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Abstract

Introduction

Chronic pain is an increasing problem in terms of prevalence and disease-related costs. Due to its
complexity, it is difficult to treat. Spinal cord stimulation (SCS) is a neurostimulation therapy with a
relatively good success rate for patients with severe, intractable chronic pain. The mechanisms of
action (MOAs) of SCS are considered to rely on spinal and supraspinal mechanisms. It has been
suggested that newer SCS paradigms, such as burst SCS, may act through different MOAs than the
traditional tonic SCS paradigm. Tonic and burst SCS are both postulated to act on the lateral pain
pathway, which is associated with the location and character of a stimulus, whereas burst SCS is
postulated to additionally act on the medial pain pathway, which is associated with the
emotional/attentional processing of a stimulus. Somatosensory evoked responses (SERs) can be
used to evaluate the processing of somatosensory stimuli and may aid in the unraveling of the MOAs
of SCS.

Aim

The aim of this thesis is to assess how burst and tonic SCS affect the supraspinal SERs elicited by
non-painful transcutaneous electrical stimulation of the tibial nerve as well as of the median nerve. The
two distinct SERs are evaluated using magnetoencephalography (MEG).

Methods

26 chronic pain patients treated with SCS underwent MEG sessions after receiving tonic and burst
SCS for one week. Four of these patients additionally underwent a MEG session before SCS treatment.
During each session, approximately 200 non-painful electrical stimuli were applied to the median nerve
as well as to the tibial nerve to elicit SERs. The SERs were compared in various cortical and subcortical
regions of interest (ROIs). The following comparisons were made: 1) SERs in chronic pain patients
before SCS implantation versus SERs in the same individuals during SCS, 2) SERs elicited by tibial
nerve stimulation versus SERs elicited by median nerve stimulation, 3) SERs during tonic SCS versus
SERSs during burst SCS, and 4) the SERs in four case studies of two good and two poor responders to
the tonic and/or burst SCS paradigms.

Results

22 patients were included for analysis. The number of patients varied among comparisons to facilitate
within-patient comparisons. The results suggested an inhibitory effect of SCS on the SER elicited by
tibial nerve stimulation, whereas the amplitude of the SER elicited by median nerve stimulation tended
to increase during SCS. For both the SERSs elicited by tibial nerve and by median nerve stimulation, the
SER amplitudes were predominantly higher during burst SCS compared to tonic SCS. Differences in
SER amplitude that were observed in the case studies did not correlate with pain relief.

Conclusion

The results suggested a spinal MOA of SCS on the SER, however, supraspinal MOAs likely play a
role as well. The results did not suggest that burst SCS additionally acts on the emotional/attentional
processing compared to tonic SCS. No evidence was found to support a correlation between the effect
of SCS on the SER and the effect of SCS on the pain, underscoring the complexity of the relationship
between somatosensory processing and pain perception in the context of SCS.
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Introduction

1.1. Chronic Pain: an Increasing Problem

The International Association for the Study of Pain (IASP) defines pain as "an unpleasant sensory and
emotional experience associated with, or resembling that associated with, actual or potential tissue
damage” [1]. The ability to feel pain is the body’s defense mechanism to maintain its integrity and
protect itself. Usually, this pain subsides once healing of an injury or treatment of an illness has
occurred [2]. Chronic pain is defined as pain that persists or recurs for more than three months, which
is considered the period of healing of an acute injury [1, 3, 4].

Chronic pain imposes a vast personal and economic burden [5]. Chronic pain affects most domains
of quality of life, primarily physical and emotional functioning, and is associated with other chronic
comorbidities, such as coronary heart disease and depression [6]. The prevalence of chronic pain is
high, affecting approximately 11% to 40% of the global population [5, 7]. Low back pain was the main
cause of years lived with disability in 2020, and projections through to 2050 suggest that its
prevalence will increase [8]. It is expected that both the total disability burden and disease-related
costs will further increase in the coming decades [9]. This emphasizes the importance of achieving
effective treatment for chronic pain.

1.2. Chronic Pain: a Complex Concept

Chronic pain is a complex concept with limited understanding. It often arises due to a disease or
injury, but chronic pain is not solely a symptom; rather, it is a distinct condition with its own etiologies,
medical definition, and classification [10]. Despite its complexity, some pathways and key structures
in the processing and experience of chronic pain have been identified. According to De Ridder et al.,
chronic pathological pain can be anatomically as well as symptomatically separated into three distinct
yet interacting pathways, consisting of an ascending lateral, an ascending medial, and a descending
pathway, as shown in Figure 1.1 [4].

The lateral “painfulness” pain pathway comprises the lateral thalamic nuclei [11], the primary
somatosensory cortex (S1), and the secondary somatosensory cortex (S2) [4, 11]. This pathway
encodes the discriminatory/sensory component of pain, such as painfulness, pain localization, and
pain character (burning, aching, etc.) [4, 12]. The medial “suffering” pain pathway comprises the
medial thalamus [11], the (anterior) cingulate cortices [4, 11], and the insular cortices [4]. This
pathway processes the affective motivational aspect (in other words: the unpleasant emotional
component) of pain [4, 12, 13]. The medial pain pathway has been considered to be slower compared
to the lateral pain pathway [11]. The descending pain pathway involves the rostral and pregenual
anterior cingulate cortex (ACC) and the periaqueductal gray (PAG), and is considered to be a pain
inhibitory pathway [4, 12, 13].

Chronic pain may be explained by an imbalance between the two ascending “pain input” pathways
and the descending “pain suppression” pathway [4, 12—14]. Based on this imbalanced triple pathway
model to explain chronic pain, an effective treatment method should target both the ascending
pathway(s) and the descending pathway to reduce the imbalance [13]. Spinal cord stimulation (SCS)
is considered a treatment method to achieve this [12, 13].

1
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Figure 1.1: An overview of the structures comprising the ascending lateral, ascending medial, and descending
pain pathway. The ascending lateral pathway processes the discriminatory components of pain, whereas the
ascending medial pathway processes the motivational, affective, and attentional components of pain. The
descending, pain inhibitory pathway suppresses ongoing pain. Figure from De Ridder et al. [12]

1.3. Spinal Cord Stimulation

SCS is a neurostimulation therapy for patients with severe, otherwise intractable chronic pain [15].
SCS has a long-term success rate of 47% to 74% for various chronic pain conditions, such as
complex regional pain syndrome (CRPS) and persistent spinal pain syndrome (PSPS), formerly
known as failed back surgery syndrome (FBSS), where success is generally defined as pain relief of
> 50% [16—18]. The conventional SCS paradigm consists of a tonic waveform applied to the dorsal
column, which causes paresthesias in the area innervated by the stimulated nerve fibers [19, 20]. In
the last decade, paresthesia-free SCS paradigms were developed, such as burst SCS. The burst
SCS paradigm consists of groups of five pulses at a high frequency and at amplitudes much lower
than tonic stimulation, mimicking physiological thalamocortical firing [19, 21-23]. The tonic and burst
SCS waveforms are shown in Figure 1.2 and Figure 1.3, respectively.

Traditionally, the mechanism of action (MOA) of SCS relied on the Gate Control Theory as proposed
by Melzack and Wall in 1965 [24]. The Gate Control Theory is a spinal mechanism that states that
nociceptive signals, carried by C- and Ad-fibers, are inhibited by stimulating non-nociceptive Ag-fibers.
These Ap-fibers activate inhibitory neurons in the substantia gelatinosa of the dorsal horn of the
spinal cord, thereby “closing the gate” for incoming nociceptive input from C- and Ad-fibers [25, 26].
The "closed gate” prevents transmission of nociceptive signals to the brain and, thus, inhibits pain
sensation. SCS is targeted at the activation of these same Ag-fibers in the dorsal column of the spinal
cord.

Besides the Gate Control Theory, additional MOAs are considered to be involved in SCS with
interactions at spinal and supraspinal levels. These interactions include activation of the descending
pain inhibitory pathways and activation of supraspinal structures [25-28]. Moreover, it has been
suggested that newer SCS paradigms, such as burst SCS, may act through different MOAs than the
traditional tonic SCS [22, 29-35]. Tonic SCS is suggested to modulate the ascending lateral pain
pathway as well as the descending pain inhibitory pathway, whereas burst SCS is suggested to
additionally modulate the ascending medial pain pathway [12, 13]. This indicates that tonic SCS may
merely modulate the somatosensory “painfulness” processing of pain, while burst SCS may
additionally modulate the emotional "suffering” aspect of pain [12, 13].

To research the differences in the MOAs of the tonic and burst SCS paradigms, the thalamus as a
brain structure is particularly interesting because both the lateral and medial ascending pathways
include (a substructure of) the thalamus. The thalamus is a key relay station for the transmission of
sensory information and is involved in acute and chronic pain functions [36]. Based on anatomical,
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electrophysiological, cognitive, and clinical evidence, the thalamus can be broadly divided into lateral
and medial subdivisions, both associated with pain processing [4, 26, 36—39]. The lateral thalamic
pain pathway includes the ventral posterior nuclei (VP) and the posterior nuclei (PO), the medial
thalamic pain pathway includes the intralaminar nuclei (ILN), medial dorsal nuclei (MD), and midline
nuclei [36]. In the context of the thalamus, it is suggested that burst SCS activates both the medial
and lateral spinothalamic tracts whereas tonic SCS only activates the lateral spinothalamic tract,
which renders the thalamus an interesting structure to research the differences in the MOAs of tonic
and burst SCS [40].

Despite the relatively high success rate of SCS, a group of chronic pain patients that does not benefit
from SCS remains. To understand why SCS is not effective in all chronic pain patients, to identify this
group of chronic pain patients before unnecessary implantation, and to improve outcomes for patients
that do benefit from SCS, it is crucial to further unravel the mechanisms of action of SCS.

Figure 1.2: Tonic spinal cord stimulation waveform

Figure 1.3: Burst spinal cord stimulation waveform

1.4. Somatosensory Evoked Responses

To obtain more insights into the MOAs of SCS, somatosensory evoked responses (SERs) can be
used to evaluate somatosensory processing, and combined with SCS, how somatosensory
processing is affected by SCS. A somatosensory evoked response (SER) is the neuronal activity that
results from somatosensory input, such as touch or electrical stimulation [41, 42]. Similar to the
process of system identification in engineering, which necessitates perturbation of a system to
estimate its properties [43], using stimuli to elicit SERs can assist in illustrating an individual’s
somatosensory processing. The stimulus to elicit the SER can be painful or non-painful. SERs
elicited by painful stimuli mainly travel through Aj- and C-fibers, whereas SERs elicited by non-painful
stimuli mainly travel through Ag-fibers [42]. For this thesis, non-painful stimuli were used to elicit the
SERSs; assessing how SCS affects these non-painful SERs is of interest because SCS stimulates
these same ApS-fibers on the dorsal column.

SERs can generally be divided into early, middle, and late latency components. The expected
latency, especially for the early component, is associated with the stimulation site and the recording
location. In this thesis, the stimulation sites were the median nerve at the wrist and the tibial nerve at
the ankle. The recording location was supraspinal (on the brain). Following non-painful tibial nerve
stimulation at the ankle, the early component of the SER occurs in the foot area of the S1 around 40
to 60 milliseconds after stimulation [44, 45]. The early component is associated with the ascending
lateral pathway, which encodes somatosensory processing, such as the localization and character of
the stimulus [4, 46]. The middle latency component of the SER elicited by tibial nerve stimulation
occurs around 130 to 170 milliseconds after stimulation in the S2, the thalamus, the cingulate cortices,
and the insular cortices [45, 47-50]. The middle latency component is associated with both the
ascending lateral and medial pathways. The late latency component of the SER elicited by tibial
nerve stimulation occurs around 250 to 300 milliseconds after stimulation in the somatosensory
cortices, the cingulate cortices, the thalamus, and the insular and opercular cortices [45, 46, 50-52].
The late latency component is associated with the ascending medial pathway and reflects the
attentional/emotional processing of a stimulus [4, 46].
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For the SER elicited by non-painful median nerve stimulation at the wrist, the early component occurs
around 20 to 60 milliseconds after stimulation in the hand area of the S1 [53, 54]. This component
has also been recorded from the thalamus at 15 milliseconds following painful and non-painful
median nerve stimulation in chronic pain patients, using intracerebral electrodes [48, 55, 56]. The
middle latency component occurs around 80 to 150 milliseconds after stimulation in the S2, the
cingulate cortices, the insular cortices, and the thalamus [47, 48, 53]. The late latency component
occurs around 250 to 300 milliseconds after stimulation in the somatosensory cortices, the cingulate
cortices, the thalamus, and the insular and opercular cortices [48, 51, 52].

1.4.1. Somatosensory Evoked Responses in Chronic Pain Patients

In chronic pain patients, the SERs may be altered; Pinheiro et al. reported a decrease in the
amplitude of the SER elicited by various stimuli in chronic pain patients compared to healthy
controls [57]. Next to this, research has been conducted on assessing the influence of SCS on the
supraspinal SER elicited by non-painful as well as painful stimuli in patients with chronic pain [45, 46,
48, 49, 54, 58-75].

Most studies assessed the influence of tonic SCS on non-painful stimulation and the majority reported
decreased or complete loss of the early SER amplitude [45, 59, 61, 66—69, 72-74], whereas some
studies reported no difference [46, 62, 66, 75]. A small set of studies examined the influence of
paresthesia-free SCS paradigms on the early component of the non-painful SER and the reported
results were inconclusive [46, 54, 60, 68, 73]. For the middle latency components of the SER,
Polacek et al. reported a decrease of the SER amplitude [45], whereas Blair et al. reported no
change [66] during tonic SCS. For the late components of the SER, the effect of tonic SCS on the
SER amplitude was not conclusive; studies found a decrease [45, 66], an increase [62] as well as no
change [62, 75] of the SER amplitude. One study, by Niso et al., reported a decreased late SER
amplitude during tonic SCS and burst SCS while participants were not paying attention to the stimuli,
whereas burst SCS also decreased the SER while participants were paying attention to the
stimuli [46].

Various MOAs have been hypothesized in these studies

regarding the inhibitory effect of SCS on the SER. These €& & &€ & @& @skan

MOAs can be categorized into segmental spinal, spinal, ) 2plnalDoclCoY )

and supraspinal mechanisms. Hypothesized theories for ) J

segmental spinal mechanisms include a conduction block % recorded scs

at the site of stimulation [54, 66, 73], decreasing neuronal ﬁan o>@ @ @ @srstim
\

o

hyperexcitability in the dorsal horn [74], and the Gate spinal Dorsal Column \
Control Theory [45, 74]. An often-cited spinal mechanism )
for tonic SCS is the mechanism of interference, also
called the collision of impulses theory, which posits that Figure 1.4: Schematic representation of the
the ascending volley generated by the somatosensory  collision of impulses theory, adjusted from
stimulus and the descending action potentials induced Urasaki et al. [67]. Electrical stimulation
by SCS collide and mutually nullify one another. A  Pulses elicited by tibial nerve stimulation

. . . L . travel along the dorsal column of the spinal
schematic representation of this theory is illustrated in s .

. . . cord and elicit supraspinal somatosensory
Figure 1.4. I_-Iowever,_ the_se.(_sggmental) spinal theories evoked responses (SERs). Due to the
do not explain selective inhibition of SER components, .qjision between ascending SER impulses
which were reported in multiple studies [45, 46, 62, 75]. and antidromic spinal cord stimulation pulses,
Hypothesized supraspinal mechanisms for SCS include the amplitude of the SER is attenuated.
decreased somatosensory processing resulting from input
from lemniscal neurons [45], modulation of somatosensory processing at the thalamic level [45], and
descending inhibitory controls [54, 74]. For burst SCS specifically, an inhibitory drive involving both the
GABAergic and glutamatergic networks [54, 71] and for the late SER component specifically reduction
of the capacity for cortical attention directed to somatosensory stimuli are hypothesized [46]. These
specific MOAs for burst are based on reduced attentional processing through activation of the medial
pathway, in alignment with the triple pathway model (section 1.2).
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The abovementioned studies share a commonality in not attempting to assess the specific MOAs
involved by eliciting the SERs at various locations. In each study, the SERs were elicited either within
the area innervated by the spinal cord stimulator or in an area where the propagating SER entered
the spinal cord below the SCS electrodes. To differentiate between the hypothesized spinal and
supraspinal effects, and predominantly to assess the spinal MOAs, SERs elicited at two distinct
locations should be compared; SERs that enter the dorsal column both above and below the SCS
electrode. In this thesis, SERs were elicited at two different locations, on the median nerve and the
tibial nerve, while all patients were treated with SCS for chronic pain in the back and/or the lower
extremities. Consequently, the SERs elicited on the median nerve enter the dorsal column above the
SCS electrode on the dorsal column, whereas the SERs elicited on the tibial nerve enter the dorsal
column below the SCS electrode or at the same level, allowing for the exploration of spinal effects.

Additionally, the vast majority of studies utilized a limited number of recording electrodes (< 10) to
capture the SER, which complicates the detection of supraspinal mechanisms [54, 59-62, 66—69,
72—75]. Contrarily, studies that utilized numerous electroencephalography (EEG) electrodes or
whole-head magnetoencephalography (MEG) generally hypothesized both spinal and supraspinal
mechanisms [45, 46, 63]. For this thesis, whole-head MEG was employed as a measurement
technique, facilitating the assessment of supraspinal effects as well.

1.5. Magnetoencephalography

As described in the previous section, the SERs are assessed using magnetoencephalography (MEG),
which is a non-invasive imaging technique that detects brain activity. An electric current, such as
neuronal activity, is always associated with a magnetic field perpendicular to its direction, following
the right-hand rule [76]. These small magnetic fields can be detected by MEG using very sensitive
magnetometers [76]. A schematic overview of the neuronal magnetic fields that can be detected
using MEG is shown in Figure A.1. To perform a MEG measurement, the patient is situated with its
head in a MEG "helmet”, as is shown in Figure A.2. These measurements must be performed in a
magnetically shielded room to shield out the earth’s relatively strong magnetic field [76, 77].

Research into SERs frequently employ EEG as measurement modality due to its affordability,
accessibility and mobility [42, 78]. Both MEG and EEG can detect brain activity with a temporal
resolution in the sub-millisecond range, which is useful for research into SERs [76-81]. EEG signals
are strongly affected by differences in electrical conductivity between different tissues, such as the
scalp, skull, cerebrospinal fluid and the brain [76, 81]. In contrast, MEG signals are homogeneous
across all tissue compartments, including the air between the scalp and sensors, because the
magnetic permeability of biological tissues is almost the same as that of empty space [81].
Consequently, MEG provides better spatial resolution of source localization (2-3mm) than EEG
(7-10mm) at the cortical surface [76, 78, 80, 81]. For deeper structures, the signal to noise ratio
decreases with source depth [81]. This is because superficial cortical sources produce MEG signals
up to 100 times stronger than deeper subcortical structures at equivalent current strengths, resulting
in uneven sensitivity and spatial resolution of MEG source imaging across the brain [81]. However,
both modeling and growing experimental evidence suggest that optimized paradigm designs and
signal extraction techniques enable MEG resolution of deeper subcortical brain regions like the insula
and thalamus [81].
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1.6. Thesis Aim

The primary objective of this thesis is to assess how various spinal cord stimulation (SCS) paradigms
affect the supraspinal somatosensory evoked response (SER) elicited by a non-painful peripheral
stimulus. To fulfill this objective, supraspinal SERs elicited by non-painful transcutaneous electrical
stimulation of the tibial nerve as well as of the median nerve are evaluated in chronic pain patients
treated with SCS, utilizing magnetoencephalography (MEG) as a measurement technique. The
utilized SCS paradigms are tonic and burst SCS. The supraspinal SERs are compared among
various groups, namely:

1) SERs in chronic pain patients before SCS implantation versus SERs in the same individuals
during both SCS paradigms,

2) SERs elicited by tibial nerve stimulation versus SERs elicited by median nerve stimulation in
patients before SCS implantation and during tonic and burst SCS,

3) SERs during tonic SCS versus SERs during burst SCS, and

4) four case studies of two responders and two non-responders to the tonic and/or burst SCS
paradigms.

1.7. Hypotheses

The influence of SCS on the SERs will primarily be assessed concerning the amplitude of the SER. To
date, none of the studies examining changes in the latency of the SER during SCS have observed any
changes [45, 63, 69, 72, 74]. The influence of SCS on the SERs will primarily be assessed concerning
the amplitude of the SER, as, to date, none of the studies examining SER latency changes during SCS
have observed any changes [45, 63, 69, 72, 74]. Overall, based on the available literature, | anticipate
an inhibitory effect of SCS on the amplitude of the supraspinal SERs elicited by tibial nerve stimulation.
Regarding the supraspinal SERs elicited by median nerve stimulation, to date, no literature is available
describing the effect of SCS on these SERs while the SCS electrode was positioned on the spinal
cord below the entrance level of the SERs elicited by median nerve stimulation. Consequently, for the
SERs elicited on the median nerve, the hypotheses stated below are not necessarily based on similar
research. In the sections below, the specific hypotheses for all comparisons are described.

1.7.1. Before SCS and During SCS (Aim 1)

In this comparison, the SERSs elicited by tibial nerve stimulation as well as by median nerve stimulation
in chronic pain patients before SCS treatment will be compared to the SERs in the same individuals
when treated with tonic and burst SCS.

Tibial Nerve

For the SERs elicited by tibial nerve stimulation, based on the available literature, | expect decreased
SER amplitudes during SCS compared to without SCS. Regarding the early component, according
to the majority of studies that reported on this, | expect a SER amplitude decrease during tonic SCS
compared to before SCS implantation [45, 59, 61, 66—69, 72—74]. This corresponds to the hypothesis
that tonic SCS operates on the lateral pain pathway (section 1.3), thereby inhibiting the somatosensory
processing represented by the early SER component. For burst SCS, the results in the literature are
less conclusive. Urasaki et al. did not find a decreased SER amplitude during burst SCS at paresthesia
threshold compared to SCS off. However, when burst SCS was employed at the maximum paresthesia
threshold, the SER amplitude was decreased [68]. | would anticipate that burst SCS inhibits the early
SER amplitude compared to before SCS as well, as burst SCS is also postulated to act on the lateral
pathway, similar to tonic SCS. For the middle latency component, | expect decreased SER amplitudes
fortonic SCS [45, 66]. Forburst SCS, | expect decreased amplitudes as well, as burst SCS is postulated
to act on both the medial and lateral pathways, which are both associated with the middle latency
component. Concerning the late component, | expect decreased SER amplitudes for tonic SCS [45,
66] as well as for burst SCS [46], compared to before SCS.

Median Nerve

For the SERSs elicited by median nerve stimulation, anticipating the effect of SCS is more challenging
due to the abovementioned research gap. If the mechanism of action of SCS on the SER is primarily
spinal, this would result in less or no attenuation of the SERs elicited on the median nerve during SCS
compared to before SCS. However, particularly for the late latency SER component, supraspinal MOAs
of SCS have also been hypothesized, as was described in subsection 1.4.1. Supraspinal MOAs of SCS
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should, in theory, apply to the SERs elicited on the median nerve similarly to the SERSs elicited on the
tibial nerve. Consequently, taking into account that the MOA of SCS is most probably a combination of
both spinal and supraspinal mechanisms, | anticipate attenuation of the SERs elicited on the median
nerve as well, albeit less compared to the SERs elicited on the tibial nerve.

1.7.2. Tibial Nerve and Median Nerve (Aim 2)

In this comparison, the SERSs elicited on the tibial nerve

will be compared to the SERSs elicited on the median nerve

in patients before SCS treatment, as well as during tonic

and burst SCS, to assess whether a spinal MOA possibly
contributes to the effect of SCS on the SER. Initially,

this comparison will be performed in the subpopulation

of patients treated with tonic and burst SCS who were also
included in the study before SCS treatment, as described

in subsection 1.7.1. In this manner, the differences

or similarities between the SERs elicited on the median

nerve and on the tibial nerve before SCS treatment can be ;
compared with the differences or similarities between the

SERs elicited on the median nerve and on the tibial nerve
during treatment with tonic and burst SCS in these same
individuals.  Subsequently, the measurements before
SCS treatment from this subpopulation will be compared
to the population of all included patients during both SCS
paradigms to assess whether a potential trend within the
subpopulation subsides or fortifies in a larger population.

Median nerve
stimulation

Based on a frequently cited theory for the observed

SER amplitude decrease during tonic SCS, called

the collision of impulses theory, | expect differences in the

decrease of the two distinct SERs during SCS [61, 67-69,

72, 74]. However, this theory has not been evaluated yet Tipial nerve ‘
using two distinct SER stimulation locations during SCS. stimulation ‘

In the patients included in this thesis, the SCS electrode <

is located on the dorsal column below the entrance level of

the SERs elicited by median nerve stimulation and above electrodes are located on the dorsal column
or at the entrance level of the SERSs elicited by tibial nerve below the entrance level of the
stimulation, as is schematically illustrated in Figure 1.5.  somatosensory evoked responses (SERs)
Consequently, this theory postulates an exclusive elicited by median nerve stimulation and
or greater decrease of the SER amplitude elicited above the entrance level of the SERSs elicited
by tibial nerve stimulation compared to the SER amplitude by tibial nerve stimulation. This figure was
elicited by median nerve stimulation during SCS. created with BioRender.com.

Figure 1.5: The spinal cord stimulation

1.7.3. Tonic SCS and Burst SCS (Aim 3)

In this comparison, the SERSs elicited by tibial nerve stimulation as well as by median nerve stimulation
will be compared during tonic and burst SCS. For this comparison in particular, the thalamus will be
useful as a region of interest (ROI), divided into a medial and a lateral part. This specific brain structure
will help assess whether both burst and tonic SCS exhibit similar effects on the lateral pain pathway,
and whether burst SCS additionally acts on the medial pain pathway.

Tibial Nerve

For tibial nerve stimulation, | do not expect differences in the early components of the SER amplitudes
between the two SCS paradigms, as has been reported by Niso et al. [46]. Both tonic and burst SCS
are considered to act on the lateral pathway, suggesting that both paradigms might affect the early
SER component similarly. Based on the same study, | expect a greater decrease of the late SER
amplitude during burst SCS compared to tonic SCS [46]. Niso et al. reported a decreased amplitude
of the late component of the SER elicited on the tibial nerve during burst SCS, compared to tonic SCS,
when patients focused on the applied SER stimuli. In alignment with this, during the measurements
performed for this thesis, patients focused on the applied stimuli as well; therefore, | anticipate similar
results.



1.7. Hypotheses 8

Median Nerve

For median nerve stimulation, no literature is available comparing various SCS paradigms. However,
for the late component specifically, the supraspinal mechanism of burst SCS acting on the medial
pathway as opposed to tonic SCS, thereby attenuating this attentional/emotional processing
component of the SER, should apply to SERs elicited by median nerve stimulation as well.
Consequently, | hypothesize a decreased late SER amplitude that is more pronounced during burst
SCS compared to tonic SCS, similar to the SERSs elicited by tibial nerve stimulation.

1.7.4. The Effect of Pain Reduction (Aim 4)

For this comparison, four patient cases are  Table 1.1: An overview of
examined: one patient is a non-responder to both tonic SCS and burst the patients selected for the
SCS, one patient is a responder to both tonic SCS and burst SCS, one case studies aimed at
patient is a non-responder to tonic SCS and a responder to burst SCS, exploring the potential
and one other patient is a responder to tonic SCS and a non-responder  correlation between the
to burst SCS. An overview of this is provided in Table 1.1. effect of spinal cord

stimulation on the
Using these patientss MEG data, it is possible to explore somatosensory evoked
a potential correlation between the effect of SCS on the SER amplitude response and on chronic
and the effect of SCS on chronic pain. The differences for the SERs pain.
elicited by median nerve and tibial nerve stimulation can be assessed Tonic  Burst
within each patient, comparing the two paradigms. Additionally, the PTO5 NR NR

difference between the two responders and the two non-responders to

) - ) PTO6 R R
tonic SCS and burst SCS can be assessed within the paradigms. To date, PTNO5 NR R
available literature has not revealed a correlation between SER amplitude PTNO8 R NR

reduction and pain reduction, although it has been researched [67, 69,
74]. Therefore, based on the literature, differences in the effect of SCS  NR, non-responder;

on the SER amplitude correlating with pain reduction due to SCS are not R, responder.

expected. This expectation applies to both the SERs elicited on the tibial nerve and the SERs elicited
on the median nerve.




Methods

2.1. Data Acquisition

Data acquisition for this study was performed at two institutions: the Montreal Neurological Institute
(MNI) in Canada and the Donders Institute Nijmegen in the Netherlands. The study was approved by
the Institutional Review Board of the Montreal Neurological Institute and the CMO (Dutch: Commissie
Mensgebonden Onderzoek) region Arnhem-Nijmegen. All patients included in the study provided
written informed consent.

2.11. Patients

The dataset encompassed recordings from a total of 26 chronic pain patients who were treated with
SCS, with 11 patients recorded in Montreal and 15 in Nijmegen. Four of these patients had also
previously participated in the study as chronic pain patients before treatment with SCS. Their
recordings before SCS treatment were included in this thesis as well to facilitate the comparison
between before SCS and during SCS. All patients reported chronic pain in their low back and/or lower
extremity. An overview of the patient population is provided in Table F.1.

2.1.2. Study Protocol

At the start of each measuring session, the current pain score on the numerical rating scale (NRS,
0-10) attributed to the chronic pain condition was assessed. Each MEG measuring session lasted
approximately 40 minutes and consisted of several measurements: a resting state recording, a
recording acquired during non-painful transcutaneous electrical stimulation of the median nerve, a
recording acquired during non-painful transcutaneous electrical stimulation of the tibial nerve, and
three recordings acquired during a conditioned pain modulation test.  For this thesis, the
measurements during non-painful stimulation of the median and tibial nerve were used.

Spinal Cord Stimulation

The patients underwent three measuring sessions, during each of which they were treated with a
different SCS paradigm: tonic SCS, burst SCS, or a sham SCS paradigm created for this study. The
order of SCS paradigms was randomized and counterbalanced among the patients. The SCS was
active during the measurements. At the end of each measuring session, the SCS settings were
adjusted to the new SCS paradigm. The visits were separated by a one-week interval in which the
new SCS paradigm was used, acting as a washout period for the previous SCS paradigm setting.
The patients as well as the researchers performing the measurements were blinded to the SCS
settings. However, the difference between the tonic SCS paradigm, which elicits paresthesias, and
the burst and sham SCS paradigms, which do not produce paresthesias, is perceivable for the
patients. Therefore, the patients could not be completely blinded.

The sham SCS paradigm is a modified version of the burst SCS paradigm designed to deliver minimal
energy, existing of groups of two pulses at the same frequency as burst SCS and at the lowest
possible amplitude. The sham SCS waveform is shown in Figure H.1. Because the therapeutic
efficacy of the sham SCS paradigm is unknown, and because it is not clinically used, the analysis in
this thesis focuses on the tonic and burst SCS paradigms. For the sham SCS paradigm, the results
are presented and discussed in Appendix H.
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Somatosensory Evoked Responses

As stated in subsection 2.1.2, the recordings acquired during non-painful transcutaneous electrical
stimulation of the median nerve as well as of the tibial nerve were used for this thesis. The median
nerve was stimulated at the right wrist; the tibial nerve was stimulated at the right ankle. During the
measurements, patients sat comfortably in a chair positioned within the magnetically shielded room of
the MEG scanner. Throughout the recording session, the patients were asked to relax and keep their
eyes open looking at a fixation cross. The stimulation to elicit the SERs was delivered via
transcutaneous electrical stimulation with Ag-AgCl surface electrodes. Square wave pulses with a
duration of 0.2 milliseconds (constant current stimulator model DS7A, Digitimer Limited, UK) were
delivered with the anode positioned distally. Stimuli were delivered at an average frequency of 0.9
Hertz, with the inter-stimulus interval randomly varying from 0.7 to 1.5 seconds.

To determine the stimulation intensity in milliamperes, first, the stimulation intensity was increased to
the perception threshold. Subsequently, stimulation was increased to achieve a non-painful yet stable
muscle twitch caused by the muscle innervated by the motor counterpart of the sensory nerve that
needed to be stimulated. For tibial nerve stimulation, this twitch should be visible for the big toe; for
median nerve stimulation, this twitch should be visible for the thumb. The identification of the muscle
twitch was conducted because motor fibers have a higher threshold than the sensory fibers, implying
that all sensory Aj-fibers are stimulated at this point. The stimulation intensity for the muscle twitch
was used to elicit the SERs. The stimulation intensities for the perception threshold and the muscle
twitch, as well as a pain score on the numerical rating scale (NRS) attributed to the applied stimuli,
were reported. During each SER recording, around 200 stimuli were applied, varying from 196 to 204.
The patients were asked to silently count the applied stimuli and report the number to the researcher
afterward. An overview of the study protocol is shown in Figure 2.1.

1 week 1 week 1 week

Tonlc SCS
Tonic SCS

Figure 2.1: An overview of the study protocol: each session consisted of non-painful stimulation of the median
nerve as well as of the tibial nerve to elicit somatosensory evoked responses. Each session was during one of
the alternated spinal cord stimulation (SCS) paradigms, namely tonic, burst, or sham, after one week of this
stimulation paradigm. The order of SCS paradigms was randomized and counterbalanced among the patients;
each patient underwent each paradigm for one week in a randomized order. NRS, numerical rating scale

Tonic SCS

Median nerve \
stimulation

Tibial nerve
stimulation

+200 stims
NRS score

+200 stims
NRS score

4 min 2 min 4 min

2.1.3. Recordings

At both institutions, measurements were performed in the same manner. MEG measurements were
performed using a 275-channel whole-head CTF MEG scanner in a magnetically shielded room. Data
acquisition was done using a sampling rate of 2400 Hertz, with a hardware anti-aliasing low-pass filter
applied at a cut-off frequency of 600 Hertz. The data files were saved with CTF 3rd-order gradient
compensation.

In addition to the MEG recording to capture brain activity, various other electrodes were used to
capture either physiological signals or other signals crucial to the research. Cardiac activity was
collected using electrodes capturing the electrocardiogram (ECG). Ocular movements were collected
using electrodes that captured the vertical electro-oculogram (VEOG) and the horizontal
electro-oculogram (HEOG). Next to this, for the chronic pain patients treated with SCS, an electrode
was placed on their back over the implanted SCS electrode to capture the SCS pulses applied to the
dorsal column. To acquire the timing of the peripherally applied SER stimulation pulses, a
transistor-transistor logic (TTL) signal was recorded. For each separate measuring day, empty-room
recordings were performed to estimate the instrument and environmental noise in the room.



2.2. Data Analysis 11

2.1.4. Anatomy

Because magnetic resonance imaging (MRI) scans of the patients’ anatomies were not available, the
solution is to use a template anatomy and "warp” (deform) this template based on the head shapes
of the patients [82]. The head shapes were digitized using the Polhemus system [83]. This system
collects head localization coils (HPI), three anatomical landmarks (nasion (NAS), left ear (LPA), and
right ear (RPA)) to match the patient's anatomy to the default anatomy, and scalp points to define the
patient’s head shape.

2.2. Data Analysis
Data analysis was performed with Brainstorm, which is documented and freely available for download
online under the GNU general public license [84]. Brainstorm is a free, open-source Matlab and Java

application for multimodal electrophysiology data analytics and source imaging. Brainstorm was used
with Matlab 2023a.

2.2.1. Data Preprocessing

Anatomy

For each patient, the ICBM152 (2019) default anatomy was warped to match the individual, digitized
head shape, creating a pseudo-individual anatomy. MNI normalization was performed to facilitate
processes that work with MNI coordinates in the future [82, 85]. The quality of the source analysis
later on is highly dependent on the quality of the co-registration between the patient's anatomy and
the MEG sensors. The co-registration is initially done based on three anatomical landmarks
(NAS/LPA/RPA) and is improved using the patient’s digitized head shape by an iterative algorithm that
finds a better fit, improving the co-registration between the MEG sensors and the MRI [86].

Patients remained as still as possible during measurements, yet it remains crucial to assess and
account for any head motion, which can particularly affect the analysis of subcortical, deeper
structures. Accounting for head motion can be done using the head localization coils (HPI); the
distances from a fixed reference position, which is the position just before the recording starts, are
saved along the MEG data. Using this signal, sudden head movements were detected and the
corresponding segments of recording were labeled as "bad” to be excluded from further analysis [87].
Next, the MEG-MRI co-registration was improved by changing the reference position to the median
head position during the recording to better represent the position throughout the recording [88]. The
steps in Brainstorm are described in subsection C.1.1.

MEG Data Cleaning

Power spectral density (PSD) plots were made for each recording, including the empty-room
recordings, using Welch’s method. Bad channels were identified and deleted using the PSDs along
with the MEG recordings in the time domain and their corresponding 2D topographies [89].

We decided to not apply filtering because the removal of artifacts inevitably results in the loss of
valuable information alongside noise [90]. Frequency filtering of the powerline and spinal cord
stimulator noise was omitted because this should only be done if certain frequencies are expected to
cause a problem in the analysis, which was not the case [91]. Both the powerline and spinal cord
stimulator operate on a constant frequency, whereas the SER stimulation frequency varied randomly.
Consequently, the noise introduced by the powerline and the spinal cord stimulator is not time-locked
to the stimulus and can be effectively attenuated with the averaging of multiple trials [91]. Further
cleaning was initially explored on a subset of the data before an informed decision regarding the
cleaning process was made and applied to the entire dataset. As a result, we have chosen not to use
specific artifact cleaning methods (frequency filtering, signal-space-projection) to reduce physiological
noise introduced by respiration, heartbeats, and ocular movements as well as the noise introduced by
the electrical stimulation of peripheral nerves to elicit the SERs. A more detailed rationale and
justification are described in subsection C.1.2.

Subsequently, the MEG data was visually inspected again, and additional bad channels and bad
segments were identified and deleted. The cause of all bad segments was assessed; bad segments
were mainly caused by head motion, eye blink artifacts, and SER stimulation artifacts.
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2.2.2. Epoching and Averaging

To assess the SERSs elicited by peripheral nerve stimulation, the continuous signal is segmented into
epochs of uniform length, using the onset of the SER stimuli as the onset (t=0) of each epoch [92].
The SER stimuli were detected based on the TTL signal. An event marker was assigned to the onset
of each stimulus [93]. The accuracy of detection was verified; event markers were assigned to the
onset of each SER stimulus with sample-level precision. The SER stimuli in the TTL pulse are subject
to a hardware delay: the TTL pulse is saved when the stimulation computer requests a stimulus, but
the path through the equipment to deliver the stimulus to the patient takes some time. To estimate the
accurate timing of the brain response, the hardware delay was removed using 2.5 milliseconds for
Montreal and 1.7 milliseconds for Nijmegen [94].

The signal was segmented into epochs using a broad window of 500 milliseconds before to 1000
milliseconds after a SER stimulus [92]. This window was chosen to allow for filtering after averaging if
needed, without introducing filtering edge effects at the time segment of interest. For each epoch, for
each channel, the direct current (DC) offset was removed using the average of the time range of 200
to 5 milliseconds before the SER stimulus. The window was chosen following this rationale: the
stimulation pulses were separated by at least 700 milliseconds, and the evoked brain activity was
expected to last for approximately 500 milliseconds. For this reason, 200 milliseconds before each
SER stimulation pulse should consist of "baseline” activity suitable to be used for baseline removal.
The 5 milliseconds before the pulse was selected to allow some time before any part of the
stimulation artifact may occur.

All epochs containing (part of) a "bad” event are automatically excluded from further processing steps.
To preserve as much data as possible, these "bad” epochs were reviewed and accepted as "good” if
the "bad” segment occurred more than 200 milliseconds before the stimulus or more than 700
milliseconds after the stimulus. The first boundary was chosen to leave a sufficient buffer between the
"bad” segment and the subsequent SER stimulus; the second boundary was chosen because, from
700 milliseconds onwards, a new stimulus may occur, which means that the epochs will not be
analyzed for more than 700 milliseconds.

For each recording separately, the epochs were averaged using the arithmetic average; for each
patient, for each session, for median nerve stimulation as well as for tibial nerve stimulation, a sensor
average was calculated. The steps in Brainstorm are described in section C.2.

2.2.3. Head Models and Source Estimation

For MEG recordings, the sensor locations with respect to the patient's head can differ between
recordings. This precludes averaging at the sensor level across patients or recordings, as one sensor
does not necessarily correspond to the same brain region [95, 96]. For further analysis of brain
activity, a model is needed that explains how the neural electric currents, called the "source space”,
produce magnetic fields at external sensors, called the "sensor space”, taking into account the
different tissues between the brain and the MEG helmet [97]. This is called "forward modeling” and
results in a "head model” that describes an approximation of the head geometry based on the
patient's anatomy and the locations of the MEG sensors, represented as a set of thousands of
vertices. The subsequent process, the "source estimation”, estimates the brain activity at these
vertices based on much fewer sensor locations; it is an ill-posed inverse problem [95]. The head
model and source estimation processes can be done for the cortical surface, as well as for the entire
brain volume. As mixed models are not recommended, both approaches were employed
separately [98].

For the head model, the "Overlapping spheres” approach is used, which is the recommended model
for MEG. It simplifies the head geometry as multiple overlapping spheres, one for each MEG
sensor [97]. For source estimation, the Minimum Norm (MN) imaging approach is used [95]. This
method is recommended because it is a simple and robust approach that is less sensitive to
approximations of the head model, compared to other methods [95]. MN imaging requires a noise
covariance matrix to specify the noise statistics. This is provided using the empty-room recordings.
The current at each vertex is modeled by the orientation of an equivalent current dipole. For surface
source estimation, the orientation of these dipoles can be set to be normal to the cortex
("Constrained”) or can consist of three orthogonal dipoles along the Cartesian directions of the
coordinate system for each vertex ("Unconstrained”). The unconstrained option is recommended
when using the template anatomy instead of individual MRI scans, as this may account for some of
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the model uncertainties [95]. For volume source estimation, only the unconstrained orientation is
available. Therefore, unconstrained current density maps were used for both the surface and volume
source estimation.

To compensate for the inhomogeneous sensitivity of MEG with depth and orientation of the current
flow, the use of standardized maps is recommended. Standardization of MN imaging can be done
either with respect to the noise covariance or with respect to a time segment of no interest. For an
analysis of evoked activity, it is more appropriate to employ normalization relative to a time segment
without evoked activity rather than noise covariance [95]. For this normalization, the used time
segment was the same as the baseline window used to remove the DC offset with epoching, which
was 200 milliseconds to 5 milliseconds before SER stimulation. For the volume source models, some
additional steps to enable averaging of the source models later on are required in Brainstorm. These
steps, as well as a more detailed rationale and background on the head models and source
estimation, are described in section C.3.

2.2.4. Data Exclusion
Recordings were excluded based on the following criteria:

» Use of an SCS paradigm other than tonic, burst, or sham;
» Absence of the TTL pulse, preventing SER stimulus detection with sample-level precision;
» Severe data contamination causing poor data quality.

The data quality of each recording was assessed using the sensor space data and their corresponding
2D topographies as well as the source space data. Additionally, the recording notes were used for
information on the measurements. Recordings that appeared clean in the sensor space and the source
space, and did not contain any warnings in the recording notes, were included. Conversely, recordings
that appeared contaminated in one or both of the spaces, and had an explanatory note in the recording
notes, were excluded. To assess the remaining cases, two regions of interest (ROls) were defined in
the surface source space for a more detailed examination of the data. These were the hand and foot
area of the primary somatosensory cortex, corresponding to the early component of the SERs elicited
by, respectively, median nerve and tibial nerve stimulation. These ROIs were selected because they
are relatively constant among individuals; in literature, these early components are often assessed
when only two EEG electrodes are used [54, 58-60, 62, 64, 67—69, 72—74]. If the signals from these
ROIls were evidently contaminated, the recording was excluded. This approach resulted in minimal
data exclusion.

2.2.5. Regions of Interest

Several ROIs were identified in both the surface model and the volume model, each representing a
subset of dipoles [99]. The ROIs were defined based on the lateral ascending pathway, representing
the discriminatory-sensory component of pain, and the medial ascending pathway, representing the
motivational-affective component of pain (Figure 1.1, [12]). The ROIs corresponding to the lateral
pathway were the areas of the primary somatosensory cortex (S1) related to the hand and the foot,
the secondary somatosensory cortex (S2), and the lateral thalamus. The ROls corresponding to the
medial pathway comprised the insular cortices, the anterior cingulate cortex (ACC), the middle cingulate
cortex (MCC), the posterior cingulate cortex (PCC), and the medial thalamus.

Surface Model

To identify the ROIs on the S1, an averaged source map of all included recordings was used, separately
for the SERs elicited on the median nerve and on the tibial nerve. The ROIs were identified as the
region of activation seen in the hand area at approximately 20 to 40 milliseconds after median nerve
stimulation and in the foot area at approximately 40 to 60 milliseconds after tibial nerve stimulation.
The regions of activation are shown in Figure D.1 for the median nerve stimulation and in Figure D.2
for the tibial nerve stimulation. As stimulation was applied to the right wrist and right ankle, the S1
ROls were defined solely for the left hemisphere. The ROIs on the S2 were based on the Mindboggle
atlas and adjusted based on the activity observed on the averaged source maps [100]. The S2 ROls
were defined on both hemispheres, as evoked responses were expected on both hemispheres [45].
The insular cortices were defined on both hemispheres using the Mindboggle atlas. These ROIls were
retained in their entirety and were additionally subdivided into an anterior insular cortex and a posterior
insular cortex based on the anatomical subdivision [101, 102]. The cingulate cortex ROls were identified
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and adjusted from the Mindboggle atlas on both hemispheres. The caudal ACC and the rostral ACC
were merged into one ACC ROI. The MCC and PCC were adjusted by extending them slightly forward,
allowing the edges of the ACC, MCC, and PCC ROls to adjoin. For all cingulate cortices, the left and
right ROIs were merged due to their close anatomical proximity. An overview of all defined ROls on
the cortical surface is shown in Figure D.3 in Appendix D.

Volume Model

For the volume source models, ROIs were defined using the automated anatomical labelling atlas
2 (AAL2) and 3 (AAL3). The difference between the two atlases is that a number of areas defined in
the AAL2 atlas, including the thalamus and the ACC, are divided into subregions in the AAL3
atlas [103]. It is recommended by the developers of the atlases to run both atlases if users wish to
include an area that is available in AAL2, but also want to research what happens in its subareas.
The bilateral ACC, MCC and PCC as well as the bilateral insula were defined using the AAL2 atlas. In
accordance with De Ridder’s theory, emphasizing the predominant contribution of the pregenual
anterior cingulate cortex (pgACC) in the descending pathway, this substructure of the ACC was
additionally defined using the AAL3 atlas [4].

The thalamus was defined for both hemispheres using the AAL2 atlas. For the subdivision of the
thalamus into a medial and a lateral part, all thalamic nuclei defined in the AAL3 atlas were regrouped
into a lateral and medial thalamic subarea based on the sizes of the ROIs and the thalamus
anatomy [36-39, 104-106]. The exact subdivision of the thalamus along with a more detailed
rationale is shown in Table E.1 and Figure E.1 in Appendix E.

2.2.6. Comparisons

For each comparison separately, within-patient comparisons were facilitated by excluding patients who
were missing a recording in any of the groups involved in that particular comparison. Next, to compare
SERSs between groups, the source models of the included patients in all groups needed to be averaged.
This is done for both the surface and volume source models. Before averaging across patients, the
unconstrained source maps are reduced to one dimension per source location (flattened’), using the
norm of the three unconstrained orientations [96, 107]. For all groups, unweighted arithmetic averages
and the standard error were calculated. The steps in Brainstorm are described in section C.5.

Somatosensory Evoked Responses

To evaluate the SERs for each ROI in the averaged source models, the mean of each ROl was used;
the ROI signal is the mean of all vertices of the ROI. The time traces for the ROIs were extracted
from the averaged source maps (average + standard error) and processed into graphs using the IBM
colorblind palette [108]. The graphs were interpreted from 0 to 700 milliseconds after stimulus. In
accordance with other MEG research on somatosensory evoked responses, the SER components are
referred to using "M”. This is different from EEG research, which uses "N” and "P” to refer to the polarity
of the EEG signal [109].

Area Under the Curve Ratio
For the comparison between the SERs elicited on the tibial nerve and the SERs elicited on the median
nerve in patients before SCS and during tonic and burst SCS, an area under the curve (AUC) ratio was
defined to quantify the difference between the SERs elicited on the tibial nerve and the SERs elicited
on the median nerve. The AUC ratio is defined as:
AUC ratio — AUC of median nerve SER
rat0 = “AUC of tibial nerve SER

To account for the differences in latency between the SERSs elicited on the tibial nerve and the SERs
elicited on the median nerve, as well as for the differences in latency across the various ROls, different
time windows to calculate the AUCs were defined for each ROI, for the SERs elicited on the tibial nerve
and the SERs elicited on the median nerve separately. The time windows were defined using the before
SCS recordings, ensuring that the component of the SER elicited on the tibial nerve was accurately
captured in the AUC for the tibial nerve and likewise for the SER elicited on the median nerve. The time
windows for both SERs were equally broad; the time window for the SER elicited on the tibial nerve
was only delayed relative to the time window for the SER elicited on the median nerve. The utilized
time windows are displayed in Table 2.1. Because the baseline signal before SER stimulation was not
at zero, this was corrected for in the AUC using the average of the baseline just before stimulation (50
to 5 milliseconds before stimulation). This approach allows for the comparison of the SERs elicited on
the tibial nerve and the SERs elicited on the median nerve between before and during SCS.
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Table 2.1: The time windows used to calculate the areas under the curves for the somatosensory evoked
responses elicited by median nerve and tibial nerve stimulation.

Window MN [ms] Window TN [ms]

S1 foot area 15-75 30-90

S1 hand area 15-75 30-90

S2 left 40 - 155 65 - 180
S2 right 40-155 65 - 180
ACC 20 - 240 45 - 265
MCC 20-240 45 - 265
PCC 20 - 240 45 - 265
IC left 40 - 155 65 - 180
IC right 40 - 155 65 - 180
Thalamus left 20-130 45 -155
Thalamus right 20 - 130 45 - 155

MN, median nerve; TN, tibial nerve; ms, milliseconds; S1, primary
somatosensory cortex; S2, secondary somatosensory cortex; ACC,
anterior cingulate cortex; MCC, middle cingulate cortex; PCC, posterior
cingulate cortex; IC, insular cortex.

Statistics

Due to the explorative nature of this research, no statistical analyses were employed. The standard
error was utilized as an indicator of the spread of the mean. When the means of two compared groups
overlapped, this was defined as no difference between groups. When the mean of one group did not
overlap with the standard error of another group, this was defined as a difference. In intermediate
cases, the word ’slightly’ was used to indicate that the observed difference was marginal.

The AUC ratios as well as the graphs (average + standard error) of the SERs elicited by tibial nerve
stimulation and the SERs elicited by median nerve stimulation across different conditions were
assessed. Based on the changes that were observable from the graphs, a change of > 0.4 in AUC
ratio was defined as a difference. Using this cut-off value, only evident differences from the graphs
were defined as changes.



Results

3.1. Patient Population

Twenty-six patients treated with SCS were enrolled in this study. Two patients were excluded due to
data contamination caused by dental implants; one patient was excluded because he completed only
the first MEG recording session. For one patient, only median nerve stimulation recordings were
available as tibial nerve stimulation was not perceptible for this patient. For two patients, one median
nerve stimulation recording was excluded due to bad channels in the hand area of the S1. For two
patients, one session was excluded because the employed SCS paradigm was not tonic, burst, or
sham. For one patient, one session was excluded because the TTL pulse signal was missing. For
one patient, only one session remained after data exclusion based on the set criteria
(subsection 2.2.4). This remaining session was excluded as well because it was not usable in any of
the comparisons, due to the data selection ensuring within-patient comparisons.

An overview of the excluded recordings as described is shown in Table F.3. Four of the included
patients treated with SCS were also previously enrolled in this study before SCS treatment. An
overview of all patient characteristics is shown in Table F.1. An overview of the characteristics of all
included patients is Table 3.1. The groups of included patients differed slightly between comparisons
based on the available data to allow for within-patients comparisons; an overview of the included
patients for each comparison is provided in Table F.2.

Table 3.1: Characteristics of all included patients.

Characteristics

Number of patients 22
Age [yrs + std] 56 + 10
Sex [Male/Female] 11/11
Years lived with chronic pain [yrs + std] 18 £12
Pain location
Back 14/22
Left buttock/hip/leg/foot 9/22
Right buttock/hip/leg/foot 12/22
Pain condition
FBSS 19/22
DNP 3/22
CRPS 1/22

yrs, years; std, standard deviation; FBSS, failed back surgery
syndrome; DNP, diabetic neuropathy; CRPS, complex regional
pain syndrome.

16
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3.2. Somatosensory Evoked Responses

The insula and the cingulate cortices were defined as ROls in both the surface and volume models.
Possible differences between the surface and volume ROIls were examined, however, no differences
were observed. Consequently, the ROls from the surface model were utilized for data interpretation,
as these align more closely with other published research in this field, which typically employs surface
models. Additionally, the anterior and posterior insular cortices, the pregenual anterior cingulate
cortex, and the medial and lateral thalamus were defined as substructures within larger ROIs. No
differences were observed between these substructures and their respective encompassing
structures. Consequently, solely the results of the encompassing structures are presented.

The observed SER components that occurred within 90 milliseconds after SER stimulation were
defined as early latency components, the components that occurred between 90 and 180
milliseconds after SER stimulation were defined as middle latency components, and the components
that occurred later than 180 milliseconds after SER stimulation were defined as late latency
components. Additionally, components that occurred after 450 milliseconds were defined as very late
latency components. An overview of the observed latencies following from tibial nerve and median
nerve stimulation is provided in Table 4.1.

3.2.1. Before SCS and During SCS

The SERs elicited on the tibial nerve as well as on the median nerve before SCS treatment were
compared to the SERs in the same individuals when treated with tonic and burst SCS to assess the
influence of SCS on the SER. All recordings from these patients could be used, meaning that all
groups consisted of four measurements. An overview of the included patients is shown in Table F.2,
and a summary of the included patients’ characteristics is provided in Table F.5.

Tibial Nerve

The amplitude of the early component (M45) of the SER in the foot area of the S1 was slightly higher
before SCS compared to the SCS paradigms, where the amplitude during the SCS paradigms was
lowest for tonic SCS, as is shown in Figure 3.1. The amplitude of the middle latency component
(M120) in the left S2 was slightly higher during burst SCS compared to tonic and before SCS. In the
right S2, the amplitude of the M120 was slightly higher before SCS compared to during tonic and
burst SCS, this is shown in Figure 3.2.

In the ACC, no differences were observed for the M120. The late latency component (M220) was not
visible; no changes or differences in amplitude were observed for all conditions. In the MCC and PCC,
the amplitude of the M120 was slightly higher before SCS compared to during both SCS paradigms,
whereas no differences were observed for the M220. In the left insular cortex, the amplitude of the
M120 was slightly higher during burst SCS compared to before SCS. In the right insular cortex, the
amplitude of the M120 was slightly higher before SCS and during burst SCS, compared to during
tonic SCS. In both the left and right insular cortices, the M220 was not evident; no changes or
differences in amplitude were observed for all conditions. For the left thalamus, no differences were
observed for the M120, whereas the amplitude of the late latency component (M200) was higher
during burst SCS compared to before SCS. In the right thalamus, the amplitude of the M120 was
slightly higher before SCS compared to during tonic and burst SCS. The amplitude of the M200 was
higher during burst SCS compared to tonic and before SCS.

In the cingulate cortices, the insular cortices, and the thalamus, a very late latency component (M550)
was visible. In the ACC, the cingulate cortices, and the thalamus, no differences were observed
among conditions. In the MCC and PCC, the SER amplitude was higher before SCS compared to
during burst SCS, while the amplitude during tonic SCS was intermediate. An overview of these
results, consisting of a table of the findings and the SERs in all ROls, is provided in subsection G.1.1.
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(a) An overview of the SER up to 300 milliseconds. The (b) Zoomed-in view of the early latency component (M45)
dotted box represents the area of the zoomed-in plot on of the SER.
the right.

Figure 3.1: The somatosensory evoked response (SER) elicited by tibial nerve stimulation before spinal cord
stimulation (SCS) treatment, during tonic SCS, and during burst SCS in the foot area of the primary
somatosensory cortex (S1). The shaded areas represent the standard error (SE). The amplitude of the early
latency component (M45) of the SER was slightly higher before SCS treatment compared to during SCS. The
amplitude was lowest during tonic SCS.

BS, before spinal cord stimulation treatment; TO, tonic spinal cord stimulation; BU, burst spinal cord stimulation.
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(a) An overview of the SER up to 300 milliseconds. The (b) Zoomed-in view of the middle latency component
dotted box represents the area of the zoomed-in plot on (M120) of the SER.
the right.

Figure 3.2: The somatosensory evoked response (SER) elicited by tibial nerve stimulation before spinal cord
stimulation (SCS) treatment, during tonic SCS, and during burst SCS in the right secondary somatosensory
cortex (S2). The shaded areas represent the standard error (SE). The amplitude of the middle latency
component (M120) of the SER was slightly higher before SCS treatment compared to during SCS.

BS, before spinal cord stimulation treatment; TO, tonic spinal cord stimulation; BU, burst spinal cord stimulation.

Median Nerve

The amplitude of the early component (M30) of the SER in the hand area of the S1 was higher during
both SCS paradigms compared to before SCS, as is shown in Figure 3.3. Within the SCS paradigms,
the amplitude was higher for burst SCS compared to tonic SCS. The amplitude of the middle latency
component (M100) in the left S2 was higher during burst SCS compared to tonic SCS and before
SCS. No differences were observed in the right S2.

In the ACC, the M100 was higher during burst SCS, compared to tonic SCS and before SCS,
whereas no differences were observed for the late latency component (M200). In the MCC, no
differences were observed for the M100, whereas the M200 was slightly higher during burst SCS
compared to during tonic SCS and before SCS. In thePCC, no differences were observed for the
M100 and the M200. In the left insular cortex, the amplitude of the M100 was slightly higher during
burst SCS compared to tonic SCS and before SCS. In the right insular cortex, no differences were
observed in the amplitude of the M100. In both the left and right insular cortices, no differences were
observed for the M200. In both the left and right thalamus, no differences were observed for the
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M100. In the left thalamus, the amplitude of the M200 was slightly higher during burst SCS compared
to tonic SCS and before SCS. For the right thalamus, no differences were observed for the M200.

Predominantly in the ACC and left and right thalamus, but also in the MCC, the PCC, and the insular
cortices, a very late latency component (M500) was visible. In the cingulate cortices, this component
was higher before SCS compared to during SCS. For the ACC, this is shown in Figure 3.4. In the left
and right thalamus, this component was higher during burst SCS and before SCS, compared to tonic
SCS. An overview of these results, consisting of a table of the findings and the SERs in all ROls, is
provided in subsection G.1.2.
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(a) An overview of the SER up to 300 milliseconds. The (b) Zoomed-in view of the early latency component (M30)
dotted box represents the area of the zoomed-in plot on of the SER.
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Figure 3.3: The somatosensory evoked response (SER) elicited by median nerve stimulation before spinal cord
stimulation (SCS) treatment, during tonic SCS, and during burst SCS in the hand area of the primary
somatosensory cortex (S1). The shaded areas represent the standard error (SE). The amplitude of the early
latency component (M30) of the SER was (slightly) higher during both SCS paradigms compared to before SCS.
The amplitude was highest during burst SCS.

BS, before spinal cord stimulation treatment; TO, tonic spinal cord stimulation; BU, burst spinal cord stimulation.
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Figure 3.4: The somatosensory evoked response (SER) elicited by median nerve stimulation before spinal cord
stimulation (SCS) treatment, during tonic SCS, and during burst SCS in the anterior cingulate cortex (ACC)
shown for 700 milliseconds. The shaded areas represent the standard error (SE). The amplitude of the very late
latency component (M500) was higher before SCS compared to during SCS.

BS, before spinal cord stimulation treatment; TO, tonic spinal cord stimulation; BU, burst spinal cord stimulation.
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3.2.2. Tibial Nerve and Median Nerve

The SERs elicited by tibial nerve stimulation were compared to the SERs elicited by median nerve
stimulation in patients before SCS and during tonic and burst SCS. The difference between the two
SERs was quantified using the AUC ratio, and the AUC ratios before SCS treatment were compared
to the AUC ratios during SCS. The comparison between AUC ratios was initially performed in the
subpopulation of patients who were also previously included in the study before SCS treatment,
comparing the AUC ratios before SCS to the AUC ratios during tonic and burst SCS in the same
individuals. Subsequently, the AUC ratios of the patients before SCS treatment were compared to the
AUC ratios during tonic and burst SCS in the patient population consisting of all included patients
treated with SCS. For all SCS paradigms, the same patients were included; if a patient was missing
one recording in one of the paradigms, this patient was excluded from the comparison. An overview
of the included patients is shown in Table F.2, a summary of the included patients’ characteristics is
provided in Table F.5 (n=4) and Table F.6 (n=19).

Before SCS Treatment

The AUC ratios of the patients before SCS treatment (n=4) and the AUC ratios of the same individuals
(n=4) during tonic and burst SCS are shown in Table 3.2. A higher AUC ratio indicates a greater
difference between the median nerve and tibial nerve SER. In the S1 hand and foot area as well as
in the right S2, the AUC ratios were higher during tonic and burst SCS. In the right insular cortex and
right thalamus, the AUC ratios were higher during tonic SCS. In the MCC and PCC, the AUC ratios
were higher during burst SCS. An overview of the graphs showing the AUCs for the SERs elicited by
tibial nerve and median nerve stimulation in all ROls is provided in subsection G.2.1.

All Patients

After observing these differences in the patients that participated before SCS treatment and during SCS,
the same comparison was made between these patients before SCS treatment (n=4) and all included
patients that were treated with SCS (n=19). The AUC ratios for the patients before SCS treatment and
all patients during SCS treatment are shown in Table 3.3. In the S1 hand area, the right S2, and both the
left and right thalamus, the AUC ratio was higher during tonic and burst SCS. For the right thalamus,
the AUCs that were used to determine the AUC ratios are shown in Figure 3.5. In the right insular
cortex, the AUC ratio was higher during tonic SCS. In the MCC, the AUC ratio was higher during burst
SCS. An overview of the graphs showing the AUCs for the SERs elicited by tibial nerve and median
nerve stimulation in all ROls is provided in subsection G.2.2.

Table 3.2: The area under the curve ratios of the Table 3.3: The area under the curve ratios of the
patients before spinal cord stimulation (SCS) patients before spinal cord stimulation (SCS)
treatment and of the same individuals (n=4) during treatment (n=4) and of all included patients (n=19)

tonic and burst SCS during tonic and burst SCS.

Before Tonic Burst Before Tonic Burst

SCS SCS SCS SCS SCS SCS

(n=4) (n=4) (n=4) (n=4) (n=19) (n=19)
S1 foot area 1,5 2,7 2,5 S1 foot area 1,5 1,7 1,7
S$1 hand area 5,9 7,3 8,3 S1 hand area 5,9 7,2 6,8
S2 left 1,9 1,8 1,8 S2 left 1,9 2,0 1,9
S2 right 0,9 1,8 1,4 S2 right 0,9 1,9 1,5
ACC 1,4 1,5 1,7 ACC 1,4 1,5 1,5
MCC 1,6 1,9 2,4 MCC 1,6 1,6 2,0
PCC 1,3 1,5 1,8 PCC 1,3 1,3 1,5
IC left 1,7 1,6 1,5 IC left 1,7 1,6 1,4
IC right 1,1 1,6 1,0 IC right 1,1 1,8 1,4
Thalamus left 1,3 1,3 1,4 Thalamus left 1,3 1,8 1,8
Thalamus right 1,1 1,5 1,3 Thalamus right 1,1 2,2 1,5

S1, primary somatosensory cortex; S2, secondary somatosensory cortex; ACC, anterior cingulate cortex; MCC, middle
cingulate cortex; PCC, posterior cingulate cortex; IC, insular cortex.
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Figure 3.5: Overview of the areas under the curves (AUCs) for the somatosensory evoked responses (SERs)
elicited by tibial nerve and median nerve stimulation in the right thalamus before spinal cord stimulation treatment
(n=4), during tonic spinal cord stimulation (n=19), and during burst spinal cord stimulation (n=19). The shaded
areas represent the AUCs that were used to determine the AUC ratio for each condition. MN, median nerve; TN,
tibial nerve.

3.2.3. Tonic SCS and Burst SCS
The SERs elicited by tibial nerve as well as by median nerve stimulation were be compared during tonic
and burst SCS.

Tibial nerve

In the foot area of the S1, no differences were observed for the early component (M45), as is shown in
Figure 3.6. In the left and right S2, the middle latency component (M120) was higher during burst SCS.
In the cingulate cortices, no differences were observed for the M120 and the late latency component
(M220). In the left and right insular cortices, the amplitudes of the M120 and M220 were higher during
burst SCS. In the left thalamus, no difference was observed for the M120, whereas this component
was higher during burst SCS in the right thalamus. In both the left and right thalamus, the M220 was
higher during burst SCS. In the ACC and PCC, the insular cortices, and the thalamus, a very late
latency component (M550) was visible with a higher amplitude during burst SCS. An overview of these
results, consisting of a table of the findings and the SERs in all ROls, is provided in subsection G.3.1.
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(a) An overview of the SER up to 300 milliseconds. The (b) Zoomed-in view of the early latency component (M45)
dotted box represents the area of the zoomed-in plot on of the SER.

the right.

Figure 3.6: The somatosensory evoked response (SER) elicited by tibial nerve stimulation during tonic and burst
spinal cord stimulation in the foot area of the primary somatosensory cortex (S1). The shaded areas represent
the standard error (SE). No difference was observed for the amplitude of the early latency component (M45) of

the SER.
TO, tonic spinal cord stimulation; BU, burst spinal cord stimulation.
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Figure 3.7: The somatosensory evoked response (SER) elicited by tibial nerve stimulation during tonic and burst
spinal cord stimulation (SCS) in the left thalamus shown for 700 milliseconds. The shaded areas represent the
standard error (SE). The amplitude of the very late latency component (M550) was higher during burst SCS.
TO, tonic spinal cord stimulation; BU, burst spinal cord stimulation.

Median Nerve

In the hand area of the S1, no differences were observed for the early component (M30), as is shown
in Figure 3.8. In the left S2, the amplitude of the middle latency component (M100) was higher during
burst SCS, whereas no differences were observed in the right S2. In the ACC, the amplitudes of the
M100 and the late latency component (M200) were higher during burst SCS. In the MCC, no difference
was observed for the M100, whereas the amplitude of the M200 was higher during burst SCS. In the
PCC, no differences were observed for both the M100 and M200. In the left insular cortex, the M100
was higher during burst SCS, whereas no difference was observed for this component in the right
insular cortex. In the left and right insular cortices, the amplitude of the M200 was higher during burst
SCS. In both the left and right thalamus, no differences were observed in the M100, whereas the
amplitude was higher during burst SCS for the M200. In the cingulate cortices, the insular cortices, and
the thalamus, a very late latency component (M500) was visible with a higher amplitude during burst
SCS. An overview of these results, consisting of a table of the findings and the SERs in all ROls, is
provided in subsection G.3.2.
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(a) An overview of the SER up to 300 milliseconds. The (b) Zoomed-in view of the early latency component
dotted box represents the area of the zoomed-in plot on (M330) of the SER.

the right.

Figure 3.8: The somatosensory evoked response (SER) elicited by median nerve stimulation during tonic and
burst spinal cord stimulation in the hand area of the primary somatosensory cortex (S1). The shaded areas
represent the standard error (SE). No difference was observed for the amplitude of the early latency component
(M30) of the SER.

TO, tonic spinal cord stimulation; BU, burst spinal cord stimulation.



3.2. Somatosensory Evoked Responses 23

TO

~

()

o

EN

w

Amplitude [z-score]

N

o

-

0 L .
-50 0 100 200 300 400 500 600 700

Time [ms]

Figure 3.9: The somatosensory evoked response (SER) elicited by median nerve stimulation during tonic and
burst spinal cord stimulation (SCS) in the left thalamus shown for 700 milliseconds. The shaded areas represent
the standard error (SE). The amplitude of the late (M200) as well as the very late latency component (M500) of
the SER was higher during burst SCS.
TO, tonic spinal cord stimulation; BU, burst spinal cord stimulation.

3.2.4. The Effect of Pain Reduction

Four patients, as is shown in Table F.2, were selected for this comparison to explore a possible
correlation between the effect of SCS on the SER amplitude and the effect of SCS on chronic pain.
The selected patients and their characteristics are shown in Table F.1 (denoted with ¥). First, the
SERSs elicited on the median nerve as well as on the tibial nerve were compared within the selected
patients during tonic and burst SCS. Secondly, the SERs were compared between two responders
and two non-responders within tonic and burst SCS.

Within Patient Comparison

For the two patients that were a responder or a non-responder to both paradigms, no differences
between SERs were expected between the paradigms if a correlation between pain relief and effect
on SER amplitude exists. However, for the non-responder to both paradigms, differences were
observed in the SER amplitudes following from tibial nerve stimulation in the right insular cortex; the
amplitude was higher during tonic SCS. Following from median nerve stimulation, the SER
amplitudes were higher during burst SCS in the cingulate cortices as well as in the hand area of the
S1. For the S1, this is shown in Figure 3.10. For the responder to both paradigms, the amplitude of
the SER elicited by tibial nerve stimulation was higher during burst SCS in the right insular cortex and
slightly in the left S2. For the SER elicited by median nerve stimulation, the amplitude was higher
during tonic SCS in the left thalamus. Overall, the responder to both paradigms had very low
amplitudes for all SER components; the early component in the foot area of the S1 was even missing
after stimulation of the tibial nerve. This is shown in Figure G.9a.
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Figure 3.10: The somatosensory evoked response (SER) elicited by median nerve stimulation during tonic and
burst spinal cord stimulation (SCS) in the hand area of the primary somatosensory cortex (S1) for the
non-responder to both tonic and burst SCS (PT05). The amplitude of the early latency component (M30) of the
SER was higher during burst SCS.

TO, tonic spinal cord stimulation; BU, burst spinal cord stimulation.

For the two patients who were a responder to one of the paradigms and a non-responder to the other
paradigm, opposite differences between tonic and burst SCS were expected if a correlation between
pain relief and effect on SER amplitude exists. For the responder to burst SCS, the SERs elicited by
both tibial nerve and median nerve stimulation were higher during burst SCS in the left insular cortex
and in, respectively, the foot and hand area of the S1. For the SER elicited by median nerve stimulation
in the hand area of the S1, this is shown in Figure 3.11. Additionally, the SER elicited by median nerve
stimulation was higher in the left S2 during burst SCS. For the responder to tonic SCS, the SER elicited
by tibial nerve stimulation was slightly higher during tonic SCS in the left thalamus. For the SER elicited
by median nerve stimulation, the amplitude was higher during tonic SCS in the ACC, in the right insular
cortex, and in the thalamus. However, conversely, the SER was higher during burst SCS in the hand
area of the S1. The SERs in all ROIs for all case studies are provided in section G.4.

80

TO
— R 70 ¢

(o2}
o
(2]
o

(42
o
a
o

N
o
N
o

w
o

Amplitude [z-score]
w
o

Amplitude [z-score]

N
o

——————————— - -
N
o

-
o
-
o

-50 0 100 200 300 0 10 20 30 40 50 60 70
Time [ms] Time [ms]
(a) An overview of the SER up to 300 milliseconds. The (b) Zoomed-in view of the early latency component (M30)
dotted box represents the area of the zoomed-in plot on of the SER.
the right.

Figure 3.11: The somatosensory evoked response (SER) elicited by median nerve stimulation during tonic and
burst spinal cord stimulation (SCS) in the hand area of the primary somatosensory cortex (S1) for the responder
to burst SCS (PTNO05). The amplitude of the early latency component (M30) of the SER was higher during burst
SCS. Note the high range of the vertical axis.
TO, tonic spinal cord stimulation; BU, burst spinal cord stimulation.

Within Paradigm Comparison

Subsequently, the four patients were divided into two sets of two for both tonic and burst SCS,
comparing the two responders to each paradigm to the two nonresponders for each paradigm
separately. No trends were observed that could differentiate between responders and nonresponders
within tonic SCS as well as within burst SCS.



Discussion

The primary objective of this thesis was to assess how various SCS paradigms affect the supraspinal
SER elicited by a non-painful peripheral stimulus. To fulfill this objective, supraspinal SERs elicited by
non-painful transcutaneous electrical stimulation of the median nerve as well as the tibial nerve were
evaluated in chronic pain patients treated with SCS, utilizing MEG as a measurement technique. The
influence of SCS on the SER was assessed concerning the amplitude of the SER.

4.1. Observed Components

The early Ilatency components in the S1 and Table 4.1: An overview of the generally
the middle latency components in the S2 and the thalamus  observed latencies for the early, middle,
are considered to be associated with the lateral ascending late, and very late latency components for
pathway and reflect the somatosensory processing  the somatosensory evoked responses
of the SER stimulus, such as the localization and character ~ €licited by tibial nerve and median nerve

of the stimulus. The middle and late latency components in stimulation.

the cingulate cortices, the insular cortices, and the thalamus TN MN
are considered to be correlated with the medial ascending ~Early component [ms] 45 30
pathway and reflect the attentional/emotional processing of  \jiddie component [ms] 120 100
the stimulus. Consequently, the middle latency components | ate component [ms] 220 200
in the thalamus were considered to be correlated  \jgry Jate component [ms] 550 500
with both the lateral and medial ascending pathways. ms, milliseconds,

. TN, tibial nerve; MN, median nerve.
The early latency components of the SER were observed in

the foot area of the S1 around 45 milliseconds after stimulation of the tibial nerve and in the hand area
of the S1 around 30 milliseconds after stimulation of the median nerve. These observed latencies
correspond to the literature [44, 45, 53, 54]. The early latency components were occasionally
observed in the cingulate cortices and thalamus as well. However, these components were
presumably far-field signals originating from the S1, because the latency corresponded perfectly and
the amplitude was considerably lower in these other structures.

The middle latency components of the SER were observed in the S2, the cingulate cortices, the
insular cortices, and the thalamus around 120 milliseconds after stimulation of the tibial nerve and
around 100 milliseconds after stimulation of the median nerve. The late latency components of the
SER were observed in the cingulate cortices, the insular cortices, and the thalamus around 220
milliseconds after stimulation of the tibial nerve and around 200 milliseconds after stimulation of the
median nerve. The middle and late latency components were observed slightly later than anticipated
based on the literature, which is primarily based on EEG research [45-47, 51, 52]. Latency
differences between EEG and MEG have previously been reported and may stem from a delayed
radial source that is detectable by EEG, but not by MEG [45].

Additionally, a very late latency SER component was observed around 550 milliseconds after tibial
nerve stimulation and around 500 milliseconds after median nerve stimulation in the cingulate
cortices, the insular cortices, and the thalamus. For the thalamus, a component with similar latency
has previously been reported using intracerebral electrodes and has been hypothesized to reflect
pain-related activity mediated via A§ and C-fibers [48-50]. For the cingulate cortex, a similar latency
component was reported by Hylands-White et al. following painful stimulation at the hand [58].
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4.2. Comparisons

The supraspinal SERs were compared among various groups, namely: 1) SERs in chronic pain patients
before SCS implantation versus SERs in the same individuals during tonic and burst SCS, 2) SERs
elicited on the tibial nerve versus SERs elicited on the median nerve in patients before SCS implantation
and during tonic and burst SCS, 3) SERs during tonic SCS versus SERs during burst SCS, and 4) four
case studies of two responders and two non-responders to the tonic and/or burst SCS paradigms.

4.2.1. Before SCS and During SCS

The SERs elicited on the tibial nerve as well as on the median nerve before SCS treatment were
compared to the SERs in the same individuals when treated with tonic and burst SCS to assess the
influence of SCS on the SER.

Tibial Nerve

For the early component in the S1 and for the middle latency components in the left S2 and the left
and right thalamus, the SER amplitude was either unchanged or decreased during SCS. Conversely,
in the left S2, the SER amplitude was increased during burst SCS. These results are somewhat
inconsistent and the observed differences were small. However, these results suggest a potential
inhibitory effect of SCS on the somatosensory processing of the SER elicited by tibial nerve
stimulation, aligning with literature [45, 59, 61, 66—69, 72—74].

For the middle latency components in the cingulate cortices, the right insular cortex, and the
thalamus, the SER amplitude was either unchanged or decreased during SCS. Conversely, in the left
insular cortex, the amplitude of the middle latency component was higher during SCS. The late
latency component was unchanged in the cingulate cortices and the insular cortices, whereas this
component was increased during burst SCS in the thalamus. The very late latency component was
unchanged in the ACC, the insular cortices, and the thalamus, whereas this component was
decreased during SCS in the MCC and PCC. These results predominantly indicate either no or an
inhibitory effect of SCS on the SER amplitude, however, the results are somewhat inconsistent and
the observed differences were small. This aligns with the literature; for the middle and late latency
components of the SER, the effect of SCS on the SER amplitude was not conclusive [45, 62, 66, 75]

Median Nerve

For the early components in the S1 and the middle latency components in the S2 and the thalamus, the
amplitude of the SER either remained unchanged or increased during SCS. Similarly, for the middle
latency and late latency components of the SER in the cingulate cortices, the insular cortices, and
the thalamus, the amplitude of the SER either remained unchanged or increased during SCS. These
results indicates that both the somatosensory and the attentional/emotional processing of the SER
stimulus were not inhibited during SCS. However, for the very late latency component, the amplitude
of the SER was either unchanged or decreased during SCS. This selective inhibition of the very late
latency component could indicate a supraspinal inhibitory MOA of SCS on theattentional/emotional
processing of the SER stimulus.

Considerations and Limitations

An important limitation of the comparison between the SERs in patients before SCS treatment and
during SCS is the substantial change that occurs within these patients between the measurements
before and during SCS. Inherent to the comparison of patients before and during SCS is the fact that
multiple variables change. Firstly, between the before SCS and during SCS conditions, patients
change from chronic pain patients with severe, intractable chronic pain to patients receiving treatment
that may partly relieve their pain. In other words, the chronic pain condition itself may change.
Secondly, the electrical activation that is introduced by SCS may lead to both long-term and
immediate physiological changes in the patients, which may or may not be correlated with the
therapeutic effect. Lastly, this electrical activation may lead to potential electrical effects concerning
the MEG measurements that were previously absent. These variables, amongst possible other
factors, collectively contribute to the observed differences and thus complicate the interpretation of
these differences. The predominantly increased amplitude of the SER elicited by median nerve
stimulation during SCS may indicate a restoration of the somatosensory system in these chronic pain
patients during SCS treatment. Pinheiro et al. reported decreased amplitudes of the SER in chronic
pain patients compared to healthy controls. Therefore, an increased SER amplitude may indicate
restoration of the somatosensory system, approximating the SERs observed in healthy controls.
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Overall, the differences observed between the SERs before and during SCS in this group of four
patients were quite small. This raises the question of whether these observed differences would be
more pronounced or less pronounced in a larger group of patients. Within this thesis, the comparison
between tonic and burst SCS may serve as an indication for this question. The group of patients
utilized for the comparison between tonic and burst SCS consisted of, respectively, 22 and 21
patients for the SERs elicited by median nerve and tibial nerve stimulation. In these larger groups, no
differences were observed for the early component of the SER in the S1 between tonic and burst
SCS, whereas this smaller group of four did exhibit some differences for the early component of the
SER in the S1 between tonic and burst SCS. This indicates that at least part of the observed
difference in this comparison may be attributed to noise or other variabilities between measurements
due to the small group of patients. The impact of the patient group size in research on both SERs and
patients with chronic pain is further elaborated on in subsection 4.3.1.

4.2.2. Tibial Nerve and Median Nerve

The SERs elicited by tibial nerve stimulation were compared to the SERs elicited by median nerve
stimulation in patients before SCS and during tonic and burst SCS. This comparison was employed to
assess whether a spinal MOA may contribute to the effect of SCS on the SER, such as the collision of
impulses theory (Figure 1.4). The AUC ratio was used to quantify the difference between the SER
elicited by tibial nerve stimulation and the SER elicited by median nerve stimulation across different
conditions.

For the patients that were included in the study before SCS treatment as well as during SCS
treatment with tonic and burst SCS, the AUC ratio was higher during both tonic and burst SCS for the
hand and foot area of the S1 and for the right S2. For the comparison between patients that were
included in the study before SCS treatment and all included patients during tonic and burst SCS, the
AUC ratio was higher during both tonic and burst SCS for the hand area of the S1, the right S2, and
the left and right thalamus.

The observed increased AUC ratios during both SCS paradigms support the possibility of a spinal
MOA of SCS on the SER amplitude. If the collision of impulses theory is indeed one of the MOAs of
SCS on the SER, its effect would be primarily expected on the lateral pathway, because the theory is
hypothesized based on early components of the SER, which correspond to the lateral pathway [61,
67-69, 72, 74]. This expectation aligns with the structures that predominantly exhibited an increase in
AUC ratio during SCS, namely the S1, the S2, and the thalamus, which constitute the lateral pathway.

Considerations and Limitations

An important limitation of this possible MOA is that the collision of impulses of SCS on the non-painful
SER is based on interference of the ascending and descending volleys that travel through the
Ap-fibers of the spinal cord. Pain, however, travels through C- and Ad-fibers. This means that this
MOA of SCS on the SER should not be confused with the MOA of SCS on the chronic pain condition.
This complicates the translation of the MOA of SCS on the non-painful SER to the MOA of SCS on
(chronic) pain.

The amplitudes of the SERs elicited by median nerve stimulation were, in general, higher compared
to the amplitudes of the SERs elicited by tibial nerve stimulation. This difference cannot be attributed
to a higher SER stimulation intensity, as, on average, the stimulation intensity was slightly higher for
the tibial nerve stimulation, as is shown in Table 4.2. The difference may be explained by the cortical
representation of both stimulated limbs in the S1, known as the sensory homunculus. The hand/wrist
area, corresponding with the median nerve stimulation, has a more extensive cortical representation
compared to the foot/ankle area, corresponding with the tibial nerve stimulation. This difference in
cortical representation was primarily evident in the S1. For instance, the SER component in the
thalamus was of similar amplitude for both SERs in the patients before SCS treatment (Figure 3.5).

The AUC ratio was an acceptable indicator for the change in differences between the two distinct
SERSs before and during SCS. It was a reasonably adequate solution to incorporate the differences in
latencies between the two SERs. However, it was sensitive to the absolute amplitude of the SERs.
For the relatively high SER amplitudes in the S1 compared to, for example, a deeper brain structure
such as the thalamus, differences of > 0.4 in AUC ratio were more easily obtained.
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Another important limitation of this comparison is the possible effect of stimulation in the painful area
of the patients. For approximately half of the patients (2/4 in the population of patients included before
SCS treatment, 9/19 in the bigger SCS population), the chronic pain area included the right hip, leg,
and/or foot (Table F.5, Table F.6). As the SERs on the tibial nerve were elicited on the right ankle, this
suggests that in half of the patients, the SERs on the tibial nerve were elicited in the chronic pain area.
Conversely, none of the patients experienced pain in the upper extremity and, thus, the SERs elicited
on the median nerve were not elicited in the chronic pain area. Morgalla et al. have reported that painful
SERSs elicited either within versus outside of the chronic pain area may differ in chronic pain patients
treated with dorsal root ganglion stimulation [110, 111]. The impact of SER stimulation within or outside
of the chronic pain area is further elaborated on in subsection 4.4.2.

4.2.3. Tonic SCS and Burst SCS
The SERs elicited by tibial nerve as well as by median nerve stimulation were compared during tonic
and burst SCS.

Tibial Nerve

No difference was observed for the early component in the S1, which aligns with the expectations
based on the study by Niso et al. [46]. For the middle latency components in the S2 and the right
thalamus, the amplitude was higher during burst SCS, whereas this component was unchanged in
the left thalamus. These results suggest that the somatosensory processing of the non-painful SER
elicited by tibial nerve stimulation is either similar during both paradigms, or decreased during tonic SCS
compared to burst SCS. For the middle, late, and very late latency components in the cingulate cortices,
the insular cortices, and the thalamus, the results were similar; the amplitude of the SER was either
higher during burst SCS compared to tonic SCS, or no difference was observed. This indicates that
the emotional/attentional processing of the SER elicited by tibial nerve stimulation was not decreased
during burst SCS compared to tonic SCS, which is contrary to the expected results based on literature [4,
46]. In particular for the very late latency component, the higher SER amplitude during burst SCS was
accompanied by an increase in standard error for the signal during burst SCS. This very late latency
difference between burst and tonic SCS was additionally observed in the somatosensory cortices (S1,
S2). However, in these ROls, it resembled a baseline shift during burst SCS instead of a very late
latency SER component and was also accompanied by an increase in standard error for the burst SCS
signal.

Median Nerve

No differences were observed for the early component in the S1. No differences were observed for
the middle latency components in the right S2 and the thalamus, whereas this component was higher
during burst SCS in the left S2. This suggests that the somatosensory processing of the non-painful
SER elicited by median nerve stimulation is either similar for both paradigms, or decreased during tonic
SCS compared to burst SCS. For the middle, late, and very late latency components in the cingulate
cortices, the insular cortices, and the thalamus, the observed results were similar; the amplitude of the
SER was either higher during burst SCS compared to tonic SCS, or no difference was observed. This
indicates that the emotional/attentional processing of the SER elicited by median nerve stimulation was
not decreased during burst SCS compared to tonic SCS, which is contrary to the expected results based
on literature [4, 12]. Similar to the SERs elicited by tibial nerve stimulation, the higher SER amplitude
during burst SCS for the very late latency component was accompanied by an increase in standard
error for the signal during burst SCS. Additionally, this very late latency difference between burst and
tonic SCS was also observed in the somatosensory cortices and, similarly, resembled a baseline shift
accompanied by an increase in standard error for the burst SCS signal.

Considerations and Limitations

Contrary to the expected results, the late latency SER amplitudes were higher during burst SCS [46].
Two potential contributing factors to these unexpected results were explored: the average stimulation
intensity during each paradigm and the level of noise resulting from the electrical stimulation of the
spinal cord stimulator. Firstly, a higher stimulation intensity during burst SCS may provide an
explanation for the higher amplitudes during burst SCS. However, the average stimulation intensity
did not differ between the paradigms, as is shown in Table 4.2. Secondly, the level of noise resulting
from the electrical stimulation of the spinal cord stimulator was assessed, because a recording more
affected by noise leads to lower z-scores after baseline normalization, and, thus, to lower SER
amplitudes. The noise levels introduced by both tonic and burst SCS were evaluated for a subset of
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patients using the signal of the EEG electrode on the patients’ backs. This specific sensor was used,
because the SCS-induced noise that might have affected the MEG signal would presumably be most
pronounced in this sensor. No differences were observed between tonic and burst SCS, for both
paradigms the artifact was effectively attenuated with the averaging of trials. Consequently, neither
factors appear to explain the unexpected results. Moreover, the fact that the early components of the
SER did not differ between paradigms supports the indication that neither the stimulation intensity of
the SER nor the noise induced by SCS may explain the observed differences in the later SER
components.

A limited amount of studies have researched the effect of multiple SCS paradigms on the painful or
non-painful SER [46, 68, 71, 73]. To date, only one study with a similar protocol exists, using
non-painful SERs, assessing not only the early component but the later SER components as well,
using multiple (EEG) channels [46]. It is remarkable that the results in this thesis, showing higher
SER amplitudes during burst SCS for the later SER components, differ from this study by Niso et
al. [46]. To assess the feasibility of comparing these results to the study by Niso et al. in the condition
where patients paid attention to the SER stimuli, the difference between counted and applied SER
stimuli was examined [46]. This is important because no differences between tonic and burst SCS
were observed in the condition where patients were not attentive to the SER stimuli. In this thesis, the
difference between counted and applied SER stimuli was approximately 1 across all SCS paradimgs,
for the SERs elicited by both tibial nerve and median nerve stimulation. This suggests that, on
average, the patients were attentive to the stimuli. In addition, the patient populations were similar.
Niso et al. [46] included 12 patients diagnosed with failed back surgery syndrome (FBSS), suffering
from chronic pain in the lower back and one or two legs; 19 out of the 22 patients included in this
thesis were also diagnosed with FBSS (Table 3.1), suffering from chronic pain in the lower back
and/or one or both legs.

However, a crucial difference between this thesis and the study by Niso et al. is the fact that Niso et al.
applied the SER stimuli to the affected leg. In this thesis, the SER stimuli were applied to the right leg
in all patients and in only approximately half of the patients this corresponded to their pain area (10/21
for the SERs elicited by tibial nerve stimulation, Table F.7; 11/22 for the SERSs elicited by median
nerve stimulation, Table F.8). This difference may explain the discrepancy in results between this
thesis and the study by Niso et al. [46]. This difference is proposed as opportunity for further research
in subsection 4.4.2.

Table 4.2: Average stimulation intensity during each spinal cord stimulation paradigm for the somatosensory
evoked responses elicited by tibial nerve (TN) and by median nerve (MN) stimulation.

Tonic Burst
TN stim [mA]
[mean (+ std)] 27.4 (£ 11.4) 28.0 (+13)
MN stim [mA]

[mean (+ std)] 17.3(+£82) 16.3(£9.0)

std, standard deviation; mA, milliamperes.

4.2.4. The Effect of Pain Reduction

Based on the patients who were a responder or a non-responder to both paradigms, a correlation
between the effect of SCS on the SER amplitude and the effect of SCS on chronic pain was improbable.
These patients did not experience a difference in pain relief between both SCS paradigms, while they
did exhibit differences in SER amplitude. Based on the patients who were a responder to one of
the paradimgs and a non-responder to the other, a subtle trend was observed towards higher SER
amplitudes during the paradigm to which they were a responder. However, these results were not
consistent: the SER amplitude following from median nerve stimulation in the hand area of the S1
was higher during burst SCS in the responder to tonic SCS (Figure G.14a). Additionally, the SER
amplitudes of the patient who was a responder to both paradimgs were notably low compared to the
other patients. In the comparison within the paradigms, no trends were observed that could differentiate
between responders and non-responders within tonic SCS as well as within burst SCS for both the
SERs elicited by tibial nerve and median nerve stimulation. These results align with the literature and
may be attributed to the fact that the MOA of SCS on the SER may differ from the MOA of SCS on
chronic pain [67, 69, 74].
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4.3. General Strengths and Limitations
In this section, the general strengths and limitations of the research are discussed.

4.3.1. Patient Group Size

In this thesis, different patient group sizes were utilized for different comparisons: the cases studies
involved analyses within individual patients and between two sets of two patients, the group of
patients included in the study before SCS and during SCS consisted of four patients, and the groups
of patients during the various SCS paradigms consisted of 19 to 22 patients (Table F.2).

In particular the group sizes for the case studies and for the comparison between before SCS and
during SCS were small. However, these group sizes are comparable to the group sizes typically
observed in this field of research. For studies that examined the influence of SCS on the painful or
non-painful SER, the majority of studies are case studies based on one or two patients [48, 49, 54, 58,
60, 63, 73] or studies with not more than 10 included patients [45, 61, 62, 66, 68, 69, 72, 75, 110].
Research on SERs is subject to substantial between- and within-patient variability in amplitude [42],
which was observed for the case studies in this thesis: differences between SER amplitudes were
occasionally very large in these individual patients, as was evident from Figure 3.11. Next to the
variability in SER research, the heterogeneity of chronic pain as a concept contributes to this
variability as well [112].

As described, the observed differences between SERs in patients before SCS treatment and during
SCS were small and somewhat inconsistent, therefore not completely aligning with the majority of
literature. This discrepancy with both smaller and larger study groups could possibly be attributed to
both the high variability of SERs and the heterogeneity of chronic pain. Additionally, the possibility of
publication bias in published case studies may have affected the existing literature. For studies with
small patient group sizes, it is possible that the published results were observed by chance and thus
reported, rather than reflecting a consistent trend that would be observed in a larger patient group.
Contrary to other studies with small patient groups, often case studies, the group of patients included
for this thesis for the comparison between before and during SCS did not consist of selected patients
based on the effect of SCS on the SER amplitude; it included all patients who had coincidentally
already been included in the study before SCS treatment.

In contrast, the group size of patients treated with SCS used to compare between various SCS
paradigms, was relatively large compared to other studies in the research field, even after exclusion
of unusable data (n=19 - n=22, Table F.2). The impact of a larger patient group was observable in, for
instance, the standard error of the first component in the S1. The standard error was smaller in the
groups of approximately 20 patients (Figure 3.6) compared to the group of four patients (Figure 3.1).
In a generalized overview, summarizing the relationship between group size, observed difference in
amplitude, and the accompanying standard error, the SER amplitudes of the case studies (n=1)
demonstrated large differences, while the group of patients that were also included before SCS
treatment (n=4) showed smaller differences with relatively large standard errors. In the larger patient
groups (n=19 - n=20), the difference in amplitude was either small accompanied by a small standard
error (early component S1) or large accompanied by a large standard error (later latency
components).

4.3.2. Interpretation of Somatosensory Evoked Responses

The performed analysis was exploratory in nature. For this reason, no statistical methods were
employed to analyze the statistical significance of observed differences. To interpret differences, the
standard error of the mean was utilized as an indication. Due to the absence of a statistical analysis,
no compensation was done for the performance of multiple comparisons; performing multiple
comparisons increases the likelihood of observing differences, which necessitates compensation.
Implementing a standardized approach to analyze the SERs in this thesis was challenging due to the
numerous comparisons and the inherent large variability in SER research. It would be challenging to
define specific latencies of SER components that apply to all comparisons and cross all ROIs where
these components should be observable to be able to perform statistical analysis for specific SER
components. Because latencies may differ slightly due to the variability in SERs, this would possibly
lead to skewed results.
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When interpreting the results, one must consider that the graphs displaying the SERs in the ROls are
the result of multiple averaging processes. Firstly, approximately 200 SERs are averaged for each
recording. Secondly, the averaged SERs of approximately 20 patients per group are averaged using
the source maps (average + standard error). Lastly, the vertices of the ROls that were defined on the
averaged source maps are averaged to produce the final graphs. Consequently, these graphs are
sensitive to the methodological steps. This supports the choice for minimal filtering of the MEG data,
because this enhanced the chance of observing genuine results that are not affected by filtering. For
instance, low-pass filtering of the data before normalization relative to a time segment without evoked
activity ("the baseline”) yields a cleaner baseline, and consequently higher z-scores, potentially
exaggerating differences.

The mean function for the ROIs was selected due to its intuitive nature and ease of interpretation by
other researches in the primarily medical field, particularly when combined with the standard error.
Alternative approaches such as Principal Component Analysis (PCA) or using the maximum value
could potentially highlight differences by focusing on the extremer values within the ROIs. However,
these approaches are more sensitive to outliers than using the mean of the ROI. In addition to the
mean function for the resultant ROI signal, the size and location of the ROIs is of importance as well.
In the case of using the mean, an overly large ROI results in a diminished response, whereas an
excessively small ROl may miss a portion of relevant activity. For this reason, the ROls were primarily
adjusted or copied from existing atlases or otherwise based on the average activation of all included
recordings (seperately for the SERs elicited by tibial nerve and median nerve stimulation).

Outliers

Outliers concerning the SER amplitude that were observed in the data were not removed unless a
specific explanation could be identified, such as an evident artifact or an explanation in the recording
notes. Given that SER research is subject to substantial between- and within-subject variability in
amplitude [42], and the heterogeneity of chronic pain as a concept [112], outliers without explanation
were considered part of the patient group. The variability within groups was accounted for by using
the standard error of the mean. Since compared groups consisted of the same patients, the observed
differences were assumed to be genuine differences within patients.

4.3.3. Somatosensory Evoked Responses as a Method

The SERs in this thesis were elicited in patients with chronic pain and SCS treatment with the
ultimate, overarching goal of researching the possible MOAs of SCS on chronic pain. However,
eliciting SERs is not equivalent to eliciting (chronic) pain; in fact, it is not possible to simulate chronic
pain by a transient trigger. The SERs were used to evaluate the patients’ processing of a
somatosensory stimulus, and combined with SCS, how this processing is affected by SCS.

The stimuli to elicit the SERs for this thesis were, on average, not perceived as painful. This is shown
in Table 4.3. On the numerical rating scale, scores of 5 or below are typically considered to represent,
at most, mild pain [113]. It may thus be assumed that the stimuli to elicit the SERs were not painful.
This means that the SERs mainly traveled through Ag-fibers. These same Ag-fibers in the dorsal
column are stimulated by the spinal cord stimulator. Pain, however, travels through C- and Aé-fibers.
This complicates the translation of the possible MOAs of SCS on the non-painful SERs to the MOAs
of SCS on chronic pain.

Table 4.3: Average pain intensity on the numerical rating scale (NRS) attributed to the stimuli to elicit the SERs
during each paradigm, for the SERs elicited by tibial nerve (TN) stimulation and by median nerve (MN)

stimulation.

Tonic Burst
TN NRS
[mean (+ std)] 3.3(£1.8) 3.6(£1.9)
MN NRS

[mean (+ std)] 32(+1.6) 28(£14)

std, standard deviation.
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4.3.4. The Triple Pathway Model

The triple pathway model, as introduced in section 1.2, is a theory hypothesized by De Ridder et al. to
explain the mechanism of chronic pain. It provides a plausible summary and explanation for the
complex mechanisms of chronic pain and, based on these mechanisms, provides potential treatment
methods. For instance, the triple pathway model is used to support the additional value of the newer
burst SCS paradigm over the conventional tonic SCS paradigm. Based on the results in this thesis,
which were based on a relatively large group of patients, no new evidence was found to substantiate
this theory.

An important caveat regarding this theory is the fact that a relatively small group of researchers,
particularly De Ridder and several co-authors who frequently publish together, are actively publishing
evidence for this theory. This is evident when using connectedpapers.com for one of their recently
published studies [4, 13]. Moreover, De Ridder himself has a significant conflict of interest as the
patent holder to the first burst SCS waveform with one of the major companies in neurostimulation.
Abbott’s BurstDR, which was used in this thesis as well, means Burst-De-Ridder [114]. This could be
considered a motivating factor to promote belief in the triple pathway model.

Furthermore, another limitation of this theory lies in the practical challenges of distinguishing the
specified structures of the separate pathways using neuroimaging techniques such as MEG and EEG.
In this thesis, using state-of-the-art 275-channel MEG, differentiating between the medial and lateral
thalamus was not feasible. Nor was it possible to assess the descending pathway based on the
pregenual anterior cingulate cortex (pgACC) because this structure could not be distinguished from
the ACC in its entirety.

4.4. Directions for Further Research

In this section, several directions for further research are described, based on the observed results in
this thesis.

4.4.1. Spinal Effects of SCS

The comparison of the SERSs elicited by tibial nerve stimulation to the SERs elicited by median nerve
stimulation before and during SCS supported the possibility of a spinal MOA of SCS on the SER
amplitude, as was described in subsection 4.2.2. This potential MOA of SCS on the SER amplitude
should be further explored to confirm its existence, given that only four patients that were included
before SCS treatment were available for comparison.

Further research on this potential spinal mechanism should employ recordings during SCS and
without SCS, preferably using SCS-ON and SCS-OFF conditions as opposed to the before and
during SCS conditions in this thesis. If collision of impulses is a MOA of SCS on the SER, this should
initiate immediately with turning SCS on and cease immediately with turning SCS off. Similar to this
thesis, the SERs should be elicited on two peripheral locations to enter the spinal cord both above
and below the SCS electrode (Figure 1.5). This is most feasible in patients with pain in one of the
lower extremities because for these patients, the spinal cord stimulator electrodes are located in the
lower part of the back. Additionally, a group of patients suffering from chronic pain in one of the upper
extremities should be included to serve as a control group. In both patient groups, SERs should be
elicited on the affected limb and the other ipsilateral limb, because the largest effect of SCS is
expected on the affected area. In the group with unilateral lower limb pain, greater differences in the
two distinct SERs are expected during SCS-ON compared to SCS-OFF, similar to this thesis. In the
group with unilateral upper limb pain, no greater differences are expected based on collision of
impulses; the SERs elicited on the lower limb should be equally affected by SCS as the SERs elicited
on the upper limb, because both SERs travel through the part of the spinal cord that is stimulated by
SCS.

A possible addition to the research on spinal mechanisms of SCS on the SER is the use of SCS leads
that are capable of recording from the spinal cord, such as the closed-loop SCS systems as
developed by Saluda Medical [115] and Medtronic [116]. Confirmation of a spinal effect could
potentially be achieved through the combination of measurements on the spinal cord as well as
supraspinally using MEG or EEG.
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However, the clinical relevance of researching the effect of SCS on the SER remains uncertain, as no
correlation has yet been established between the effect of SCS on the SER and the effect of SCS on
chronic pain. Furthermore, this direction for further research focuses on a potential spinal mechanism
of SCS, but a supraspinal mechanism of SCS on the SER or on chronic pain should not be ruled out.
In fact, it is highly unlikely that the MOA of SCS on either the SER or on chronic pain is solely spinal.
If the MOAs of SCS were solely spinal, we would have a more comprehensive understanding of these
MOAs today than is currently the case.

4.42. Pain Area

For the patients treated with SCS who were included in this thesis, approximately half experienced
pain in the right lower extremity (Table 3.1). Consequently, for this subgroup of patients, the SERs
elicited by tibial nerve stimulation were elicited within the chronic pain area. This may have affected,
in particular, the results of two comparisons, namely the comparison between SERs elicited by tibial
nerve stimulation and median nerve stimulation before and during SCS, and the comparison between
SERs during tonic and burst SCS. Using the data for this thesis, further research could be done
exploring the influence of eliciting SERs within or outside of the pain area.

For the comparison between SERs elicited by tibial nerve stimulation and median nerve stimulation
before and during SCS, the group should be divided into two subgroups based on pain area (right
side versus left side). The changes in AUC ratios between the different conditions (before SCS,
during tonic SCS, during burst SCS) should be compared between these two subgroups. In theory,
the greatest effect of SCS would be expected in the pain area, because this area is innervated by the
SCS. Consequently, in the subpopulation of patients with pain in the right leg, the changes in AUC
ratio during SCS compared to before SCS may be larger, compared to the subpopulation of patients
without pain in the right leg.

For the comparison between SERs during tonic and burst SCS, the subpopulation of patients
experiencing pain in the right lower extremity should be selected. Using the results from this
subpopulation for the SERs elicited by tibial nerve stimulation during tonic and burst SCS allows for a
more accurate comparison with the results reported by Niso et al. [46]. The results from this
subpopulation might align more closely with the results reported by Niso et al. [46].

4.4.3. Pain Relief

Researching SERs is subject to substantial between- and within-patient variability in amplitude [42],
which complicates researching SERs in individual patients. This was evident for the case studies
in this thesis: differences between SER amplitudes were occasionally exceptionally large in these
individual patients (Figure 3.11). In the data used for this thesis, it was not feasible to create larger
groups of responders and non-responders. Based on the patients who were responders to one of the
paradigms and non-responders to the other paradigm, a subtle trend was observed towards higher
SER amplitudes during the paradigm to which they were a responder. Consequently, potential further
research on the correlation between the effect of SCS on the SER amplitude and the effect of SCS
on chronic pain should focus on patients that are known responders to either tonic or burst SCS and
known non-responders to the other paradigm. If such a correlation exists, it could potentially be used
to identify patients who are responders to a specific paradigm based on the assessment of non-painful
SERSs during different SCS paradigms, which is an easier process compared to the current process of
multiple trial periods for the different SCS paradigms.

4.4.4. Other Regions of Interest

Cerebellum

The cerebellum is classically considered to be a brain region involved in motor processing, but it has
also been linked to chronic pain [117, 118]. It has been suggested that the cerebellum may have arole in
nociceptive processing and pain. For instance, it has been suggested that the cerebellum may engage
the pain modulating circuitry in the brainstem, which is referred to as the descending pain inhibitory
pathway in this thesis [4, 119]. Furthermore, Moens et al. reported that pain relief obtained by short-
term SCS negatively correlated with activity in the cerebellum using functional magnetic resonance
imaging (fMRI) [120]. However, the role of the cerebellum in the experience of pain is still not well
defined.
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For SERs elicited by non-painful stimuli, it has been suggested that the somatosensory pathway in
SERs travels through the cerebellum and that the SER may consequently be altered by the
cerebellum [109]. Additionally, for one of the patients included in this thesis, remarkable activation
was visible in the cerebellar area following the non-painful stimulation of the median nerve and the
tibial nerve. Consequently, the cerebellum may be an interesting additional structure to research in
the context of chronic pain, SCS, and SERs elicited by non-painful stimuli. In Brainstorm, the ASEG
volume parcellation is available as atlas and includes the cerebellum as subcortical structure [121,
122]. Using this atlas, the cerebellar activity following non-painful stimulation of the tibial nerve and
the median nerve may be assessed for the patients who were included in this thesis.

Periaqueductal gray

The periaqueductal gray (PAG) is a substructure of the brain stem and has been correlated to pain
and pain processing as well as emotiononal processing [123, 124]. It has been identified as a key
structure of the descending pain modulation system, which is referred to as the descending pain
inhibitory pathway in this thesis [4, 125, 126]. In pain research, the PAG has been researched in the
context of painful peripheral stimulation and conditioned pain modulation, due to its considered
inhibitory function [127]. In this thesis, predominantly the ascending medial and ascending lateral
pathways were assessed based on the selected ROIls. The only ROI of the descending pathway that
was selected was the pgACC, however, this was part of the encompassing ACC and did not exhibit
different results. Consequently, to additionally assess the descending pathway, the PAG may be an
interesting structure to include in further research on the SERs elicited by non-painful stimuli that
were assessed in this thesis. Similar to the cerebellum, the brain stem is available as structure in the
ASEG volume parcellation, which is available in Brainstorm [121, 122].

Additional ROIs

Additional (cortical) ROIs are mentioned in chronic pain research. For instance, the orbitofrontal cortex
(OFC) and dorsolateral prefrontal cortex (DLPFC) have been suggested to play a role in the distraction
of pain [128, 129], whereas the supplementary motor area (SMA) and primary motor cortex (M1) have
been suggested to be correlated with the somatosensory processing of pain [46]. An approach to
identify additional potentially interesting ROIs to evaluate the effect of SCS on the SERs that were
analyzed in this thesis is to determine and analyze the differences between the source models of various
groups. This can be done in Brainstorm by subtracting two source models [130]. This approach is most
straightforward for the surface source models, but can also be applied to the volume source models.
This approach allows for the observation of possible differences in activity in specific brain regions
between groups. This method was also used by Niso et al. to identify the origin of the observed
differences in the SERs during burst SCS compared to tonic and sham SCS [46].

4.45. Comparison to EEG

In addition to the ROls described in subsection 2.2.5, the vertex was defined as ROI to facilitate a
potential comparison with EEG research. For this study, in addition to the MEG measurement, EEG
sensors were used at the vertex (Cz), CP3, and CP4 according to the 10-20 system for EEG, to capture
the SERs. These EEG signals can be compared to the MEG signals to examine the similarities and
differences between the two imaging modalities in this same dataset. Besides, the EEG signal can
potentially be compared to other EEG research in the field; the majority of studies employed EEG
measurements from the vertex [54, 59, 60, 62, 67—69, 72—74]. This is primarily relevant for the early
components of the SER, considering the location of the EEG sensors situated on the S1.

4.4.6. Time-Frequency Representation

Next to the somatosensory evoked responses (SERs), the induced response following from
non-painful peripheral stimulation can be analyzed using the time-frequency representation (TRF).
The TRF provides temporal and spectral information of the induced response [131]. The induced
response consists of induced oscillations after stimulation that are not phase locked to the
stimulus [132]. These brain oscillations can be described in terms of frequency bands, each
associated with a certain brain state [133]. Ploner et al. reported that a painful stimulus globally
suppressed spontaneous oscillations in somatosensory, motor and visual areas in healthy
individuals [134]. Additionally, Jin et al. applied electrical pain and reported reduced beta power in
and around the sensorimotor cortex together with reduced subjective pain ratings in chronic pain
patients and healthy controls during conditioned pain modulation [135]. These results suggest that
the TFR may be interesting to explore for the SERs elicited by non-painful stimulation in included in
this thesis as well.



Conclusion

The primary objective of this thesis was to assess how various spinal cord stimulation (SCS)
paradigms affect the supraspinal somatosensory evoked response (SER) elicited by a non-painful
peripheral stimulus. Supraspinal SERs elicited by non-painful transcutaneous electrical stimulation of
the tibial nerve as well as of the median nerve were evaluated in chronic pain patients treated with
tonic and burst SCS, utilizing magnetoencephalography (MEG) as a measurement technique.

The results suggested an inhibitory effect of SCS on the SER elicited by tibial nerve stimulation,
whereas the amplitude of the SER elicited by median nerve stimulation tended to increase during
SCS. The comparison between SERs elicited by tibial nerve stimulation and SERs elicited by median
nerve stimulation in patients before and during SCS suggested a spinal effect of SCS on the SER.
However, supraspinal mechanisms of action (MOAs) of SCS on the SER and on chronic pain likely
play a role as well. For both the SERSs elicited by tibial nerve and by median nerve stimulation, the
SER amplitudes were predominantly higher during burst SCS compared to tonic SCS. The
hypothesis that tonic SCS solely acts on the lateral pain pathway and burst SCS additionally acts on
the medial pain pathway (associated with emotional/attentional processing) could not be confirmed
with our results. Our results do not suggest decreased emotional/attentional processing of the SER
during burst SCS compared to tonic SCS. Furthermore, no evidence was found to support a
correlation between the effect of SCS on the SER and the effect of SCS on the chronic pain condition,
underscoring the complexity of the relationship between the somatosensory processing and the
experience of chronic pain in the context of spinal cord stimulation.
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Magnetoencephalography (MEG)

Brain Surface Cortical Direction of intracellular Magnetic
(gyrus) neurons current flow field

Figure A.1: The magnetic fields produced by neuronal activity that can be detected using
magnetoencephalography (MEG). Figure from N. Vukovic [136].

Figure A.2: A patient in a CTF magnetoencephalography (MEG) system with their head in the MEG "helmet”.
Figure from [137].
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Brainstorm Steps and Details

C.1. Preprocessing

C.1.1. Anatomy

1. Warping: CTF channels > MRI registration > Edit, followed by CTF channels > Digitized head points
> Warp > Deform default anatomy [82]

2. Improving co-registration: CTF channels > MRI registration > Refine using headpoints, or via the
Process1 box using Import > Channel file > Refine registration [86].

3. Change reference position: via the Process1 box, using "Import > Channel file > Adjust coordinate
system”. In the "Adjust coordinate system” window, the options "Adjust head position to median location
- CTF only” and "For adjust option, exclude bad segments” were used. The latter is to make sure that
the new median head position is defined without using the segments with evident head motion [88].

C.1.2. MEG Data Cleaning

1. Create PSDs: via the Process1 box, using Frequency > Power Spectrum Density (Welch). Default
settings: All file, Window Length 4s, overlap 50%, Physical units, MEG [91]. (Before you can do this,
the recordings should be converted to continuous via the Process1 box: Import > Import recordings >
Convert to continuous (CTF). Process options: Continuous.)

2. Rationale to omit filtering:

» Powerline and SCS: In general, we decided to apply minimal filtering as the removal of artifacts
inevitably results in the loss of valuable information alongside noise [90]. Frequency filtering
of powerline and spinal cord stimulator noise was omitted because this should only be done if
certain frequencies are expected to cause a problem in the analysis, which was not the case [91].
Both the powerline and spinal cord stimulator operate on a constant frequency, whereas the SER
stimulation frequency varied randomly. Consequently, the noise introduced by the powerline and
the spinal cord stimulator is not time-locked to the stimulus and can be effectively attenuated with
the averaging of multiple trials [91]. This is shown in Figure C.1.

(a) Spinal cord stimulation artifact captured with the sensor  (b) Spinal cord stimulation artifact captured with the sensor
applied on the patient’s back, in the raw signal applied on the patient’s back after averaging of epochs. The
artifact has been effectively attenuated with the averaging of

multiple trials.

Figure C.1: Brainstorm images of the spinal cord stimulation artifact, showing the effect of averaging multiple
trials.
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* Physiological noise:
Respiration: The noise introduced by respiration was minimal and, in addition, slow and
constant in nature. Due to its slow nature, this type of noise primarily introduces a baseline shift
when looking at the individual trials. This baseline shift will be eliminated during epoching, as
was described in subsection 2.2.2. Hence, this type of noise was effectively removed with
epoching and averaging trials.

Heartbeats: For the removal of noise caused by ocular movements and heartbeats, Brainstorm
offers cleaning using signal-space-projection (SSP) as these artifacts occur frequently in the
same shape and at the same location [138]. However, as heartbeats occur with a relatively
constant frequency, the resulting noise could be effectively eliminated through the averaging of
trials, by the same reasoning as the SCS and powerline noise.

Ocular artifacts: Ocular movement artifacts mainly consisted of eye blinks. In theory, eye blink
artifacts can be approximately time-locked to the peripheral nerve stimulation if a patient is
startled by the stimulation. This possibility was assessed by inspecting the measurements and
was not observed. As a result, the eye blink artifacts were not further removed, and it was
assumed that this noise would be eliminated by averaging trials. Moreover, eye blinks that were
visible in the MEG signal were marked as bad segments, which preserved more data than
removing all eye blink-related noise using SSP.

» SER stimulation: Following the reasoning for SSP cleaning, this method could in theory be
suitable for the stimulation artifact caused by SER stimulation as well, as it occurred roughly in
the same shape and at the same location within each recording. This option was explored in a
subset of patients with small, intermediate, and large SER stimulation artifacts. The SSP
cleaning method was not effective in removing the stimulation artifact. In fact, using this method
would remove other valuable information from the signal, such as the early latency component
of the SER. For this reason, the decision was made to not apply this method to the SER
stimulation artifact. Furthermore, the stimulation artifact is quite brief, often brief enough to not
interfere with the early component of the SER. This exploration led to the decision to not clean
out the stimulation artifact using filtering methods. However, in extreme cases, the SER
stimulation could cause channels to malfunction and become erratic. These channels were
removed in the deleting bad channels process. In less extreme cases, it occurred that channels
exhibited an occasional baseline shift due to the SER stimulation. In these cases, the
stimulation segment with the baseline shift was marked as "bad”, while the channel was
retained. An example of this is shown in Figure C.2. The elevated baseline is no longer a
concern after epoching the data, as the direct current (DC) component will be removed in that
process.

Figure C.2: Brainstorm image showing the baseline shift caused by SER stimulation. The segment of the shift
itself was marked as "bad”. The remaining change in direct current (DC) offset will be removed during epoching.

C.2. Epoching and Averaging

1. Detect events: via the Process1 box: "Events > Detect events above threshold”, using a minimum
duration between two events of 20 ms and a maximum threshold of 0.1 standard deviations. Done for
the Stim(D) UPPT001 signal.

2. Convert events to simple: Events > Convert to simple events > Keep the start of the events.

3. Remove hardware delay: via the Process1 box: "Events > Add time offset”. Use 2.5 milliseconds
for the Montreal recordings and 1.7 milliseconds for Nijmegen recordings.
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4. Epoching: Right-click on raw file > Import in database. Select the events to be used and select
"Remove DC offset” using the preferred time range. Epoching can also be done using a Matlab-script,
which can be generated via Process1: Import > Import recordings > Import MEG/EEG: Events >
Generate .m script.

5. Accept (selected) bad epochs as good: right-click on epoch > Accept trial.

6. Average: via the Process1 box: "Average > Average files > By trial group (folder average)”

C.3. Head Models and Source Estimation

1. Calculate the noise covariance using an empty-room recording: Right-click on link to raw file >
Noise covariance > Compute noise from recordings. Settings: Baseline entire file. Remove DC offset:
block by block. MEG signals (not EEG!).

2. Surface head models: via the Process1 box, Sources > Compute head model. Cortex surface.
MEG method: Overlapping sphers. All other sensors: None.

3. Surface source estimation: use the sensor averages in the Process1 box (Filter: Search names,
Select files, 'avg’), Sources > Compute sources [2018]. Kernel only: one per file. MN: MEG, Minimum
norm imaging, Current density map, Unconstrained, MEG.

4. For the volume models, first create a source grid. Create a "Group analysis” entry and
generate a template grid in the group analysis folder [139].

5. Volume head models: via the Process1 box, Sources > Compute head model. MRI volume. MRI
volume grid: Use template grid for group analysis. MEG method: Overlapping spheres. All other
sensors: None.

6. Volume source estimation: use the sensor averages in the Process1 box (Filter: Search names,
Select files, ’avg’), Sources > Compute sources [2018]. Kernel only: one per file. Comment: MN:
MEG Volume, Minimum norm imaging, Current density map, Unconstrained, MEG.

7. Make sure that the correct head model is selected (green in the graphical user interface) before
performing source estimation! Following these steps in the correct order makes sure that the correct
head model is used for source estimation.

Background information:

For MEG recordings, the channel files and sensor locations with respect to the subject’s head can
differ between recordings. This prevents averaging at the sensor level across patients or recordings,
as one sensor does not necessarily correspond to the same brain region [95, 96]. For further analysis
of brain activity, a model is needed that explains how the neural electric currents, called the "source
space”, produce magnetic fields at external sensors, called the "sensor space”, taking into account
the different tissues between the brain and the MEG helmet [97]. The process that models how data
values can be obtained outside of the head with MEG sensors, from electrical current dipoles in the
brain, is called forward modeling or solving a forward problem. The outcome of this modeling step is
called a "head model” in Brainstorm, describing an approximation of the head geometry based on the
subject’'s anatomy and the locations of the MEG sensors. The subsequent process estimates the
brain activity at potentially thousands of brain locations, which are determined by the forward head
model, from much fewer sensor locations [95]. This process is an ill-posed inverse problem and is
called "source estimation” in Brainstorm. In theory, an infinite number of source activity patterns may
explain equivalently well the data recorded at the sensors; this is inherent to the analysis.

Surface models: When the anatomy is imported, the subject’s cortex surface is downsampled to
approximately 15,000 vertices. This number of vertices balances the adequate geometrical sampling
of cortical folds with the volume of data to be analyzed [97]. By solving the forward problem for the
cortical surface, the head geometry is simplified based on the subject’'s anatomy and the locations of
the MEG sensors, which relates the activity of the 15,000 brain sources to the sensor data collected
during the experiment. This head model is used in the following step, known as "source modeling”, or
solving the inverse problem; the brain activity at the 15,000 vertices is estimated from much fewer
sensor locations. For the forward problem, the recommended model for MEG is the "Overlapping
spheres” model, which simplifies the head geometry as multiple overlapping spheres, one for each
MEG sensor. Each sphere is a local estimation of the shape of the inner skull immediately below the
sensor. As magnetic fields are less sensitive to the heterogeneity of tissue in the brain, skull, and
scalp, the overlapping spheres method is found to achieve reasonable accuracy relative to more
complex methods [97].
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For source estimation, the Minimum Norm (MN) imaging approach is chosen. MN imaging estimates
the amplitude of brain sources distributed across the brain or constrained to the cortex, by fitting the
sensor data with minimal overall amplitude of brain activity. This method is recommended by
Brainstorm, as it is a simple and robust approach that is less sensitive to approximations of the head
model compared to other methods [95]. MN imaging requires a noise covariance matrix to specify the
noise statistics, which is provided through the empty-room recordings. The empty-room recordings
were used to calculate a noise covariance matrix for every subject, for every visit. To compensate for
the inhomogeneous sensitivity of MEG with depth and orientation of the current flow, it is
recommended to use standardized maps. Standardization of MN imaging can be done either with
respect to the noise covariance, which is done with the dSPM approach, or with respect to a time
segment of no interest, which is done by using the current density map approach and standardizing
this using a z-score transformation. For an analysis of evoked activity, it is more appropriate to
employ normalization relative to a time segment without evoked activity rather than noise
covariance [95]. For this normalization, the time segment was the same as the baseline window used
to remove the DC offset with epoching, which was 200 ms to 5 ms before SER stimulation.

As described above, the inverse problem estimates brain activity at approximately 15,000 vertices
determined by the surface head model. The current at each vertex is modeled by the orientation of an
equivalent current dipole. For cortical surface source estimation, the orientation of these dipoles can
be set to be normal to the cortex ("Constrained”) or can consist of three orthogonal dipoles along the
Cartesian directions of the coordinate system for each vertex ("Unconstrained”). The constrained
option is beneficial for computational efficiency, however, the unconstrained option is recommended
when using the template anatomy instead of individual MRI scans, as this may account for some of
the model uncertainties [95]. Therefore, unconstrained current density maps standardized using a
z-score transformation with respect to a time segment of no interest were used.

Volume models: If subcortical structures are regions of interest, Brainstorm offers the possibility to
use the whole brain volume as source space, in which the vertices are used to sample the entire brain
volume instead of the cortical surface [97]. Because the thalamus is a region of interest in this thesis,
volume head models and volume source estimation are employed as well. To enable the averaging of
volume source models, a Group Analysis entry and a Volume Source Grid are created [139]. Next, the
"head model” is created using "Overlapping spheres”, similar to the surface model [97]. The "Source
space” is set to "MRI volume”, and "Use template grid for group analysis” is used as "Volume source
grid”. Source estimation was done based on this volume head model, using "Minimum norm imaging”
as "Method”, "Current density map” as "Measure”, and Unconstrained dipole orientations [140]. For
volume source estimation, only the Unconstrained dipole orientation is available; for a random grid
point, it is not possible to choose one particular orientation for the dipoles. Three orthogonal dipoles will
be defined at each grid point. The volume source maps were standardized using z-score transformation
with respect to the same time segment of no interest.

C.4. Regions of Interest

1. Grow ROIs based on activity: growing the S1 scouts was done based on the averaged source map
of all included recordings, separately for the SERs elicited by tibial nerve stimulation and by median
nerve stimulation. To grow a ROI based on activity, a "seed”can be placed in the focus of activity and
grown based on this activity using the ‘Constrained’ setting [99].

2. Surface ROIs based on atlas: multiple atlases are available in the scout tab. An atlas can be
copied using Atlas > New atlas > Copy current atlas. ROIs can be adjusted using the tool to grow
scouts (click to add vertex, SHIFT-click to remove vertex).

3. Add volume atlases: in Anatomy view > Right-click on subject (the default anatomy, in the case of
a group analysis) > add MNI parcellation > AAL2. Repeat for AAL3. Go back to Functional view, open
the source map and go to the scouts tab > Atlas > From subject anatomy > AAL2. Repeat for AAL3.
ROIls can be merged by selecting the ROIs and go to Scout > Merge.

C.5. Source Map Averaging

1. Flatten the source map: via the Process1 box, Sources > Unconstrained to flat map. Norm.

2. Project volume models on template anatomy: via the Process1 box, Sources > Project on
default anatomy. MRI volume.
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3. Average per comparison group: via the Process1 box, select only the source maps to average.
Average > Average files. Everything. Arithmetic average + Standard error.

Before averaging, the unconstrained source maps for the surface models as well as the volume
models were flattened using the norm of the three orientations, as was advised by Brainstorm for
group analysis [96]. After this, averaging of the surface source maps could be done directly because
warped brain anatomies were used, meaning that the vertex locations align between patients and do
not need to be projected on the default anatomy before averaging. Before volume source map
averaging, the source maps were projected on the template anatomy using "Sources > Project on
default anatomy > MRI volume” from the Process1 box [139]. For all averages, unweighted averages
were used because all patients should have the same weight in the group average, independent of
the amount of stimulation pulses.

Time Series

1. Extract scouts time series: via the Process1 box, Extract > Scout time series. Select the atlas
and ROls for which the time series are needed.

2. Load into Matlab and create graphs. The graphs with shading for the standard error were made
using a modified version of the Matlab function stdshade.m [141].



Regions of Interest

(a) View from above. (b) View from left side.

Figure D.1: The average of the surface source models of all included recordings after approximately 20 to 40
milliseconds after median nerve stimulation. The activation focus is visible in the hand area of the primary
somatosensory cortex (S1).

(a) View from above. (b) View from midline.

Figure D.2: The average of the surface source models of all included recordings after approximately 40 to 60
milliseconds after tibial nerve stimulation. The activation focus is visible in the foot area of the primary
somatosensory cortex (S1).
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0o <

(a) S1 hand area left (b) S1 hand area left (c) S1 foot area left (d) S1 foot area left
hemisphere, view from above. hemisphere, view from left hemisphere, view from above. hemisphere, view from
side. midline.
(e) S2 left hemisphere. (f) S2 right hemisphere.  (g) Cingulate cortex in midline. (h) Vertex bilateral from above.
(i) Insular cortex left (j) Anterior and posterior (k) Insular cortex right (I) Anterior and posterior
hemisphere. insular cortex left hemisphere. hemisphere. insular cortex right
hemisphere.

Figure D.3: Overview of regions of interest defined on the cortical surface.
S1, primary somatosensory cortex; S2, secondary somatosensory cortex.
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(a) Thalamus, view from back.  (b) Thalamus, view from
above.

(e) Medial and lateral (f) Medial and lateral (g) Medial and lateral (h) Medial and lateral
thalamus, view from back. thalamus, view from above. thalamus, view from left. thalamus, view from right.

(i) Insula, view from back. (j) Insula, view from above. (k) Insula, view from left. (1) Insula, view from right.

(m) Cingulate cortex, view (n) Cingulate cortex, view (o) Cingulate cortex, view (p) Cingulate cortex, view
from front. from above. from left. from right.

(q) pgACC, view from front. (r) pgACC, view from above. (s) pgACC, view from left. (t) pgACC, view from right.

Figure D.4: Overview of regions of interest defined in the brain volume.
pgACC, pregenual anterior cingulate cortex.



Subdivision of Thalamic Nuclei

The areas marked green in both the table and figure belong to the medial thalamic subarea, the areas
marked yellow belong to the lateral thalamic subarea. Based on the article 'Thalamus and pain’ by Yen
et al. [36], the majority of the structures defined in the AAL3 atlas could be grouped, as is shown in
Table E.1. Of the remaining structures, Thal_AV is added to the medial group and Thal_LP, Thal_VA
and Thal_VL are added to the lateral group for the following reasons:

* Thal_AV is added to the medial group due to its anatomical position lying in between the
intralaminar nuclei, as shown in Figure E.1. Since the source estimation process is not accurate
to the millimeter, activity of the intralaminar nuclei might also be seen in this part of the
thalamus.

» Thal_LP is added to the lateral group, also due to its anatomical position (located in between the
PO and VP nuclei) and in addition because the lateral thalamus is considered to be an important
pain structure [38, 104].

» Thal_VA is added to the lateral subdivision due to its anatomical position and to make sure that
all structures are used.

» Thal_VL is added to the lateral group as this structure is considered to be an important pain area
together with Thal_VPL by Tu et al. [37], while Thal_VPL already belongs to the lateral subdivision
based on the 'Thalamus and pain’ article by Yen et al. [36].

Intrathalmic adhesion

° Anterior

Medial Geniculate | 5teral Geniculate
Body Body

Figure E.1: Thalamus anatomy, marked with green and yellow representing the two subdivisions detailed in
Table E.1.
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Table E.1: Table with thalamus parts of the AAL3 atlas, regrouped into a medial and lateral subarea. All
parts marked green belong to the medial thalamic subarea and all parts marked yellow belong to the
lateral thalamic subarea.

AAL3 AAL3 Volume

Subarea Abbrevation Nucleus (mm3) Reason
Anterior Thal_AV Anteroventral 154 *
Lateral Thal_LP Lateral posterior 198 T
Ventral Thal VA Ventral anterior 610 I
Thal_VL Ventral lateral 2096 §
Thal_VPL Ventral posterolateral 1276.5 Yen et al. [36]
Intralaminar  Thal_IL Intralaminar 428.5 Yen et al. [36]
Medial Thal RE Reuniens 8 Yen et al. [36]
Thal_MDm Mediodorsal medial magnocellular 907 Yen et al. [36]
Thal_MDI Mediodorsal lateral parvocellular 278.5 Yen et al. [36]
Posterior Thal LGN Lateral geniculate 234 Yen et al. [36]
Thal_MGN Medial geniculate 174.5 Yen et al. [36]
Thal _PuA Pulvinar anterior 211 Yen et al. [36]
Thal_PuM Pulvinal medial 1311.5  Yen et al. [36]
Thal_PuL Pulvinal lateral 257 Yen et al. [36]
Thal_Pul Pulvinar inferior 205 Yen et al. [36]

" Added as this structure lies in between the laminar nuclei

T Added as this structure lies in between the PO and VP nuclei from Yen et al. and is commonly considered an
important pain area

¥ Added as this structure would otherwise remain unused

§ Added as this structure is mentioned alongside the Thal_VPL nuclei by Tu et al. [37]



Patient Characteristics

F.1. Patient Characteristics

Table F.1: Patient characteristics of all patients that underwent the magnetoencephalography (MEG)
measurements for this thesis.

. PD Pain . . NRS NRS NRS
Patient  Age Sex (yrs) condition Pain location Tonic Burst Sham
PTO1 53 m 32 FBSS Back and left leg 0 0 1
PT02 74 f 50 FBSS Back 6 7 6
PTO3* 42 f 20 FBSS Right hip and buttock 4 2 5
PT04 59 m 6 FBSS Back, left leg and foot 7 5 5
PTO5* 52 m 5 FBSS Right hip, buttock, leg and foot 6 7 6
PT06 45 f 16 FBSS Back 1 2 8
PTO07 58 m 31 FBSS Back and left leg 3 2 3
PTO8* 42 f 19 FBSS Back, left hip, buttock, and leg 4 2 2
PTO09 62 f 12 FBSS Back, neck, right buttock and leg 6 9 4
PT10 70 m 15 DNP Both feet 6 4 6
PT11 62 f 20 FBSS Back, right buttock and leg 6 6 5
PTNO1 60 m - FBSS Right leg 8 8 9
PTNO2 55 m 18 FBSS Back and right leg 3 4 3
PTNO3 52 m 4 FBSS Right leg and foot - - 6
PTNO4 43 f 23 FBSS Back, left leg and foot 4 3 3
PTNO5 64 m 9 FBSS Back 6 2 6
PTNO6 70 m 21 FBSS, DNP Right leg, buttock and foot 1 1 1
PTNO7 56 f 3 CRPS Back and left foot 7 7 -
PTNO8 40 f 5 FBSS Right leg and foot 2 5 6
PTNO9 56 f 85 FBSS Back and right leg ) 2 )
PTN10 49 f 13 FBSS Left leg, buttock and foot 5 5 6
PTN11*¥ 63 m 15 DNP Back and left leg 2 7 2
PTN12 38 m 7 NP Left leg, knee, and foot - - -
PTN13 53 m 15 FBSS Back and left leg 4 - 7
PTN14 68 m 29 FBSS Right back and buttock 2 3 3
PTN15 60 m 40 FBSS Left back, buttock and leg 7 6 2

PD, pain duration; yrs, years; NRS, numerical rating scale; FBSS, failed back surgery syndrome; DNP, diabetic neuropathy;
CRPS, complex regional pain syndrome; NP, neuropathy.

" For this patient, the sham recording was missing

“ For this patient, it was not possible to program burst stimulation

* This patient was also included before SCS treatment

57



F2. Included Patients per Comparison

F.2. Included Patients per Comparison

Table F.2: Overview of included patients per comparison

Patient BS-SCS TN-MN TO-BU Case TO-BU-SH

TN MN BS TO BU SH TN MN TN TN MN
PTO1 No No No Yes Yes Yes | Yes Yes No Yes Yes
PTO02 No No No Yes Yes Yes | Yes Yes No Yes Yes

PTO03 Yes Yes | Yes Yes Yes Yes | Yes Yes No Yes Yes
PT04 No No No Yes Yes Yes | Yes Yes Yes Yes Yes
PTO05 Yes Yes | Yes Yes Yes Yes | Yes Yes Yes Yes Yes
PT06 No No No Yes Yes Yes | Yes Yes No Yes Yes
PTO7 No No No Yes Yes Yes | Yes Yes No Yes Yes
PTO08 Yes Yes | Yes Yes Yes Yes | Yes Yes No Yes Yes
PTO09 No No No Yes Yes Yes | Yes Yes No Yes Yes
PT10 No No No Yes Yes Yes | Yes Yes No Yes Yes
PT11 No No No Yes Yes Yes | Yes Yes No Yes Yes
PTNO1 No No No No No No Yes Yes No Yes No
PTNO2 No No No Yes Yes Yes | Yes Yes No Yes Yes
PTNO3 No No No Yes Yes Yes | Yes Yes No Yes Yes
PTNO4 No No No Yes Yes Yes | Yes Yes No Yes Yes
PTNOS No No No Yes Yes Yes | Yes Yes Yes Yes Yes
PTNO6 No No No No No No No Yes No No No
PTNO7 No No No No No No | Yes Yes No No No
PTNO8 No No No Yes Yes Yes | Yes Yes Yes Yes Yes
PTNO9 No No No Yes Yes Yes | Yes Yes No Yes Yes
PTN10 No No No Yes Yes Yes | Yes Yes No Yes Yes
PTN11 Yes Yes | Yes Yes Yes Yes | Yes Yes No Yes Yes
PTN12 No No No No No No No No No No No
PTN13 No No No No No No No No No No No
PTN14 No No No No No No No No No No No
PTN15 No No No No No No No No No No No

Total 4 4 4 19 19 19 21 22 4 20 19

BS-SCS, Before SCS and During SCS; TN-MN, Tibial Nerve and Median Nerve; TO-BU, Tonic SCS and Burst SCS;
Case, Case Studies; TO-BU-SH, Tonic, Burst, and Sham SCS.

SCS, spinal cord stimulation;

TN, tibial nerve; MN, median nerve;

BS, before SCS; TO, tonic SCS; BU, burst SCS; SH, sham SCS.




E3. Overview of Excluded Recordings
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F.3. Overview of Excluded Recordings

Table F.3: Overview of excluded recordings.

Recording
Patient SCS SER Reason
PTNO1 sham median nerve Bad channelin S1 hand area
PTNO6 all tibial nerve Stimulation not perceptible
sham median nerve Bad channel in S1 hand area
PTNO7 other all Not tonic, burst, or sham SCS
PTN12 all all Completed only first session
tonic  all Missing TTL pulse
PTN13 other all Not tonic, burst, or sham SCS
sham all Not usable in comparisons
PTN14 all all Dental works
PTN15 all all Dental works

SCS, spinal cord stimulation; SER, somatosensory evoked response; S1,
primary somatosensory cortex; TTL, transistor-transistor logic.

F.4. Patient Characteristics per Comparison

Table F.4: Characteristics of all included patients.

Characteristics

Number of patients
Age [yrs + std]

Sex [Male/Female]
Years lived with chronic pain [yrs + std] 18 £ 12
Pain location

Back
Left buttock/hip/leg/foot
Right buttock/hip/leg/foot

Pain condition

FBSS
DNP
CRPS

22
56 + 10
11/11

14/22
9/22
12/22

19/22
3/22
1/22

yrs, years; std, standard deviation; FBSS, failed back surgery
syndrome; DNP, diabetic neuropathy; CRPS, complex regional
pain syndrome.
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Table F.5: Characteristics of the patients who also participated in the study before spinal cord stimulation

treatment.
Characteristics
Number of patients 4
Age [yrs + std] 50 + 10
Sex [Male/Female] 2/2

Years lived with chronic pain [yrs + std] 15+7
Pain location

Back 2/4

Left buttock/hip/leg/foot 2/4

Right buttock/hip/leg/foot 2/4
Pain condition

FBSS 3/4

DNP 1/4

CRPS 0/4

yrs, years; std, standard deviation; FBSS, failed back surgery
syndrome; DNP, diabetic neuropathy; CRPS, complex regional
pain syndrome.

Table F.6: Characteristics of the patients treated with spinal cord stimulation who were included in the
comparison between the somatosensory evoked responses elicited by tibial nerve and median nerve stimulation.

Characteristics

Number of patients 19
Age [yrs + std] 55+ 10
Sex [Male/Female] 9/10

Years lived with chronic pain [yrs + std] 18 + 12
Pain location

Back 13/19

Left buttock/hip/leg/foot 8/19

Right buttock/hip/leg/foot 9/19
Pain condition

FBSS 17/19

DNP 2/19

CRPS 0/19

yrs, years; std, standard deviation; FBSS, failed back surgery
syndrome; DNP, diabetic neuropathy; CRPS, complex regional
pain syndrome.
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Table F.7: Characteristics of the patients who were included in the comparison of the somatosensory evoked
responses elicited by tibial nerve stimulation during tonic spinal cord stimulation and burst spinal cord stimulation.

Characteristics

Number of patients 21
Age [yrs + std] 55+ 9
Sex [Male/Female] 10/11

Years lived with chronic pain [yrs + std] 18 £ 12
Pain location

Back 14/21

Left buttock/hip/leg/foot 9/21

Right buttock/hip/leg/foot 10/21
Pain condition

FBSS 18/21

DNP 2/21

CRPS 1/21

yrs, years; std, standard deviation; FBSS, failed back surgery
syndrome; DNP, diabetic neuropathy; CRPS, complex regional
pain syndrome.

Table F.8: Characteristics of the patients who were included in the comparison of the somatosensory evoked
responses elicited by median nerve stimulation during tonic spinal cord stimulation and burst spinal cord

stimulation.
Characteristics
Number of patients 22
Age [yrs + std] 56 + 10
Sex [Male/Female] 11/11
Years lived with chronic pain [yrs + std] 18 £ 12
Pain location
Back 14/22
Left buttock/hip/leg/foot 9/22
Right buttock/hip/leg/foot 11/22
Pain condition
FBSS 19/22
DNP 3/22
CRPS 1/22

yrs, years; std, standard deviation; FBSS, failed back surgery
syndrome; DNP, diabetic neuropathy; CRPS, complex regional
pain syndrome.
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Table F.9: Characteristics of the patients who were included in the comparison of the somatosensory evoked
responses elicited by tibial nerve stimulation during tonic, burst, and sham spinal cord stimulation.

Characteristics

Number of patients 20
Age [yrs + std] 55+ 10
Sex [Male/Female] 10/10

Years lived with chronic pain [yrs + std] 18 £ 12
Pain location

Back 13/20

Left buttock/hip/leg/foot 8/20

Right buttock/hip/leg/foot 10/20
Pain condition

FBSS 18/20

DNP 2/20

CRPS 0/20

yrs, years; std, standard deviation; FBSS, failed back surgery
syndrome; DNP, diabetic neuropathy; CRPS, complex regional
pain syndrome.

Table F.10: Characteristics of the patients who were included in the comparison of the somatosensory evoked
responses elicited by median nerve stimulation during tonic, burst, and sham spinal cord stimulation.

Characteristics

Number of patients 19
Age [yrs + std] 55+ 10
Sex [Male/Female] 9/10

Years lived with chronic pain [yrs + std] 18 + 12
Pain location

Back 13/19

Left buttock/hip/leg/foot 8/19

Right buttock/hip/leg/foot 9/19
Pain condition

FBSS 17/19

DNP 2/19

CRPS 0/19

yrs, years; std, standard deviation; FBSS, failed back surgery
syndrome; DNP, diabetic neuropathy; CRPS, complex regional
pain syndrome.



All Results ROIs

G.1. Before SCS and During SCS
G.1.1. Tibial Nerve

Table G.1: Overview of the results comparing the somatosensory evoked responses elicited by tibial nerve
stimulation in all regions of interest before spinal cord stimulation (SCS) and during tonic and burst SCS.

TN Early (M45) Middle (M120) Late (M220) Very late (M550)
S1 BS > TO, BU

S2 left BU > BS, TO

S2 right BS > TO, BU

ACC ND ND ND

MCC BS > TO, BU ND BS > BU
PCC BS>BU>TO ND BS > BU
IC left BU > BS ND ND

IC right BS,BU>TO ND ND
Thalamus left ND BU > BS ND
Thalamus right BS > TO, BU BU>BS, TO ND

S1, primary somatosensory cortex; S2, secondary somatosensory cortex; ACC, anterior cingulate cortex;
MCC, middle cingulate cortex; PCC, posterior cingulate cortex; IC, insular cortex; BS, before spinal cord
stimulation treatment; TO, tonic spinal cord stimulation; BU, burst spinal cord stimulation; ND, no difference.
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Figure G.1: An overview of the somatosensory evoked responses elicited by tibial nerve stimulation in all
regions of interest for the comparison between before spinal cord stimulation treatment and during tonic and
burst spinal cord stimulation. Note the two different ranges of the horizontal axis: either -50 to 300 milliseconds
or -50 to 700 milliseconds.

S1, primary somatosensory cortex; S2, secondary somatosensory cortex; ACC, anterior cingulate cortex; MCC,
middle cingulate cortex; PCC, posterior cingulate cortex; IC, insular cortex; BS, before spinal cord stimulation
treatment; TO, tonic spinal cord stimulation; BU, burst spinal cord stimulation.
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G.l2

Median Nerve

Table G.2: Overview of the results comparing the somatosensory evoked responses elicited by median nerve
stimulation in all regions of interest before spinal cord stimulation (SCS) and during tonic and burst SCS.

MN Early (M30) Middle (M100) Late (M200) Very late (M500)
S1 BU>TO >BS

S2 left BU>BS, TO

S2 right ND

ACC BU >BS, TO ND BS >TO, BU
MCC ND BU>BS,TO BS>TO, BU
PCC ND ND BS > TO, BU
IC left BU>BS, TO ND ND

IC right ND ND ND
Thalamus left ND BU>BS,TO BS,BU>TO
Thalamus right ND ND BS, BU>TO

- - N Ny
=) o =] &
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o

S1, primary somatosensory cortex; S2, secondary somatosensory cortex; ACC, anterior cingulate cortex; MCC,
middle cingulate cortex; PCC, posterior cingulate cortex; IC, insular cortex; BS, before spinal cord stimulation
treatment; TO, tonic spinal cord stimulation; BU, burst spinal cord stimulation; ND, no difference.
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Figure G.2: An overview of the somatosensory evoked responses elicited by median nerve stimulation in all
regions of interest for the comparison between before spinal cord stimulation treatment and during tonic and
burst spinal cord stimulation. Note the two different ranges of the horizontal axis: either -50 to 300 milliseconds
or -50 to 700 milliseconds.

S1, primary somatosensory cortex; S2, secondary somatosensory cortex; ACC, anterior cingulate cortex; MCC,
middle cingulate cortex; PCC, posterior cingulate cortex; IC, insular cortex; BS, before spinal cord stimulation
treatment; TO, tonic spinal cord stimulation; BU, burst spinal cord stimulation.
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G.2. Tibial Nerve and Median Nerve

G.2.1. Before SCS Treatment
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Figure G.3: An overview of the graphs showing the areas under the curves (AUCs) for the somatosensory
evoked responses elicited by tibial nerve and median nerve stimulation in all regions of interest, of the patients
before spinal cord stimulation treatment (n=4) and of the same patients (n=4) during tonic and burst spinal cord

stimulation. The shaded areas represent the AUCs that were used to determine the AUC ratio for each condition,
for each region of interest.
S1, primary somatosensory cortex; S2, secondary somatosensory cortex; ACC, anterior cingulate cortex; MCC,
middle cingulate cortex; PCC, posterior cingulate cortex; IC, insular cortex; BS, before spinal cord stimulation
treatment; TO, tonic spinal cord stimulation; BU, burst spinal cord stimulation; MN, median nerve; TN, tibial nerve.
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G.2.2. All Patients
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Figure G.4: An overview of the graphs showing the areas under the curves (AUCs) for the somatosensory
evoked responses elicited by tibial nerve and median nerve stimulation in all regions of interest, of the patients
before spinal cord stimulation treatment (n=4) and of all included patients that were treated with spinal cord
stimulation (n=19) during tonic and burst spinal cord stimulation. The shaded areas represent the AUCs that
were used to determine the AUC ratio for each condition, for each region of interest.

S1, primary somatosensory cortex; S2, secondary somatosensory cortex; ACC, anterior cingulate cortex; MCC,
middle cingulate cortex; PCC, posterior cingulate cortex; IC, insular cortex; BS, before spinal cord stimulation
treatment; TO, tonic spinal cord stimulation; BU, burst spinal cord stimulation; MN, median nerve; TN, tibial nerve.
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G.3. Tonic SCS and Burst SCS
G.3.1. Tibial Nerve

Table G.3: Overview of the results comparing the somatosensory evoked responses elicited by tibial nerve
stimulation in all regions of interest during tonic and burst spinal cord stimulation.

TN Early (M45) Middle (M120) Late (M220) Very late (M550)
S1 ND

S2 left BU>TO

S2 right BU>TO

ACC ND ND BU>TO
MCC ND ND ND

PCC ND ND BU>TO
IC left BU>TO BU>TO BU>TO
IC right BU >TO BU>TO BU>TO
Thalamus left ND BU>TO BU>TO
Thalamus right BU>TO BU>TO BU>TO

S1, primary somatosensory cortex; S2, secondary somatosensory cortex; ACC, anterior cingulate cortex;
MCC, middle cingulate cortex; PCC, posterior cingulate cortex; IC, insular cortex; BS, before spinal
cord stimulation treatment; TO, tonic spinal cord stimulation; BU, burst spinal cord stimulation; ND, no

difference.
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Figure G.5: An overview of the somatosensory evoked responses elicited by tibial nerve stimulation in all
regions of interest for the comparison between tonic and burst spinal cord stimulation. Note the two different
ranges of the horizontal axis: either -50 to 300 milliseconds or -50 to 700 milliseconds.

S1, primary somatosensory cortex; S2, secondary somatosensory cortex; ACC, anterior cingulate cortex; MCC,
middle cingulate cortex; PCC, posterior cingulate cortex; IC, insular cortex; TO, tonic spinal cord stimulation; BU,
burst spinal cord stimulation.
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G.3.2. Median Nerve

Table G.4: Overview of the results comparing the somatosensory evoked responses elicited by median nerve

stimulation in all regions of interest during tonic and burst spinal cord stimulation.

MN Early (M30) Middle (M100) Late (M200) Very late (M500)
S1 ND

S2 left BU>TO

S2 right ND

ACC BU>TO BU>TO BU>TO
MCC ND BU >TO BU>TO
PCC ND ND BU>TO
IC left BU>TO BU>TO BU>TO
IC right ND BU>TO BU>TO
Thalamus left ND BU>TO BU>TO
Thalamus right ND BU>TO BU>TO

S1, primary somatosensory cortex; S2, secondary somatosensory cortex; ACC, anterior cingulate cortex;
MCC, middle cingulate cortex; PCC, posterior cingulate cortex; IC, insular cortex; BS, before spinal
cord stimulation treatment; TO, tonic spinal cord stimulation; BU, burst spinal cord stimulation; ND, no

difference.
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Figure G.6: An overview of the somatosensory evoked responses elicited by median nerve stimulation in all
regions of interest for the comparison between tonic and burst spinal cord stimulation. Note the two different
ranges of the horizontal axis: either -50 to 300 milliseconds or -50 to 700 milliseconds.

S1, primary somatosensory cortex; S2, secondary somatosensory cortex; ACC, anterior cingulate cortex; MCC,
middle cingulate cortex; PCC, posterior cingulate cortex; IC, insular cortex; TO, tonic spinal cord stimulation; BU,
burst spinal cord stimulation.



G.4. The Effect of Pain Reduction

78

G.4. The Effect of Pain Reduction

G.4.1. Case Study PT05 (Non-Responder): Tibial Nerve
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Figure G.7: An overview of the somatosensory evoked responses elicited by tibial nerve stimulation in all
regions of interest for the non-responder to both tonic and burst spinal cord stimulation (PT05). Note the two
different ranges of the horizontal axis: either -50 to 300 milliseconds or -50 to 700 milliseconds.

S1, primary somatosensory cortex; S2, secondary somatosensory cortex; ACC, anterior cingulate cortex; MCC,
middle cingulate cortex; PCC, posterior cingulate cortex; IC, insular cortex; TO, tonic spinal cord stimulation; BU,
burst spinal cord stimulation.
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G.4.2. Case Study PT05 (Non-Responder): Median Nerve
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Figure G.8: An overview of the somatosensory evoked responses elicited by median nerve stimulation in all
regions of interest for the non-responder to both tonic and burst spinal cord stimulation (PT05). Note the two
different ranges of the horizontal axis: either -50 to 300 milliseconds or -50 to 700 milliseconds.

S1, primary somatosensory cortex; S2, secondary somatosensory cortex; ACC, anterior cingulate cortex; MCC,
middle cingulate cortex; PCC, posterior cingulate cortex; IC, insular cortex; TO, tonic spinal cord stimulation; BU,

burst spinal cord stimulation.
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G.4.3. Case Study PT06 (Responder): Tibial Nerve
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Figure G.9: An overview of the somatosensory evoked responses elicited by tibial nerve stimulation in all
regions of interest for the responder to both tonic and burst spinal cord stimulation (PT06). Note the two different
ranges of the horizontal axis: either -50 to 300 milliseconds or -50 to 700 milliseconds.

S1, primary somatosensory cortex; S2, secondary somatosensory cortex; ACC, anterior cingulate cortex; MCC,
middle cingulate cortex; PCC, posterior cingulate cortex; IC, insular cortex; TO, tonic spinal cord stimulation; BU,
burst spinal cord stimulation.
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G.4.4. Case Study PT06 (Responder): Median Nerve
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Figure G.10: An overview of the somatosensory evoked responses elicited by median nerve stimulation in all
regions of interest for the responder to both tonic and burst spinal cord stimulation (PT06). Note the two different
ranges of the horizontal axis: either -50 to 300 milliseconds or -50 to 700 milliseconds.

S1, primary somatosensory cortex; S2, secondary somatosensory cortex; ACC, anterior cingulate cortex; MCC,
middle cingulate cortex; PCC, posterior cingulate cortex; IC, insular cortex; TO, tonic spinal cord stimulation; BU,
burst spinal cord stimulation.
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G.4.5. Case Study PTNO5 (Burst-Responder): Tibial Nerve
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Figure G.11: An overview of the somatosensory evoked responses elicited by tibial nerve stimulation in all
regions of interest for the responder to burst spinal cord stimulation (PTNO5). Note the two different ranges of the
horizontal axis: either -50 to 300 milliseconds or -50 to 700 milliseconds.

S1, primary somatosensory cortex; S2, secondary somatosensory cortex; ACC, anterior cingulate cortex; MCC,
middle cingulate cortex; PCC, posterior cingulate cortex; IC, insular cortex; TO, tonic spinal cord stimulation; BU,
burst spinal cord stimulation.
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G.4.6. Case Study PTNO5 (Burst-Responder): Median Nerve
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Figure G.12: An overview of the somatosensory evoked responses elicited by median nerve stimulation in all
regions of interest for the responder to burst spinal cord stimulation (PTNO5). Note the two different ranges of the
horizontal axis: either -50 to 300 milliseconds or -50 to 700 milliseconds.

S1, primary somatosensory cortex; S2, secondary somatosensory cortex; ACC, anterior cingulate cortex; MCC,
middle cingulate cortex; PCC, posterior cingulate cortex; IC, insular cortex; TO, tonic spinal cord stimulation; BU,
burst spinal cord stimulation.
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G.4.7. Case Study PTNO8 (Tonic-Responder): Tibial Nerve

Amplitude [z-score]
- N N w w S
o S & & & o

=)

[

TO
— B

LA caustrimin

&
3

0

20

o

Amplitude [z-score]
B

o

100 200

Time [ms]

(a) S1 foot area.

300

TO
— B

A g

0 L

-50 0 100 200 300
Time [ms]
(d) ACC.
20
TO
— R
@'15
Q
o
2]
LY
o 10
-
2
2
£
<5
-50 0 100 200 300 400 500 600 700
Time [ms]

(g) ACC, 700ms.

25

TO
20
°
9]
o
@15
&N
o
3
£ 10
Q
£
<
™ WNWWW
0
-50 0 100 200 300
Time [ms]
(b) S2 left.
20
TO
Rl

o

Amplitude [z-score]
>

WMl

-50 0 100 200 300
Time [ms]
(e) MCC.
20
TO
— B
@'15
Q
o
Q@
N,
o 10
°
2
=
£
<5
0
-50 0 100 200 300 400 500 600 700
Time [ms]

(h) MCC, 700ms.

25

20

Amplitude [z-score]

TO
— R

20

o

Amplitude [z-score]
>

0 100 200 300
Time [ms]
(c) S2 right.
TO
R

ihiiiang

-50 0 100 200 300
Time [ms]
(f) PCC.
20
TO
— B
= 15
S
o
0
5
o 10
o
2
=
£
<5

M

A

100 200 300 400 500 600 700
Time [ms]

(i) PCC, 700ms.



G.4. The Effect of Pain Reduction

91

20

TO
— B
15+
8
@
N
© 10 -
k=]
2
=
£
< 5-
0 d
-50 0 100 200 300
Time [ms]
(i) IC left.
20 -
TO
15+
<]
o
n
5
© 10 -
o
2
=
£
< 5
o
-50 0 100 200 300 400 500 600 700
Time [ms]

() IC left, 700ms.

TO
200 300

0
-50 0 100
Time [ms]

Amplitude [z-score]

(n) Thalamus left.

TO
— B
0
600 700

-50 0 100 200 300 400 500
Time [ms]

(p) Thalamus left, 700ms.

=)

©

Amplitude [z-score]

20

TO
215
3
N
© 10
1
=
=]
E
<5 WWWWWM
UMW.
50 0 100 200 300
Time [ms]
(k) IC right.
20
TO
=15
<]
¢
N,
o 10
hel
2
=]
E
< 5
B
50 0 100 200 300 400 500 600 700
Time [ms]
(m) IC right, 700ms.
14
TO
12 =By
'T10
]
2
]
(o)
Ss
.Té_
B4
2
0 ]
50 0 100 200 300
Time [ms]
(o) Thalamus right.
14
TO
12 —(
'T10
Q
2
N8
[0}
Ss
E‘
E 4

-50 0 100 200 300 400 500 600 700
Time [ms]

(g) Thalamus right, 700ms.

Figure G.13: An overview of the somatosensory evoked responses elicited by tibial nerve stimulation in all
regions of interest for the responder to tonic spinal cord stimulation (PTN08). Note the two different ranges of the
horizontal axis: either -50 to 300 milliseconds or -50 to 700 milliseconds.

S1, primary somatosensory cortex; S2, secondary somatosensory cortex; ACC, anterior cingulate cortex; MCC,
middle cingulate cortex; PCC, posterior cingulate cortex; IC, insular cortex; TO, tonic spinal cord stimulation; BU,
burst spinal cord stimulation.
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G.4.8. Case Study PTNO8 (Tonic-Responder): Median Nerve
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Figure G.14: An overview of the somatosensory evoked responses elicited by medial nerve stimulation in all
regions of interest for the responder to tonic spinal cord stimulation (PTN08). Note the two different ranges of the
horizontal axis: either -50 to 300 milliseconds or -50 to 700 milliseconds.

S1, primary somatosensory cortex; S2, secondary somatosensory cortex; ACC, anterior cingulate cortex; MCC,
middle cingulate cortex; PCC, posterior cingulate cortex; IC, insular cortex; TO, tonic spinal cord stimulation; BU,
burst spinal cord stimulation.



Sham Spinal Cord Stimulation

L) -

Figure H.1: The sham spinal cord stimulation (SCS) waveform is a modified version of burst SCS and consists
of groups of two pulses at the same frequency as burst SCS, at the lowest possible amplitude. It is not clinically
used and its therapeutic ability is unknown.

H.1. Hypotheses
H.1.1. Before SCS and During SCS (Aim 1)

In this comparison, the SERs elicited on the tibial nerve as well as on the median nerve in chronic pain
patients before SCS treatment will be compared to the SERs in the same individuals when treated with
sham SCS.

Tibial Nerve

Forsham SCS, no literature is available comparing the SER during "placebo” SCS to the SER in patients
before SCS treatment or an "SCS off” condition. Based on the study by Niso et al., | anticipate a similar
effect of sham SCS to tonic SCS and burst SCS on the early SER component, as Niso et al. did not
find a difference between sham, tonic, and burst SCS for the early component of the SER [46]. As
the sham SCS setting might have been therapeutic, this could explain an amplitude decrease similar
to tonic and burst SCS. For sham SCS, | expect no or less decrease of the late SER amplitude, as is
described by Niso et al. [46].

Median Nerve

For the SERs elicited on the median nerve, anticipating the effect of SCS is more challenging due to
the research gap for both the location of SER stimulation (entering the spinal cord above the SCS) as
well as for the sham SCS paradigm. If the mechanism of action (MOA) of SCS on the SER is primarily
spinal, this would result in less or no attenuation of the SERs elicited on the median nerve during SCS
compared to before SCS. However, particularly for the late latency SER component, supraspinal MOAs
of SCS have also been hypothesized, as was described in subsection 1.4.1. Supraspinal MOAs of SCS
should, in theory, apply to the SERs elicited on the median nerve similarly to the SERSs elicited on the
tibial nerve. Consequently, taking into account that the MOA of SCS is most probably a combination of
both spinal and supraspinal mechanisms, | anticipate attenuation of the SERs elicited on the median
nerve as well, albeit less compared to the SERs elicited on the tibial nerve.

H.1.2. Tibial Nerve and Median Nerve (Aim 2)

In this comparison, the SERSs elicited on the tibial nerve will be compared to the SERs elicited on the
median nerve in patients before SCS treatment, as well as during sham SCS, to assess whether a
spinal MOA possibly contributes to the effect of SCS on the SER. Based on a frequently cited theory
for the observed SER amplitude decrease during tonic SCS, called the collision of impulses theory, |
expect differences in the decrease of the two distinct SERs during SCS [61, 67—69, 72, 74], similar to
the hypotheses stated in subsection 1.7.2.
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H.1.3. Various SCS Paradigms (Aim 3)
In this comparison, the SERs elicited on the tibial nerve as well as the SERs elicited on the median
nerve will be compared during the tonic, burst, and sham SCS paradigms.

Tibial Nerve

For tibial nerve stimulation, | do not expect differences in the early components of the SER
amplitudes between the three SCS paradigms, as has been reported by Niso et al. [46]. Both tonic
and burst SCS are considered to act on the lateral pathway, suggesting that both paradigms might
affect the early SER component similarly. No theories for the MOA of sham SCS are postulated.

Based on the same study, | expect a greater decrease of the late SER amplitude by burst SCS
compared to tonic and sham SCS [46]. Niso et al. reported a decreased amplitude of the late
component of the SER elicited on the tibial nerve during burst SCS, compared to tonic and sham
SCS, when patients focused on the applied SER stimuli. In alignment with this, during the
measurements performed for this thesis, patients focused on the applied stimuli as well; therefore, |
anticipate similar results.

The comparison with sham SCS as a control condition is especially complex because the therapeutic
ability of sham SCS is unknown, in this research as well as in the study by Niso et al. [46]. However,
for completeness, the measurements performed during sham SCS paradigm were analyzed as well.

Median Nerve

For median nerve stimulation, no literature is available comparing various SCS paradigms. No MOAs
of sham SCS are hypothesized. However, | hypothesize that for the sham SCS used in this thesis, its
effect most closely resembles the effect of burst SCS compared to tonic SCS due to the shape of the
waveform (Figure H.1).

H.2. Results

An overview of the included patients for the comparisons including sham SCS is shown in Table F.2.

H.2.1. Before SCS and During SCS

For this comparison, the SERs elicited on the tibial nerve as well as on the median nerve before SCS
treatment were compared to the SERs in the same individuals when treated with tonic, burst, and sham
SCS. The characteristics of the patients who were included in this comparison are shown in Table F.5.

Tibial Nerve

For the SERs elicited by tibial nerve stimulation, the amplitudes were generally lower or unchanged
during tonic and burst SCS compared to before SCS, as was described in subsection 4.2.1. For the
sham SCS paradigm, the trend was similar. The amplitude during sham SCS was either similar to burst
and tonic SCS or exhibited a greater difference than tonic and burst SCS compared to before SCS. The
SERSs elicited by tibial nerve stimulation in all ROIs during sham, tonic, and burst SCS and before SCS
are shown in subsection 1.1.1.

Median Nerve

For the SERSs elicited by median nerve stimulation, the amplitudes were generally higher or unchanged
during tonic and burst SCS compared to before SCS, as was described in subsection 4.2.1. For the
sham SCS paradigm, the trend was similar. The amplitude during sham SCS was either similar to burst
and tonic SCS or exhibited a greater difference than tonic and burst SCS compared to before SCS. The
SERs in all ROls elicited by median nerve stimulation during sham, tonic, and burst SCS and before
SCS are shown in subsection 1.1.2.

H.2.2. Tibial Nerve and Median Nerve

The primary focus of this comparison, comparing the SERs elicited on the tibial nerve to the SERs
elicited on the median nerve, was to determine whether the difference between the two distinct SERs
is greater during sham SCS compared to before SCS treatment. The characteristics of the patients
who were included in this comparison are shown in Table F.5 and Table F.6. The difference between
SERs was quantified using the AUC ratio. The comparison between AUC ratios was initially performed
in the subpopulation of patients who were also previously included in the study before SCS treatment,
comparing the AUC ratios before SCS to the AUC ratios during sham SCS. Subsequently, the AUC
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ratios of the patients before SCS treatment were compared to the AUC ratios during and sham SCS in
the groups consisting of all included patient recordings.

Before SCS Treatment

The AUC ratios of the patients before SCS treatment (n=4) and the AUC ratios of the same individuals
(n=4) during sham SCS are shown in Table H.1. In the S1 hand and foot area, as well as in the right
S2, the ACC, the MCC, the right insular cortex, and the left and right thalamus, the AUC ratio was
higher during sham SCS compared to before SCS. An overview of the graphs showing the AUCs for
the SERs elicited by tibial nerve and median nerve stimulation in all ROls for the subpopulation (n=4)
is provided in subsection 1.2.1.

All Patients

The AUC ratios of the patients before SCS treatment (n=4) and the AUC ratios of all included patients
during sham SCS are shown in Table H.1. In the S1 hand area, as well as in the left and right S2, the
ACC, the MCC, the left and right insular cortex, and the left and right thalamus, the AUC ratio was
higher during sham SCS compared to before SCS. An overview of the graphs showing the AUCs for
the SERs elicited by tibial nerve and median nerve stimulation in all ROls for all patients treated with
SCS (n=19) is provided in subsection 1.2.2.

Table H.1: The area under the curve ratios of the patients before spinal cord stimulation (SCS) treatment (n=4),
of the same individuals during sham SCS (n=4), and of all included patients during sham SCS (n=19)

Before Sham Sham
SCS SCS SCS
(n=4) (n=4) (n=19)

S1 foot 1.5 2.1 1.7
S1 hand 59 8.3 7.3
S2 left 1.9 2.2 2.3
S2 right 0.9 2.7 2.7
ACC 1.4 2.5 2.0
MCC 1.6 24 2.2
PCC 1.3 1.7 1.6
IC left 1.7 1.9 2.1
IC right 1.1 2.2 3.2
Thalamus left 1.3 25 3.0
Thalamus right 1.1 3.1 3.2

S1, primary somatosensory cortex; S2, secondary
somatosensory cortex; ACC, anterior cingulate cortex;
MCC, middle cingulate cortex; PCC, posterior cingulate
cortex; IC, insular cortex.

H.2.3. Various SCS Paradigms
In this comparison, the SERs elicited on the tibial nerve as well as the SERs elicited on the median
nerve during tonic and burst SCS were compared to the placebo SCS setting (section 1.3).

Tibial Nerve

The characteristics of the patients who were included in this comparison are shown in Table F.9. For
the SERs elicited by tibial nerve stimulation, the amplitudes for the middle and late latency
components during sham SCS were generally similar to during tonic and burst SCS. For the very late
latency component, the amplitude during sham SCS was generally lowest and primarily resembled
the amplitude during tonic SCS. The SERs elicited by tibial nerve stimulation in all ROls during sham,
tonic, and burst SCS are shown in subsection 1.3.1.

Median Nerve

The characteristics of the patients who were included in this comparison are shown in Table F.10. For
the SERs elicited by median nerve stimulation, the amplitude of the middle latency component (M100)
was generally higher during sham SCS compared to during tonic and burst SCS. This SER component
exhibited an exceptionally large standard error during sham SCS, especially in the right insular cortex.
The patient who caused this big variability was assessed, and no reasons were found to exclude them
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from the comparison other than the exceptionally high SER amplitude in the right insular cortex. For
the late and very late latency components, the SER amplitude during sham SCS was lower compared
to burst SCS and resembled the SER during tonic SCS. The SERSs elicited by median nerve stimulation
in all ROIs during sham, tonic, and burst SCS are shown in subsection 1.3.2.

H.3. Discussion

As mentioned earlier, the sham SCS paradigm is not clinically used but was developed for this study
as a control measure. During this study, the numerical rating scale (NRS) attributed to the chronic
pain condition was assessed at each MEG measurement session for the current SCS paradigm. The
average NRS scores are presented in Table H.2, illustrating that the therapeutic effect of sham SCS
was comparable to the therapeutic effect of tonic and burst SCS. Furthermore, the NRS scores
attributed to the SER stimuli during sham SCS did not differ from during tonic and burst SCS.

For sham SCS, no MOAs have been hypothesized like is the case for burst and tonic SCS. Based on
the sham SCS waveform, which is a modified version of the burst SCS waveform (Figure H.1)
consisting of groups of two pulses instead of five at the same frequency as burst SCS at the lowest
possible amplitude, similar results to burst SCS would be expected. In addition to the waveforms that
were already quite similar during the MEG measurements, burst SCS is currently applied in the clinic
with much lower energy compared to during the measurements for this thesis, implying that the burst
SCS paradigm of today gets more similar to the sham SCS paradigm during the study. Nowadays,
burst SCS is often applied with the lowest possible amplitude, or with a slightly higher amplitude on a
cyclic program (intermittent on/off). This evolving understanding and change in the application of
burst SCS may explain why the SCS paradigm demonstrated therapeutic effects in this study.

Table H.2: Average pain intensity on the numerical rating scale (NRS) attributed to the chronic pain condition
during tonic, burst, and sham spinal cord stimulation.

Tonic Burst Sham

4(£2) 4(£3) 4(£2)

NRS
[mean (£ std)]
std, standard deviation.

Table H.3: Average pain intensity on the numerical rating scale (NRS) attributed to the stimuli to elicit the SERs
during each paradigm, for the SERs elicited by tibial nerve (TN) stimulation and by median nerve (MN)

stimulation.
Tonic Burst Sham
TN NRS
[mean (< std)] 33(+18) 36(£19) 29(+1.9)
MN NRS

[mean (+ std)] o2 (£16) 28(x14) 23(+14)

std, standard deviation.

H.3.1. Before SCS and During SCS

The SERSs elicited by both tibial nerve and median nerve stimulation during sham SCS resembled the
SERSs during tonic and burst SCS. This corresponds with the expectations based on Niso et al. for the
early component of the SER [46].

H.3.2. Tibial Nerve and Median Nerve

For the comparison of the SERSs elicited on the tibial nerve to the SERSs elicited on the median nerve
before SCS and during SCS, the results during sham SCS were similar to the observed results during
tonic and burst SCS.
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H.3.3. Various SCS Paradigms

Contrary to expectations, the SERs during sham SCS were either higher compared to tonic and burst
SCS or resembled the SER during tonic SCS. This difference could not be attributed to a difference in
stimulation intensity, as is shown in Table H.4, similar to the comparison between tonic and burst SCS.

Table H.4: Average stimulation intensity during each spinal cord stimulation paradigm for the somatosensory
evoked responses elicited by tibial nerve (TN) and by median nerve (MN) stimulation.

Tonic Burst Sham
TN stim [mA]
[mean (+ std)] 274 (£ 11.4) 28.0(£13) 28.2(*15.3)
MN stim [mA]

[mean (£ sty 173 (£82)  16.3(£9.0) 17.5(* 10.7)

std, standard deviation; mA, milliamperes.
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Figure I.1: An overview of the somatosensory evoked responses elicited by tibial nerve stimulation in all regions
of interest for the comparison between before spinal cord stimulation treatment and during tonic, burst, and sham
spinal cord stimulation. Note the two different ranges of the horizontal axis: either -50 to 300 milliseconds or -50
to 700 milliseconds.
S1, primary somatosensory cortex; S2, secondary somatosensory cortex; ACC, anterior cingulate cortex; MCC,
middle cingulate cortex; PCC, posterior cingulate cortex; IC, insular cortex; BS, before spinal cord stimulation
treatment; TO, tonic spinal cord stimulation; BU, burst spinal cord stimulation; SH, sham spinal cord stimulation.
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Figure 1.2: An overview of the somatosensory evoked responses elicited by median nerve stimulation in all
regions of interest for the comparison between before spinal cord stimulation treatment and during tonic, burst,
and sham spinal cord stimulation. Note the two different ranges of the horizontal axis: either -50 to 300
milliseconds or -50 to 700 milliseconds.

S1, primary somatosensory cortex; S2, secondary somatosensory cortex; ACC, anterior cingulate cortex; MCC,
middle cingulate cortex; PCC, posterior cingulate cortex; IC, insular cortex; BS, before spinal cord stimulation
treatment; TO, tonic spinal cord stimulation; BU, burst spinal cord stimulation; SH, sham spinal cord stimulation.
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Figure 1.3: An overview of the graphs showing the areas under the curves (AUCs) for the somatosensory
evoked responses elicited by tibial nerve and median nerve stimulation in all regions of interest, of the patients
before spinal cord stimulation treatment (n=4) and of the same patients (n=4) during tonic, burst, and sham
spinal cord stimulation. The shaded areas represent the AUCs that were used to determine the AUC ratio for
each condition, for each region of interest.

S1, primary somatosensory cortex; S2, secondary somatosensory cortex; ACC, anterior cingulate cortex; MCC,
middle cingulate cortex; PCC, posterior cingulate cortex; IC, insular cortex; BS, before spinal cord stimulation
treatment; TO, tonic spinal cord stimulation; BU, burst spinal cord stimulation; SH, sham spinal cord stimulation;
MN, median nerve; TN, tibial nerve.
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Figure 1.4: An overview of the graphs showing the areas under the curves (AUCs) for the somatosensory
evoked responses elicited by tibial nerve and median nerve stimulation in all regions of interest, of the patients
before spinal cord stimulation treatment (n=4) and of all included patients that were treated with spinal cord
stimulation (n=19) during tonic, burst, and sham spinal cord stimulation. The shaded areas represent the AUCs
that were used to determine the AUC ratio for each condition, for each region of interest.

S1, primary somatosensory cortex; S2, secondary somatosensory cortex; ACC, anterior cingulate cortex; MCC,
middle cingulate cortex; PCC, posterior cingulate cortex; IC, insular cortex; BS, before spinal cord stimulation
treatment; TO, tonic spinal cord stimulation; BU, burst spinal cord stimulation; SH, sham spinal cord stimulation;
MN, median nerve; TN, tibial nerve.
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1.3. Tonic SCS and Burst SCS (Sham)
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Figure 1.5: An overview of the somatosensory evoked responses elicited by tibial nerve stimulation in all regions
of interest for the comparison between tonic, burst, and sham spinal cord stimulation. Note the two different
ranges of the horizontal axis: either -50 to 300 milliseconds or -50 to 700 milliseconds.

S1, primary somatosensory cortex; S2, secondary somatosensory cortex; ACC, anterior cingulate cortex; MCC,
middle cingulate cortex; PCC, posterior cingulate cortex; IC, insular cortex; TO, tonic spinal cord stimulation; BU,
burst spinal cord stimulation; SH, sham spinal cord stimulation.
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Figure 1.6: An overview of the somatosensory evoked responses elicited by median nerve stimulation in all
regions of interest for the comparison between tonic, burst, and sham spinal cord stimulation. Note the two
different ranges of the horizontal axis: either -50 to 300 milliseconds or -50 to 700 milliseconds.

S1, primary somatosensory cortex; S2, secondary somatosensory cortex; ACC, anterior cingulate cortex; MCC,
middle cingulate cortex; PCC, posterior cingulate cortex; IC, insular cortex; TO, tonic spinal cord stimulation; BU,
burst spinal cord stimulation; SH, sham spinal cord stimulation.
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