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Abstract

Background: Pain is a subjective expaence and multiple factors play a role in the processing of
pain. The network for the processing of pain, involving cortical and subcortical structures, has often
been addressed in the neuroimaging of pairSpinal cord stimulation (SCS) is used aslast-resort
treatment for chronic neuropathic pain. Although there is plenty evidence that both, tonic and burst
SCS$could be beneficial for neuropathic pairpatients, the working mechanisms of SC&re still not
fully understood. The goal of thisstudy is to measure the neuronal activity inthe pain processing
brain areas and pathways involved in chronic neuropathic pain andssesshow the different SCS
settings affectthe activity in these areas and pathways.

Methods: Restingstate magneteencephalography (MEG recordings were done in three groups of
subjects: chronic pain patients (PC), subjects without pain (HC) and patients with SCS (PT). All
subjects in the PT group evaluated one week of tonic, one week of burst and one week of placebo
stimulation. The dataanalysis was twaofold: differences between HC and PC were analyzed, and the
difference between different SCS settings were analyzed. For the HC and PC, the alpha power
distribution was analyzed by computing a ratio of high theta power (® Hz) and low algha power
(9-11 Hz). This was done at sensor level, and after source reconstruction. At source level, regions of
interest (ROI) were defined and connectivity analysis was performed by computing the correlation
and the coherence. For evaluation of the diffent SCS settings, the alpha power distribution was
also analyzed at sensor and source level. The differences between SCS settings in power for the
theta (4-7.5 Hz), alphal (810 Hz), alpha2 (1012 Hz), betal (1318 Hz), beta 2 (18.521 Hz) and
beta3 (21.530 Hz) frequencies was also analyzed

Results: Chronic pain patients showedsignificantly higher theta/alpha ratios predominantly at the
right-sided sensors. Source reconstruction revealed significantly higher ratios in pain patients for
the right insula, the mid-posterior and posterior cingulate cortex and the rightS2 The coherence
showed an increased connectivity between the right anterior insula and the right anterior S2.
Comparing tonic to burst stimulation revealeda higher theta/alpha ratio during tonic stimulation
for the temporal/occipital areas and the right insula.In addition, the somatosensory cortex and the
parietal lobe showed increased alphal powefor tonic stimulation. The power in the betal band for
the somatosensory cortex and the pari@l lobe was higher during burst stimulation

Conclusion: An overall slowing of the alpha frequenciesvas found for the chronic pain patients
mainly in the right insula, the mid-posterior and posterior cingulate cortex and the rightS2,
suggesting the iwolvement of thalamocortical dysrhythmia (TCD). Burst stimulation seemed to
reduce TCD to a larger extent than tonic stimulationThe differences atsource level will have to be
explored further in a larger number of subjects.
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Chapter 1: Background

1.1 Pain
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Figure 1: Schematic overview of three pain processing pathways: the lateral, medial and descending pathways. The lateral
pathway processes the discriminatory components of pain, the medial pathway processes the motivational, affective
components of painand the descending pathway suppresses ongoing pairigure from de Ridder et al[5].
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1.2 Spinal Cord Stimulation
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1.3 Magneto-encephalography
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Chapter 2: Rationale

2.1 Spinal cord stimulation
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DAOExAUQ AOOET ¢ AOOOO OOEI O1 AGEI T h AT I DPAOGAA O O
OOCCAOONOOE ACDET O1 AGETT 11 ADIT AOCBBA OEREEADAIDAU BAGC
OEA [ AAEAT DPAOGExAUh xEAOAAO OITEA OOEI 61 AGET T 1
ETEEAEQ] SWWEEAGE XA POAJEIADDI Al OA @ @APBT AOAA OEAOA
'] OET OCEPOEROBAKIOANEGENSD T AR AT A AOOOO OOEIN O1 AGEI]
DAGEAT 6O xEOE 1 AOOI PAOEEA DPAETGOED D IOk BB ThIAA A E £
pysY ) O OAI AET O O1 Al AAO xEEAE jDAEFRAA D QOITAITEA Al A AN ROEE
xEEAE DAOEAd GOABRAIOAR! ¢ 110OMEGR A@EMAEION ¢ BEBRA BRAKLEIT OO Al
i0 AATAEEO £OiI i 3#3h EO EO Ei bi OOCKAA OA KT A BOIA ABDDIOLAE
Eii EA& ABROIAATI AZEAEAI AT A Oi ZE£OOOGEAO Ei pOi OA AT/
AOOI PAOEEA DAET 8

I
X
I
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2.2 Chronic pain

Pain is a subjective experience and multiple factors play a role in the processing of pakiready
several different pain processing pathways and specific brain areashave been mentioned for their
involvement in the processing of pain.In addition, it has beensuggestedthat somatosensory
processing is altered for chronic pain patients[19-21]. There are multiple studies whereby
electrophysiological measures such as EEG have been used to try ahjbctify these alterations.

One of thereported alterationsin EEG and MEG for chronic pain is slowing of the dominant rhythm
[22]. For example,Schulman et al. described a shift of alpha peak frequency towards lower
frequencies (theta) for chronic pain patients[17]. They compared resting state MEG recordings of
subjects with deafferentation pain syndromes, subjects who had received SCS which resulted in pain
relief and subjects who had received SCS which did not result in pain relief. They analyzed thétshi
of the alpha peak by computing a ratio of power in the high theta band {F Hz) and power in the
low alpha band (311 Hz) and found that deafferentation pain patients and patients for whom SCS
was not successful, showed larger shift from alpha frequercies towards theta frequencies. The
shifting of the dominant (alpha) rhythm towards the theta frequenciesis often described to
thalamocortical dysrhythmia (TCD) TCD is described as decreased inhibition of the thalamus
which causesan increased theta a&tivity that reduces lateral inhibition , causes an increased gamma
activity and therefore causesabnormal pain processing17, 20, 22-24].

Possibly, the slowing of the dominant rhythm could be used to generate aelectrophysiological
marker of chronic pain.However, general slowing of the dominant rhythm hasilso been described

in other neurological andD OUAEEAOOEA AEOI OAAOO | Abrd mhwdoibb1 A
specific enough[22, 25]. When more is known about the processing of chronic pain adhe cortical
level, it might also give better insightanto the working mechanisms of SCS. At this moment, there is
no clear, objective marker which describes the alted cortical activity of chronic pain patients yet.
Such a marker would be useful tabjectify, monitor or predict the effect of the treatment of pain,
and to monitor or predict whether SCSn general or which stimulation settings in particular would

be beneficial for an individual patient.

2.3 Aim of the study
The overarching goal of this project is to measure the neuronal activity in the brain areas and
pathways that are involved in the processing ofchronic neuropathic pain and assess how the
different SCS settings affect the activity in these areas and pathways. As a first step to accomplish
this goal, | proposed several objectives for this thesis:
1 Study with MEGwhether there is ashift in power from alpha frequencies towards theta
frequencies for chranic pain patients compared tocontrol subjects without pain
9 Study which brain areasshow this shifting of alpha frequencies towards theta frequencies,
using a MEG source model.
1 Study how these brain areas relate to each other, using connectivity measurasthe time
domain and the frequency domain.
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1 Studywith MEGwhether there is a differencein shifting of the alpha frequenciesas a result
of different SCS settings: tonic stimulation and burst stimulation.

1 Study which brain areasshow this shifting of apha frequencies as a result of the different
SCS settings, using a MEG source model.

1 Study in which brain areas activity in specific frequency bands is altered as a result of the
two different SCS settings, using a MEG source model.

The project will be continued after the completion of this thesis, and subsequent objectives will be
proposed to accomplish the primary goal. Eventually, we hope to develop MEG based pain
signature, which is abledetect chronic neuropathic pain and ideally predict whether £S would be
beneficial for a patient or not.
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Chapter 3: Methods

To achieve the goals describeth 2.3, the study was divided into two parts. First, the differences in
cortical activity between chronic pain patients and subjects without pain were analyze&econd, the
cortical activity of patients with a spinal cord stimulator was analyzed. After that, the results for the
three different groups were compared. The data acquisition for all three groups was dore the
same way, but the measurement protocol wadifferent for the SCS patients as they evaluated three
different stimulation settings.

3.1 Study groups

In total, three groups of subjects were recruited for this study; a group of chronic pain patients, a
group of subjects without pain and a group of SS patients. Because the overall goal is to study the
effects of spinal cord stimulation, the groups of chronic pain patients and subjects without pain will

be referred to as control groups. The three study groups and their inclusion criteria were as folls:

1 Subjects without chronic pain (Healthy Controls, HC): no pain and no other neurological
disease, but moderate, nofpainful other medical conditions were not an exclusion criterion.

1 Chronic pain patients (Pain Controls, PC): chronic neuropathic pain the lower body part
and preferably on a waiting list for a SCS implant. Subjects who also suffered from (severe)
pain in another body part or another form of serious decline of general health, were
excluded.

1 SCS patients (Patients, PT): a SCS system Whie capable of burst stimulation and already
experienced more than three months of stimulation. Subjects who also suffered from
(severe) pain in another body part or another form of serious decline of general health, were
excluded.

3.2 Data acquisition

MEG was used to record the cortical activity of the three groups. The recordings were done at two

locations; the Montreal Neurological Institute (MNI, Montreal, Canada) and at the Donders Institute

for Brain, Cognition andBehavior (Nijmegen, the Netherlang). The MEG system, the acquisition

software and the measurement setup were the same for both locations. The subjects were measured

in seated position with a 275channel wholehead MEG system (CTF, Coquitlam, BC, Canddaide

a magnetically shielded room(MSR). The sensors and their distribution across the helmet are

shown in figure 2. Before entering the MSR, the subjects were instructed to remove any metal

materials that could distort the measurements. Recordings were made with a sample rate of 2400

Hz and the 3d order gradient compensation was applied for noise reduction. In order to detect eye

blinks and cardiac artifacts, horizontal and vertical electrooculogram (EOG) and electrocardiogram

(ECG) were recorded simultaneously during the MEG recordingg I AAOAAO OEA OOAE?RX
position in the MEG helmet before each recording, coils were attached close to three anatomical
landmarks: the nasion and the left and right preauricular points. A 3D digitizer system (Polhemus
Isotrack) was used to digiizeOEA OOAEAAO80O EAAA OEAPAh OEA 11 AAQE]
of the anatomical landmarks. Before a subject entered the MSR, a tminute empty-room
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recording was made to capture the environmental noise. The noise recording was used for the s®i
cancellation in the process of sourcesconstruction (section 3.3.3).

Sensor Names - 275 Channel Systems

CHANNEL COUNT:

Frontal Central Parietal Occipital Temporal

Totals

Z (Midline)
L (Left)
R (Right)

3
33
33

4
24
24

1
22
22

3
19
19

0
34
34

1
132
132

Totals

69

52

45

41

68

275

1st letter:

2nd letter:

3rd letter:

numbering:

M- MEG

-EEG

- Left

- Right

- Zenith (midline)
- Frontal

- Central

- Parietal

- Occipital

- Temporal

“0mvWOoOTmM NI m

1st digit - row

2nd digit - column

Note: 1stand 2nd letters ('ML", "MR", & "MZ") omitted for clarity.

Figure 2: Thedistribution of sensors in the helmet of the CTF 27&hannel wholehead MEG system

In the MEG, three conditions were tested; the resting state cortical activityhe cortical response to
somatosensory evoked stimulation (somatosensory evoked potential, SEP) and the response to
conditioned pain modulation (CPM). Because recording and cleanirige data (section 3.3.1) was
very time-consuming, only the data of the firsresting state recordings was analyzed for this thesis.
For a better overview of the complete setup, the other conditions are explained briefly.

3.2.1 Measurement protocol HC and PC

The HC subjects and the PC subjects underwent one MEG session, whictsisted of sevenshort
recordings; one resting state recording in the beginning, two SEP recordings, three recordings for
the CPM test andone resting state recording at the end. Before each session, the subjects were
asked to fill in several questionnaire: the brief pain inventory (BPI), the pain catastrophizing scale
(PCS), the EuroQol 5 dimensions 5 levels (EQ4D), the hospital anxiety and depression scale
(HADS) and the pain vigilance and awareness questionnaire (PVAQ). Each subject was offeredlto fi
in the questionnaire in their own language (either Dutch, English or French). For this thesis, only the
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results of the BPI were used to obtain the pain intensity for each subject. The pain intensity was
expressed with the numeric rating scale (NRS), wineby O is no pain and 10 is the worsipain
imaginable.

Resting state recordingsthe participants were instructed to sit still, keep their eyes open, relax and

to focus on a fixation cross. This recording lasted five minutes. The instructions and thediion
cross were presented to the subjects on a screen in the MSR. The presentation was made in Matlab,
using the Psychophysics Toolbox extensiorj26, 27].

SEP_recordings approximately 200 stimuli were applied b the median nerve (the first SEP
recording) and the tibial nerve (the second SEP recording) with a randomly varying interstimulus
interval (ISI) between 0.7 and 1.5 seconds. The stimuli were applied with a constant current
electrical stimulator (Digitimer Ltd), which was programmed to deliver the stimuli with varying ISI
using Matlab (The MathWorks, Massachusetts, USA). We used a pulse width of 200 microseconds
and an amplitude level which was just high enough for eliciting a twitch. Subjects were instted

to silently count the number of stimuli, to ensure that the attention of the subjects was on the
stimuli. After each SEP recording, we asked the subjects for the number of stimuli that they had
counted,and they received feedback on their accuracy.

CPM recordings the test consisted of three recordings, whereby each time 22 unpleasant stimuli
were applied to the tibial nerve with a randomly varying ISI between 6 and 10 seconds. The stimuli
consisted of a burst of 5 pulsessach with a pulse width of 200 microseconds and with 5
milliseconds between each pulse. The amplitude of the stimuli was individually adjusted to the point
where the subject indicated a pain score around 5 out of 10 (where 0 is no pain and 10 is the worst
pain imaginable). During the first recording, only the stimuli were applied. During the second
recording, the stimuli were applied in combination with an icepack on the left hand and forearm.
After that, a third recording was donewith the stimuli but without the icepack, to measure he
extinction of the cold pressor tes{28, 29].

3.2.2 Measurement protocol PT

To assess the effect of different stimulation settings on the cortical activity, the SCS patients
underwent four MEG sessions. Duringhe first session, a baseline recording was made with their
own stimulation settings, after which the stimulation settings were changed to either tonic, burst or
placebo stimulation. The type of stimulation was randomly chosen and neither the patient ndine
researchers knew the type of stimulation. After this, the direct effects of the change of stimulation
were recorded. One week later, the longerm effects of the change of stimulation were recorded
with another MEG session (whereby the procedure of thérst MEG session was repeated). Before
each session, the subjects were asked to fill in the questionnaires (BPI, PCS, ERISIHADS and
PVAQ). From theBPI questionnaire, the NRS scores were used to indicate the pain intensity of the
subjects.

A MEG sssion for SCS patients started with a resting state recording of 5 minutes, followed by two
recordings of SEPs (again, one with median nerve stimulation and one with tibial nerve stimulation)
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and the CPM test. After this, the stimulation settings were chgad to the next settings and another
resting state recording of 5 minutes was done, followed by the two SEP recordings. During the
fourth MEG session, the stimulation settings were not changed, therefore the session ended with a
resting state recording onl.

3.3 Data Analysis

The data analysis was performed with Brainstorri80], which is documented freely and available for
download online under the GNU general public licensghttp:/neurcimage.usc.edu/brainstorm ).
All the steps that are explained in thishapter, are built-in options in Brainstorm. To learn about the
possible steps and their technical background, | used the tutorials which are documented on their
website. As mentioned before, these analyses were germed on the first resting state recording for
every subject only.

Before any data analysis could be performed, the data had to be cleaned. Subsequently, the data
analysis was performed in two parts. The first part of the data analysis consisted of apahg the
differences in cortical activity between pain and no pain, wherefore | looked at the following
measures: the alpha power distribution; at sensor level, at source level and at specific brain regions
of interest (which are known to be involved in @in processing). Also, | analyzed the connectivity
between those specific areas by computing the correlation and the coherence between the specific
areas. The differences were quantified using the statistical tests for MEG, available in Brainstorm.
The seond part consisted of analyzing the differences in cortical activity within the SCS group as a
result of the different stimulation settings. For this part, also the alpha power distribution (at sensor
level and at source level) was analyzed. To be abledompare the results with de Ridder et al[5, 9],

the differences in specific frequency bands for the different stimulation settings were analyzed.

3.3.1 Data cleaning

Because of the large number of artifacts,agh resting state recording was first visually inspected

and cleaned manually. The inspection was done in the time domain, and in the frequency domain by

AT i DPOOET C OEA DI xAO OPARAAOOOI AAT OEOU j03$sq OOETIC
50% overlap. Individual or small groups of sensors that showed unexpectedly devia behavior

from their surrounding sensors, were marked as bad and excluded for further analysis.

Notch filters

Powerline artifacts were removed by applying a notch filter at the powdr ET1 A6 0 A£OANOAT AU
higher harmonics (50, 100 and 150 Hz at the Donders and 60, 120 and 180 Hz at the MNI). For the

PT group, the SCS could also cause artifacts in the MEG signal, as the SCS stimulates with an
electrical current (and therefore also ceates a magnetic field). Although varying for individual

patients, the frequency of the stimulation was always of a set frequency and therefore clearly visible

in the PSD. This frequency, and its higher harmonics, could also be removed with a notch filtar.

rare cases, the notch filter did not work sufficiently, in which case a narrow banrstop (for example

39-40 Hz) filter was used.
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Frequency filters

If deemed necessary, a bandpass filter was applied to remove low (< 1 Hz) and high (> 200 Hz)
frequencyl T EOA8 , 1 x AOANOAT AU TTEOA AT OI A T AAOO AO A
body (for example, dental work); breathing causes these metals to generate a low frequency
oscillation in the MEG signal. High frequency noise could occur as a resaflimuscle activity due to
movement of the subjects. Muscle activity can be seen in the MEG signal at frequencies between 20

and 300 Hz[31], but the muscle activity lower than 200 Hz was not removed by using a lowpass

filter, to prevent removing actual brain activity. The muscle activity below 200 Hz was removed
differently, as will be explained in the next paragraph.

Principle component analysis (PCA)

The heart beat and eye movements cause artifacts in the MEG signal. The cardiac artifacts and the
eye blinks, but also the muscle activity, were removed by using principal componeanalysis (PCA)
[32, 33]. For the removal of the cardiac artifacts, theReaks in the ECG were detected and selected
as an event. For the removal of the eye blinks, the peaks in the vertical EOG were selected &yan
blink event. If the recording was contaminated with multiple saccades, the horizontal EOG was used
to mark the saccades as events. The events for muscle activity were selected either by automatic
detection of data segments with an increased amplitudef frequencies between 40 and 240 Hz, or
manually. After the detection of events, PCA was used to compute sigaphce projections (SSPs)
from these events. The resulting SSPs were topographies which represented the spatial distribution
of the signal at the given events. For the SSPs which were similar to the artifact topography (for
example, eye blinks occur at the most frontal sensors only), a linear projector was computed to
remove this contribution from the signal. Artifacts whereby no sufficiently reembling SSP could be

ATi DbOOAAR xAOA 1 AOEAA AO OAAAG AT A OEAOA OAci Al 00

3.3.2 Alpha power distribution: sensor level

The first measure that was calculated, was the measure described by Schulman eflal]; a shift of
alpha frequency power, towards the lower theta frequencies due to neuropathic pain. A PSD was
AAl AOI AGAA I O AOGAOU OAT 01T oh OOET ¢ 7A1 AESO i AOEI
Subsequently, tle power of the frequencies in the high theta band (@ Hz) and the power of the
frequencies in the low alpha band (911 Hz) were extracted (for every sensor). The theta/alpha
ratio was then calculated by dividing the power in the theta band by the power ithe alpha band. To
observe the group differences, an average ratio across all subjects in a group was calculated for each
of the 275 sensors and visualized with a colormap in a schematic head: a theta/alpha ratio
topography. As the final goal is to be ablto distinguish between pain and no pain at an individual
level, also the individual theta/alpha ratio topographies were computed.

In the paper of Schulman et al. the average theta/alpha ratio across the whole head was computed.
To be able to compare ouresults with the literature, this was also done for our subjects. The
average ratio across all sensors was calculated for each subject and the differences between the two
groups were compared. To validate if the ratio could classify the subjects in thed groups, a cutoff
value was determined by plotting a receiver operating characteristic (ROC) curve (using SPSS

OAOOGEIT ¢t18mQq8 4EA OAT OEOEOEOU AT A OEA (QmRAAEEEAEOD
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3.3.3 Alpha power distribution: source level

For a better determination of the brain areas contifuting to the MEG signal, the data was analyzed

at source level. First, the MEG signal was linked to an MRI. Ifiadividual MRI was available for the
OOAEAAOR OEA OOAEAAOGGO T x1 AT AOT I U cefaddICEMIAAS ) £
MRl wasOOAAh AT A xAOPAA O OEA OOAEAAOEO EAAAR OOET «
before each recording. The MRI was used to perform cortical reconstruction and volumetric
segmentation with the FreeSurfer image analysis suite, which is documented anddly available for

download online ( ). The result of the FreeSurfer software was

the cortical surface extracted from the MRI35]. This cortical surface was then imported into

Brainstorm and downsampled to 15000 vertices. These vertices represent the numbef dipoles to

estimate during the source estimation process. To ensure a correct position of the head model in

relation to the MEG helmet, 6 fiducial points (the nasion, the lefand right pre-auricular points, the

anterior- and posterior commissure and a interhemispheric point) were marked in the MRI. Those

points were then used to match with the anatomical points which were marked in the digitized head

shape. The product of these steps was a cortical surface consisting of 15000 vertices, with a known

position in relation to the MEG helmet.

The brain activity in the cortical surface was modeled in a current dipole model: one current dipole
represents the postsynaptic electrophysiological activity of a group of neurons. To reduce
computation time, the nodel was simplified, and the positions and orientations of the current
dipoles were constrained. The positions of the current dipoles were set at the locations of the 15000
vertices, and the orientations were set perpendicularly with respect to the cortidasurface
(assuming that the measured fields are produced by apical dendrites, which are oriented normal to
the surface)[15, 36]. The next step was to create a forward model; a model which@ained how
the MEG sensors capture the activity of the groups of neurons (the current dipoles). As MEG is less
sensitive to the different head tissues (white and grey matter, cerebrospinal fluid, skull bone and
skin) compared to EEG, the forward model waalso simplified. For each MEG sensor, a sphere was
estimated which represents the shape of the inner skull. In the end, the model consisted of
overlapping spheres for each of the 275 MEG sensd&¥].

Subsequently, the forward model was used to estimate the activity of the current dipoles, or in other
words, to estimate the sources of the MEG signal. This is an inverse problem; we have the results
(the MEG signal), but we have to compute theause (the activity of the dipoles). The minimum norm
imaging method of Brainstorm was used as a solution to this problem. This method minimizes the
sum of the squared residuals of the source estimate, while trading off between reconstruction of the
data and suppression of the noisg38]. In order to do this, a noise covariance matrix was estimated
from the noise recordings, which were recorded before each MEG session (the same notahd
frequency filters that were applied to the actual data, were applied to the noise recordings). The
advantage of the minimum norm estimates (MNE) is that it is a relataly simple method to compute
the sources, but it also tends to place source activity at the surface of the cortex. To reduce this
effect, the results were normalized by applying dynamical statistical parametric mapping (dSPM)
[39]. This method normalizes the results for the MNEjased on the noise covariance matrix. This
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resulted in source maps with values which were similar to -scores and represented the measure of
activity for each source.

The source maps were used to extract the alpha power distribution for every source. Teduce
computation time, the PSD was only computed for the high theta band-@Hz) and the low alpha
band (9-11 Hz). Furthermore, the alpha power distribution was computed the same way as for the
sensor level @described in 3.3.2).

3.3.4 Specific brain areas

The alpha power distribution was also computed for specific brain regions of interest (ROIs), which
are known to be a part of the pain processing networf2, 3]. This was done to study whether there
is a reldion between the ROIs and the alpha power distribution. The areas that were studied more
closely were: the prefrontal cortex, the insular cortex (anterior and posterior), the primary
somatosensory cortex (S1), the secondary somatosensory cortex (S2, anterand posterior) and
the cingulate cortex CCanterior, mid-anterior, mid-posterior and posterior).

The source maps, that were obtained after the source reconstruction (see previous section), were
used for analyzing the activity of the ROIs. The ROIsre defined by an assembly of sources on the
cortical surface, which were situated in these brain areas. The Destrieux atlas, which is a
parcellation scheme in FreeSurfer, was used to create these ROIs on the cortical surfidée 41].
When the ROI from the Destrieux atlas did not completely cover the brain area, or cover more than
the intended area, the ROl was modified in BrainstornThe sources that represented the ROI are
shown in appendix A.For each ROI, the werage PSD across all sources in that ROl was calculated
(again, for the high theta band (¥ Hz) and the low alpha band (911 Hz) only). Subsequently the
theta/alpha ratio was computed Eection 3.3.2).

The same ROIs were used to analyze their connectivi This was done by using two different
measures; the correlation between the ROIs and the coherence between the ROIs. The correlation
was computed for every subject by first computing the average time series for each ROI and then
AT i BOOET ¢ 0 Al&ianGoetiidedt bdiieénhQhese5-minute time series at zero lag This
resulted in a correlation coefficient, whereby a coefficient ofl indicates a perfect negative linear
relation between the two ROI and a coefficient of 1 indicates a perfect positiiimear relation
between the two ROI[42]. As the direction of the correlationwas assumed to be of less importance
and to improve the interpretability, the absolute values of the correlations were takenThe absolute
correlation values per ROI were then averaged for each group. For the coherence, the PSD for each
ROI was computed wth a frequency resolution 0f0.6 Hz. Sibsequently, thePSDsof two ROIs (x and
y) were compared by computing the magnitude squared coherence (CQH This was done by
dividing the cross spectral density between the two ROIs {3 by the PSDs of the two R®I(Sxand
Sy) [42]:

v 0

ouv0"Q )] Q Y OvY 0
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The differences in coherence between the two groups were analyzed for the high theta band9(7
Hz) and the low alpha band (911 Hz).As | selected a total of 16 ROIs (the mentioned brain areas for
the left- and right hemisphere, the sources for the cingulate cortex were assumed to be in the
middle), this resulted in averaged 16x16 connectivity matrices for the correlation and for the
coherence) for each group. To evaluate the differences, the connectivity matrices for the §Gup
were subtracted from the connectivity matrices for the HC group.

3.3.5 Statistical analysis

For performing statistical tests on the MEG data, | had to take into account the multiple comparisons
problem (MCP). In the time domain for example, the datof two groups was compared for all 275
sensors at a lot of time points. This increases the chance of finding false positives; it increases the
family-wise error rate (FWER). In Brainstorm, the nonparametric permutation test was used,
because this methods more suitable to control for the FWER43, 44].

For the nonparametric permutation test, first the trials of the HC group and the PC group were
collected in a single set (resulting in 42 trials in total). Second1 trials were randomly selected
from this set and put in subset 1, the rest was put in subset 2 (causing thC and the PCto be
mixed). Third, atwocOAET AA Qa3tGvAshperiortn€l bébween these subsets. Subsequently, the
second and the third st were repeated 1000 times (1000 permutations) and a histogram was
constructed of the test statistics. To reduce computation time, the Monte Carlo approach with only
1000 permutations was used. Therefore, this histogram only approximates the permutation
distribution. The p-value was then determined by comparing the histogram and the observed test
statistic (the t-test between the actual HC and PC). Thevalue was the proportion of permutations
that resulted in a larger test statistic than the observed static [43, 44].

To control for the FWER, the false discovery rate (FDR) correction was used, which corrected for the
number of signals (the number of sensors or sources). The FDR corrected/iglue represents the
percentage of false positives of the significant values (without correction, the-yalue represents
false positive of all values)45]. Thecorrected p-values were considered significant when they were
smaller than 0.01.

Statistical analysis was performed only for the first part (comparing theHC and the PQ. The
permutation test was used to analyze the difference between the two groups for the follomg
measures: the theta/alpha ratio topographies (section 3.3.2), the theta/alpha ratio for the sources
and the theta/alpha ratio for the ROk. For the second part (comparing the different stimulation
settings of SCS), statistical analysis was not performeide to the low number of subjects.

3.3.6 Spinal cord stimulation

The third part of the analysis consisted of evaluating the effects of SCS and its different stimulation
settings. Therefore, for every subject in the PT group, the resting state recordings the three 1-
week evaluation periods were analyzed. This was done by looking at some of the same measures as
for the first part (pain vs no pain) and by looking at specific frequency bands.
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The alpha power distribution for the sensors (section 3.3.2) ad the alpha power distribution for

the sources 6ection 3.3.3) werecomputed and averaged for each stimulation setting (tonic, burst
and placebo). To observe the differences between the stimulation settings, these three averages
were subtracted from eachother. This resulted in three figures for each measure: the differences
between tonic and burstbetweentonic and placeboand betweenburst and placebo. Due to the low
number of subjects, statistical analysis was not performed for this part of the analgs

To compareour results with the results that have been published by ®Ridder et al[5, 9], for every

PT subjectthe differences in cortical activity, as a result of the different stimulation settings, were
analyzed at the following frequency bands: theta (#.5 Hz), alphal (810 Hz), alpha2 (1012 Hz),
betal (13-18 Hz), beta 2 (18.521 Hz) and beta3 (21.530 Hz). For every source, the mean frequency
for each band was calculated and normalized by dividing themean frequencyof a bandby the total
power within all of these frequency bands. Subsequently, the results were averaged for each of the
three stimulation settings and those means were subtracted from each other for a comparison
(resulting in again three comparisons: tonicburst, tonic-placebo and burstplacebo). Statistical
analysis was not performed for this part either, due to the low number of subjects.
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Chapter 4: Results

4.1 Pain vs. no pain

For the HC group, 21 subjects (8 females) were includedof~the PC group, also 21 subjects (10
females) were included. The mean age and standard deviation (SD) were 47 + 11 years old for the
HC group and 48 + 10 years old for the PC group. The NRS pain score was 0 + 0 for the HC group and
5.5 = 2.4 for the PC giup. From the PC group, 38% suffered from pain in both (left and rightegs

33% suffered from pain in their left leg (and not their right), 14% suffered from pain in their right
legand 14% suffered from pain in their back only.

4.1.1 Alpha power distr ibution: sensor level

The results for the average theta/alpha ratio at each sensor for both groups ashiown in figure 3.
The ratio topography for the HC (left) showed ratios primarily below 1, which means that there is
more power in the 9-11 Hz frequencyband than in the 79 Hz frequency band. The ratio topography
for the PC (right) showed ratios primarily above 1, meaning more power in the-9 Hz band than in
the 9-11 Hz frequency band.

. 2.0

1.0

I 0.0

Ratio
Figure 3: The theta/alpha ratio for each of the 275 sensors. Theatio topographies are shown for (left) the healthy
controls and (right) the pain controls. The values represented in the figure are the theta/alpha ratios, a higher ratio means
more power in the 7-9 Hz frequency band and a lower ratio means more power imé¢ 9-11 Hz frequency band.

The statistical differences between the two groups are showimn figure 4. In this figure, only the
sensors that were significantly different (p < 0.01)between the two groups were highlighted. A
positive t-value corresponds toa higher ratio for the HC, a negative-¥alue corresponds to a higher
ratio for the PC. The PC group showed a statistically significant higher ratio (more power in the high
theta band) for the central and parietal (left and right), and the right temporal ad occipital sensors.
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Figure 4: The results for a permutation ttest between average (sensor level) theta/alpha ratios for the healthy controls
(HC) and the average (sensor level) theta/alpha ratios for the pain controls (PC). The values representedhe figure are
t-values based on a significance level of p < 0.01, a highalue means a higher ratio for the HC and a lowvlue means a
higher ratio for the PC. The results were false discovery rate (FDR) corrected for the number of sensors.

The individual ratio topographies (shown in appendix B.1) revealed that the topography could
almost distinguish between HC and P@t the individual level, except for some outliers. The same
individual differences were also visible in the theta/alpha ratio average@cross the wholehead (fig.
5). The ROGcurve (appendix B.2) showed a cutoff value of 0.94, whereby chronic pain patients
were detected with a sensitivity of 76% and a specificity of 91%.
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Figure 5: The average ratio across all sensor for each subjeBubjects in the healthy control (HC) group are shown in blue
and subjects in the pain control (PC) group are shown in red. The black line indicatib® cut-off value (determined with a
ROC curve}o distinguish between HC and PC.
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4.1.2 Alpha power distr ibution: source level

The differences between the two groups at source level asthown in figure 6. Sourceswvhich lighted
up blue, showed a significarly higher theta/alpha ratio for the PC group(p < 0.01). The areas which
showed the largest differenceswere the insula (primarily the right insula), the cingulate cortex and

the right temporal/occipital cortex.
6 B t

Figure 6: The results for a permutation ttest between the average (source level) theta/alpha ratios for the healthy
controls and the average (sorce level) theta/alpha ratios for the pain controls. The results were false discovery rate
(FDR) corrected for the number of sources. The values represented in the figure argalues based on a significance level
of p < 0.01. The areas which showed thargest differences between the two groups, were the insula (primarily the right
insula), the cingulate cortex and the right temporal/occipital cortex.

BN O N

4.1.3 Specific brain areas

The selected RGiall showed a higher theta/alpha ratio for the PC group, copared to the HC group
(fig. 7). TheROE in the figureare sorted by the pvaluesfor the difference in ratio between the two
groups (p-values obtained through the permutation t-test, FDR corrected for the number of RO)s
the ROI with the lowest pvalue is shown on the left and the ROI with the highest-palue is shown
on the right. The right anterior insula, the right posterior S2, the right anterior S2, the posterior
dorsal CC, the migposterior CC and the right posterior insula showed significantly higér ratios for
the PC group (p < 0.01).
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Theta/Alpha ratio ROI

Theta/Alpha Ratio

EHC (n=21) ®mPC (n=21)

Figure 7: The average theta/alpha ratio in each region of interest (ROI) for the two groups, the error bars represent the
standard deviation. The healthy controls (HC) are shown in blue and the pain controls (PGeahown in red. The ROI with
the most significant difference is shown on the left and the ROI with the least significant difference is shown on the rigt
values were obtained by performing the permutation ttest). L = left, R = right, CC = cingulate tex, S1 = primary
somatosensory cortex, S2 = secondary somatosensory cortex, * = p < 0.01.

The connectivity matrices (correlation and coherencejor the differences between the HC and the
PC for eactROlare shownin figure 8. Thecorrelation values baween the ROIs were generally low
for both, the HC and the PC (appendix C.and therefore the differences between those two groups
were only small. This is shownin figure 8 (left): a positive value means that the correlation or
coherence between the twoROIs was larger for the HC and a negative value means that the
correlation or coherence between the two ROIs was larger for the PThe largest differencein
correlation between the two groupswas about 0.3 andfound between the right S1 and the left S1:
the correlation between those areas is larger for theC than for theHC.

The coherence values between the ROssiowed amore distinct difference in connectivity between

the two groupsthan the correlation values The difference in coherencéor the high theta band (7-9

Hz) and the low alpha band (911 Hz) show a similar connectivity pattern between the ROB,
however the coherence values were higher for the high theta band (appendix C.2)he largest
difference in coherence(fig 8, right) between the two groups for the high theta bandwas found
between the rightanterior 2 and the right anterior insula: the coherence between those areasas
about 0.5 for the PC and about 0.1 for theHC (appendix C.3) In the theta frequency band there
were also cleardifferencesin coherencebetween the two groups forthe different ROk within the
cingulate cortex and for the cingulate cortex and the S1: the coherence values between those areas
were higher for the PC than for the HC.
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Figure 8: The differencesin connectivity between the two groups, with (left) the difference between the correlation
(within the regions of interest) of the healthy controls (HC) and the pain controls (PC) and (right) the difference between
the coherence of the HC and the Pfor the high theta band (%9 Hz). The values are difference in correlation (left) or
coherence (right) between the HC and PC, a positive value means a higher correlation/coherence between the two ROIs
for the HC and a negative value means a higher correlation/coherentetween the two ROIs for the PC. Note that the
colorbars are scaled differently for the two matrices. L = left, R = right, CC = cingulate cortex, S1 = primary somatosensory

cortex, S2 = secondary somatosensory cortex.

4.2 Spinal cord stimulation

For the PT group, 9 subjects (3 females) were included. The mean age for this group was 54 + 10
years old. The mean reported NRS was 4.1 + 3.0 after one week of tonic stimulation, 3.9 + 2.1 after
one week of burst stimulation and 5.4 + 2.4 after one week of plase stimulation. Five of the
patients suffered from pain on their right side of the body, three on their left side and 1 suffered

from pain on both sides.

4.2.1 Alpha power distribution: sensor level

The theta/alpha ratio topographies for the different stmulation modes areshown in figure 9. From
left to right these are average ratios after one week of tonic stimulationpne week of burst
stimulation and one week ofplacebo stimulation. Burst stimulation seems to show slightly lower
ratios in the frontal area than the other two settings.
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Figure 9: The average theta/alpha topographies (from left to right) after one week of tonic stimulation, one week of burst
stimulation and one week of placebo stimulation.

The individual theta/alpha ratios averaged across the whole headseemed to be distributed
similarly for each of the threesettings (appendix D). The whole-head ratio averaged over the 9
subjects showed a ratio 00.97 + 0.30 for tonic stimulation, 0.88 £ 0.21 for burst stimulation and
0.94 £ 0.26 forplacebo stimulation.

4.2.2 Alpha power distribution: source level

The differences in theta/alpha ratio between tonic stimulation and burst stimulationat source level
are shown in figure10. A positive difference (red) means a higher ratio during tonic smulation and

a negative difference (blue) means a higher ratio during burst stimulation. Especially the right
temporal and occipital areas but also the insulashowed a higher ratio during tonic stimulation. The
largest difference was seen in a small lefrontal area, where the ratio was higher during tonic
stimulation.

0.6

. 0.3

0.0

. -0.3

-0.6
dRatio

Figure 10: The difference in theta/alpha ratio (source level) between tonic stimulation and burst stimulation. A positive
difference indicates a higher ratio during tonic stimulation and a negative differencendicates a higher ratio during burst
stimulation.
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The differences in theta/alpha ratio between tonic stimulation and placebo stimulation are shown
in appendix E.1. Thelargest (positive) difference wasagain observed in the frortal area of the left

hemisphere, where the ratio was higher duringtonic stimulation. The differences in theta/alpha

ratio between burst stimulation and placebo stimulation (appendixE.2) did not reveal one specific

area with a larger difference than otherareas. Overall, the ratio was higher for placebo stimulation
compared to burst stimulation, whereby the right hemisphere showed this difference more clearly
than the left hemisphere

4.2.3 Specific frequency bands

The comparison of the specific frequencyands (theta, alphal, alpha2, betal, beta2 and beta3)
between the three different stimulation settings revealed the largest differences in the alphal band
(8-10 Hz) and the betal band (1318 Hz) when comparing tonic stimulation to burst stimulation.
The somatosensory cortex and the parietal lobe showed increased alphal power during tonic
stimulation, compared to burststimulation (fig 11). The difference in alphal power was maximally
0.04 (unitless), which represented about 10% difference between the twoettings, as themaximum
alphal power for both tonic and burst stimulation was about 0.3 (appendix F.1)The effect of
increased alphal power was also visible when comparing tonitimulation to placebo stimulation,
but not when comparing burst stimulationto placebo stimulation (appendixF.2).

On thecontrary, the power in the betal band for thesomatosensory cortex and the parietal lobe
was higher during burst stimulation, compared totonic stimulation (fig 12). Although the figures
showed the same scak the difference in betal power was larger than the difference in alphal
power: the maximum power for both tonic and burst stimulation was about 0.15 (unitless)
therefore the value of 0.04 represented about 25% difference between the two settingg/hen
comparing burst stimulation to placebo stimuldion, the betal power for these sameareas was also
higher, but the comparison between tonic and placebo stimulation did not reveal a clear difference
(appendix F.3). Note however that these differences are betwen the means of 9 subjects, the
individual results varied as did the effect of the three stimulation setting®n their pain perception.

A small area in theprefrontal cortex showed more theta power during tonic stimulation, compared
to burst stimulation (appendix F4). This increase in theta power was also reflected by an increased
theta/alpha ratio during tonic stimulation in the same area (section 4.2.2). Thalifference was also
visible between tonic and placebo stimulation, but not between burst andlacebo stimulation.
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Figure 11: The difference in mean relative power in the alphal frequency band {80 Hz) between tonic stimulation and
burst stimulation for every source. The positive values indicate more power in the alphal band during tonic stination,
compared to burst stimulation. Especially the right hemisphere shows more alphal power in the somatosensory cortex

and the parietal lobe during tonic stimulation.

Figure 12: The difference in mean relative power in the betal frequency band (138 Hz) between tonic stimulation and
burst stimulation for every source. The negative values indicate more power in the betal band during burst stimulation,
compared to tonic stimulation. The somatosensory cortex and the parietal lobe show increased betaiwmw during burst
stimulation.
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Chapter 5: Discussion

5.1 Main findings

Comparing between chronic pain patients and healthypainfree control subjects, we found that the
alpha power distribution is significantly different between the two groups the chronic pain patients
showed higher theta/alpha ratios for several brain areas indicative for slowing of the alpha
frequencies In the regions of interest, ths difference in alpha power distribution was mainly
observed in the right insula, the mid-posterior and posterior cingulate cortex and the right
secondary somatosensory cortexThe coherencefor the high theta frequenciesbetween the right
anterior insula and the right anterior S2was much larger in thePC group, compared to theHC
group. The comparison between tonic and burst stimulation showed a higher theta/alpha ratio
during tonic stimulation for the temporal/ occipital areasand the right insula. Furthermore, there
were differences inpower in the alphal and betal frequency bandf the somatosensorycortex
and the parietal lobebetweentonic and burst stimulation.

5.2 Thalamocortical dysrhythmia

5.2.1 Pain vs no pain

The theta/alpha ratio was significantly higher inPC group compared toHC group Ths higher ratio
indicates that the peak in alphafrequencies is shifed towards the (lower) theta frequenciesin
patients with chronic pain. The increased ratio could also beaused byan increased power in theta
frequencies which has been reported in other literature.ln a review about EEG pattera in chronic
pain by Pinheiro et al, four of the six studies found an increased theta frequency power for the
chronic pain subjects[20]. The increased theta power could be the result of a decreased inhibition
of the thalamus.The slower theta waves reduce the lateral inhibition, which could cause increased
gamma activityin the areas that surround the areas which show an increased theta activityhis is
called thalamocortical dysrhythmia (TCD) and has been associatedth multiple neurological and
psychiatric disorders, amongst whichchronic pain [17, 20, 2224]. The theta/alpha ratio might
reflect this phenomenon in ourchronic pain patientsas well.

In our source model, thencrease in theta/alpha raio seemed to originate from source deeper than

the cortex and spread into multiple cortical areas. Wexpectedthat this source could very well be
the thalamus andto test this hypothesis, weincorporated the thalamus into our original source

model (appendix E.3). That extended model indeed projected a vast part of the increased

theta/alpha ratio in the thalamus. However caution has to be taken wheimterpreting this finding,

as more research is needed to confirm that MG isindeed capable of detecting signals which
originate in the thalamus[46]. Nevertheless, tlese results and the previous findings in literature,
strongly suggest an alteration in thalamic behaviobecause othronic pain.

Both, at sensor level and at source level, we saw the largest differenéegheta/alpha ratio in the
right hemisphere. This could be caused by the fact that a large part of our subjects (33%) suffered
from chronic pain exclusively on their left side and not the right side of their body but it could also
mean that the right hemisphere is more involved in the processing ofain than in the left
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hemisphere. This has also been reported in literature: Pauli et al. found that pain sensitivity was
associded with an increased right hemispheric activity[47] and Lugo et al. sggested that pain
intensity perception is lateralized to the right hemisphere[48]. Also, te right insula is known to
play a more significant rolein attentional processesthan the leftinsula [3, 49]. Another explanation
for the larger differences in heta/alpha ratio on the right side isthat TCD is mainly visible in the
right hemisphere.

The average theta/alpha ratio across the whole head seemed to be able to distinguish quite
accurately betweenthe HCand PC. Especially the specificity (91%) was gt for this method; most
HC were correctly classified. The PC however showed a largariation causing a sensitivity of 76%.
The cutoff value could be decreasedo obtain a larger sensitivity, as we could argue that the
sensitivity is more important. Also, there are some clear outliersthe overall ratio of 3.1 for example,

is clearly deviant from the other values and therefore has a larger impact on the eoff value.
Possibly, an explanation for the outliers can be found in the questionnairggor example pain
duration or peak pain intensity). The resultsfrom the questionnaires, but also the results from the
other measures described in this thesis, could be incorporated in a more advanced model to
improve the classifier. For this,a larger number of suljects would be desirableas well.

5.2.2 Spinal cord stimulation

The theta/alpha ratios at sensor levelwere slightly lower during burst SCSthan during tonic or
placebo stimulation. Also, the difference in theta/alpha ratio at source levelbetween tonicand burst
stimulation looks similar to the difference between chronic pain patients and healthy controls,
except for the cingulate cortex (the CC showsomparable ratios for tonic and burst stimulation).
Apart from the finding in the cingulate cortex, his could suggest that tonic stimulation does not
affect TCD, but bursstimulation doesor does to a larger extentThis might also be reflected in the
pain scores; after one week bburst stimulation, the patients indicated lower pain scores on
average.However, the differences in theta/alpha ratio and in the pain scores between the different
stimulation settings were only small and there was variation between the subjects. With a larger
number of subjects in the PT group, we would be able group responders and nonrespondersto a
certain stimulation setting, after which we expect to see clearer differences.

Moens et al. showed in a fMRI study thdirief periods of SCSduring the trial stimulation phase)
resulted in bilateral deactivation of the medial halamus and the anterior and posterior CC
Ipsilateral (to the stimulation site) deactivation was found in the dorsal premotor cortex, the
anterior part of the insula, the lentiform nucleus, the caudate nucleyshe S1 andthe S2
Contralateral deactivation was found in the hypothalamus, the insula, th&2 the proprioceptive
cortex, the visual cortex and the parahippcampal gyrus[50].3 O AT é U found, With AMRIS that
SCYHalso during the trial stimulation phase) activated the primary motor cortex, the ipsilateral S2
and the contralateral posterior insula. When comparing periods with SCS to resting periods (no
SCS), they saw decreed deactivation of the primary motor cortex, and the left postcentral gyrus
[51]. With a larger number of subjects in the PT group, we can make a source model (preferably
including the thalamus) and perform statistical analysis. Based on the described literature, we
expect to find activity changes(compared to the PC) in the group with good respondereo SCSor
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the thalamus, the primary motor cortex, the CC, the S1 and S2 and the insula. Apart from the motor
cortex, these same areas also showed an increagbeta/alpha ratio (the S1to a lesser extentjwhen
comparing our PC to HC.

The cingulate cortex, specifically the anterior cingulate cortex, has also been a target for cortex
stimulation [52]. Boccard et al. performed deep brain stimulation(DBS) in the ACC for 16
neuropathic pain patients of which 11 subjects were included for analysis. They showed an overall
improvement of visual analogue scale (VAS) scor§s3]. Also, Spooner et al. presented a case study
whereby they implanted DBS in a patient with neuropathic pain, they also reported better pain
control after implantation [54]. Another form of cortex stimulation as a treatment of chronic pain is
motor cortex stimulation (MCS) Although the precise working nechanism of MCS is unclear, MCS is
believed to modulate pathologic hyperactivity of thalamic relay nuclei. The success rates for MCS
were higher for facial pain (68%) than for central pain (54%)[55]. This literature shows that
modulation of pain processing areas such as thaotor cortex and the ACC is able to reduce pain in
some chronic pain patiens. Possibly, SCS workalso through modulation of these (or other pain
processing) brain areas but by activating or deactivating the pain processing pathways through the
spinal cord.

5.3 Connectivity measures

Differences in connectivity between the HC ad the PC vere mainly found in the coherence.The
maximum coherence was found for the frequencies below 1.5 Hz. Since a large part of the PC had
artifacts below 1 Hz, a 1 Hz high pass filter was applied for these subjects. Therefore, the coherence
below 1 Hz is not expected to be reliable. The frequency band that showed the highest coherence
after the frequencies below 1.5 Hz, was the high theta frequency band-97Hz). Snce this frequency
band and the low alpha frequency band (41 Hz) were the main frequecies of interest, only these
frequency bands were shownThe frequency resolution that was used for the coherence matrices
(0.6 Hz) was different from the frequency resolution that was used for the other measure9 25 Hz,

for the alpha power distribution and the specific frequency bands)The reason for this was to
reduce the computational effort; a higher frequency resolution caused the process to reach out of
memory. A higher frequency resolution would however be desirable, since the width of the
frequency bands of interest vasonly 2 Hz.

The areas that showed the highest difference ickoherencefor the high theta bandbetween the HC
and the PC were theight anterior 2 and the right anterior insula. Also, the ROI within the CCand
the CCand Slshowed a higher coherence for the P@ the high theta band These areas are all
located closely to each other, therefore a higher connectivity could be expect&ince the power in
the high theta band was higher for the PC (they had a higher theta/alpha rajicthe connectivity in
this frequency band couldalso be higher for the PC. However, the difference between the two
groups for the high theta band was very largéor the right anterior insula and the right anterior S2
(20.1 for the HC and 0.5 for the PCAlso for the low alpha band, the coherencbetween those ROIs
was still larger for the PCand changes in connectivity for theseROIsin chronic pain patients have
alsobeen reported in literature.
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Several studies haveshown that the insula is involvedin the processing of pain(amongst other
psychological functions) specifically the affective/motivational component of pain[56, 57]. The
insula has for example been mentioned for its involvement in pain processinfgr patients with
fiboromyalgia (FM): Hsiao et al. reported a decreased connectivity between the bilateral insula and
the default mode network (DMN) for FM patientd58], Choe et al. reported a decreased connectiyi
within the DMN for FM patients[59] and Ichesco et al. reported an increased connectivity between
the right insula and the CC for FM patients, but an increased connectivity between the left insula and
the CC forcontrols [60] . So, there is literaturewhich also shows an increased connectivity between
the right insula and the other brain areas (involved in the processing of pain) for chronic pain
patients, but there is al® literature which suggests the opposite: that connectivity is decreased for
chronic pain patients.Because the exact relation of the insula with other pain processing areas is
still debated, this area and its connectivity with other ROI should be furtheexplored with other
connectivity measures.

We only found a difference in connectivity for the right insula, not for the left insulaBesides the
study of Ichesco at a) there are other studies that have reported that the right insula is more
important in the processing of pain than the left insuld3, 49, 60] For example,Cauda et al. also
found a stronger connectivity between the right insula and the areas associated with attentional
processes (such as the AC&hd the thalamus) than the left insulaOur findings and the literature
suggest that the right insula is more important in the processing of pain than the left insula.

The correlation values showed very little difference between the two groupsAlthough both
measures (correlation and coherence) were used to describe a relation between ROIs, the
correlation values indicate a relation between areas in the time domain, where the coherence values
indicate a relation between areas in the frequency domaiflhe correlation wascomputed with the
assumption that the time lag between twoROEk was 0. This might not be entirely accurie, because
the distance ketween two RO$ might cause a smallag in response. Alsothe correlation values
were averaged across the fivaninute recordings, negative correlation values might have cancelled
out positive correlation values, resulting in lower values than the coherence valuedn order to
reduce theseeffects, | also computed tle maximum correlation across the fiveminute recordings
(appendix C.4). This however did not showarger differences than the mean correlationsdid. In
addition, taking the maximum coherence across five minutes, is more sensitive to sudden non
physiologicd changes in the time signal. Because of these disadvantagdse torrelation might
therefore be a suboptimalmeasurefor describing the connectivity in this case.

5.4 Specific frequency bands

De Ridder et alsuggested thatburst stimulation work s through the lateral and medial pathway, but
tonic stimulation only though the lateral pathway Therefore, we expected to find the biggest
differences in the ACC, the somatosensory and insulacortices, when comparing cortical activity
during tonic and burst stimulation [5, 9]: the ACCand the anterior insula were expected to be more
active during burst stimulation and the somatosensory cortex was expected to be more active
during tonic stimulation. The somatosensory comx indeed showedslightly more activity in the
alphal band for tonic stimulation, however we did not find increased activity in the ACC and insula
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during burst stimulation (in none of the frequency bands). The alphal power increase in the
somatosensory cortex durirg tonic stimulation could be the result of the paresthesia, caused by
tonic stimulation. This explanation was further supported after comparing tonic and placebo
stimulation, and burst and placebo stimulation. The difference was also visible between torand
placebo, but not between burst and placebo (where neither of the two causparesthesia).Overall,

our results do not showsucha clear difference between tonic and burst stimulation to suggest that

the two stimulation modes work through different pathways. It seems more likely that both, the
tonic and the burst stimulation work through the concept of thegate control theory OEA 1T AOCA
fibers block the pain signals of the smallet 1  Afib&rs Bt cause perceived sensationsvhereas

When comparing tonic stimulation and burst stimulation, adifference was also found in the betal
frequency band, again for the somatosensory corteXlthough alphal power was higher during
tonic stimulation in this area, betal power was higher during burst stimulation The comparison
between tonic and placebo stimulation did not reveal clear differeces in betal activity, indicating
that the betal power is increased during burst stimulation onlyThis suggests thaboth SCSettings

are processedin the somatosensory cortex, whereby tonic stimulation causes alphadscillations

and burst stimulation causes betal oscillationsHowever, we do not have an explanatiofor this yet

and further analysis with a larger number of subjectsis needed to explore this finding.

The prefrontal cortex showed an increased theta power when comparing tonic to burst stinhation.
As this difference was also visible between tonic and placebo, but not during burst and placebo, this
difference could be caused by the tonic stimulatiorThis increased theta power was also reflected in
the theta/alpha ratio; the ratio was higherfor a small area of the prefrontal cortex when comparing
tonic versus burst stimulation. Although other areas of the prefrontal cortex (such as the
dorsolateral prefrontal cortex) have been reported to be involved in the processing of pai®, 20],
this small prefrontal area has not been reported yein association with chronic pain Thedata has
been cleaned of eye blinksyut the location and the frequency of this difference could also originate
from remaining eye movements. The source models of the individual subjects revealed that the
theta power in the prefrontal cortex was higher during tonic stimulation (compared to burst) in
three of the nine subjects.These three subjects might have had more eye movementsrihg the
recording, butit is unlikely that they only showed more eye movementgluring tonic stimulation,
and less during burst stimulation A larger number of subjects and extended data analysis is
necessary to further explore this finding.

5.5 Consider ations

5.5.1 Measure for alpha power distribution

The same measure as described by Schulman et [4l7] was used for looking at the alpha power
distribution. The goal of this measure is tdndicate whether the power of the dominant frequency
peak, generally the alpha peakis shifted towards the theta frequency for chronic pain patients,
which could be indicative for TCDThe theta/alpha ratio however, only divides the power for the
frequencies 79 Hz by the power for the frequencies 911 Hz.For most of our subjects, we saw a
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