS
provides greater pain relief than unilateral rTMS in patients suffering from
intractable neuropathic orofacial pain.
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Materials and methods
Patient recruitment and inclusion and exclusion criteria
Patients were recruited from the patient-database of the Department
of Anesthesiology, Pain and Palliative Care of the Radboud University
Medical Center and from the patient-database of a non-teaching dentistry
practice (Practice for Gnathology, Nijmegen, The Netherlands), by a
dentist-gnathologist experienced in selecting and treating patients with
severe trigeminal-related orofacial pain. Potential subjects needed to meet
the following criteria: 1) Suffering from painful trigeminal neuropathy
according to the International Classification of Headache Disorder (ICHD),
3rd beta version; 2) Mean pain-intensity scores at baseline needed to
be greater than 50mm as measured by the visual analogue scale (VAS)
during a period of at least 6 months; 3) Aged between 18-80 years old; 4)
Non-pregnant, non-lactating and not planned to become pregnant during
the study; 5) Capable of completing pain self-assessments; 6) Compliance
to registering medication regime in relation to the painful trigeminal
neuropathy during the study. Patients were excluded from this study when
they suffered from other neurological diseases (i.e., multiple sclerosis or
epilepsy) or other chronic pain conditions or had a history of intracranial
aneurysm, intracranial hemorrhage, brain tumor, or significant head
trauma. Other exclusion criteria concerned patients having a pacemaker,
intracardiac devices, neuromodulation device or other forms of metal
implants in the cranio-cervical region. Patients who had not been screened
by a neurologist were excluded as well. Finally, only patients who did not
undergo any form of TMS prior to this experiment were included.
Ethical statement
The applied study protocol was approved by the local medical ethical
committee (Medical ethical committee region Arnhem-Nijmegen) and
registered under the registration number NL62849.091.17. The study was
furthermore registered on ClinicalTrials.gov by identifier NCT03710967.
Study design
Patients were included after signed informed consent. They were invited
to take part in an introductory face-to-face interview with one of the
investigators. During this interview, information was collected regarding
the patient history, pain characteristics (using the DN4 questionnaire
(douleur neuropathique 4 questions) (384)), pain intensity (using VAS
scores), alleviating or aggravating factors, accompanying symptoms,
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received treatments and medication and their corresponding effects and
patients underwent a rTMS safety screening. It was explained to this
study investigated whether rTMS has an analgesic effect and whether
bilateral stimulation would be different from unilateral stimulation. After
the interview, patients received a sealed envelope containing two McGill
Pain Questionnaires, one for each week up until the second meeting and
a notebook for daily medication usage. VAS-scores were asked daily for
two weeks either electronically or on paper, depending on the patients’
preferences. Patients were randomized by computer-algorithm into two
groups. Group A (n=6) received bilateral rTMS during the first session and
unilateral rTMS during the second session, whereas Group B (n=6) received
these forms of rTMS in the opposite order. Patients themselves were blinded
for the allocation. At the second meeting, the patients took place in a
comfortable chair to receive rTMS over the primary motor cortex. After the
second meeting, the patients received two McGill Pain Questionnaires to
be filled in 5 and 12 days after the session. Additionally, the daily medication
intake and VAS scores were registered. VAS scores were completed daily
and were sent at the same time of day every day electronically. If the
patients were not able to complete VAS scores electronically, these were
written on a form and annotated for date and time. When returning for
the third meeting, patients were asked to complete the Patient’s Global
Impression of Change (PGIC) scale and rTMS related side-effects were
evaluated. During this third meeting, the patients underwent cross-over
and received either unilateral or bilateral rTMS. After the stimulation, the
patients received an identical information package as the one before. After
two weeks, the patients returned to have a final, audio-recorded interview
with one of the investigators (D.H.). Figure 1 depicts the study design.
rTMS protocol
rTMS was delivered with a biphasic pulse configuration using a MagVenture
C-B60 Butterfly coil connected to a MagPro-X100 stimulator (MagVenture®,
Farum, Denmark). The figure of eight coil (70mm in diameter) was used
in a tangential position to the scalp in a posterior-anterior direction, 45
degrees from the midline to align it perpendicular to the precentral gyrus.
Conditions comprised either bilateral active high frequency rTMS in
sequence or contralateral active high frequency rTMS and unilateral sham
rTMS in sequence, with respect to the hemiface that was expressed to be
the site of pain. All rTMS was carried out over the primary motor cortex.
The position of the primary motor cortex, the hand knob in specific, was
mapped using exploratory single pulses. The hand knob was targeted as
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a practicality as the motor response of the hand can easily be observed.
Furthermore, strict somatotopic targeting of rTMS does not appear
warranted for treating neuropathic orofacial pain (385). Locations of the
hand notch were saved using TMS neuronavigation software (Brainsight,
Rogue Resolutions Ltd, Cardiff CF10 1AF, United Kingdom). Resting motor
threshold was determined as the lowest intensity eliciting a visual motor
response of the contralateral interosseous muscles after delivering a single
pulse (386). Stimulation intensity was set at 80% of the resting motor
threshold (387, 388). This cut-off value was set to prevent involuntary muscle
responses during the intervention and because stimulation performed
above the motor threshold is not associated with better outcome (389).
However, the exact physiological responses to different stimulation
intensities remain largely elusive. Patients received 10 ten-seconds trains of
10Hz with an intertrain interval of 50 seconds, totalling in 1000 pulses per
hemisphere. The position of the coil was maintained manually using the
acquired neuronavigation location. Sham rTMS used the same stimulation
parameters, however, the coil was tilted away from the patients’ scalp in
a 90-degree angle. By this tilting, the visual, tactile and auditory sensory
input for the patients was identical to the situation in which the active
high frequency rTMS protocol was carried out, single-blinding the patients.
Data assessment
Primary outcome measure of this study comprised the modifications in
mean VAS scores during the two weeks after each rTMS-session. Secondary
outcome measures included alterations in daily medication intake, quality
of life index (QLI) and pain rating index (PRI) before rTMS and during the
follow-up after the two rTMS sessions.
Daily medication intake was quantified by use of the medication
quantification scale (MQS). MQS scores were calculated from the
self-reported intake extracted from the notebook, for each drug by
multiplying the dosage levels by their respective detriment weight (317).
Dosage levels (0–6) were based on the recommended daily dosage range
as described by Masters Steedman et al. (318). These scores were added to
provide a quantitative index of total drug intake suitable for statistical
analysis (317, 318).
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Figure 1 Study-design
DN4: douleur neuropathique 4 questions; MQS: medication quantification scale; PGIC: patient’s global impression of change; QLI: quality of
life index; VAS: visual analogue scale
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The McGill Pain Questionnaire was used to analyse QLI and PRI. QLI was
determined using a validated subset of questions from the McGill Pain
Questionnaire, as described by Van der Kloot et al. (1995) and Verkes et al.
(1989) (319, 320). The QLI is an indication of the interference of pain with
quality of life (QoL) of patients.
PRI can be calculated by use of the pain verbal descriptor inventory
consisting of 72 adjectives describing the sensory, affective, and evaluative
components of pain. Scoring of the PRI is carried out for each subclass (i.e.,
sensory, affective and evaluative) and a total PRI: PRI-S; PRI-A; PRI-E; and
PRI-T, respectively (390).
Other secondary outcomes were the self-reported global improvement
, using the patient global impression of change (PGIC) and qualitative
face-to-face interviews. After the last rTMS session and its subsequent
follow-up period, patients had a semi-structured, face-to-face interview
with one of the investigators. This audio-recorded interview was conducted
using a topic list that included all domains of quality of life according to
Felce and Perry (e.g., physical well-being, social well-being, emotional
well-being, material well-being, and development and undertaking leisure
activities) (391). The interviews lasted for maximal 45 minutes and were
transcribed verbatim afterwards. At the end of the interview, both parties
were unblinded by opening a sealed, participant-specific envelop that was
prepared and coded prior to the experiment.
Quantitative and qualitative assessment
Quantitative data was analyzed using IBM SPSS Statistics version 25
(IBM Corp. Released 2013. IBM SPSS Statistics for Windows, Version 22.0.
Armonk, NY: IBM Corp.) by an independent statistician, blinded to the
randomization process. Descriptive statistical analyses were performed
and the results were represented as mean with ± standard deviation
(SD) The differences in VAS-, MQS-, QLI, PGIC-scores and PRI-descriptors
between baseline and after unilateral- and bilateral rTMS were analyzed
using a paired Student’s t-tests. To measure the effect of unilateral- and
bilateral rTMS on the aforementioned outcome parameters, the period
differences were determined for each arm of the study. Thereafter, an
unpaired Student’s t-tests was applied (392). Statistical tests were 2-sided
and had a significance level of P < 0.05.
Qualitative data was assessed by applying an inductive iterative process
using the constant comparative method. Data analysis started after the
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ﬁrst interview was concluded. Codes derived from the previous interview
were used as a starting point for coding the next one, adding additional
codes if needed. The interviews were independently analyzed with direct
content analysis by two researchers. The coding process was performed
using Atlas.ti software version 8 (http://atlasti.com; ATLAS.ti Scientiﬁc
Software Development GmbH, Berlin, Germany).

Results
Descriptive overview at baseline
A total of 21 patients were contacted between January 2018 and June
2018. After applying in- and exclusion criteria, 12 patients (2 males; mean
age: 52.9 ±11.5years) were included. Table 1 provides an overview of the
demographics of the included patients. A median duration of pain of 5.5
years (1-20 years) was reported and median DN4-score of 6.0 points (4-8
points) was scored. At baseline, the mean VAS-score was 86.9±8.2 points,
the mean MQS-score 13.1±15.2 points, and the mean QLI-scores were 13.5±7.3
points. Regarding the descriptors, mean PRI-A-, PRI-S, PRI-E and PRI-T scores
of 15.3±8.5, 28.8±17.1, 15.4±3.6, and 59.5±25.5, respectively, were observed at
baseline. There were no adverse events and all patients tolerated rTMS well.
All rTMS session occurred between February 2018 and September 2018.
Pain intensity scores
Mean VAS-scores after the bilateral and unilateral rTMS showed to be
49.9±21.9 points and 67.0±22.0 points, respectively. A significant reduction
on the VAS-score after stimulation was seen after bilateral (p<0.0001,
95%-CI 24.7-49.1 points) as well as after unilateral rTMS (p=0.005,
95%-CI 7.4-33.4 points). Pain reduction obtained after bilateral rTMS was
significantly greater than pain reduction after unilateral rTMS (p=0.014,
95%-CI 4.1-29.0 points) (Figure 2).
MQS- and QLI-scores
Mean MQS-scores after bilateral rTMS and unilateral rTMS were 8.9±9.8
points and 11.1±15.9 points, respectively. A non-significant reduction on the
MQS-score after stimulation was seen after bilateral (p=0.09, 95%-CI 0.0-9.1
points) as well as after unilateral rTMS (p=0.179, 95%-CI 1.0-4.8 points).
Decrease in MQS-scores obtained after bilateral rTMS was not significantly
greater than after unilateral rTMS (p=0.279, 95%-CI -2.1-6.7 points) (Figure 2).
Mean QLI-scores after bilateral and contralateral rTMS were observed as
10.9±5.1 and 13.2±16.1. No significant alterations in QLI scores after bilateral
(p=0.114, 95%-CI -0.7-9.1 points) or unilateral rTMS (p=0.939, 95%-CI -8.3-8.9
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points) as compared to baseline or between bilateral and contralateral
rTMS (p=0.634, 95%-CI -8.0-12.8 points) were found (Figure 2).
PRI-descriptors
Mean scores of the different descriptors of PRI after bilateral and
contralateral rTMS were for PRI-A 14.0±8.7 and 18.9±13.4, respectively; for
PRI-E 13.2±7.2 and 14.2±5.1, respectively; for PRI-S 26.7±18.7 and 25.7±17.4
,respectively, and for PRI-T 46.5±27.4 and 55.5±27.9, respectively. For
different subclassifications of PRI (i.e., PRI-A, PRI-E, PRI-S) no difference
was observed between bilateral rTMS and baseline scores, nor between
unilateral rTMS and baseline. Neither did the results differ between uniand bilateral rTMS. (Figure 2). Non-significant changes in PRI-T scores
were observed after bilateral rTMS (p=0.068, 95%-CI -0.6-13.5 points) or
unilateral rTMS (p=0.301, 95%-CI -2.0-6.2 points) as compared to baseline
scores. Furthermore, no significant differences were found between PRI-T
scores after unilateral or bilateral rTMS (p=0.171, 95%-CI -4.6-22.5 points).
PGIC-scores
Bilateral rTMS was reported as an effective treatment to alleviate
neuropathic orofacial pain with a mean PGIC-score of 5.5±1.0 points
(PGIC-score of 5 “Moderately better and a slight but noticeable change”;
PGIC-score of 6 “Better, and a definite improvement that has made a real and
worthwhile difference”). Unilateral rTMS, on the other hand, was reported
to induce a PGIC-score of 3.0±1.2 points (PGIC-score of 3 “A little better, but
no noticeable change”). The difference in PGIC-score between bilateral and
unilateral rTMS was significantly different (p<0.0001).
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Table 1 Patient characteristics at baseline
A: affective component; BT therapy: botulinum toxin therapy; DN4: douleur neuropathique 4 questions; E: evaluative component; F: female;
M: male; MVD: microvascular decompression; MQS: medication quantification scale; NSAIDs: non-steroidal anti-inflammatory drugs; NWC-T:
number of words chosen- total; PRF: pulsed radiofrequency thermocoagulation; PRI-T: pain rating index total score= PRI-A+PRI-S+PRI-E; QLI:
quality of life index; RZ: rhizotomy of the trigeminal root; S: somatosensory component; TENS: transcutaneous electrical neurostimulation; V1:
ophthalmic dermatome; V2: maxillary dermatome; V3: mandibular dermatome; VAS: visual analogue scale
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Figure 2 Evolution of the normally distributed clinical scores (mean, standard error
of the mean) from preoperative baseline (M0) to after bilateral rTMS (M1) and after
unilateral rTMS (M2)
MQS: Medication Quantification Scale; PRI-A: Pain Rating Index - Affective; PRI-E: Pain
Rating Index - Evaluative; PRI-S: Pain Rating Index - Sensory; PRI-T: Pain Rating Index - Total;
QLI: Quality of Life Index; VAS: Visual Analogue Scale
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Qualitative outcomes
During the final interview at the end of this experiment, eleven patients
were capable of correctly guessing the site of active stimulation (bilateral
vs. unilateral) for each session based on the changes they experienced in
the two week period afterwards. When asked for an explanation, only one
patient (#3) reported a different sensation in the orofacial region during
the rTMS session, which led her to believe that she could “feel” which
hemisphere was stimulated. However, she also reported experiencing a
difference in her daily life after the alleged bilateral stimulation, which
further confirmed her hypothesis. The ten remaining patients reported
a similar experience, namely recognition of the bilateral stimulation
situation from the unilateral stimulation due to changes in their daily
lives. When asked about these changes in their daily lives, nine patients
reported alterations in social well-being aspects of QoL. In eight patients
(#1,2,5,6,7,9,10,12), their relationships with family members improved after
bilateral stimulation. One patient (#3) reported going back to work on a
part-time, therapeutic basis (8-10hours per week). All patients experienced
favorable changes regarding their daily mood. Two patients reported that
they were more at ease during the days that followed the alleged bilateral
rTMS session. Nine patients (#2,3,4,6,7,9,10,11,12) reported to be less
hampered by their pain, which varied from being less exhausted to being
capable of doing more to being less bothered by other factors, including
the sensation of breezes on their faces. Analgesic effects of bilateral rTMS
also caused patients to undertake leisure activities. In depth analysis
of the interviews revealed that the beneficial effects of bilateral rTMS
could be organized into nine categories of topics. Out of these categories,
we identified four major themes, all reflecting QoL. These categories
were: social well-being, emotional well-being, physical well-being and
development and undertaking of leisure activities (Figure 3).

Discussion
We report that bilateral rTMS ameliorated pain intensity measured by
VAS better than unilateral rTMS. This finding seemed to be confirmed by
patient self-reported improvement scores. This was also supported by the
qualitative data acquired in this study. This finding possibly opens up new
treatment options for patients suffering from intractable, neuropathic
orofacial pain.
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Only some studies reported on bilateral phenomena following unilateral
stimulation of the motor cortex in pain, but they never aimed to further
elucidate the possible mechanisms involved. In 2010, Bachmann et al.
reported that cold detection thresholds, which measure pain tolerance,
significantly decreased after bilateral stimulation of the motor cortex by
transcranial direct current stimulation. They found this effect not only
in the contralateral hand, but also in the hand ipsilateral to the site of
stimulation (393). Other studies found that unilateral rTMS of the (pre)
frontal cortex induces bilateral analgesic effects (394-396).
These findings suggest that the pain modulating effects of rTMS are probably
due to modulation of the ascending and descending pain pathway (92, 152,
397). Among the specific systems involved in providing the analgesic effect
of motor cortex stimulation are the dopaminergic structures (ACC, nucleus
accumbens, substantia nigra, hypothalamus, the ventral tegmental area
in the brainstem (152) and the striatum (192, 193)). The other systems that
were shown to be modified by TMS are the gamma-aminobutyric acid
(GABA)-minergic system (94, 188), the serotonergic system (92, 191), the
norepinephrinergic system (97), the NMDA-dependent system (194, 308),
and the opioidergic system (190). Moreover, in 2018, our group published a
report showing a bifurcation of the trigeminal tract in the human brainstem.
Referring to a similar anatomic feature in primate brains, the dorsal and
ventral tracts were named the dorsal and ventral trigeminothalamic tract
(dtt and vtt), respectively. The existence of both the dtt and vtt in humans
could substantiate a bilateral representation of each side of the orofacial
region, as proposed before (112, 323). In 2008, André-Obadia et al. postulated
that the analgesic effects of rTMS might be derived from modulation of the
affective appraisal of pain (196). The results of the present study, however,
do not find any significant changes in the affective adjectives for pain after
bilateral or unilateral rTMS as compared to baseline. This underlines the
importance of combining quantitative data (i.e., affective adjectives) with
qualitative assessment (i.e., semi-structured interviews).
Quantitative and qualitative methods for investigating the effects of
neuromodulation in chronic pain
The combination of quantitative and qualitative data in this study shows
that both methods are needed to identify simple, subtle modifications
in patients’ lives. This is of crucial importance, especially in pain-related
research, as pain is an experience which is ubiquitous and subjective at
the same time. In addition to a physiological reaction, pain is influenced by
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a broad variety of contextual factors that can be spiritual, social, cultural,
cognitive, and emotional (398, 399). Pain researchers are constantly trying
to develop more creative, sophisticated techniques to capture and study
the nature of pain, although it has proven to be difficult to investigate
pain in a solely quantitative way. For instance, Carlsson et al. showed in
1983 that the different types of VAS scales are relatively sensitive to bias
and therefore, when assessing efficacy of treatment, attention should
be paid to include several complementary indices of pain relief (400).
As qualitative approaches attempt to explore personal experiences of a
phenomenon, this approach seems to be fruitful for the examination of
pain relief in individuals (401). The present study also shows that the effects
of neuromodulation by rTMS might be less quantifiable than supposed. It
has been shown in other aspects of medical treatment that the patients’
reported outcome measure can be more important and different from
what care providers see as effective and important outcome measures.
Therefore, studies should not only focus on quantitative measurements,
but also qualitative data should be included (402, 403). However, limited
literature can be found concerning qualitative exploration of measuring
the outcomes of neuromodulation therapy for chronic pain.
Strengths and limitations
Strengths of this study are the randomized design with a crossover element,
creating the possibility to have an in-subject comparison. Another strength
of this study is the multidimensional outcome measurement appraisal
and the combination between qualitative and quantitative assessment.
By selecting patients who suffered from neuropathic orofacial pain,
the investigators aimed to create a homogeneous study cohort, which
strengthens this study. One of the limitations of this study is the lack of a
sham stimulation group. This indicates that the placebo effect can play a
role in this study. However, as the entire experiment was carried out blinded
for the patients, the placebo effect, if present, is thought not to be greater in
either the unilateral or bilateral rTMS sessions. In addition, an independent
statistician who was blinded for the randomization order analyzed the
obtained data. For the researchers, however, the applied methodology
was not double-blinded, which on itself forms a limitation. However,
double-blinding is known to be extremely challenging in TMS-related
research (105, 404). Furthermore, a broad variety of studies showed that
the applied rTMS protocol induces pain relief in a sham-controlled setting
(196, 387, 405). For that reason, we elected not to impose an extra session
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in which sham-stimulation would be carried out on our patients. The
lack of more physiological examinations, including quantitative sensory
testing, is another important limitation of this study. Quantitative sensory
testing according to the standardized protocol of the German Research
Network on Neuropathic Pain has proven feasible and can therefore be
used in clinical trials as well as long-term investigations in pain research
(406), although quantitative sensory testing has not yet been validated in
the orofacial region. Another limitation concerns the number of included
patients which possibly flaws our results partially. Future studies should
increase the number of neuropathic orofacial pain patients who are
experimentally treated with rTMS.
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8

Figure 3 Exemplary quotations extracted from the face-to-face interviews
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Conclusion
This study shows that bilateral rTMS over M1 in treating neuropathic
orofacial pain provided better relief of pain than unilateral rTMS. The
working mechanisms involved in (bilateral) stimulation of M1 in treating
neuropathic (orofacial) pain are still unknown.
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By estimation, 7% of the global population suffers from CNOP and due to
the refractory- and non-fatal character of this type of neuropathic pain,
this figure is expected to increase during the following years (26-28).
Although it is difficult to underpin the global burden of disease, it is
known by qualitative investigations that neuropathic pain, in any form,
incapacitates individual patients and negatively affects quality of life (402,
407-409). Due to this impact and the refractory character of neuropathic
pain, innovative therapies were invented, including neuromodulation of
the primary motor cortex. However, the exact mechanism of action remains
hypothetical and an overview of the effectiveness seems to be hindered by
the lack of use of proper classification systems. Moreover, the definement
of a classification system is troubled by lack of a complete overview of the
anatomy of the nociceptive system in humans. More specifically, most of
our knowledge of neuroanatomy, the nociceptive system in particular, has
been derived from animal studies conducted in the 19th and 20th century.
Gaining knowledge on the nociceptive tracts in humans, in combination
with providing a clear overview of the effectiveness of neuromodulation
as a treatment of pain, has been proposed to improve our understanding
of CNOP. Finally, by increasing our understanding of the affected pathways
and mechanisms, identification of patients by grounded classification
systems will further help to demystify the use of iMCS in treating CNOP in
the near future and will contribute to improve future therapeutic options.
Therefore, with the research described in this thesis we aimed 1) to provide
an overview of the anatomy of the trigeminal system in humans and 2)
use these anatomical insights for the improvement of neuromodulation
of the primary motor cortex in treating CNOP. In addition, we translated
our population-based results and post-mortem findings to the individual
patient by adapting an experimental neuromodulation protocol to suit
these findings. In this general discussion, it will be considered to what
extent the results of the experiments described in this thesis may help us
to understand pain, CNOP in particular, in the near future.
Neuromodulation of the primary motor cortex to alleviate pain
The primary motor cortex as a target for alleviating pain is relatively
new. It was found in 1991 by Tsubokawa et al. that invasive motor cortex
stimulation (iMCS) provided pain relief for patients who suffered from
central pain (39-43). Since then, numerous clinical studies were published
showing variable effectiveness of iMCS in a rather heterogeneous
population of pain patients. Chapters 2, 3, 5 and 6 showed that this
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heterogeneity negatively impacted the effectiveness of iMCS. All studies,
with ranging levels of evidence from expert opinions to meta-analyses,
show that patients suffering from central neuropathic pain experience
a greater pain relief as compared to patients who suffer from peripheral
neuropathic pain. However, important publications in the field of treating
CNOP with iMCS show that patients suffering from peripheral neuropathic
pain experience more pain relief than central neuropathic pain patients do.
In 1993, Meyerson et al. publish the first paper on iMCS in treating CNOP.
Within their investigations, they studied ten patients, three of whom
had central neuropathic pain as sequelae of cerebrovascular disease. In
none of them did iMCS provide pain relief. Two patients suffered from
pain from peripheral nerve injuries. One did not respond, but the other
obtained approximately 50% pain relief. The remaining five patients with
trigeminal neuropathy experienced definite pain relief varying between
60 and 90% (410). In 2012, the first review on iMCS in treating CNOP was
published, showing that iMCS was a safe and efficacious treatment option
when all previous managements failed to alleviate pain. They found a good
response (pain relief ≥40–50%) in 68% of the patients with trigeminal
neuropathic pain, whereas a good response was found in 54% of patients
who suffered from CNOP caused by a central origin (411). In line with this,
Rasche et al. showed in a cohort-study that the highest responder rate could
be observed among patients who suffered from peripheral CNOP(412). In
order to understand these discrepancies, two major topics of debate are of
importance.
First, the heterogeneity in nomenclature within the field of CNOP preludes
the drawing of a sound conclusion partially. Afferent fibers within the
different cranial nerves (i.e., the trigeminal, intermedius, glossopharyngeal
and vagus nerve) and the upper cervical roots via the occipital nerves,
convey nociceptive input to central pathways involved in processing pain
in the central nervous system. Together with the broad variety of tissues
within the innervated orofacial areas, the term trigeminal neuropathic
pain does not suffice to explain the exact etiology of pain. For that reason,
a new international headache classification of the International Headache
Society was published in January 2018 (413). This guideline, however, still
underlines that although trigeminal neuralgia caused by a microvascular
conflict probably has a complete different pathophysiology than
trigeminal neuralgia following a herpes zoster infection, no difference
in symptomatological nomenclature is made. The etiology of pain forms
another axis on which the clinician can base the diagnosis (i.e., primary,
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secondary, idiopathic). Finally, a subdivision into peripheral or central
pain is made (413). This new classification system results in an extensive
subclassification that, hopefully, will help in future CNOP-related
neuromodulation research (Figure 1). The fact that neurosurgeons use the
Burchiel classification system possibly complicates cross-talk between
neurologists, neurosurgeons and (clinical) neuroscientists. By using
different classification systems instead of one, well-defined system,
synthesis and meta-analysis of the obtained results in different fields of
research and clinical care is limited, which preludes the drawing of sound
conclusions on a meta level.

Figure 1 Subclassification of the group Trigeminal neuropathic pain as based on the
International Classification of Headache Disorders, 3rd edition (413)

The second major topic of debate is that, the subdivision of pain into
central and peripheral neuropathic pain syndromes remains opaquely
described. In general, lesions or dysfunctions causing pain located within
the structures confined by the dura (i.e., brain and/or spinal cord) are
considered as etiologies of central neuropathic pain (414). However, less
circumscribed pain syndromes are known as well. For example, brachial
plexus avulsion pain is mostly considered as a peripheral pain syndrome,
as the spinal nerves are avulsed by an accident. The second-order
neurons, however, can be affected as well according to recent insights
(415). The orofacial equivalent to brachial plexus avulsion pain, trigeminal
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deafferentation pain, might therefore be regarded as well as a mixed
neuropathic pain syndrome. Next to injury to second-order neurons,
central sensitization processes, which are the result of chronic, neuropathic
pain, can take place. Central sensitization processes refers to processes
which generate, reversible changes of central nociceptive pathways. By
these changes, non-painful stimuli are experienced as painful peripheral
stimuli (allodynia) and painful peripheral stimuli are experienced as
overly painful (hyperalgesia) (184, 416). Although central sensitization
and central neuropathic pain syndromes are not the same, the fact that
central sensitization can alter the structure of the central nervous system
complicates the dichotomous classification of pain syndromes into central
and peripheral. This constantly growing understanding of central and
peripheral pain syndromes and the underlying processes should make
way for implementation of a more elaborate classification system. Even
as a clinical classification, there are challenges in distinguishing centralfrom peripheral neuropathic pain. In general, clinicians most commonly
encounter patients who suffer from peripheral neuropathic pain (e.g.,
diabetic neuropathy, radiculopathy, postherpetic neuralgia), causing
them to be unfamiliar with central neuropathic pain presentation. Next
to differences in incidence rates, it remains difficult to distinguish central
neuropathic pain from peripheral neuropathic pain due to a number
of factors. Recognizing central neuropathic pain in patients who are
neurologically impaired (e.g., after stroke) forms one of those challenges,
as communicational difficulties may occur. Furthermore, the clinical
presentation of central neuropathic pain is not significantly different from
the presentation of peripheral neuropathic pain or musculoskeletal pain. In
addition, central neuropathic pain syndromes usually develop months or
years after the initial injury to the central nervous system which mystifies
the causal relationship (417). Despite these new insights in mechanisms
involved in pain, a classification of pain into central and peripheral pain
syndromes should still be considered as practical and useful for the central
neuropathic pain conditions. By excluding patients who suffer from
peripheral neuropathic pain from future iMCS studies, its efficacy ratings
could improve. Another possibility could be the implantation of two iMCS
electrodes in patients suffering from peripheral CNOP, or other peripheral
pain syndromes in general. To our knowledge, bilateral iMCS has been
carried out and described in the scientific literature once, yielding almost
full pain relief in a patient suffering from central pain (418). Long-term
follow-up and the neuro(electro)physiological effects of having two iMCS
electrodes implanted remains unknown Also, the effect of bilateral iMCS
in peripheral pain syndromes remains underinvestigated.
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Both major limitations must be considered as results from our limited
comprehension of the neurobiological and (epi)genetic factors involved
in CNOP. The presented studies in this thesis aim to contribute to this
comprehension by showing that pain, and CNOP in particular, caused
by a lesion of the central nervous system (e.g., central post-stroke pain)
tends to respond more favorable to neuromodulation of the primary
motor cortex. This phenomenon can be explained by the anatomy of the
trigeminal pathways, as described in this thesis. Based on these findings
and our preclinical experiment described in Chapter 8, the use of bilateral,
repetitive transcranial magnetic stimulation (rTMS) of the primary motor
cortex as a treatment option for CNOP of peripheral origin is open for
new investigations. Although the results of the aforementioned chapter
seem promising, the clinical effectiveness, biological mechanisms involved
and neural underpinnings remain largely elusive. The clinical, long-term
effectiveness could be investigated by performing rTMS for CNOP patients
in a clinical setting. Patients will undergo a preclinical stimulation protocol
which consists of 1) an induction phase (10 consecutive weekdays of rTMS);
2) a maintenance A phase (3 sessions a week apart); 3) a maintenance B
phase (3 sessions a fortnight apart) and; 4) a maintenance C phase (3
sessions a month apart) (419). Outcome parameters should include more
than just pain intensity scores as pain is a complex, multidimensional
problem (315, 316). Next to the outcome measurements as described in
Chapter 8 (pain intensity scores, medication quantification scale and
quality of life questionnaires), clinical effects need to be evaluated after
at multiple follow-up moments by use of weekly filled-in self-reporting
instruments (e.g., brief pain inventory and Beck depression inventory).
Besides, as Chapter 8 shows, the complementation of quantitative results
with qualititative measurements remains of pivotal importance in pain
research (402, 403). To evaluate the biological processes that occur in
bilateral rTMS treated patients, the use of quantitative sensory testing
must be considered. The implemented protocol must include the coldand warmth detection threshold, mechanical- and vibration detection
threshold, sensory-function and wind-up ratio over the painful area
and a non-painful body part. Together, these measurements provide
an extensive overview of sensory function and central pain processing
mechanisms (420-422). In addition, bloodsample analyses investigating
changes in inflammatory cytokines (i.e., CRP, TNFa, interferon gamma,
IL6/12/23) have been recently found of importance in our understanding
of neuropathic pain and pain reducing treatments (423-425). Next to
these outcome measurements, the use of MR imaging (i.e., cerebral
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blood flow with arterial spin labeling (ASL), grey/white matter integrity
using diffusion-weighted imaging and volume of nociceptive tracts
(spinothalamic system at the level of the brainstem/spinal lemniscus)
must be underlined. By periodical measurements, before, during and
after the applied rTMS protocol, modifications in the aforementioned
MR-related results can be distinguished. The next paragraph will discuss
the differences in opinion with regard to the definition of an effective pain
treatment. The subsequent paragraph will go into detail the importance of
new neuroimaging techniques in investigating CNOP, neuropathic pain in
general.
Measuring the effectiveness of iMCS
To define the effectiveness of iMCS, various cut-off values of percentages of
pain relief have been described. These cut-off values range from 30-50% and
are measured at different follow-up lengths. This shows that pain intensity
anchors unfortunately tend to vary from site to site and study to study.
While tracking down and characterizing all of the different scale anchors
employed in the various studies investigating iMCS in treating pain may
prove impossible, this should probably be addressed as a limitation of this
field of research, assuming that there is at least some verifiable variability
in NRS anchors employed. Also, the lack of reporting outcomes of iMCS
as modifications in quality of life scores before and after iMCS forms an
important point of discussion. The absence of such scores and the lack of
patient reported outcome measurements in this field of research must
be regarded as a major challenge for years to come as it has been shown
that treating pain should not be aimed at reducing pain intensity alone
(426, 427). It remains a matter of speculation which cut-off points should
be used to measure a significant effect of iMCS for the individual patient,
but a multidimensional approach, including pain intensity, quality of life,
medication intake, depression scales and patient global improvement
scores, is recommended.
State-of-the-art MRI techniques and polarized light imaging microscopy
to study neuroanatomy in pain patients
MRI systems operating at ultra-high magnetic fields (7-10.5T) are finding
their way into daily clinical practice and create a window of opportunities
to investigate structural abnormalities in patients who suffer from
disorders that, until present day, cannot be imaged by existing MR
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systems. One of the benefits of ultra-high field MRI in future clinical
settings concerns the improved visualization of microanatomy, especially
structures that contain iron particles (e.g., the basal ganglia, dentate
gyrus, etc.). Furthermore, improved in vivo imaging of pathophysiology is
expected (428, 429). Furthermore, neuronal architecture can be investigated
with such ultra-high field MR scanning systems by use of ultra-high
diffusion-weighted imaging. Today, the clinical spatial resolution is
limited at approximately 2mm. This imposes that fiber tracking with
current, clinical, diffusion-weighted imaging techniques is only suitable
for visualization of large bundles of axons. The complex fibrous structure
of white matter can be further resolved using new techniques, for example
high angular-resolution diffusion-weighted imaging (HARDI; capable of
determining the water displacement probability function) (430). In 2015,
ex-vivo HARDI measurements showed unprecedented high-resolution
delineation of structure and white matter organization not evident in
in vivo diffusion-weighted imaging methods (431). These new imaging
protocols at ultra-high field MR systems creates new opportunities for
studying neuropathic pain, both ex vivo (like in Chapter 7) as well as in
vivo.
Post-mortem imaging methods at such ultra-high field MR systems could
help us to elucidate recent MRI findings in patients suffering from CNOP. A
recent study found altered regional brain T2 relaxation times in individuals
who suffer from CNOP. A decrease in T2 relaxation was found to occur in
areas associated with the ascending pain pathway like the trigeminal
spinal nucleus and the primary somatosensory cortex as well as in the
dorsolateral prefrontal, cingulate, and (para)hippocampal cortices (432). To
explain such alterations, the infiltration of these regions by astrocytes with
prolonged activation was speculated. However, this hypothesis remains a
speculations as we are currently not capable of visualizing such alterations
with current MR systems. However, ultra-high, ex-vivo imaging could
help with re-investigating the T2-relaxation time in human brainstem
tissue which belonged to CNOP patients. Followed by histological staining
techniques, such T2-time alterations could be validated.
Clinically, opportunities like investigating the structure, neuronal circuits
and neural biochemistry of the human brain in vivo arise with ultra-high
field MR systems. For example, in 2017, a 3T clinical MR study found
smaller midbrain volumes in migraineurs who suffered from allodynia as
compared to healthy controls. Furthermore, migraineurs with lower heat
pain threshold were found to have a smaller medulla volume and smaller
cerebral peduncles (433). The causal relationship, the functionality of these
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findings and the role these regions play in altered sensory processing in
migraine, however, remain unknown. Ultra-high MR imaging, however,
could play an important role in unraveling the mechanisms involved.
Another promising MR technique concerns Positron Emission Tomography
MRI (PET-MRI) as this technique showed the ability to locate nerve injury
and ensuing neuroinflammation in a rat model. It was found that a new
PET-MRI strategy using a radioligand (6-(3-[18F]fluoropropyl)-3-(2-(azepan-1-yl)ethyl)benzo[d]thiazol-2(3H)-one) which binds to a molecular
biomarker of nerve injury/neuroinflammation (sigma-1 receptor;(S1R)).With
this novel S1R-selective radioligand, and PET-MRI, an accurate localization
of the site of nerve injury created in the rat model was imaged. This
PET-MRI defined region of interest was verified by ex vivo autoradiography
and immunostainings, validating the imaging technique. Finally, pain
relief could also be achieved by blocking S1Rs in the neuroma with local
administration of non-radioactive [19F]FTC-146 (434). Other techniques to
visualize neuroinflammation can target the activation of central nervous
system immunocompetent cells (e.g., imaging of glial activation with
translocator protein (18kDa) tracer [11C]PBR28). Another state-of-the-art
imaging technique identifies compromised blood-brain-barrier by use of
gadolinium-enhanced MRI. Furthermore, infiltration of circulating immune
cells (e.g., tracking monocyte infiltration into brain parenchyma) can be
measured and imaged by use of iron oxide nanoparticles and MRI. Finally,
the pathological consequences of neuroinflammation (e.g., apoptosis) can
be imaged with help of [99mTc]Annexin V or iron accumulation with
T2* relaxometry (435, 436). By combining these imaging methods with
structural MRI, diffusion MRI, functional MRI, we might be capable to
image human neuroinflammation in the near future, which will bring us
a step closer to imaging neuropathic pain. Together, these state-of-the-art
techniques have potential to impact patient care in the foreseeable future.
Next to improving MR imaging methods and systems, a unique opportunity
arises with polarized light imaging (PLI) microscopy as a validation tool for
MRI, but also as a method to study the structural alterations in neuropathic
pain patients in a post-mortem setting. Recent diffusion-weighted MR
studies found abnormal white matter anatomy in CNOP patients (i.e.,
patients suffering from idiopathic or classical trigeminal neuralgia). The
different papers concluded that trigeminal neuralgia selectively impairs
widespread white matter, which may be the hallmark of disease severity
in these patients (437, 438). However, no validation methods could be
used to investigate the microsctructural changes underlying these MR
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findings. Post-mortem investigation of brains of patients who suffered
from CNOP, trigeminal neuralgia in this case, could provide more insight
in the microstructural changes that cause the aforementioned MR
findings. Another study showed structural alterations of the trigeminal
spinal tract in patients suffering from migraine, although again these
findings were not validated by use of histological investigation (439). PLI
in post-mortem tissue could help us to gain knowledge about structural,
myeloarchitectonic changes in CNOP patients. Such insights help us to
develop future neuroimaging methods and protocols which will aid us to
diagnose CNOP patients (440), to objectively monitor pain intensity from
a somatic perspective (441) and to contribute to individualized healthcare
of CNOP patients (442).
Translation to other fields of pain research and medicine
Gaining anatomical and physiological insights and visualizing and
measuring the mechanisms involved in chronic neuropathic pain can be
used to understand CNOP. These insights, however, can also be translated
to other fields of pain research and pain medicine. Neuropathic pain as a
consequence of infection with the human immunodeficiency virus (HIV) or
diabetes mellitus (DM) are more common forms of neuropathic pain with
prevalence-rates of 50-60% (443) and 30% (444) of all patients, respectively.
However, alterations in brain structure and function have been reported in
these forms of neuropathic pain as well. However, most of these insights
are based on studies with animal models and robust human research is
lacking.
In HIV-related neuropathic pain, reaction of glia, including microglia and
astrocytes, were found to be critically involved in the developmentaland chronification processes in rats (445, 446). Upregulation of astrocytes
was also found in humans suffering from HIV associated neuropathic
pain, although this was only found in post-mortem tissue (447). A 2018
imaging study related T2 relaxation times in the human brainstem with
prolonged astrocyte activation in patients suffering from CNOP (432). By
implementing such new imaging techniques and -protocols on patients,
more insights can be obtained regarding the processes involved in HIV
associated neuropathic pain in humans. Next to this, TSPO tracing with
imaging techniques to visualize activated astrocytes (and microglia)
(448-450) could be of value in future imaging studies of HIV neuropathic
pain patients. These insights in pathogenesis could lead to new therapies
to treat neuropathic pain in HIV patients.
190

General discussion

In DM, mechanisms that contribute to the development of neuropathic
pain remain poorly understood. However, axonal damage in the dorsal
horn and spinothalamic tracts have been described and alterations in
higher brain centers have been described to be involved as well (451). In rats,
the ventroposterolateral nucleus of the thalamus demonstrated neuronal
hyper-excitability to sensory stimuli (452). In patients, magnetic resonance
spectroscopy showed reduction of N-acetyl-aspartate (NAA; a marker
for neuronal and axonal activity) in the thalamus of patients suffering
from diabetic neuropathic pain (453). Reduced connectivity between the
thalamus and was also obserbed in patients with diabetic neuropathic
pain (454, 455). Furthermore, reduction of thalamic gray matter was found
in patients suffering from diabetic neuropathic pain (456). In addition, an
altered connectivity of the ventral portion of the periaqueductal grey - a key
node in the descending pain pathway, which modulated pain - was found
in patients who suffer from DM related neuropathic pain (457). However,
the cellular mechanisms underlying these alterations of central grey- and
white matter in DM related neuropathic pain, remain largely elusive. Again,
new MR imaging techniques, in combination with histological evaluation
will contribute to a better understanding of chronification of neuropathic
pain in DM patients. In the end, these insights have yet to be translated into
new mechanism-based approaches in treating DM associated neuropathic
pain.
Ethical considerations of imaging pain
Chronic pain is the greatest source of disability globally and claims related
to chronic pain feature in a majority of insurance and medico-legal cases.
Next to medical insights and possibilities, imaging of pain also has a
potential legal purpose. Despite the opportunities, great science brings
great responsibilities. Chronic pain, and neuropathic pain as a part of it, is
an important issue in various legal cases, accounting for billions of dollars
of civil damages and benefit payment annually. Next to this financial
extent of the issue, ethical issues in assessing pain objectively arise as the
outcome of the assessment affects the extent to which a person is entitled to
public or private insurances or to which extent a subject gets protection by
disability laws. Rigorously validated and regulated brain imaging methods
to assess chronic pain might have the potential to objectify legal practice
in these cases, but also might increase fairness across health-care-related
cases (458).
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Despite the possibilities, prior to implementing imaging techniques to
objectify pain, thoroughly defined standards must be met (459). These
standards should include:
1) The test must meet a high standard of evidence
2) The test must recognize that every individual is unique
3) The test outcome must be placed in a broader context
Regarding the first criterion, one must realize that a given brain measure
might meet various scientific variables (e.g., precision, consistency,
validation) at different levels of rigorousness. By combining these
scientific variables, the most optimal measurement must be defined,
or a combination of measurements must be implemented. The second
criterion assures that an abnormal measurement cannot be translated in
a definite outcome and prevents the excessive use of a normative ethical
framework. It is paramount to remember that individual differences that
result from factors such as genetics, environment and prior learning
experiences can create difficulties when comparing individual scans
to group-averaged findings. The third and last criterion complements
the second by preventing that individual differences can be ruled out.
For a biomarker to be believable, a broader evaluation in the context of
once behavior, the extent and effects of neuroplasticity and genetical
background, is necessary (459). In this context, legal officials would have
to assess the strength of the correlation of brain imaging in pain like they
assess other scientific tools (e.g., DNA identification), resting assured that
these methods can never provide full certainty.
Nevertheless, brain-imaging based evidence of chronic pain can be used
in legal matters for two purposes. First, decision-makers can be educated
about the pathophysiology of pain, creating a more broad awareness
for chronic pain. However, this educational material should not provide
information which can be used to support or refute an individual claim.
Furthermore, research shows that decision-makers can be persuaded by
being shown appealing (brain) images apart from their scientific value
(460). Therefore, courts should limit expert evidence on the neurobiology
of chronic pain in legal cases. The second purpose for brain imaging in
legal matters on chronic pain regards the provision of evidence that proves
or disproves an individual claim. However, this second purpose is still a
futuristic purpose as current, experimental brain imaging is not sufficiently
reliable to be used as a pain detector to either support or contradict an
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individual’s self-report. Even when this challenge is addressed by future
research, marginalization of the individual, subjective experience should
be avoided. Whether we aim to use neuroimaging of pain for an improved
(bio)medical insight or as a form of evidence in legal cases, development of
this field of research is ongoing.
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Future directions
As stated before, the heterogeneity of the patients suffering from CNOP
remains an important challenge within neuromodulation treatment. In a
recent study, an artificial neural network was used to diagnose different
causes of CNOP. Within this study, it was demonstrated that the utilization
of question-based historical self-assessment responses used as inputs to
design an artificial neural network for the purpose of diagnosing facial
pain syndromes(outputs) with high accuracy (461). The use of this network
was later reaffirmed by a second study (462). Although interesting, these
results were compared to the current gold standard: expert diagnosis. By
letting such new methods analyse the cases more freely, a hidden pattern
might actually be exposed, introducing a new era in diagnosing patients
suffering from CNOP.
Furthermore, new innovative protocols and techniques to image pain, as
discussed in the previous chapter, will contribute to a proper understanding
of pain, and more specific CNOP, in the near future. By combining these
imaging results to the diagnostic criteria and to the input of artificial neural
network, a more rigourously defined diagnosis of different pain syndromes,
including CNOP can be achieved. Such rigorously defined conditions, backed
up by insights about the pathogenesis derived from anatomic, physiologic,
genetic, epidemiologic research, as described in Figure 2 of Chapter 1, are not
as futuristic as they may seem. A contemporary example was put forward
by Hung et al. A recent study showed that the trigeminal afferents within
the trigeminal root and in the TREZ were found to have altered diffusion
parameters in TN. This could lead to new diagnostic possibilities for TN.
It was furthermore found that pre-treatment diffusivity values along the
TN and TREZ can prognosticate surgical outcome in TN-patients (442). The
authors found that non-responders had significantly lower FA-values and
higher AD-values within the affected TREZ, whereas responders showed to
have lower AD- and MD-values in the cisternal segment of the trigeminal
nerve (442). Such results could have significant clinical benefits, since
unnecessary treatment could be prevented. Extrapolation of these results
and including more sophisticated neuroimaging techniques as discussed
in Chapter 9 could revolutionize our understanding of CNOP
Interest in treating neuropathic pain with invasive and non-invasive
neuromodualtion techniques like iMCS and TMS is expected to continuously
grow over the years. Using non-invasive methods to investigate possible
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opportunities for invasive methods could be a valuable asset for future
scientific investigation. However, for patients who are regarded as
unfavorable to undergo elective, experimental surgery (as those described
in Supplementary file 3 of Chapter 5) the non-invasive methods could
provide satisfactory pain relief on a regular basis. Most research studies
provide proof-of-concept that iMCS or (r)TMS can improve chronic pain
conditions, but the time-consuming aspects of both interventions and the
high level of expertise obligated to perform either one limit the expansion
of trial sizes. Currently, a home-based TMS station is being developed using
a prototype TMS helmet (provisional patent through the University of
Rhode Island). Although no preliminary data are acquired yet, such home
based therapies could help researchers and clinicians to investigate the
effects of long-term, repetitive, daily, TMS in the treatment of pain (463).
Concluding remarks of this thesis research
Overall,in this thesis we demonstrate that new innovative,neuromodulation
treatments can be highly effective in patients suffering from chronic,
neuropathic pain, CNOP in particular, when patients are allocated with
mechanism-based knowledge. Post-mortem studies have the potential to
increase insights in the pathogenesis of neuropathic pain and anatomical
pathways via which this information is conveyed. By adding these
insights to clinical practice, neuromodulation treatment can be improved
and unnecessary treatment can be avoided. However, treating chronic
neuropathic pain with neuromodulation shows to be a highly interactive
and multi-factorial process which is influenced but not determined by
the anatomical pathways involved. Therefore, future research should
address the alterations in brain structure and function in neuropathic
pain patients in order to increase our understanding of neuropathic pain
and improve treatments like neuromodulation treatment. This requires
a more mechanism-based approach with diagnosing neuropathic pain
patients and an increased interest of neuroscientists, neurologists and
(neuro)radiologists in neuropathic pain, but also needs a different mindset
for pain physicians. Finally, the political agenda, showing little interest
in neuropathic pain, should be addressed in order to increase funding
opportunities and awareness of the harshness of neuropathic pain and its
devastating impact on patients’ lives.

197

10

Appendix

A

Dylan J.H.A. Henssen

Apendix A

Additional background information
Anatomy of the nociceptive system in general
To inflict such a widespread variety of physical, emotional and behavioral
responses, two key systems are involved in the processing of and reacting
to pain: 1)the ascending nociceptive pathway and 2)the descending
nociceptive pathway. The ascending nociceptive pathway originates at
the peripheral receptors, the nociceptors in particular. The nociceptors
are in fact free nerve endings that are related to sensations of pain, itch,
warmth and cold. From these nociceptors, primary nociceptive afferents
that are constituents of the peripheral nervous system course towards
the spinal cord. These sensory afferents can be subdivided as based on the
classification of Erlanger and Gasser. The sensory fiber types are classified
based on their diameter, presence/absence of a myelin sheet and conduction
velocity (Tables 1 and 2). This results in four types of sensory fiber types:
1) Aα- fibers; 2) Aβ-fibers; 3) Aδ- fibers and; 4) C-fibers. The thin myelinated
Aδ-afferents together with the polymodal C-afferents conduct the noxious
stimuli that are processed as pain. Stimulating Aδ-afferents leads to sharp
pricking pain, whereas stimulation of C-afferents causes the sensation of a
dull, burning pain or itch (464). Together, the primary nociceptive afferents
project to the dorsal horn of the spinal cord. The dorsal horn of the grey
matter is classically subdivided into 5 layers, the laminae of Rexed (233).
The first two laminae compose the superficial layer of the dorsal horn. The
first lamina (lamina of Waldeyer) mainly contains projection neurons that
give rise to the spinothalamic and spinobulbar tracts. The second lamina
is the mainly constituent of the substantia gelatinosa and contains both
excitatory and inhibitory interneurons. Laminae III to V constitute the
deep dorsal horn and contain both different types of projection neurons
and interneurons (465). With regard to nociceptive transmission, Aδ- and
C-fibers course towards dorsolateral part of the spinal cord as the dorsal
root, towards the dorsal horn via the dorsal root entry zone. Aδ-fibers
terminate mainly in laminae I and V, whereas C fibers innervate principally
lamina I and the outer layer of the substantia gelatinosa.

Table 1 Sensory nerve fibers and the specific characteristics
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Table 2 Sensory modalities and their corresponding neurological mechanisms/tests

First, part of the primary A-fibers run in the dorsal columns. These fibers
ascend without synaptic interruption to the ipsilateral dorsal column
nuclei. The dorsal column nuclei consist of the medial nucleus gracilis and
the more laterally located medial- and lateral cuneate nuclei. Both nuclei
project to the contralateral ventroposterior complex of the thalamus via
its efferents which run in the medial lemniscus. This system is called
the dorsal column-medial lemniscus pathway and conducts tactile
and proprioceptive information (466). Second, C-fibers and part of the
primary A-fibers join the anterolateral system to ascend to the thalamus
as one of three pathways. One of these pathways is the spinothalamic
tract. Most of the fibers that join the anterolateral fasciculus cross to the
contralateral part of spinal cord in the anterior white commissure before
ascending as the contralateral spinothalamic tract (467-469). However,
an uncrossed spinothalamic tract has been described as well (467, 468,
470). The spinothalamic tract as an ascending pathway consists out of
two major components: the anterior and lateral spinothalamic tracts. The
anterior spinothalamic tract conducts tactile information (i.e., touch and
mild pressure), whereas the lateral spinothalamic tract relays information
regarding pain and temperature (466, 471). The anterior spinothalamic
tract joins the medial lemniscus in the medulla and pons, whereas the
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lateral spinothalamic tract continues as the spinal lemniscus. Within the
spinothalamic tracts, a somatotopic organization of axons exists. Fibers
entering from rostral and caudal segments are located in the medial
and lateral parts of the tract, respectively. In the cat, the ventral-to-dorsal
distribution of spinothalamic tract axons is bimodal, located as the
ventrolateral and dorsolateral groups. In monkeys, the distribution is
unimodal, extending from the ventral surface of the spinal white matter
to the ventral most part of the dorsolateral funiculus. In both animals,
ventrally located spinothalamic tract axons are large, coarse, and primarily
located peripherally, whereas dorsal spinothalamic tract axons are of fine
caliber and are equally distributed in the medial and lateral white matter
(472, 473). The spinothalamic tract synapses in the ventroposterolateral
nucleus (VPL) of the thalamus, from which it projects into the primary
somatosensory cortex (S1). This tract also includes a small number of neurons
that project into the medial thalamus, which in turn projects into cortical
and subcortical regions associated with emotional and motor responses
(466). The spinoreticular tract is the second major pathway that ascends
in the anterolateral fasciculus and plays an important role in nociception.
The spinoreticular tract originates from laminae VII and VIII of the dorsal
horn in several species, including the monkey, cat and rat (474-477). The
ascending spinoreticular tract both contains crossed and uncrossed fibers.
In the monkey, the lumbar contribution to the spinoreticular tract has been
showed to be mainly contralateral, whereas the cervical spinoreticular
tract has an equal distribution of decussating and non-decussating
neurons. The spinoreticular tract both has projections to medullary nuclei
as well as to medial parts of the reticular formation in the brainstem. The
medial parts of the reticular formation, in turn, project to the thalamus,
especially to the intralaminar region (478, 479). The spinomesencephalic
tract is the third major pathway involved in nociceptive processing that
runs in the anterolateral quadrant. The spinomesencephalic tract projects
to the mesencephalic reticular formation and the lateral columns of
the periaqueductal grey (PAG) and the nucleus cuneiformis. From these
brainstem targets, fibers project to the lateral thalamus (480-482). From
the brainstem- and thalamic nuclei, the cerebral pain matrix arises. This
cerebral pain matrix can be divided into a lateral and medial system. The
lateral system arises from the lateral thalamic nuclei (i.e., ventral posterior
inferior nucleus, ventral posterior medial nucleus, ventral posterior lateral
nucleus) and projects to lateral cortical areas, mainly the primary and
secondary somatosensory cortices. In general, the lateral part of the cerebral
pain matrix receives the majority of its input from lamina I and lamina V
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of the spinal cord. The medial part of the cerebral pain matrix arises from
the medial thalamic nuclei (i.e., posterior part of the ventromedial nucleus,
ventrocaudal part of the medial dorsal nucleus, parafascicular nucleus and
centrolateral nucleus). From these nuclei, projections arise to the insular
cortex and the anterior cingulate cortex (ACC). The medial system receives
input from various layers of the spinal cord (Figure 1) (483).

Figure 1 Simplified summarization of the main spinothalamic and thalamocortical
projections that construct the lateral and medial system of the cerebral pain matrix
ACC= anterior cingulate cortex; CL= centrolateral nucleus; MDvc= ventrocaudal part of
medial dorsal nucleus; Pf= parafascicular nucleus; SI= primary somatosensory cortex; SII=
secondary somatosensory cortex; VMpo= posterior part of ventromedial nucleus; VPI=
ventral posterior inferior nucleus; VPL= ventral posterior lateral nucleus; VPM= ventral
posterior medial nucleus
Note that the insula is now considered to be part of the medial pain system, although
others claim that this region lies between the lateral and medial matrices, since it has both
a sensory-discriminative and a cognitive-evaluative role in pain sensation

The descending nociceptive pathway is a pain modulation pathway
which is capable of activating a powerful analgesic effect. It consists
out of brainstem areas that receive input from higher brain centers. One
of these brainstem areas is the PAG. The PAG is an elongated cylinder
that encircles the mesencephalic aqueduct. Early studies showed that
stimulation of the PAG elicited a powerful analgesic effect in both
animals (484, 485) and humans (486). It was furthermore observed that
that analgesia from stimulating the PAG could be reversed by injecting
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naloxone, which is a opioid-receptor antagonist. This indicates that the
PAG is a source of descending opioid-mediated inhibition of nociceptive
inputs. The PAG is known to have widespread connections to a broad
variety of brain regions. The afferents of the PAG from cortical areas of
the forebrain principally consist of afferents from the prefrontal, anterior
cingulate, posterior orbitofrontal and anterior insular cortices (487-491).
The amygdala is another important source of input to the PAG (487, 491).
From the brainstem, afferents are known to orginate from the colliculi,
the mesencephalic reticular formation, the locus coeruleus, the lateral
parabrachial nucleus, the cuneiform nucleus and the ventrolateral and
ventromedial parts of the medulla, including the paragigantocellular
area and the lateral tegmental field (492, 493). Spinal projection to the
PAG constitute out of fibers originating from the superficial layers of
the dorsal horn (lamina I), indicating their sensory function (493). Other
regions that project to the PAG are the deep dorsal horn and intermediate
gray matter (lamina V, VII and X), the spinal nucleus of the trigeminal
nerve (493-496). These connections have showed to have a somatotopic
projection; the trigeminal input terminates in the rostral part of the PAG,
the cervical input more caudally and the lumbar dorsal horn projects
to the most caudal parts of the PAG (495, 497). The periaqueductal gray
efferents constitute out of projections to several thalamic nuclei (mainly
the midline nuclei, the intralaminar nuclei and the reticular nucleus)
in both an ipsilateral and contralateral pattern (492). The PAG projects
to several regions within the brainstem of which the main targets for
the PAG are the mesencephalic reticular formation, the colliculi, the
cuneiform nucleus, the locus coeruleus, the lateral parabrachial nucleus,
the different raphe nuclei and the retroambiguus nucleus (492). The spinal
cord receives input from the PAG via the deep layers of the dorsal horn
and intermediate gray matter (lamina V, VII, VIII). No projections to the
superficial layers were observed (498). Finally, the PAG sends a moderate
to light projection to the trigeminal spinal nucleus in the brainstem (492).
Because of its high connectivity rate, the PAG is therefore well localized to
modulate nociceptive inputs and pain perception through its interactions
with ascending and descending projections from numerous sites. A
second area within the brainstem that is part of the descending pain
modulatory system is the rostral ventromedial medulla (RVM). The RVM
includes the serotonergic nucleus raphe magnus, the nucleus reticularis
gigantocellularis-pars alpha and the nucleus paragigantocellularis
lateralis (499, 500). Next to the PAG, the RVM furthermore receives input
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from the thalamus, parabrachial region and the locus coeruleus and is
therefore regarded as the final common relay station in the descending
pain modulation system. The RVM projects to the dorsal horn of the spinal
cord and the caudal part of the spinal nucleus of the trigeminal nerve
(499, 501). The serotonergic activity of the RVM and its influence on pain
modulation has been investigated and provided conflicting evidence.
Literature shows that activation of descending projections from the RVM
elicit release of serotonin in the spinal dorsal horns (502-505). However, this
release of serotonin can be both pronociceptive as antinociceptive and is
dependent from the subtype of serotonin-receptor that is activated. These
observations indicate an important role for bidirectional pain modulation
by the RVM (500). Based on the connections between the PAG-RVM and
noradrenergic areas within the brainstem (e.g., the locus coeruleus, A5-cell
group and the Kölliker-Füse pontine nuclei), the noradrenergic system was
hypothesized to play an important role in the descending pain modulatory
system. This hypothesis was strengthened by the finding that descending
noradrenergic projections from the aforementioned noradrenergic areas
course towards the dorsal horn of the spinal cord. This hypothesis was
tested as valid by various animal (506) and human (507, 508) studies.
Biological processes involved in the chronification of pain
Acute and chronic pain can be distinguished by its duration. However,
apart from the temporal aspects, it also believed that various biological
and cellular processes are involved in turning acute pain into chronic
pain. These processes can be chronologically categorized as activation;
modulation and; modification processes (7).
Activation processes concern those in which the peripheral terminals
of nociceptors are activated, which starts a cascade of activation of
nociceptive transducer receptor/ion channel complexes, leading to
depolarizing currents along the nociceptors. The action potentials are
conducted via primary order neurons to the central nervous system,
where neurotransmitter release leads to new activation of second order
neurons (7). This activation of neurons can lead to activation-dependent
plasticity. Activation-dependent plasticity is the phenomenon that a
repeated stimulus increases the response of the system and is caused by 1)
autosensitization of the nociceptor terminals (509) and 2)windup of action
potential discharge in the dorsal horn neurons (510, 511).
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Modulation processes are mainly controlled by phosphorylation of
receptors, ion-channels or regulatory proteins. This induces modifications
of extrinsic and intrinsic functions of the neuron. Modulation of peripheral
terminals of nociceptors or heterosensitization is one of these processes
and occurs as the threshold potential of the neuron’s membrane is
decreased, causing a neuron to have an increased excitability. This form of
modulation occurs by exposure of the terminal to sensitizing agents (i.e.,
inflammatory agents and neurotrophic factors) (512, 513). Second, central
sensitization is the process of modulation of the central pathway and is
triggered by peripheral nociceptor input. Central sensitization indicates
that the signal transmission at the synapse of the peripheral neurons and
dorsal horn neurons is amplified (514) and is the consequence of facilitated
excitation and depressed inhibition of nociceptors by various proteins (515).
During central sensitization, the glutamate-activated N-methyl-D-aspartic
acid (NMDA) receptor is phosphorylated, increasing its presence in the
synaptic membrane and its responsiveness to glutamate. This results
in an enhanced responsiveness of nociceptors that outlasts the initial
stimulus or requires only a low-level stimulus to maintain its reaction
(7). Furthermore, supraspinal input, particulary from the brainstem, are
paramount in maintaining central sensitization (516, 517). Finally, another
important factor that helps maintaining central sensitization is depression
of spinal inhibition (518).
Modification processes concern those that modify the structural
characteristics of the somatosensory part of the nervous system. For
instance, target-derived growth factors are essential for nerve development
and play a role in maintaining the neuronal phenotype during life (519).
Alterations in the concentrations of these target-derived factors cause
modifications in the expression of channels, receptors and other proteins
within the neuron and can occur after inflammation or disintegration of the
neuron (520). These processes cause increased excitability and depressed
inhibition of peripheral neurons (7). Alterations in the gene expression
within the neuron by either up- or down-regulation after injury of the
nerve cell is one of the processes that underpins modification processes
(521, 522). A second mechanism that is categorized under modification is
structural reorganization of low-threshold afferent, causing these fibers to
sprout into the deep layers of the dorsal horn rather than the superficial
layers (523). Third, modifications of the excitability of non-injured neurons
that neighbor the damaged neurons can cause ectopic excitability. Ectopic
excitability occurs more frequently in Aδ-fibers, whereas C-fibers can also
be involved (522, 524). Finally, loss of neurons can result in an imbalanced
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sensory inflow and thereby contributes to increased pain perception (514).
Considering all the aforementioned mechanisms, it must be concluded
that pain hypersensitivity is a form of neural plasticity. Therefore, pain
itself cannot be viewed as a static consequence but more as a dynamic
cascade of consequences that arise after disintegration of neurons.
Anatomy of the somatosensory system innervating the orofacial region
The trigeminal nerve is the fifth cranial nerve and consists of three
divisions: ophthalmic (V1), maxillary (V2) and mandibular (V3). V1 and V2
contains sensory fibers only, whereas V3 provides motor innervation of
the mastication, mylohyoid and the anterior belly of the digastrics muscles
(212). An overview of the peripheral branches of the three divisions is
provided in Table 3 (213, 525). The ophthalmic division is made out of its
terminal branches posterior to the eyeball and runs towards the cavernous
sinus. V2 contains its terminal branches, which course in the intraorbital
canal and the pterygopalatine fossa. Through the foramen rotundum,
the maxillary nerve reaches the lateral wall of cavernous sinus, where it
runs together with the ophthalmic division more proximally towards a
small depression in the petrous apex, known as Meckel’s cave. In Meckel’s
cave, the mandibular division joins V1 and V2 via the foramen ovale. In
Meckel’s cave, the trigeminal ganglion is made by the fusion of V1, V2 and
V3 (213-219, 525).

11
Table 3 Peripheral branches of the trigeminal nerve

207

Apendix A

The trigeminal ganglion divides into several rootlets which run towards
the brainstem through the prepontine cistern (213-219, 525). The trigeminal
rootlets enter the lateral pons. Within the midbrain and brainstem, the
trigeminal nerve has four central nuclei, 1) the mesencephalic, 2) the
principal sensory, 3) the spinal trigeminal and 4) the motor nucleus. The
first three receive sensory information, whereas the last one only receives
motoric output (211, 526). The somatosensory fibres of the fifth cranial
nerve enter the pons in the sensory root and are then distributed over the
principal sensory nucleus and the spinal trigeminal nucleus. The A-betaand gamma-fibers course towards the principal sensory nucleus, are both
crossed and uncrossed and end in the ventral posteromedial nucleus of the
thalamus. A-delta- and C-fibres descend into the spinal tract as Lissauer’s
dorsolateral fasciculus and terminate in the caudal part of the spinal
nucleus and the cervical dorsal horn. The mandibular division descends in
the dorsal part of the tract, maxillar fibres course in the intermediate part
and the ophthalmic division occupies the ventral division. The maxillary
nerve fibres course less distally compared to the other two divisions of the
trigeminal nerve. Small components of the facial, glossopharyngeal and
vagal nerves join the spinal trigeminal tract (207). The motor nucleus of V3
can be found in the floor of the fourth ventricle (214). The first observations of
the ascending pathways of the trigeminal nerve were carried out by Spitzer
in 1899. He examined the brain of a patient with a tumor in the medulla
oblongata. Using degenerating axons, he traced the trigeminothalamic
tract along the dorsomedial border of the medial lemniscus. This bundle of
fibers is now called the trigeminal lemniscus (ventral trigeminothalamic
tract), originating from the oral and intermediate parts of the spinal
trigeminal nucleus (207). The works of Spitzer were further investigated by
Wallenberg (1895-1905), after which he concluded the trigeminothalamic
tract is mainly formed by crossed fibers that originate from the ventral
part of the principal sensory nucleus which ascend together with the
contralateral medial lemniscus (220). The uncrossed fibers, originating
from the dorsomedial part of the principal sensory nucleus, ascend near
the periaquaductal grey (PAG). The ventral and dorsal trigeminothalamic
tract conduct different sensations; respectively pain and temperature and
discriminative touch (207, 527). From the principal sensory nucleus, the pars
oralis and interpolaris of the spinal nucleus, connections decussate at the
level of the pons and run as the trigeminal lemniscus towards the VPM of
the thalamus. The ipsilateral tract from the principal sensory nucleus also
terminates in the VPM (222, 253). The trigeminothalamic tract terminates
in the ventral regions of the thalamus, including the ventral posteromedial
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nucleus (VPM) of the thalamus (528). Fibers from the caudal part of the
spinal nucleus join the spinothalamic tract and terminate in several nuclei.
The ventral parts of the thalamus project to the somatosensory cortex (S1)
and conduct sensory input from the orofacial region to different locations
on the S1 cortex (529). Approximately 50% of the area of the S1 cortex is
dedicated to the processing of orofacial sensation, which is an indication
for the high sensitivity of this body part (326).
Pharmacological- and interventional treatment options for CNOP
Interestingly, although the global burden is considerable, current therapies
only have limited efficacy: only 30–40% of neuropathic pain patients,
including CNOP patients, declare they receive satisfactory (>50%) relief
from their chronic pain through pharmacological treatment (530, 531).
Therefore, other treatment options for CNOP have been searched for over
the years. Next to the moderately effective behavioral and psychological
treatments (532), several other treatment options are available.
Pharmacological treatment options
Topical medication for CNOP was first systematically reviewed in
2000 (533) and has been suggested to have some distinct advantages,
including lower side effects, fewer drug-drug interactions and improved
patient tolerance (533). However, topical pain-suppressive medication in
neuropathic pain syndromes in general has also been shown less effective
than other pharmacologic methods. In 2015, the number needed to treat
was calculated to achieve 50% pain relief in neuropathic pain patients
by using capsaicin, one of the available topical medications. A number
needed to treat of 10.6 was reported, which was considered as quite poor
(534). Unfortunately, this review did not include other topical agents like
non-steroidal anti-inflammatory drugs (NSAIDs), topical analgetics (i.e.,
lidocaine) and anticonvulsants. In contrast, another study investigated
the effect of topical lidocaine and reported that topical analgetics could
be used as an add-on therapy in reducing peripheral neuropathic pain.
An important limitation regarding these papers concerns that none of
the reviews specifically focused on CNOP and topical analgesic therapy.
Oral medication that can be used to treat CNOP consist of gabapentinoids,
tricyclic antidepressants (TCAs) and serotonin-norepinephrine reuptake
inhibitors (SNRIs). The same study that investigated the number needed
to treat of topical medication investigated the gabapentinoids and SNRIs
as well. They found that the number needed to treat to achieve 50% pain
relief by use of SNRIs was 6.4, whereas the number needed to treat of
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gabapentinoids ranged from 7.2 to 7.7. TCA were reported to have a number
needed to treat of 3.6 (534). Nevertheless, these results were derived
for neuropathic pain in general and not CNOP in specific. Next to the
aforementioned classes of medication, opioids can also been prescribed to
alleviate CNOP, although there is little quality evidence. A recent review
identified that in neuropathic pain, opioids induced greater pain reduction
and better patient satisfaction as compared to placebo medication. On the
other hand, majority of the studied population experienced from adverse
events and the number needed to harm was calculated to be 4.3 (535).
The review of Finnerup et al. showed similar results and concluded that,
although the number needed to treat was considerably low, the number
needed to harm balanced out the analgesic effects (534).
Interventional treatment options
Several treatment options for CNOP exist, including surgical microvascular
decompression, stereotactic radiation therapy, percutaneous glycerol
rhizolysis and percutaneous radiofrequency (RF) of the trigeminal
ganglion or the pterygopalatine ganglion. During surgical microvascular
decompression (also called Jannetta procedures), neurovascular conflicts
(e.g., vessels that compress the trigeminal nerve root entry zone), are either
coagulated (venous vessels) or separated from the nerve root by use of a
small sponge (arteries) (536, 537). Although described as effective, a fair
amount of patients suffering from CNOP have no clear neurovascular
conflict according to imaging methods, which makes them unsuitable
for microvascular decompression surgery. The second procedure concerns
stereotactic radiation therapy (e.g., GammaKnife procedure) in which the
trigeminal ganglion and part of the trigeminal nerve root are irradiated
under local anesthetic and light sedation. The GammaKnife procedure has
a limited efficacy as between 60-70% of patients report at least a small
reduction of pain and long-term outcomes are unknown (538, 539). The third
procedure regards percutaneous glycerol rhizolysis. During this fluoroscopy
guided procedure, a needle is introduced into the trigeminal cistern in
the base of the skull. A small amount of contrast dye is injected into the
trigeminal cistern to affirm the correct placement of the needle and, after
aspiration of the contrast dye, glycerol is injected (540, 541). Percutaneous
RF of the trigeminal ganglion, which is another fluoroscopy-guided
intervention, is a less invasive procedure for patients suffering from CNOP
who show to have a neurovascular conflict on imaging modalities but are
regarded not suitable for microvascular compression surgery. The great
advantages of percutaneous RF of the trigeminal ganglion are that this
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procedure is less invasive and thereby has a lower morbidity and mortality
rate (542). However, reportedly, percutaneous RF of the trigeminal ganglion
is reportedly less favorable than microvascular decompression regarding
pain relief. Percutaneous RF of the pterygopalatine ganglion must be
considered a last resort treatment for patients suffering from CNOP, as
during this fluoroscopy guided procedure, part of the pterygopalatine
ganglion is destructed (543).
Neuromodulation treatment options
Neuromodulation treatments for CNOP remain an understudied field
of research, whereas these advances are more frequently investigated
in primary headache disorders. Neuromodulation options include 1)
noninvasive treatments and 2)treatment with implantable devices. In
general, noninvasive treatments are delivered by devices that patients can
self-administer on a scheduled- or as‑needed basis. Implantable devices
are usually positioned percutaneous and/or by surgical procedures and
powered either wirelessly or by surgically implanted pulse generators
(IPG) (544).
One of the options for non-invasive options for neuromodulation treatment
comprises transcranial magnetic stimulation (TMS). In TMS a high current
pulse generator, shaped as a ‘figure-eight’ coil, induces a magnetic field
by creating brief currents, which cause rapidly changing magnetic fields
(105). These changing magnetic fields are able to trigger changes in local
electric fields and activate or inhibit neural tracts in the cortex directly
under the coil, depending on the stimulation frequencies (545, 546). Both
repetitive and single-pulse TMS have been investigated and showed
to be capable of providing pain relief when targeting different cortical
areas and using various stimulation parameters (105). It was furthermore
reported that CNOP responds more favorable as compared to other forms
of neuropathic pain (388, 547). Another non-invasive option to treat CNOP
is formed by transcranial direct current stimulation (tDCS). In tDCS, two
electrodes (anode and cathode) are placed on the scalp and chin of the
patient in order to deliver a direct current over the scalp overlying the
brain region of interest (548). The exogenous current polarizes underlying
nerve tissue and, depending on its polarity, increases or decreases cortical
excitability, which in its turn generates various changes in cortical areas
(549). Furthermore, anodal tDCS has also been shown to induce effects in
brain areas distant to the site of stimulation (550). Both effects combined
have been proposed as the rationale behind tDCS of the primary motor
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cortex to modulate chronic pain (549, 550). Transcutaneous vagus nerve
stimulation (tVNS) forms another form of non-invasive neuromodulation
for treating CNOP. A considerable amount of animal studies already show
that stimulation of the vagus nerve inhibits nociceptive behavior in rats
and monkeys (551-556). Furthermore, multiple clinical trials showed the
clinical relevance of tVNS to treat primary headache disorders in humans
as well (557-560) although the exact mechanism of action remains
partially elusive (561). Other targets for non-invasive neuromodulation in
CNOP are the supraorbital and occipital nerves, which can be stimulated
simultaneously by non-invasive pericranial stimulation devices, although
sound conclusion concerning its efficacy cannot yet been drawn (562-564).
Invasive neuromodulation in CNOP involves the implantation of
technological devices as a last-resort treatment for patients who have
not responded to pharmacologic treatments or previous non-invasive
and possibly surgical interventions. However, the mechanisms of action
underlying this pain relief remain poorly understood, which contribute
to the fact that these methodologies are still considered experimental
treatment options. One of the neuromodulation options is formed by deep
brain stimulation of the posterior hypothalamus, which is an invasive
procedure with a list serious adverse events including lead displacement,
infection, intracerebral- intraventricular hemorrhages, seizure and even
death (565). Given the invasiveness of the procedure and the moderate
effectiveness of the data so far, only a limited role is suggested for deep
brain stimulation of the posterior hypothalamus in CNOP. Another
form of neuromodulation in CNOP is formed by spinal cord stimulation
(SCS) of the cervicomedullary junction. During this procedure, a lead is
introduced in the upper thoracic epidural space and advanced to C1 or
C2 level of the spinal cord. Permanent implantation occurs when trial
stimulation provides an adequate pain relief and is well-tolerated by the
patient. Nevertheless, lead migration occurred in a fair amount of patients,
requiring replacement surgery (566, 567). Implantable occipital nerve
stimulation is another form of invasive neuromodulation. Occipital nerve
stimulation was shown to be moderately effective in migraine (568, 569)
and cluster headache (570, 571), although promising results were observed
headache disorders like hemicrania continua (572), short-lasting unilateral
neuralgiform headache attacks with conjunctival injection and tearing
(SUNCT) and in short-lasting unilateral neuralgiform headache attacks
with cranial autonomic symptoms (SUNA) (573). Finally, another form of
invasive neuromodulation is formed by epidural motor cortex stimulation
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(MCS). In MCS, an electrode is placed on a target area of the primary motor
cortex. This target area matches somatotopically with the body parts in
which the patient experiences pain. Stimulation of this target area below
the threshold for muscle activity alleviates chronic pain in patients in
approximately 50% of the intractable cases (574). However, the mechanisms
of action by which neuromodulation treatments, both non-invasive as
invasive, remains largely elusive. This last method is extensively described
throughout this thesis.
Technical procedure of epidural MCS and overview of effectiveness
With respect to the details of epidural MCS, preoperative technical planning
forms an important step in the MCS procedure. Magnetic resonance
imaging (MRI)-based guided navigation is suggested as a method to
identify the central sulcus, which is an important anatomical landmark
used to recognize the primary motor cortex (Figure 2). The organization of
the non-pathological primary motor cortex can be represented by a motor
homunculus (Figure 2) (575, 576). In between both hemispheres, the lower
extremities are positioned, whereas over the convexity the trunk, upper
extremities, hand and orofacial region are represented in mediolateral
distribution. However, in patients with neuroanatomical changes due to
pathology, the aforementioned somatotopic organization can be distorted.
In order to determine the somatotopic organization on an individual basis
for each patient more sophisticated MRI methods need to be implemented.
In order to determine the target area of MCS, preoperative functional MRI
(fMRI) can be a considerable help (61).
The surgical procedure of MCS is designed to ensure appropriate exposure
of the primary motor cortex. First, the location of the central sulcus,
estimated from preoperative imaging, is drawn on the scalp. Then, a
small craniotomy or a burr hole is performed over the central sulcus. A
small craniotomy with bone flap is generally preferred as it provides a
more extensive overview of the area surrounding the central sulcus. A
burrhole complicates intraoperative electrophysiological testing and
suturing the electrode on site to the dura mater. In most series reported
in the literature, intraoperative electrophysiological testing by use of
somatosensory evoked potentionals (SSEPs) is performed by stimulation
of a peripheral nerve (most often the median nerve in the forearm). Such
SSEP-recordings are used to confirm the localization of the central sulcus
by use of extradurally placed electrodes. Location of the central sulcus an
its orientation are confirmed by phase reversal of the N20 wave (negatively
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oriented, recorded in front of S1) into a P20 wave (positively oriented,
recorded just anterior to the primary motor cortex). Motor mapping of
the cortical area can be a valuable addition to determine the somatotopic
localization intraoperatively. This method is especially valuable when
coupled with electromyographical (EMG) recordings (58, 577). Monopolar
(anodal) stimulation is preferred to bipolar stimulation as it reduces the
risk of inducing seizures (141, 578).

Figure 2 First results of the observations of the motor homunculus by Wilder Penfield(575, 576)
A) Schematic drawing of the sensory homunculus and motor homunculus
B) Sketch of the homunculus by Penfield, probably c. 1951.
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After localization of the most optimal target, the electrode is implanted, in
general, epidurally, as it is known that stimulation is capable to reach the
primary motor cortex under the dura mater. Patients who suffer from pain
in the lower extremities must be excepted from epidural stimulation as
these patients might benefit from subdural stimulation along the cerebral
falx in between both hemispheres. Two types of electrodes are currently
used for implantation, although both in an off-label agreement (ResumeTM
electrode Resume, model 3587A, Medtronic Inc., Minneapolis, MN, USA and
a SpecifyTM electrode Specify, model 3998, Medtronic Inc., Minneapolis, MN,
USA). The electrode can either be implanted parallel or perpendicular to
the central sulcus, both having advantages and disadvantages based on
the electro-neurophysiology underlying the hypothesized mechanisms of
MCS.
According to the first results of Tsubokawa et al., the primary motor cortex
was defined as the most optimal target for stimulation. Others, however,
argued that the premotor gyrus or the neural tissue within the depths
of the central sulcus served as the most optimal stimulation target to
alleviate pain (579). Furthermore, not only the covered area, but also the
type of stimulation (e.g., either cathodal or anodal stimulation) needs to be
considered important. Regarding mechanisms of stimulation, Holsheimer
et al. used computational models in which they calculated the direction of
stimulation. They found that anodal stimulation activated the descending
corticospinal fibers directly. These fibers originate from the primary large
pyramidal cells within the fourth layer of the primary motor cortex. Hence,
anodal stimulation causes direct stimulation (i.e., not across synapses) of
the corticospinal tract, whereas cathodal stimulation activates fibers that
run parallel to the cortical layers. They hypothesized that these parallel
running fibers constitute the links a neural network that results in pain
relief as these fibers include stellate interneurons that originate from the
ventrolateral and ventral anterior nuclei of the thalamus (309, 580).
Based on these electro-neurophysiological mechanisms and targeting
in MCS surgery, parallel implantation might increase the chance of
covering a large portion of the motor homunculus, though the spread of
cathodes covering the primary motor strip and central sulcus is limited.
Perpendicular implantation enhances the probability that both the
primary motor strip and central sulcus is covered, although the chance of
stimulating the appropriate site of the primary motor cortex decreases.
Different approaches to implantation and different techniques have been
published in literature and still no consensus is reached.
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After implantation of the electrode, the wires and IPG are internalized either
immediately or secondarily after a trial phase of stimulation. Two types
of IPG are implanted: the Itrel 3 (model 7425, Medtronic Inc., Minneapolis,
MN, USA) which is designed for a 4-contact electrode, whereas the Synergy
or Prime (model 7427, Medtronic Inc., Minneapolis, MN, USA) is made for
those with more contacts. The IPG is often implanted in the subclavian
region, although the abdominal cavity has been reported as well. Again, no
empirical guidelines exist regarding the internalization period and the site
of implantation of the IPG.
The outcomes of iMCS are reported to be highly variable. A critical
systematic review, published in 2009, reported a clinically relevant pain
relief (>40% pain relief as measured by pain intensity scores) in 55% of the
patients who underwent iMCS surgery and in 45% of the iMCS cases after a
follow-up period of 1 year. Pain disorders that were reported to respond most
favorable to iMCS regarded post-stroke pain and trigeminal neuropathic
pain, although, these results were not consistently reproducible and only
few small randomized trials with long-term follow-up have been reported
(125, 304, 412). To elucidate the variability in outcome of iMCS, various
authors have attempted to identify outcome predictors, effect modifiers
and confounders. Factors that were found to be of significant influence
were 1) the integrity of the corticospinal tract (52); 2) the pain intensity
scores in the first months of follow-up (59); and 3) the duration of pain
prior to iMCS (579). However, as the variability in factors that possibly
influence the outcome of iMCS shows, these results were not reproducible
(129). Nevertheless, one variable which could function as an outcome
prediction factor remained understudied, although it was known since the
beginning: the origin of noxious lesion. In the first reports, Tsubokawa et
al. investigated the effectiveness of iMCS in central pain disorders (41-43,
52), including central pain disorders that cause CNOP. It was not since 1993,
when Meyerson et al. was the first to report that iMCS could also alleviate
pain in trigeminal neuropathic pain that was of peripheral origin (83).
Since then, the group of patients that suffers from CNOP and is treated
with iMCS shows to be a rather heterogeneous population. Within this
CNOP population, evidence shows that a satisfactory pain relief is achieved
in 44-100% of the patients treated with iMCS (144).
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Underpinnings of iMCS
Animal-based studies have extensively investigated the mechanisms
underlying the analgesic effect of iMCS. Using [18F]-FDG PET to measure
brain activity in rats after iMCS, it was observed that alterations occurred
in the striatum, thalamic area and cerebellum (86). Another study showed
significant lower blood oxygen level dependent (BOLD) responses in the
primary somatosensory cortex (S1) and prefrontal cortexfollowing noxious
stimulation after iMCS (87). In 2012 and 2013, Chiou et al. observed two
phenomena in rats with iMCS. First, they observed suppressed short-latency
somatosensory evoked potentials (SSEPs) and second, decreased neuronal
responses of the S1 were observed after noxious stimuli. These effects
could be reversed by administering an opioid antagonist and a nonspecific
dopamine receptor antagonist within the PAG (90, 91). Therefore, they
concluded that iMCS possibly induces the release of endogenous opioids
in the PAG (90). This was corroborated by an immunohistochemical study,
in which an increased cFos- and Egr-1 immunoreactivity in the PAG and
decreased cFos- and Egr-1 immunoreactivity in the dorsal horn of the
spinal cord was observed in rats after iMCS. These findings indicate that
iMCS activates the PAG, which subsequently inhibits the transmission
of noxious stimuli from the spinal cord (92). The inhibited transmission
of noxious stimuli from the dorsal horn was in agreement with findings
of other groups (86, 89). In contrast, the study of Pagano et al. showed
decreased Egr-1, GABA and glutamic acid decarboxylase expression in
the ipsilateral PAG (182), which conflicts with the findings of França et
al, who reported increased Egr-1 immunoreactivity in the PAG (92). As
the PAG is considered a site at which endogenous opioids are released,
other animal-based studies focussed on the effect of opioid antagonists
on the analgesia provided by iMCS. Infusion of an opioid antagonist or
a GABA antagonist in the zona inserta (ZI) showed a complete block of
iMCS-induced effects (93). The same results were found by Cha et al. who
studied neuron activity within the posterior thalamus using a GABA
antagonist (94). A third rat study administered an opioid antagonist
blocking A11, which completely reversed the analgesic effects of iMCS.
Blocking Dopamine 2 receptors with an antagonist had the same effect
(95). The studies of Cha et al. (2013) and Viisanen et al. (2012) support the
hypothesis that iMCS inhibits thalamic processing of noxious inputs,
which seems highly dependent on the opioidergic system. Viisanen et
al. showed activation of locus coeruleus (LC) neurons as a result of iMCS.
However, an opioid antagonist and blockage of spinal alpha2-receptors
both failed to attenuate iMCS effects. Therefore it was concluded that the
217

11

Apendix A

LC or its descending noradrenergic pathways may not have a major role
in the spinal antinociceptive effect (97). Another animal-based study in
rats found pre-treatment with cannabinoid antagonist (AM251) blocked
the effects of iMCS, which led the authors to suggest that iMCS decreases
proinflammatory processes by activating the cannabinoid system and
suppresses pain by activation of the opioid system (96). Other studies that
investigated a relation between the analgesic effect of iMCS and various
other neurotransmitters are discussed here. An increase in concentrations
of glycine and taurine after iMCS was found in rabbits (581). Others
administered a 5-HT1A receptor antagonist and a GABA receptor agonist and
concluded that the RVM and the descending serotonergic pathway acted
on the spinal 5-HT1A receptor, which contributed to spinal antinociception
induced by iMCS (191). iMCS also increased serotonin labelling in rats with
induced neuropathic pain (86). Studies which investigated cell activation
with cFos immunoreactivity found that iMCS suppresses neuronal activity
in the ventral posterolateral nucleus (86), ACC, left prinicpal sensory
nucleus of the trigeminus (88) and central and basolateral amygdaloid
nuclei (88, 89). No Egr-1 immunoreactivity changes were observed in
the ACC and central amygdaloid nucleus (89). The studies of Viisanen et
al. and Kobaïter-Maarrawi et al. measured firing rates of neurons. After
administrating a dopaminergic antagonist into the striatum, baseline
responses were enhanced and iMCS effects were reversed in firing rates.
In nociceptive specific neurons, it had no effect on baseline responses
(95, 582). Spinal administration of the same antagonist enhanced the
heat response of nociceptive neurons and disabled iMCS to suppress the
heat response of neurons. Therefore, the investigators concluded that the
supraspinal- and spinal dopaminergic systems play an important role in
the descending system (95). One study investigated morphological changes
and found that astrocytes were enlarged and their number increased in
the thalamus and cortex of the ipsilateral hemisphere after chronic iMCS.
The hypothesized mechanism involved induced neuroplasticity by iMCS
through the activation of thalamic astrocytes (583).
Experimental studies in humans showed an increase in cerebral blood
flow (CBF) in the cingulate gyrus and thalamus due to iMCS in chronic
neuropathic pain patients (49, 60, 101-104). Additionally, CBF changes
were also observed in the brainstem (49, 60, 101, 104), insula (49, 102, 104),
the putamen (101), orbitofrontal cortex (49, 60, 101, 102), rectus gyrus, left
superior frontal gyrus (103) and other prefrontal areas (101), Decreases in
CBF were found in the precentral gyrus (102), extrastriate visual regions
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(104), right superior temporal gyrus and the left middle occipital gyrus
(103). Next to CBF, influences of the different neurotransmitters were
investigated as well in human studies. Significant decreases of [11C]
diprenorphine (a non-selective opioid antagonist) binding capacity were
found in the anterior middle cingulate cortex (MCC) and PAG after iMCS,
which correlated with pain relief (98). Furthermore, a significant and
positive correlation in levels of preoperative opioid-binding in the insula,
thalamus, PAG, anterior cingulate and orbitofrontal cortex and pain relief
due to iMCS was found (99). Together, these papers concluded that the
analgesic effect of iMCS is greatly influenced by the release of endogenous
opioids and the opioid binding potential of patients.
TMS as a treatment of intractable neuropathic pain: an overview
The physical principles on which TMS is based were discovered Michael
Faraday (1791-1867), who observed that a pulse of an electric current passing
through a wire coil generates a magnetic field. The rate of change of this
magnetic field determines the induction of a second current in a conductor
nearby. During TMS, the first conductor is the stimulation coil, whereas
the second conductor is the participant’s brain. During a TMS-session, the
stimulation coil is held against a subject’s head and produces an electric
current in the subject’s brain via the aforementioned principle called
electromagnetic induction. This current in run depolarises neurons and in
turn generates various physiological and behavioural effects, depending
on the targeted brain area. Due to the fact that the magnetic field can
pass the skull with almost no resistance, TMS can induce relatively large
currents in targeted cortical areas (584). TMS was first introduced in its most
primary form by Merton and Morton in 1980. They managed to electrically
stimulate the brain in a non-invasive manner (585). The technique was
further adapted over the years and today, TMS can be used to stimulate
several parts of the human nervous system, including the cerebral cortex,
spinal roots and cranial and peripheral nerves (586).
The design of the modern day TMS device is rather straightforward,
consisting of a main unit and a stimulation coil. The main unit is composed
of a charging system, energy capacitors, a discharge switch and -circuitry
used to control pulse-shape, energy recovery and other variable functions.
As the most essential factor for effective TMS concerns the speed of rise of the
magnetic field and the maximisation of the peak coil energy, large energy
storage capacitors, efficient energy transfer and well-equipped cooling
systems are of significant importance. The peak discharge currents need to
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be a several thousands of Ampers in order to induce currents in the brain
of sufficient magnitude for depolarizing neural elements (approximately
10mA/cm2) (545, 546, 584). The stimulation coil, on the other hand, serves
as a high current pulse generator. It is shaped as a ‘figure-eight’ coil and
induces a short-lasting magnetic field by creating brief currents. These
changing magnetic fields are able to trigger changes in local electric fields
and activate or inhibit neural tracts in the cortex directly under the coil,
depending on the stimulation frequencies (105).
During a TMS session, the participant takes place in a relaxing chair for the
duration of the stimulation. The researchers localize the area of interest
by single-pulse stimulations after which the coil will be positioned over
the targeted cortical area. At present, in Europe, several devices obtained
CE Mark and are applied clinically for multiple neurological disorders
including neuropathic pain, dementia, stroke recovery, epilepsy and
movement disorders like Parkinson’s disease (545). The therapeutic use of
TMS in treating neuropathic pain, however, is restricted by its relatively
short analgesic effect. In patients, pain reducement generally lasts for one
week. Repetitive TMS can prolong the analgesic effect, although the exact
period is unknown (105, 587). Furthermore, the exact mechanisms of action
of TMS within the treatment of the aforementioned neurological disorders,
neuropathic pain specifically, are still not fully understood (105).
Underpinnings of (repetitive) TMS
Animal studies whic investigate endogenous changes of neurotransmitter
levels in the central nervous system after repetitive TMS (rTMS) applied to M1
are partially in agreement with human-based results. Ohnishi et al. found,
using [11C]raclopide PET, that after rTMS in monkeys, extracellular dopamine
concentration increased in the bilateral ventral striatum (588), which was
in agreement with the findings of Löffler et al. (589). Furthermore, Löffler
et al. documented increased serotonin levels in the nucleus accumbens
shell after rTMS in rats. Muller et al. showed that rTMS reduces cortical
excitability, which is NMDA receptor dependent as rTMS was not capable of
changing motor cortex excitability after administering a competitive and
non-competitive NDMA receptor antagonist (590). Hsieh et al. carried out
a comparable study and investigated the cortical excitability depending
on the GABAα receptor in healthy rats. Administering a GABAα receptor
antagonist and agonist respectively reduced and enhanced TMS-induced
cortical inhibition, suggesting TMS-induced cortical excitability is GABAα
receptor dependent (591). Another animal based study investigated the
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expression of neuroglia in the spinal cord. For this, they induced spinal
cord injury in rats (592). They found decreased expression of the proteins
Iba1 and GFAP after rTMS, suggesting pain modulation by rTMS-induced
attenuation of microglia and astrocyte activity in the dorsal horn of L4 and
L5 segments. Another animal based study investigated the lipid profiles in
the rat and found changes in the prefrontal cortex and striatum (593).
Experimental studies in humans showed that in patients with intractable
lumbar pain, a single-pulse TMS session induced descending indirect
(I-waves) and direct waves (D-waves). This indicates that the corticospinal
tract can be influenced by TMS, both directly and indirectly. I-waves
originate from M1 and inhibit corticocortical activity via GABAergic
interneurons. D-waves, on the other hand, modulate the conduction of
signals via corticospinal neurons (146). Next to the I-waves, D-waves were
also induced by TMS (594, 595). The excitability of the pyramidal cells,
however, was not directly modified by TMS according to Di Lazzaro et al.
(594), whereas Hosomi et al. suggested that repetitive TMS in patients
suffering from post-stroke pain restores the cortical excitability within
M1 (596). Studies that investigated the neurotransmitters involved
in TMS found that the changes in cortical excitability are likely to be
dependent on the activity of the GABA- and NMDA-receptor (597). More
specifically, a GABAβ-receptor agonist enhanced cortical inhibition and
a GABAα-receptor agonist suppressed cortical inhibition (598). The study
of Sommer et al. also found that administering a GABA receptor agonist
and/or a sodium channel blocker reduced the conduction of a single-pulse
delivered by TMS. This conduction was unaltered after administering
a NMDA receptor antagonist. This suggests that the effects of rTMS are
influenced by glutamatergic mechanisms (599). Involvement of the NMDA
receptor was furthermore studied by Ciampi de Andrade et al. (2014).
Healthy subjects were administered a NMDA receptor antagonist and
were subjected to TMS of M1 or the dorsolateral prefrontal cortex/premotor
cortex. This study showed temperature thresholds decreased after
antagonizing the NMDA receptor and no changes in cortical excitability
occurred (308). The same group also investigated the effect of the µ-opioid
receptor. A second group of researchers investigated the same hypothesis
and both groups found that rTMS of M1 and the dorsolateral prefrontal
cortex/premotor cortex increased temperature threshold, an effect which
could be reversed by administering an antagonist of the µ-opioid receptor
(190, 600). Lamusuo et al., on the other hand, did not observe alterations
in temperature thresholds, although their findings did suggest that the
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endogenous opioids mediated the rTMS-induced analgesia. By using [11C]
carfentanil Positron Emission Tomography (PET), they found a reduced
binding potential in both hemispheres after TMS (601). Another study
that focussed on neurotransmitter-level found that serum β-endorphin
levels increased after rTMS, although they found no correlation between
the increased levels and pain ratings (602). Network-based approaches
to investigate the analgesic effects of TMS showed that the sensorimotor
cortex, S2, insula, anterior cingulate gyrus, prefrontal cortex and cerebellum
were involved in providing pain relief. In addition, the researchers found
that responders to rTMS had a well delinaeated thalamocortical tract,
whereas non-responders showed to have a deteriorated thalamocortical
tract (603).
Anatomical study of the constituents of the brain
Counting roughly 86 billion neurons, the central nervous system is a
vast and complex organ system, although the number of cells is not
unparalleled by other organ systems (604). The liver, for example, contains
361 billion liver cells, yet -as far as we know- cannot perform any thinking.
It is the extremely high interconnectivity rate that is both extensive as
specific that converts these 86 billion neurons into an organ that can
accomplish such complex cognitive tasks. The armamentarium to study
brain structure and white matter architecture are continuously growing
and understanding the wiring of the brain shows to be an interesting
field of research for both neuroscientists and clinicians (605). In order to
understand both the cognitive capacities of humans (606, 607). as well
as disconnectivity syndromes (607, 608) in (clinical) neuroscience, this
knowledge of the connections of neurons plays a vital role. Even the basis
of modern clinical neurology considers cognitive, behavioral and motor
dysfunction as results of brain lesions, and for a long time, such white
matter lesions were regarded to be produced by neurological disorders
including stroke, traumatic brain injury and degenerative disorders (609).
In the first anatomical investigations of the white matter of the brain by
Galen (AD 129/130-200/201), the corpus callosum and fornix were described
in animals, although no further subdivision between white and grey
matter was made. The major advance in neuroanatomy awaited the work
of Andreas Vesalius (1514-1564) with his publications in 1543 (De Humani
Corporis Fabrica). In the seventh book of the Fabrica, Vesalius was the first
to distinguish the softer and brownish outer layer of the brain from the
more solid and white substance that was found below. He also found that
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this whiter substance in the depths of the brain was continuous with the
human corpus callosum, a structure homologues to the one as described
in animals by Galen, almost 1500 years before. Next to this, Vesalius’
meticulous observations learned him that the corpus callosum connected
the two hemispheres. He also depicted the internal capsule, the superior
cerebellar peduncle and the middle cerebellar peduncle, among other
grey matter structures. The white matter tracts that were described later
by Constanzo Variolo (1543-1575) include the optic nerve and the cerebral
peduncles. It was not until 1664 that Marcello Malpighi (1628-1694) provided
the first evidence that white matter was composed of fibers. Nicolaus Steno
(1638-1686) therefore concluded that for studying white matter anatomy,
the nerve threads needed to be followed independently, like untangling
a ball of yarn. Using a technique of scraping the white matter in order
to display the fiber bundles, Thomas Willis (1621-1675) demonstrated an
intricate network of arranged ascending and descending pathways. Such
gross dissection techniques of white matter were performed on fresh or
boiled brains and resulted in the recognition that the white matter pathways
of the brain were intricate and complex. New brain-fixating techniques
opened new doors to further investigate the architecture of white matter
pathways in the brain. Classical works of Johann Christian Reil (1759-1813)
, John Gordon (1786-1818), Herbert Mayo (1796-1852), Friedrich Arnold
(1803-1890) and others have contributed immensely to our understanding
of white matter anatomy, although they were unaware that the axon that
belongs to a neuron as an independent entity composed the fiber pathway.
It was not until the epic works of Felice Fontana (1730-1805), Robert
Remak (1815-1865), Jan Evangelista Purkyně (1787-1869), Theodor Schwann
(1810-1882), Louis-Antoine Ranvier (1835-1922), Camillo Golgi (1843-1926),
Auguste-Henri Forel (1848-1931), Santiago Ramón y Cajal (1852-1934) and
Rudolf Virchow (1821-1902), among others, that the world understood the
morphology of the neuron and its contribution to a white matter pathway
(610). Further refinements of microscopy techniques led to microscopic
investigation of serial sections of fixated brains after embedding the tissue
in paraffin and celloid substances. New staining methods using new dyes
such as hematoxylin (611) and microscopic investigation of degeneration
of pathways following brain lesions (612) led to the discovery of new, yet
unknown tracts, like the anterior corticospinal tract. In 1934, Jozef Klingler
(1888-1963) developed a new preservation technique at the University of
Basel, Switzerland (613). Due to his epic technique, the three dimensional
structure of the brain became more comprehensible as it replaced the
classic anatomical methods to study the white matter in the human brain.
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Neuroanatomists used serial sections of developing or damaged brains,
whereas Klinger and his colleague Ludwig, used formalin fixated brains
after freezing and defrosting. It was thought that the hydrophile formol
solution did not or only partially penetrate the fatty myelinated sheets
surrounding the fibers. Therefore the larger portion of the solution would
remain in between the fibers and when the impregnated specimen is
frozen, the fibers are stretched by the expansion of the solution in between
the fibers (614-617). More modern methods to investigate neuroanatomy
are described hereafter.
Magnetic resonance imaging
One of the most rapidly changing techniques is formed by (pre-)clinical
magnetic resonance imaging (MRI). To understand the functioning of an
MRI system, basic physical laws must be understood. First, atoms consist of
a nucleus and a shell. The former is made up by protons, which are particles
with a positive electrical charge, whereas the latter is made up by electrons.
The protons process a continuous spin around their own axis, causing an
electrical current and thereby causing a small magnetic field. With MRI, the
protonic magnetic field is influenced by an external magnetic field. Within
this external magnetic field, the protons align in two ways: parallel or
anti-parallel to the direction of the external magnetic field. This difference
in alignment is non-significant, indicating that those protons oriented
parallel and anti-parallel partially nullify each other’s alignment. A small
remainder of the protons, however, are oriented parallel to the external
magnetic field as this requires a lower energy level. Within the magnetic
field, protons furthermore process another movement other than the spin,
called precession (Figure 3). The frequency of this precession is dependent
on the strength of the external magnetic field and can be calculated with
Equation 1 (Lamor equation). As Figure 3 shows, when a proton is placed
in an external magnetic field, the magnetic field of the protons aligns
longitudinal to the external magnetic field, which causes that it cannot
be distinguished. Therefore, a radiofrequent pulse, at the same frequency
as the precession speed as calculated by the Lamor equation, is used to
disturb the longitudinal alignment of the proton’s magnetic field. When
the orientation of the proton’s magnetic field is changed to a perpendicular
position to the external magnetic field (transversal magnetization). This
transversal magnetization can be measured as a moving magnetic field
causes an electrical current (MRI signal). After the radiofrequent pulse
is switched off, the newly established transversal magnetization starts
to disappear. This process is called transversal relaxation (T2 signal). The
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longitudinal magnetization, on the other hand, grows back (longitudinal
relaxation; T1 signal). Together, these two signals form the backbone of
MRI in both clinical and preclinical settings (618).
Since its introduction in the mid-1980s, MRI
has developed as one of the most flexible tools
of diagnostic imaging. Besides, MRI developed
into a highly active field of (bio)medical and
methodological research (619). While the first
commercially available MRI scanning systems
operated at field strengths ranging from 0.3-1.5
Tesla (T), new scanning systems were launched in
the 1990s with field strengths of 3.0T. Inspired by
the great success of the 3.0T scanning systems,
new scanning systems were introduced operating
at field strengths of 9.4T, 10.5T and 11.7T (619, 620).
Increasing strengths of the magnetic field used in
MRI are believed to potentially increase insights in
brain structure and function.

Figure 3 Precession-motion of a proton in an external
magnetic field
A spinning proton in a strong external magnetic field shows
a wobbling type of motion next to a spin around its own axis.

Equation 1 Lamor Formula
B0= strength of the external magnetic field in Tesla (T); γ= gyro-magnetic ratio; ω0=
precession frequency (in Hz or MHz)
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Diffusion magnetic resonance imaging
One of the methods to investigate the architecture of white matter of
the brain is formed by diffusion-weighted MRI (dMRI). dMRI allows
quantification of water molecule movement in tissue. Water molecules
diffuse following the principles of the Brownian Motion. Hence, when
unconstrained, movement of water molecule is random and equal (620)
in all directions (e.g., isotropic diffusion). However, within the brain, water
molecule are restricted by structured environments that belong to the
microstructure of both grey and white matter. On average, a greater amount
of water molecules will therefore move along such restrictions, indicating
that a greater amount of water molecules will diffuse parallel to a white
matter fiber as compared to perpendicular to it (621, 622). This motion is
called anisotropic diffusion and the molecules motion can be described
in three directions (x, y, z). A correlate from these directions is called the
diffusion tensor, which defines the properties of a three-dimensional
ellipsoid (Figure 4) (623).

Figure 4 Principles of diffusion
A) Isotropic diffusion

B) Restricted diffusion

In turn, the shape and orientation of this three-dimensional ellipsoid is
defined by three eigenvalues and three eigenvectors (624). The diffusion
tensor can be used calculated at each pixel, which allows a map of diffusion
to be produced, which shows the magnitude and dominant direction of the
process. When followed across a (large) number of pixels, the dominant
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directions plot lines along which diffusion is most likely to occur, which is a
technique called tractography. Tractography is based on the theory that the
likely diffusion direction represents white matter tracts and can therefore
be used as an investigational method to study white matter architecture.
However, the spatial resolution of dMRI is limited to resolutions that range
from 1-3mm in in vivo studies to 0.2-0.7mm in ex vivo imaging studies (625,
626).
Immunohistochemical staining
Light microscopy techniques have remained the key tool in neuroscience
to visualize white matter microstructure. The position of the microscope
was reaffirmed when, after the industrial revolution (1760-1840), the
German chemical industry was booming and a plethora of dyes that
stained biological materials (i.e., myelin sheets, cell body) for microscopical
investigation were developed. The hematoxylin-stain specifically stains
the cell body and is probably the most frequently applied stain in
histochemistry. The oxidation product of hematoxylin is called hematein
and is combined with mordant aluminum in order to form the basic dye:
hemalum. Hemalum reacts with basophilic structures (e.g., DNA/RNA) and
is often used in combination with eosin, which stain acidophilic proteins.
Together, hematoxylin-eosin staining is well suited to investigate nuclear
morphology and it gives a global impression of the cytoplasm (Figure 5a).
The Heidenhain-Woelcke stain is a modified version of the hematoxylin
stain. As mordant, iron-alum solution is used after which the slabs are
which hematoxylin-lithium staining is performed (627). This staining
method can be used for the visualization of white matter and is capable to
differentiate between fibers with different degrees of myelination within
these white matter tracts. The Heidenhain-Woelcke stain facilitates
identification and tracking of single fiber tracts at microscopic resolution
which is necessary for preparing comprehensive maps of fiber tracts (628).
Figure 5b depicts an example of the Heidenhain-Woelcke stain. Another
myelin stain concerns the Luxol Fast Blue-stain. Luxol Fast Blue-staining
is based on the binding of the staining salts’ anion element (copper
phthalocyanine) to the cationic elements of the tissue. By use of other
hand, produce much stronger bonds, causing a staining of the myelin
sheets surrounding the axons. This staining methods is often combined
with a cresyl violet counterstain, which is referred to as the Klüver-Barrera
method (Figure 5c) (629). Histochemical stains in general and myelin
stains in particular became a classical post-mortem technique to study
myeloarchitecture. However, as any other labeling-depending technique,
artifacts can occur due to wash-out of the dye or by non-uniform staining.
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Furthermore, it needs to be considered that myelin stains are generally not
equipped for simultaneous studying of large white matter bundles and
small intracortical white matter tracts (605).

Figure 5 Staining methods
a= Hematoxylin-eosin stain; b=Heidenhain-Woelcke stain; c=Luxol Fast Blue-stain
Images reproduced from IHC World (http://store.ihcworld.com/)

Polarized light imaging
Another light microscopy technique concerns polarized light imaging (PLI)
microscopy. PLI microscopy utilizes the optical birefringence of nerve fibers
which can be attributed to the arrangement of lipid layers in the myelin
sheaths surrounding axons (116, 365). Birefringence alters the polarization
state of light passing through the specimen and depends on the orientation
of the myelin sheath. As such, collecting a series of images with a varying
polarizer orientation allows for quantification of fiber orientation at each
pixel. The abovementioned principle of measurement is referred to as
polarimetry. In a typical polarimetry set-up, light passes through a linear
polarizer and a quarter wave plate with its fast-axis oriented at 45° with
respect to the polarizer. This creates circularly polarized light that passes
through the specimen followed by another, rotatable polarizer. By rotating
the last polarizer, the change in polarization state can be captured and
the birefringence of the specimen is systematically imaged at discrete
rotation angles. A typical PLI raw image dataset comprised 18 images
with equidistant rotation angles of 10° each, ranging between 0° and
170°. The change of polarization state induced by myelin can be observed
as a change in light intensity in different parts of the section. Depending
on the orientation of the myelinated fiber, light that passes through the
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polarimeter and specimen either becomes brighter or darker. By capturing
this phase shift of the light at the aforementioned rotation angels, the
differences in orientation can be made apparent using post-processing
software.

Figure 6 Exemplary raw polarized light images from a human brain specimen
Different white matter regions including the myelinated axons can be observed, each having
their own specific fiber orientation as can be observed by the variance in light intensity. By
varying the orientation of the rotable polarizer on the microscope depicted below, the light
intensity of the white matter changes due to the birefringence of the myelin.

Figure 6 depicts an example of the phase shift at different orientations
in the same slice. One can appreciate the illumination and darkening of
different fiber pathways in these raw images, although these raw images
do not visualize the quantification of the fiber orientation. Within each
pixel of the transverse section of Figure 6, changes in light intensity aused
by the variation of the orientation of the rotatable polarizer occurs. By
comparing and combing the differences in light intensity of the same pixel
in each image at different angles of the rotatable polarizer, fiber orientation
can be measured. The birefringence of the differentiation with lithium
carbonate, weak bindings are destructed, resulting in loss of anion-binding
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of the staining to grey matter elements. The lipoproteins of the myelin,
on the myelin causes the passing light (I) to vary in a sinusoidal fashion
(Figure 7). The average transmitted light intensity (I0), the orientation of
the polarizer (I0), and the in-plane orientation of the fibers (ϕ) are measured
as well. The shape of the sinusoid is dependent of the orientation of the
fibers and their birefringence. This can be described using the Jones
formula (Equation 2). Furthermore, the induced phase retardation (shift
in polarization) δ is dependent on d the thickness of the birefringent
specimen/slice, Δn the birefringence of myelin, λ the wavelength of the
light, and α the inclination angle of the fiber orientation. By fitting of the
Jones equation to the light intensity profiles, five parameter maps can be
obtained: 1) the transmittance map; 2) the retardance map; 3) the in-plane
orientation map; 4) the inclination map; and 5) the fiber-orientation
hue-saturation-value (FOM-HSV) map. The transmittance map describes
the average light intensity across all polarizer orientations. It indicates
how much light is absorbed by the specimen. The densely packed white
matter is dark in a transmittance image, while grey matter is much brighter
(Figure 8a). In the Jones formula, the transmittance map is represented
by I0. The retardance map measures the phase change (or change in
polarization state) of the light due to birefringence. Assuming that most
of the birefringence in nervous tissue arises from myelin, PLI is an indirect
measurement for myelin density.

Figure 7 The PLI signal. Raw images are acquired with varying polarizer orientations
ρ= orientation of the polarizer; I0 = transmitted light intensity; ΔI= amplitude of light
intensity that is related to the amount of birefringence within the specimen
The light intensity in a single pixel across these orientations is characterized by a sinusoid.
The off-set I0 describes the average transmitted light intensity. The amplitude ΔI is related
to the amount of birefringence within the specimen. The phase of the sinusoid is equal to
the in-plane orientation of myelinated fibers.
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Figure 8 PLI parameter maps
a=transmittance map; b=retardance map;
c=in-plane orientation map; d=inclination
map; e= fiber orientation hue saturation value
(FOM-HSV) map
The maps are obtained by fitting the Jones
formula (Equation 2) to the PLI signal at each
pixel. The transmittance map measures the
average light intensity over all polarizer
orientation. The retardance map indicates how
much birefringence is present and relates to
myelin content. The in-plane orientation map
gives the 2D angular orientation of myelinated
fibers.
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Equation 2 Jones Formula
α= inclination angle of the fiber orientation; δ= induced
phase retardation; λ= wavelength of the light; ρ=
orientation angle of the polarizer; ϕ= in-plane orientation
of the fibers; d=thickness of the birefringent specimen/
slice; I=passing light; I0= average transmitted light
intensity; Δn= birefringence of myelin

However, brightness of the retardance map is also influenced by a number
of other factors including specimen thickness, inclination angle (i.e., the
out-of-plane angle, in the 3rd dimension) of the myelinated fiber and the
local birefringent properties of myelin. Also, in the presence of crossing
fibers, the retardance map may yield lower values as two orthogonal
fibers cancel out the birefringence effect (Figure 8b). In the Jones formula,
retardance is represented by sin δ. The in-plane orientation map gives the
angular orientation (from 0 to 180 degrees) within the image plane of
myelinated fibers. It is the phase of the sinusoidal signal (Figure 7) from
which orientation is derived (Figure 8c). In the Jones formula, the in-plane
orientation is symbolized by ϕ. The inclination map (Figure 8d) can
measure the out of section angle as it measures the vertical component of
each fiber. In the Jones formula, the inclination is represented by α.
Finally, the FOM-HSV map is a color-coded adaptation of the retardance
map and the in-plane orientation map (Figure 8e). Alternative to the
RGB (red, green, blue) color model, the HSV (hue, saturation, value) color
model was employed to visualize the fiber orientations. Here, the in-plane
orientation map is set to the hue channel. The hue channel is a color-map
in which all colors are radially distributed (red-yellow-green-blue-purplered). In other words, a fiber with an orientation of 0 degrees will obtain a
red color, a 90-degrees oriented fiber a blue color and as the fibers approach
180 degrees they will appear red again. To modulate the intensity of the
fiber orientation, the retardance map can be used by setting it to the value
channel in HSV space. By doing so, only strong birefringent (or myelin
dense) areas become visible and regions with no birefringence present
become attenuated. The saturation channel of the HSV color-space is set to
a constant value in the fiber orientation maps (116, 365). As described, PLI is
a microscopy technique that relies intrinsic optical contrast mechanisms
of a sample and does not need exogenous contrast agents (i.e., staining
dyes). The fact that PLI is a label-free imaging method makes it an appealing
technique since it increases the reproducibility and quantifiability of
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the results. However, although PLI can be used for investigation of white
matter architecture over long distances and in large areas, the storage and
computational requirements are known to be immense. In order to deal
with such vast amounts of data, an efficient complex workflow needs to
be implemented and high-performance computational facilitated need to
be available or acquired (630).
Tract-tracing methods
Another technique to study white matter anatomy in animals concerns
tract-tracing. This method allows a selected number of axons to be tracked
from the injection site to the connection brain region as the tracer fluid
transported along the axon via active transport within the axon (631). For
neuroscientists who wish to investigate long-distance axons, tract-tracing
is considered the gold standard. Tract-tracing methods allows a selected
number of axons to be tracked from the injection site to the connection
brain region. The tracer fluid is being transported along the axon via
active transport within the axon (631). Tract-tracing provides us with great
insights concerning connectivity of the nervous system which help us to
understand the white matter architecture within the nervous system.
Overall, tract-tracing studies have been widely performed in animal
brain tissue, particularly in brains from mammalian animals such as
macaques and rhesus monkeys. Although these data are frequently used
as reference studies for human brain anatomy, it must be noted that the
structure of the brains of macaques cannot translated directly to human
brain anatomy (606, 632). As the tracer is injected in an alive specimen
which is killed after a period of approximately two weeks (i.e., the period
during which the tracer has tracked along the axon) in order to start the
neuroanatomical investigation, tracing studies in humans are considered
not ethical and therefore not feasible. However, tract-tracing studies in
post-mortem tissue using passive diffusion of the injected dye along the
axons is inevitably a time-consuming process which needs to reserved for
well-selected research questions, for example as a validation method for
dMRI results (378). Another limitation of tract-tracing concerns the fact
that only a small amount of fibers are labeled, whereas others remain
unstained and can therefore not be investigated. This must be kept in
mind when interpreting the results of tracing studies since the results
can ignore potentially important fibers due to the selective and at-random
staining that occurs in tract-tracing methodologies (378).
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Summary
It is known from pain research that neurobiological mechanisms play an
important role in pain medicine. Such insights are believed to improve the
effectiveness of pain treatments. These improvements are believed to have
considerable impact on the global burden of disease of pain, as pain is a
global health problem. Chronic neuropathic orofacial pain (CNOP) is one
of the most incapacitating pain conditions, which affects, by estimation,
7% of the global population suffers from This number is only expected to
increase during the following years due to the refractory- and non-fatal
character of this type of neuropathic pain. The overarching goal of this
thesis is to identify biological variables that could serve as criteria to
classify individuals with CNOP, by applying a series of both preclinical and
clinical studies. These variables were subsequently used to improve neuromodulation of the primary motor cortex to ameliorate neuropathic pain
and CNOP in particular.
In Chapter 1, we provide background information for the research
incorporated in this thesis, including an elaboration on chronic neuropathic
pain, CNOP and neuromodulation treatment options, like invasive motor
cortex stimulation (iMCS). Moreover, we discuss the general issue of an
improper understanding of the biological mechanisms of iMCS and CNOP.
Furthermore, we report on how these shortcomings negatively impact the
effectiveness of iMCS. We thereafter state that knowledge on biological
mechanisms and the anatomical pathways in particular, is of crucial
importance in improving iMCS treatment to relief pain. Particularly, we
hypothesized that knowledge on the trigeminal tracts could improve iMCS
treatment of CNOP. Lastly, we speculate that pain syndromes caused by
a lesion within the central nervous system respond more favorable to
iMCS as compared to syndromes caused by a lesion within the peripheral
nervous system.
Chapter 2 describes the insights derived from the first expert meeting and
pre-meeting questionnaire on iMCS. This chapter describes substantial
commonalities and important methodological discrepancies as discussed
by the iMCS experts from seven European Neuromodulation Centers.
From this meeting and questionnaire, it was concluded by all participants
that there is a need for more homogenous, standardized protocols for
iMCS regarding patient selection, implantation procedure, stimulation
parameters and follow-up-course.
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In Chapter 3, we reported on a systematic review of studies on iMCS, after
which a neural network analysis (NNA) was fitted on a meta-level. This
study showed that the prediction model derived from the NNA had a mean
accuracy of 66.3% and a sensitivity and specificity of 69.8% and 69.4%,
respectively. In addition, this chapter identifies six predictive variables
that influence the outcome of iMCS. These six predictive variables entail
1) the sex of the patients; 2) the origin of the lesion; 3) the preoperative
pain intensity; 4) preoperative use of repetitive transcranial magnetic
stimulation (rTMS); 5) preoperative intake of opioids and 6) the follow-up
period.
In Chapter 4, we describe an anatomical review regarding the anatomy of
the trigeminal system in animals. It was found that several papers discussed
a bilateral trigeminal system in various animals, ranging from rodents to
primates. This bilateral projection system consist of the ventral trigeminothalamic tract (vtt) and dorsal trigeminothalamic tract (dtt). Whether
these tracts also exist in humans remains elusive. The second part of this
chapter reviews the literature on cortical processing of orofacial stimuli
as measured by functional magnetic resonance imaging (fMRI). These
studies show a predominantly contralateral projection system in humans,
although evidence for a bilateral projection system is available as well. This
bilateral projection can be explained by the hypothesized existence of a
bilateral trigeminothalamic system consisting of both the predominantly
contralateral vtt and mainly ipsilateral dtt in humans. This chapter
concludes that a better understanding of the histology and anatomy of
the trigeminal system could contribute to a better understanding of CNOP
and thereby to the improvement of treatments.
In Chapter 5, we present the results of our prospective iMCS trial in
patients suffering from neuropathic pain. The majority of the included
patients suffers from CNOP, although caused by various diagnoses.
This study concludes that after three years of follow-up, iMCS seems a
promising therapeutic option for patients with refractory neuropathic
pain syndromes of central origin. This was confirmed in the meta-analysis
presented in Chapter 6. This chapter describes that iMCS is capable of
providing significant pain relief in different CNOP conditions. Moreover,
individuals with CNOP caused by lesions of the central nervous system
experienced significantly greater pain relief by iMCS than individuals
suffering from CNOP from peripheral etiologies who were treated with
iMCS. These findings encourage further research on the neurophysiological mechanisms of iMCS and the neuroanatomical pathways involved in
CNOP and iMCS.
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Chapter 7 describes the experimental anatomical study in human tissue.
Three human brainstems were investigated ex vivo, with anatomical and
diffusion-weighted ultra-high field magnetic resonance imaging (MRI)
and polarized light imaging (PLI). All imaging modalities show that to
some extent, the trigeminal tract (tt) bifurcates at the level of the human
brainstem into two pathways, just like described in various animals. These
fiber tracts course in a ventral and dorsal direction and are therefore
called the vtt and dtt, respectively. Connectivity, functionality, and clinical
significance of these pathways, however, must be determined in future
studies.
The clinical significance of these findings was tested in the trial described
in Chapter 8. Twelve patients who suffered from CNOP caused by diseases
which affect the peripheral branches of the trigeminal system, were
included. Within this trial, all patients received both bilateral and unilateral
high-frequency rTMS over the primary motor cortex. It was found that the
bilateral stimulation protocol has a significantly greater pain reducing
effect on CNOP as compared to the unilateral stimulation paradigm.
Chapter 9 discusses two major points of debate with regard to the
outcomes of the thesis: 1) the heterogeneity in the used nomenclature
within the field of CNOP and 2) the flawed subdivision of pain into central
and peripheral neuropathic pain syndromes. The chapter furthermore
describes in which way this thesis has aimed to contribute to overcome
the limitations within this field by identification of biological variables
that could serve as criteria to classify individuals with CNOP by applying a
series of preclinical as well as clinical studies.
Furthermore, it elaborates on ongoing and possible future developments
that will contribute our knowledge of neurobiological and genetical
processes and mechanisms in order to improve our understanding of
neuropathic pain, CNOP in particular.
Finally, Chapter 10 concludes with recommendations for future research
and clinical care. It states how rigorously defined pain syndromes based
on criteria which are backed up by insights on the pathogenesis could
improve clinical care. It furthermore suggests that anatomic, physiologic,
genetic and epidemiologic research could contribute to reaching this goal
and provides some contemporary examples of state-of-the-art research on
imaging nociceptive mechanisms.
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Samenvatting
Het begrijpen en effectief bestrijden van pijn vormt een wereldwijd
probleem voor (medische) wetenschappers en artsen van de 21ste eeuw.
Naar schatting lijdt ongeveer 7% van de wereldbevolking aan chronische
zenuwpijn in het aangezicht. Daarnaast is het de verwachting dat dit
percentage in de toekomst zal stijgen wegens het niet-dodelijke en
onbehandelbare karakter van chronische zenuwpijn in het aangezicht.
Verbeterde diagnose- en behandelmogelijkheden zijn daarom van groot
belang. Op dit moment zijn pijnonderzoekers en artsen ervan overtuigd
dat een meer effectieve pijnbestrijding voortkomt uit beter begrip van
neurobiologische mechanismen betrokken bij pijnsyndromen. Met andere
woorden, een dergelijk begrip draagt bij aan een betere behandeling van
deze pijnsyndromen. Het overkoepelende doel van dit proefschrift betrof
dan ook het beter begrijpen van patiënten welke lijden aan chronische
zenuwpijn in het aangezicht. Dit proefschrift had als doel hieraan bij te
dragen middels het uitvoeren van meerdere klinische- en experimentele
studies. Op basis van deze studies hebben we getracht een aantal
biologische variabelen te identificeren waarmee we een experimentele
pijnbehandeling, invasieve motor cortex stimulatie (iMCS) genaamd,
mogelijk kunnen verbeteren.
In Hoofdstuk 1 bieden we voornamelijk achtergrondinformatie zodat de
studies die in dit proefschrift worden beschreven, beter kunnen worden
begrepen. We bieden deze informatie aan over verschillende onderwerpen,
te weten: chronische zenuwpijn, chronische zenuwpijn in het aangezicht
en neuromodulatie als experimentele pijnbehandeling (iMCS in het
bijzonder). Daarnaast beschrijven we dat er een gebrekkig begrip bestaat
van de onderliggende biologische mechanismen welke zijn betrokken bij
chronische zenuwpijn, al dan niet in het aangezicht. Ook bespreken we
de gevolgen van dit hiaat in onze kennis ten aanzien van de effectiviteit
van iMCS als therapievorm. Meer specifiek, we stellen de hypothese dat
verbeterde kennis van de aangezichtszenuw en de betrokken zenuwbanen
bijdragen aan verbeterde effectiviteit van iMCS. Ten slotte speculeren we
dat pijnsyndromen welke veroorzaakt worden door beschadiging van het
centrale zenuwstelsel (o.a. de zenuwbanen) beter reageren op iMCS dan
pijnsyndromen welke voortkomen uit aantasting van de aangezichtszenuw zelf.
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In Hoofdstuk 2 beschrijven we de verkregen inzichten die voortkwamen
uit een expert meeting en vragenlijstenonderzoek over iMCS. Dit
hoofdstuk beschrijft dat er substantiële overeenkomsten zijn tussen de
verschillende centra welke iMCS uitvoeren, maar het toont daarnaast aan
dat er ook belangrijke verschillen bestaan. Alle deelnemers aan deze studie
concludeerden dat er een noodzaak bestaat voor meer geüniformeerde
protocollen aangaande het selecteren van geschikte patiënten, de implantatieprocedure, de stimulatieparameters en de duur van de follow-up.
Hoofdstuk 3 beschrijft een systematische review van literatuur over het
gebruik van iMCS als behandeling van chronische zenuwpijn. Om de
gevonden studies te analyseren maakten we gebruik van een neuraal
netwerk analyse (NNA). Dit NNA toonde een gemiddelde accuraatheid van
66,3%, een sensitiviteit van 69,8% en een specificiteit van 69,4%. Daarnaast
wist het NNA zes variabelen te identificeren op basis waarvan deze
accuraatheid, sensitiviteit en specificiteit behaald waren. Dit betroffen 1)
het geslacht van de patiënten; 2) de lokalisatie van de pijnveroorzakende
lesie; 3) de preoperatieve pijnintensiteit; 4) het preoperatief gebruik van
repetititieve transcraniële magnetische stimulatie (rTMS); 5) preoperatieve
inname van opioiden en; 6) de duur van de follow-up periode.
In Hoofdstuk 4 beschrijven we een anatomische review over de
anatomie van de aangezichtszenuw (nervus trigeminus) bij verschillende
dieren. Uit deze studie bleek dat in verschillende dieren (variërend van
primaten tot knaagdieren) een dubbelzijdig (bilateraal) systeem was
beschreven. Dit bilaterale systeem bestond uit twee zenuwbanen: 1) de
voornamelijk gekruiste tractus trigeminothalamicus ventralis en; 2) de
voornamelijke ongekruiste tractus trigeminothalamicus dorsalis. Of deze
beide zenuwbanen ook bij mensen bestaan blijft onduidelijk, alhoewel
het tweede onderdeel van deze studie de literatuur beschouwde welke
onderzocht of bij mensen prikkels in het aangezicht door één of twee
hersenhelften worden verwerkt. Uit deze review bleek dat ook bij mensen
een bilateraal activatie- en verwerkingspatroon van de hersenen was
beschreven middels verschillende experimenten die gebruik maakten van
functionele magnetische resonantie imaging (fMRI) scans. Dit bilaterale
patroon werd vervolgens verklaard middels het hypothetische bestaan van
zowel de tractus trigeminothalamicus ventralis en -dorsalis in mensen. Het
hoofdstuk sluit af met het statement dat een beter begrip van de anatomie
en histologie van het trigeminussysteem bij kan dragen aan een beter
begrip van chronische zenuwpijn in het aangezicht. Tevens stellen we dat
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deze kennis mogelijk kan helpen bij het verbeteren van behandelingen
voor chronische zenuwpijn in het aangezicht.
In Hoofdstuk 5 delen we de resultaten van onze prospectieve iMCS
studie. Binnen deze studie worden patiënten die lijden aan chronische
zenuwpijn behandeld met iMCS. Deze studieresultaten tonen dat iMCS,
na drie jaar follow-up, een mogelijke therapie betreft voor patiënten met
chronische zenuwpijn welke veroorzaakt wordt door aandoeningen van
het centrale zenuwstelsel. Deze bevinding wordt tevens bevestigd door de
meta-analyse die in Hoofdstuk 6 wordt besproken. Binnen dit hoofdstuk
wordt gesteld dat iMCS in staat is om pijnvermindering te bieden bij
verschillende aandoeningen die chronische zenuwpijn in het aangezicht
veroorzaken. Bovendien blijken opnieuw de aandoeningen van het centraal
zenuwstelsel die chronische zenuwpijn in het aangezicht veroorzaken het
best te reageren op iMCS. Deze bevindingen vormen een stimulans voor
het verder onderzoek naar de neurofysiologie achter iMCS en de neuroanatomische circuits betrokken bij chronische zenuwpijn in het aangezicht.
Hoofdstuk 7 beschrijft ons humaan anatomisch experiment. Drie
menselijke hersenstammen werden ex vivo onderzocht middels
anatomische en diffusiegewogen magnetic resonance imaging (MRI) scans
op ultra-hoge resolutie. Deze bevindingen werden vervolgens vergeleken
met een nieuwe microscopie-techniek, polarized light imaging (PLI),
genaamd. Met al deze beeldvormende modaliteiten werd een splitsing van
de tractus trigeminus gezien. Deze splitsing toonde twee zenuwbanen, één
in ventrale richting, één in dorsale richting. Deze zenuwbanen werden, net
zoals in dieren en gehypothetiseerd in Hoofdstuk 4, de tractus trigeminothalamicus ventralis en de tractus trigeminothalamicus dorsalis genoemd.
Connectiviteit, functionaliteit en klinische relevantie kon echter niet
middels deze studie worden aangetoond.
Teneinde de klinische relevantie van het bestaan van de tractus trigeminothalamicus ventralis en de tractus trigeminothalamicus dorsalis
te onderzoeken werd het onderzoek in Hoofdstuk 8 uitgevoerd. In
dit onderzoek werden twaalf patiënten welke lijden aan chronische
zenuwpijn in het aangezicht door aandoeningen van de nervus trigeminus
geïncludeerd. Binnen deze studie ondergingen alle patiënten zowel
eenzijdige als bilaterale stimulatie middels rTMS, hetgeen gezien wordt
als een non-invasieve vorm van iMCS. Uit deze studie kwam naar voren
dat dubbelzijdige rTMS meer pijnvermindering gaf dan eenzijdige rTMS.
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Hoofdstuk 9 bediscussieert de twee belangrijkste twistpunten die de
uitkomsten van dit proefschrift en de wetenschap op dit vlak hinderen: 1)
de grote variabiliteit aangaande de classificatie van ziektes die chronische
zenuwpijn in het aangezicht veroorzaken en 2) de beperkte onderscheidbaarheid van centrale en perifere pijnsyndromen. Het hoofdstuk beschrijft
vervolgens in dit licht het overkoepelend doel van dit proefschrift
(identificatie van biologische variabelen welke kunnen bijdragen aan
het gedegen classificeren van individuen welke lijden aan chronische
zenuwpijn in het aangezicht middels het uitvoeren van klinische en
experimentele studies) en in hoeverre dit doel heeft bijgedragen aan het
overkomen van de eerdergenoemde twistpunten. Daarnaast wijdt dit
hoofdstuk verder uit over de hedendaagse en toekomstige ontwikkelingen
welke een nieuw licht schijnen op het toegenomen begrip van neurobiologische en genetische processen en mechanismen welke betrokken
zijn bij chronische zenuwpijn, al dan niet in het aangezicht. Hoofdstuk
10 beschrijft ten slotte de aanbevelingen voor het onderzoek en de pijngeneeskunde van de toekomst. Het onderstreept het belang van strikt
gedefinieerde pijnsyndromen op basis van criteria welke ondersteund
worden door pathologische kennis. Daarnaast worden in dit hoofstuk
enkele voorstellen gesuggereerd ten aanzien van anatomisch, fysiologisch,
genetisch en epidemiologisch onderzoek welke bijdragen om dit doel te
bereiken. Ook worden enkele recente onderzoeken als voorbeeld gesteld
welke helpen bij het realiseren van dit overkoepelend doel.
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bedanken.
Beste dr. Van Cappellen van Walsum, beste Anne-Marie,
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Dankzij jouw tomeloze enthousiasme en continue aansporen is mijn visie
op de hersenanatomie en de hersenwetenschappen volledig gekanteld.
Als één van mijn begeleiders vanuit de afdeling Anatomie heb je mij
ingewijd in de wetenschap van de (neuro)anatomie. Bovendien liet je me
kennismaken met de schoonheid en kunstzinnigheid van dat vakgebeid.
Sinds het moment dat ik slechts met een Bachelor-diploma op zak aanklopte
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wil ik je bedanken. Dankzij de vrijheid die jij me gaf heeft mijn creativiteit
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die vrijheid was je ook altijd nauw betrokken, enthousiast en wist je mij op
de juiste manier te motiveren. Dank je wel voor dit alles.
Beste dr. Van Dongen, beste Robert,
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overgekomen. Opeens stond ik daar dan, op Dekkerswald in de artsenkamer,
een jonge student, waarvan jij hoogstens ooit de naam had gehoord, met
de ambitie te gaan promoveren binnen de neuromodulatie en de pijngeneeskunde. Waarom jij het hebt aangedurfd om deze jonge onderzoeker
te ondersteunen, blijft voor mij een raadsel. Mijn plan om een klinisch
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georiënteerde en anatomische hypothese te onderzoeken zonder zelf in
het bezit te zijn van een Master diploma moet voor een gepromoveerde
arts als jijzelf op zijn minst als vreemd in de oren hebben geklonken. Toch
had ook jij vertrouwen in mij en dankzij jouw rust en kalmte heb je mij,
stap voor stap, weten te introduceren in de klinische achtergrond van aangezichtspijn, neuromodulatie en de pijngeneeskunde in het algemeen. De
nauwgezetheid waarmee je elk manuscript (binnen de gestelde deadline!)
wist te bestuderen verbaasde me telkens weer. Dit proefschrift is dankzij
jouw blik, kennis en geduld veel krachtiger en meer translationeel geworden.
Daarnaast leek je altijd te weten wat ik nodig had: een kort antwoord op
een vraag, een hart onder de riem of een uitgebreide verwijzing naar een
collega, een artikel of een boek. Niets van dit alles was je teveel. Dank je
wel voor al je hulp, rust en inzichtelijkheid gedurende de afgelopen jaren.
Beste professor Kozicz, beste Tamas,
Ik heb je ervaren als een extreem gedreven en gemotiveerde man waar ik
terecht kon voor goede raad. Je voelde vaak als mijn steunpilaar binnen de
afdeling Anatomie, want vooral op momenten dat ik het nodig had, dan
was je daar met je (Hongaarse) humor en bovenal met je bulderende lach.
Naast het lachen en de vertrouwde sfeer, herinner ik mij de keren dat
we smalend konden discussiëren over politieke besluiten binnen het
Radboudumc, de Radboud Universiteit of binnen de onderzoekswereld in
het algemeen. Vooral je vaderlijk advies op momenten dat het soms moeilijk
was heb ik altijd zeer gewaardeerd. Met veel goede herinneringen zal ik aan
dit alles terugdenken. Ook wil ik je graag bedanken voor je wetenschappelijke input in alle publicaties en je oprechte interesse in de voortgang van
de meer klinisch georiënteerde studies. Ook onder jouw vleugels heb ik de
mijne kunnen uitslaan. Je gaf me vrijheid bij het bedenken en uitwerken
van mijn (soms) wilde en (te) enthousiaste plannen. Ook gaf je blijk van
steun bij allerlei nevenactiviteiten, waaronder mijn deelname aan de
Radboud DaVinci Challenge waarbij jij mijn sollicitatie krachtig hebt
ondersteund. Ik hoop dat onze plannen voor onderzoek in de toekomst net
zo goed zullen verlopen als ons onderzoek van de afgelopen jaren.
Beste professor Bartels, beste Ronald,
Ik zal niet ontkennen dat ik opkeek tegen onze eerste ontmoeten en ik
zal ook zeker niet beweren dat ik volledig gerustgesteld was na afloop
van die eerste kennismaking. Die geruststelling kwam helaas ook niet
opzetten nadat ik jouw eerste feedback binnenkreeg op een eerste versie
van ons eerste gezamenlijke manuscript.... Die geruststelling is uiteindelijk
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wel gekomen en ik heb je gelukkig sindsdien vanuit verschillende rollen
beter leren kennen. Als coassistent zag ik je als een uitermate betrokken
en zeer vakkundig neurochirurg. Als promovendus was je voor mij een
kritische wetenschapper die streng maar rechtvaardig toekeek op mijn
activiteiten. Als deelnemer aan de Radboud DaVinci Challenge leerde ik
je op persoonlijk vlak beter kennen en toonde jij je een mentor waaraan
ik veel aan had en in de toekomst nog veel aan zal hebben. Hoewel ik
soms moeite kon hebben met je eerlijkheid en je kritische opmerkingen,
weet ik zeker dat de inhoud van dit proefschrift juist daardoor significant
beter is geworden (p=0.023). Daarom wil ik je bedanken voor de heldere en
bondige discussies die we hadden over alle verschillende onderwerpen en
de eerlijkheid waarmee je me altijd hebt benaderd. Ook wil ik je bedanken
voor de relativerende gesprekken die we samen hadden en de openheid
welke je daarin hebt laten zien. Ik ben er als wetenschapper, maar vooral
als mens, sterker door geworden.
Naast een team van copromotoren en promotoren was ik ook gezegend
met een aantal inspiratoren en enthousiastelingen die mij ook in de
donkerste (wetenschappelijke) duisternis hielpen het licht te zien.
Lieber Jeroen, geen technische uitdaging was je te groot en dat maakte jou
tot een ideaal vraagbaken. Hoewel je me vanaf het begin van mijn promotie
al verzekerde dat ik ooit op een dag zelf die technische uitdagingen kon
gaan tackelen, bleef ik uiterst sceptisch over deze garantie. Maar, ik moet je
gelijk geven dat ik inderdaad inmiddels heel wat technische handigheidjes
en snufjes heb geleerd en ik ben er dan ook trots op dat ik inmiddels mijn
eigen probleempjes binnen MatLab en FSL (soms…) kan oplossen. Kan ik
dan inmiddels al helemaal zonder je? Natuurlijk niet! Dat je de wetenschap
gaat verlaten, dat vind ik jammer. Enerzijds omdat er nog vele momenten in
de toekomst zullen zijn waarbij ik je nodig heb om me te helpen, anderzijds
natuurlijk vooral omdat ik een nog betere vriend niet meer dagelijks kan/
zal spreken. Maar, hoe het ook loopt, we houden contact en er zal altijd tijd
en ruimte voor ons zijn om even samen te FLIRT’en!
Guido, jij bent mijn andere technische baken in de mist. Onze projecten
samen zijn altijd hoogdravend en ontstaan uit jeugdig enthousiasme. Jij
was de hofleverancier van de technologische know-how van de neuraal
netwerk analyse en GreyMapp, onze bijna populistische neuroanatomieapp. Onder jouw toeziend oog mocht ik de verwende clinicus met de vlotte
babbel uithangen, wetende dat de technische effort wel door jou geregeld
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zou gaan worden. Ook wist ik je altijd te vinden als ik toe was aan een goede
bak koffie en het befaamde koekje. Onze samenwerking heeft ons samen
veel goeds gebracht, van grote glazen gevuld met Aperol Spritz (of bier, of
wijn, of gin tonic) tot een (eerste) subsidie van STITPRO, en ik voorzie dat
het ons alleen nog maar meer gaat brengen! Enfin, goed nieuws: Vanavond
trakteer ik! Ik heb mijn pinpas bij me, denk ik?
Als echte clinicus betrokken bij dit proefschrift verdien jij, Erkan, vanzelfsprekend een belangrijke plaats in mijn dankwoord. Met je geweldige
neurochirurgische vaardigheden beheers jij, als één van de weinige in
de wereld, de techniek van de invasieve motor cortex stimulatie! Zonder
jou was dit proefschrift er dus simpelweg nooit geweest. Je hebt me in
het begin geïntroduceerd en je bent me blijven enthousiasmeren voor
dit bijzondere onderwerp! Dankzij jouw inzichten op de inhoud en jouw
onmisbare gedetailleerde kijk op de lay-out van publicaties is het allemaal
tot een goed einde gekomen. Samen hielden we altijd nauwgezet de
voortgang van de verschillende projecten in de gaten en wanneer me de
moed in de schoenen zakte, dan wist ik dat ik altijd op de vijfde verdieping
een kop koffie en een cappuccino met suiker kon gaan drinken om daarna
weer met frisse moed en een herboren enthousiasme aan de slag te gaan!
We hebben geraasd en getierd op de wereld en soms op elkaar (maar dat
doen Bert en Ernie ook soms), maar we hebben vooral altijd kunnen lachen,
waar we ook waren. Hoewel ik je moest teleurstellen omdat mijn hart niet
binnen de neurochirurgie lag, weet ik zeker dat de toekomst rooskleurig
is. Het onderzoek is nog niet klaar met ons en volgens mij zijn wij nog niet
klaar zijn met het onderzoek!
Daarnaast nog een woord van dank voor dé TMS-man van Nijmegen en
omstreken. Beste Dennis, dankzij jouw enthousiasme en vrijgevigheid
mocht ik gratis gebruik maken van het TMS-laboratorium van het Donders
Instituut. Hoewel pijn-gerelateerd onderzoek niet jouw “cup-of-tea”
was, bleek en bleef je bijzonder enthousiast. Je hebt je in vele bochten
gewrongen om samen met mij de pijn-patiënten te zien en de stimulatiesessies uit voeren en zelfs je eigen promovendi werden soms ingeschakeld
om de afgesproken sessies toch doorgang te laten vinden. Je onaflatende
enthousiasme heeft me door die vele sessies geloodst en je nauwgezette
blik heeft deze (en andere toekomstige) publicatie(s) aanzienlijk verbeterd.
Ook wij zijn (voorlopig) nog niet van elkaar verlost! Dank voor dit alles!
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Zonder proefpersonen, geen data, geen onderzoek en dus ook geen
proefschrift. In het geval van een deel van mijn onderzoek ben ik afhankelijk
geweest van patiënten welke lijden aan chronische pijn, al dan niet in het
aangezicht. Dat zij hebben durven participeren aan het experimentele
karakter van sommige van de hier gepresenteerde studies, verdient groot
respect en mijn onmetelijke dank. Hoewel ik alle patiënten goed voor de
geest kan halen, blijft één patiënte me voor altijd bij. Dat deze patiënte op
haar 77ste nog actief mee wilde doen aan een experimenteel onderzoek van
een 24-jarige promovendus verbaasde me, doet me nog steeds verbazen en
zal me ook altijd blijven verbazen. Haar, en alle anderen dank ik voor hun
moed, dapperheid, doorzettingsvermogen en bovenal, hun vertrouwen in
de medische wetenschap. Hoewel het proces (te) traag gaat en verloopt
met vele ups and downs, wil ik benadrukken dat al het werk van dit
proefschrift dankzij hen tot stand is gekomen en dat hun welbevinden
voor mij altijd het uiteindelijke doel is geweest en ook altijd zal blijven. Ik
wens hen allemaal het beste toe.
Een tweede deel van mijn onderzoek is gebaseerd op een andere, heel
bijzondere groep van proefpersonen. Deze groep betreft de mensen welke
hun lichaam na hun overlijden ter beschikking van de wetenschap hebben
gesteld. Ik kan slechts diep respect hebben voor deze beslissing en mijn
dank gaat uit naar deze en alle andere mensen die deze keuze hebben
gemaakt en nog steeds maken. Ook gaat mijn respect en dankbaarheid
uit naar alle nabestaanden welke zich (hebben) moeten berusten in het
feit dat hun dierbare een unieke bijdrage wil leveren aan de medische
wetenschap. Dat deze lichaamsdonoren van onschatbare waarde zijn
voor de medische wereld, blijft vaak onterecht onderbelicht. Zonder deze
bijzondere daad kan menselijk anatomisch onderzoek en -onderwijs niet
zijn ontstaan en zonder deze daad kan zij evenmin blijven voortbestaan.
Het zijn deze mensen die met hun lichaamsdonatie de basis vormen voor
een anatomisch proefschrift en daarvoor ben ik ontzettend dankbaar.
Een woord van dank voor de leden van de manuscriptcommissie, professor
Klijn, professor Merkx en professor Temel, die bereid zijn geweest mijn
manuscript kritisch te beoordelen en welke enthousiast hebben gereageerd
op het daarin gepresenteerde werk. Bedankt dat u tijd heeft willen
vrijmaken om uw deskundige blik op het gepresenteerde werk te richten.
Ook de leden van corona wil ik bedanken voor hun tijd en deskundigheid
welke ze ter beschikking hebben gesteld om vandaag nog meer bijzonder
te maken.
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Werken op een kruispunt van verschillende afdelingen (Anatomie,
Neurochirurgie, en Anesthesiologie, Pijn en Palliatieve Zorg), brengt
uitzonderlijke inzichten en bijzondere uitdagingen met zich mee. Het was
fantastisch om met zoveel bevlogen professionals uit alle vakgebieden
kennis te hebben mogen maken en om met zo velen te hebben mogen
samenwerken. Ik ben me ervan van bewust dat ik in de afgelopen jaren,
over en weer, ook nieuwe inzichten en uitdagingen mee heb genomen
naar de eerdergenoemde afdelingen. Om dan maar te focussen op de
uitdagingen die mijn aanwezigheid soms met zich meebracht, wil ik graag
alle medewerkers van de genoemde afdelingen vanuit deze positie heel
erg bedanken voor hun geduld, vriendelijkheid, openheid en uithoudingsvermogen. Het is teveel om iedereen te bedanken, maar een paar collega’s
zou ik graag bijzonder vermelden.
Dionne, Vera, Katie en Bas (en Laura), jullie hebben je over me ontfermt
sinds 2012 toen ik als jonge student jullie team op het Preparatorium
kwam versterken. Onmetelijk veel heb ik van jullie mogen leren over het
reilen en zeilen van het logistieke werk achter de schermen. Dankzij jullie
weet ik hoeveel tijd en werk het kost om een lichaam op de juiste en meest
respectvolle manier in te zetten binnen het onderzoek en onderwijs dat
wij vanuit de afdeling Anatomie leveren. Jullie borgen onze kerntaken met
jullie harde werken, passie voor jullie vak en respect voor de overledenen.
Jullie hebben me altijd gesteund in de jaren dat ik binnen de afdeling
Anatomie doorgroeide van student-assistent tot promovendus. Dat hield
concreet in dat jullie altijd in waren voor een geintje (van de heksenhoed
tot de chocoladedief), dat jullie altijd te porren waren voor een feestje,
maar dat we elkaar ook altijd konden vinden om even ouderwets te klagen
en te bezinnen. Bedankt voor de mooie tijd, wat mij betreft is deze nog lang
niet voorbij! Zoals eerder wel eens gezegd, ik denk inderdaad niet dat jullie
ooit nog van me af gaan komen.
Marianne en Lucas, ook jullie ken ik al sinds 2012 en hoewel onze start
misschien niet heel soepel verliep, we zijn er toch maar mooi goed
bovenop gekomen! Jullie hebben me laten zien dat je met passie voor je
vak, vaak gepaard met de nodige humor, elke dag weer tot een feestje kunt
maken. Jullie maken er samen inderdaad een prachtig museum van, waar
ruimte is voor wetenschappelijk onderwijs én onderzoek. Ook jullie zijn
in de afgelopen jaren meerdere keren mijn steun en toeverlaat gebleken.
Bedankt daarvoor!
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Jos, Bram en Vivienne, voordat ik jullie leerde kennen dacht ik dat het
anatomisch laboratorium een uitgestorven plek van tijden van weleer
was. Jullie lieten me kennismaken met zowel de klassieke als de moderne
technieken waar we binnen ons neuroanatomisch onderzoek bijna zonder
erover na te denken, telkens weer, dankbaar op terugvallen. Jos, bedankt
voor de introductie in de histochemie. Bram bedankt voor je geduldige
uitleg als ik weer eens vastliep met de instellingen van de microscoop
of met de belachelijke uitgebreidheid van de bijbehorende software.
Vivienne, bedankt voor al je geruststellende adviezen, de dode muis en de
sussende toon waarmee je al mijn fouten tot foutjes hebt weten te maken.
Dank voor jullie hulp, geduld en toewijding!
Collega-promovendi en -post-docs, lief en leed werd vaak gedeeld tijdens
de koffiepauzes. Hoewel ik vaker niet dan wel aanwezig was door klinische
activiteiten, toch voelde deze gesprekken altijd als een eye-opener. Ook
jullie hadden last van betweterige reviewers, mislukte experimenten,
vervelende begeleiders (ik noem geen namen natuurlijk) en luie studenten
(ook hier noem ik maar beter geen namen). Ik moet eerlijk toegeven dat
de kennis dat jullie dezelfde obstakels op jullie pad tegenkwamen best
kon opluchten! Bedankt voor alle steun die jullie me op dat vlak hebben
gegeven in de afgelopen jaren. Daarnaast natuurlijk bedankt voor al jullie
inzichten en tips op allerlei vlakken, ik heb er veel van mogen genieten en
leren!
Ook binnen mijn werkzaamheden bij de UMC-Raad zocht en vond ik de
nodige steun. In het algemeen wil ik graag alle leden van de UMC-Raad
vanuit deze positie heel erg bedanken voor hun inzichten en begrip voor
mijn toch wel bijzondere positie. In het bijzonder wil ik graag mijn dank
uitspreken aan Inge en Trude. Inge, je hebt altijd de balans tussen serieus
werken en een geintje kunnen. Toegegeven, soms splitste je me weer een
dossier in mijn maag waar ik niet op zat te wachten, maar toch bleek
het achteraf altijd wel weer nuttig om er kennis van te nemen. Of je dat
allemaal met voorbedachten rade hebt weten te plannen weet ik eigenlijk
niet? Trude, ik vermoed dat jij hier ook een vinger in de pap hebt gehad.
Die stukken kwamen dan wel allemaal erg plotseling binnen, waarna er
vaak een volledig spontaan appje of mailtje van jouw kant volgde met
daarin het CRUCIALE belang van het zojuist ontvangen stuk. Trude, ook
jou wil ik graag bedanken voor al je adviezen en steun die je me, zichtbaar
en onzichtbaar hebt gegeven in de afgelopen jaren. Ook wil ik je bedanken
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voor alle suiker- en chocoladewafels, die had ik echt nodig soms. Je raad,
advies, spreuken aan de muur en (soms wat beperkte) relativeringsvermogen waren als licht in de duisternis. Bedankt daarvoor, ook bij de UMC
-Raad ben ik voorlopig nog niet weg (hoop ik…).
Dat ik een klein leger aan studenten heb begeleid is wel algemeen bekend.
Deze studenten hebben elk, in meer of mindere mate, bijgedragen aan
het onderzoek dat in dit proefschrift wordt gepresenteerd of aan ander
onderzoek waarbij ik betrokken was. Sommigen staan vermeld als co-auteur
van reeds gepubliceerd werk, anderen staan vermeld op onderzoek dat
nog verwerkt of gepubliceerd moet worden. Diederik, Nicole, Jules, Rosan,
Jesper, Johan, Daan, Jesse, Loes, Margot, Bert-Kristian, Jens, Sanne, Wibe,
Pauline, Ruben, Berend, Mats, Niels, Abel, Dick, Anouk, Robin, Juriaan,
Matthijs, Maudy, Esmay, Mijke, Sibylle, Veerle, Imke, Joyce, Felix, Jelmer,
Jelmer, Leanne, Alis, Otto, Sanne, Marceline, Beau, Job, Stijn, Daan, Jeroen,
Yfke, Lieke, Naomi, Dennis, Hidde, Max, Sjors, Xander, Fleur, Geanne, Pia,
Silke, Linde, Max, Mees, Rutger, Tony en David, bedankt voor jullie inzet,
hulp, inzichten en gezelligheid. Weet dat jullie komen en gaan de betrokken
afdelingen heeft gekleurd en daardoor heeft ieder op zijn/haar eigen wijze
bijgedragen aan de positieve sfeer. Dit heeft bijgedragen aan mijn plezier
op het werk en dus aan de totstandkoming van dit proefschrift. Ik wens
jullie allen veel succes toe in jullie toekomstige werkveld, of dat nu wel of
niet de wetenschap betreft.
Hoe kun je je promotietraject voltooien zonder een goede afleiding naast
mijn werk? Hiervoor heb je natuurlijk jonge (oud-)collega’s nodig zoals de
student-assistenten van de afdeling Anatomie, welke je af en toe helpen
om je problemen te verdrinken in de Aesculaaf, met in de voorhoede Larissa
en Frederike. Bedankt voor jullie steun en de gezellige, zonovergoten
middagen bij de Aesculaaf. Toch moet ik ook eerlijk toegeven dat ik wel eens
een feestje of borrel heb laten schieten, maar ik ben blij dat mijn vrienden
in het Nijmeegse alsook in het Limburgse het nooit hebben opgegeven om
me te blijven uitnodigen. Martijn, Timo, Matthijs, Dominique en Yvette,
sinds het propedeusejaar proberen we elkaar al zo vaak mogelijk te zien
of te spreken, hoewel dat sinds de masterperiode een hele opgaaf schijnt
te zijn. Desalniettemin zijn onze (MFVN-feest) avonturen en nachtelijke
escapades legendarisch. Bedankt dat jullie mij er altijd weer bij wilden
hebben. De leden van Bornieshore in Limburg (Wesley, Roy, Freek, Chris,
Myron, Tom en Lars) wil ik graag bedanken voor het feit dat ze me altijd
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weer kunnen overtuigen dat samen uitgaan of een vriendenweekend
organiseren zeker wel de moeite waard is. Bedankt dat jullie me altijd laten
zien dat er ruimte is voor ontspanning en plezier.
Dan mijn prachtige paranimfen, Hanneke en Nori. Aan jullie vandaag
de taak om mij te ondersteunen tijdens de verdediging en om ervoor te
zorgen dat alles vlotjes zal verlopen gedurende de dag. Als ik flauwval, dan
moeten jullie inspringen, maar ik ga er natuurlijk vanuit dat dit voor jullie
geen enkel probleem zal zijn. Eigenlijk zorgen jullie er al meerdere jaren
voor dat alles vlotjes en soepel verloopt. Bedankt voor al het eten, de leuke
kaartjes van verre oorden, de lekkere wijn, de heerlijke fietsdagjes en alle
andere mooie tijden welke we tot dusver hadden. Ik kijk uit naar de mooie
tijden die nog voor ons liggen, alleen of samen met onze wederhelften!
Ten slotte mijn oneindige dank voor hen die mijn basis vormen, zonder
wie dit werk nooit mogelijk was geweest.
Lieve familieleden, ook jullie hebben er altijd al voor gezorgd dat de balans
tussen werk en privé in mijn leven gezond bleef. Bedankt voor al jullie
begrip, steun en interesse in wat ik de afgelopen jaren heb gedaan, ook
al was het soms niet helemaal duidelijk waar ik nu precies mee bezig
was. Dat jullie vandaag hier aanwezig zijn, geeft weer dat ik een gelukkig
mens ben omdat ik zo’n enorme steun mag ervaren, hetgeen voor mij een
robuuste basis vormt waarop ik verder kan bouwen. We gaan er een hele
mooie dag van maken!
Lieve Beau, je hebt misschien niet al het lief en leed van dit proefschrift
hoeven meekrijgen, maar je hebt wel de pech gehad om de laatste loodjes
te moeten doorstaan samen met mij. Bedankt voor al je steun, relativerend
vermogen, humor en bovenal begrip. Ik voelde me gesteund en gedragen,
wetende dat je altijd met me meedacht en keek op de kritische manier zoals
ik die van je ken. Bedank ook voor je gedoseerde geduld en je hulp op zoveel
vlakken. Je hielp me bij het ordenen van mijn gedachten, het herkennen
van grenzen en het evenwichtig houden van de balans. Maar boven dit
alles wil ik je bedanken dat je me er elke dag weer aan herinnert hoe mooi
het leven is, ook buiten de wetenschap. “Bedankt Kogelvisje, ik hou van je!”
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Lieve pap, mam en Jill, zonder jullie lieve steun, bemoedigende woorden en
onaflaatbare interesse was me dit allemaal nooit gelukt. Heel erg bedankt
voor alle kansen die ik van jullie heb gekregen. Niet alleen in de afgelopen
jaren, maar vooral ook in de jaren daarvoor. Van jullie heb ik geleerd om te
vertrouwen op mezelf, om hard te werken, om te blijven lachen en bovenal
om door te zetten (“tandje erbij!”). Jullie vormen voor mij de belangrijkste
basis, en samen met de levenslessen die ik van jullie heb meegekregen,
doe ik mijn best om een goede arts en wetenschapper, maar vooral, een
goed mens te zijn. Dit boekje is bij lange na niet dik genoeg om jullie te
bedanken, maar, vanuit de grond van mijn hart wil ik zeggen: “Bedankt
voor alles, ik hou van jullie!”
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“Then said he, ’I am going to my Father’s;
and though with great difficulty I am got hither,
yet now I do not repent me of all the trouble I have been at to arrive where I am.
My sword I give to him that shall succeed me in my pilgrimage,
and my courage and skill to him that can get it.
My marks and scars I carry with me,
to be a witness for me that I have fought His battles who now will be my
rewarder.”
(John Bunyan, Pilgrim’s Progress, Part 2: Christiana)
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Curriculum Vitae
Dylan Henssen was born on the 2nd of August 1993 in Geleen, Limburg, The
Netherlands. He finished secondary education at Trevianum Scholengroep
(Sittard, Limburg, The Netherlands), after which he started studying
Medicine at Radboud University (Nijmegen, Gelderland, The Netherlands)
in 2011. Here, he soon became intrigued by human anatomy, the mysteries
of the human brain in particular. During his studies, Henssen worked
at the Department of Anatomy at Radboud University Medical Center,
first as an assistant, later as junior-lecturer. Prior to starting his Master
in Medicine, Henssen applied for a PhD-position at the departments of
Anatomy and Neurosurgery at Radboud University Medical Center under
the supervision of prof. dr. Tamas Kozicz and prof. dr. Ronald Bartels. After
graduating in 2018, he continued his investigations as a PhD-candidate
at the aforementioned departments in Nijmegen. The results of his PhD
research are described in this thesis. In 2019, Henssen started as a resident
in training in Radiology and Nuclear Medicine, combining his passions for
human anatomy, education, science and clinical care. In the near future,
Henssen will continue his scientific work as post-doctoral researcher,
specialized in the field of innovative, (pre-)clinical neuroimaging methods.
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Appendix B

Donders Graduate School for Cognitive Neuroscience
For a successful research Institute, it is vital to train the next generation
of young scientists. To achieve this goal, the Donders Institute for Brain,
Cognition and Behaviour established the Donders Graduate School for
Cognitive Neuroscience (DGCN), which was officially recognised as a
national graduate school in 2009. The Graduate School covers training at
both Master’s and PhD level and provides an excellent educational context
fully aligned with the research programme of the Donders Institute.
The school successfully attracts highly talented national and international
students in biology, physics, psycholinguistics, psychology, behavioral
science, medicine and related disciplines. Selective admission and
assessment centers guarantee the enrolment of the best and most
motivated students.
The DGCN tracks the career of PhD graduates carefully. More than 50% of
PhD alumni show a continuation in academia with postdoc positions at
top institutes worldwide, e.g. Stanford University, University of Oxford,
University of Cambridge, UCL London, MPI Leipzig, Hanyang University in
South Korea, NTNU Norway, University of Illinois, North Western University,
Northeastern University in Boston, ETH Zürich, University of Vienna etc..
Positions outside academia spread among the following sectors: specialists
in a medical environment, mainly in genetics, geriatrics, psychiatry and
neurology. Specialists in a psychological environment, e.g. as specialist in
neuropsychology, psychological diagnostics or therapy. Positions in higher
education as coordinators or lecturers. A smaller percentage enters business
as research consultants, analysts or head of research and development.
Fewer graduates stay in a research environment as lab coordinators,
technical support or policy advisors. Upcoming possibilities are positions
in the IT sector and management position in pharmaceutical industry. In
general, the PhDs graduates almost invariably continue with high-quality
positions that play an important role in our knowledge economy.
For more information on the DGCN as well as past and upcoming defenses
please visit:
http://www.ru.nl/donders/graduate-school/phd/
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