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1. Introduction

Pain has a prominent role among the human senses due to its function to warn of harm as
well as for its affective-emotional component [101,114]. Painful events are therefore
particularly dominant in the stream of incoming sensory information and are believed to

attract more attention than other sensory modalities [34,122].

1.1. Inter-individual differences in the perception of pain

One man’s pain is another man’s pleasure. We have long known that perceived pain severity
depends very much on the individual [68,96]. The experience of pain does not simply
reflect sensory information, but can be substantially influenced by the individual's
sensitivity to pain [110]. The neural response to pain changes more to these individual
perceptions than to the absolute value of the external stimulus [107]. As a consequence,
some individuals perceive a nociceptive stimulus as strongly painful whereas others
perceive the very same event as less painful [22,68,95]. Indeed, our research has shown
that 44 degrees of long-lasting heat pain may register as almost unbearable to one

participant, yet hardly painful at all to another [27,107].

Depending on the specific circumstances, the perception of pain is also influenced by
social factors [113], as well as by emotions and attention [129]. As these factors are
thought to develop differently between individuals, they will likely contribute to an
individual's “steady-state” pain experience when all other factors that we know influence
pain are controlled [124]. Relatedly, when a subject is exposed to a painful event it can
cause an activation of brain regions unique for that subject in a given situation, but which
can change in a flexible way. This individual but flexibly-accessible pattern of activated
brain regions comprises the well-known grey matter structures, which until recently had
been called the pain matrix, i.e. the insular cortex, the somatosensory cortices, and the
cingulate cortex. The activity pattern can also include other structures such as the
amygdala and frontal cortex regions depending upon the context, cognitive state and
mood [124]. Many studies are showing how these regions concertedly represent the
perception and modulation of pain in the human brain. In contrast, the influence of the
individual pattern of the hard-wired structural connections between regions of the pain
matrix and other pain-modulating regions on the subjective experience of pain has only

recently started being considered [72,108].
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1.2. Context-dependent within-subject differences in the
perception of pain: modulation of brain activity by

cognitive strategies

Modulation of brain activity by cognitive strategies: behavioural findings. Previous research
has shown that various cognitive strategies are effective to attenuate pain [4,30]. As
studies were aiming to find the best strategy to attenuate pain, they have shown that
healthy subjects and pain patients can successfully utilise cognitive approaches to control
pain intensity and distress [40,60,62,89], as well as to increase pain tolerance [4,73].
However, by neglecting interindividual differences and individual preferences, these
studies merely compared the general efficiency of various strategies. The results of these
studies revealed enormous performance variability among participants: some subjects
performed well on pain reduction, whereas others did not achieve a reduction of pain
intensity at all. To explain the variability, the authors suggested that some of the less
successful participants would have performed better with a different strategy [3,30,51].
Indeed, Lawrence et al. [69] recently found some variability for a pain patient’s ability to
utilise one of two predetermined cognitive strategies. For example, for some patients, the
shift of attention to a non-painful body site was more effective than a reappraisal of the

painful stimulus at reducing pain. For other patients the opposite was true.

In agreement with some behavioural studies [33,80], we found a superiority of two
distraction strategies (counting backwards, imagining a safe place) compared to a
cognitive reappraisal strategy [109]. The suggested individual preference for certain
attenuation strategies between subjects [30] could not be confirmed; our results on
healthy subjects have shown that most of the behavioural variance in the data is explained
by a common performance factor across all strategies: our sample of healthy participants
included subjects that achieved substantial pain attenuation in all three strategies and

subjects that were less successful in all three strategies [109].

Modulation of brain activity by cognitive strategies: neuroimaging findings. More recently,
neuroimaging has been utilised to investigate the influence of cognitive factors (i.e.
attentional shift, meditation, cognitive demand) on the processing of pain perception in
healthy subjects [18,42,136]. Due to the application of various techniques (EEG, PET, fMRI),
sometimes low sample sizes, different tasks (attention modulation, task-related

distraction, imaginal strategies, placebo application, or meditation), and varying methods
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of stimulation (cold pressor test, brief laser stimulation, tonic heat pain), the results
diverge substantially across studies - particularly with respect to the involvement of
frontal cortical areas. Besides the amount of variability, commonly decreased cortical
activity was found in regions that are known to be involved in the processing and encoding
of pain, i.e. the insular cortex, the anterior and posterior cingulate cortices, as well as the
primary and secondary somatosensory cortices [99,125,132]. Other studies revealed
increased activity in the endogenous top-down control circuit, which includes the

perigenual anterior cingulate cortex and the periaqueductal grey [13,128,134].

1.3. Inter-individual differences in pain modulation

Individually specific signature of pain. It had been suggested that an individual but
flexibly-accessible pattern of activated brain regions - the individually specific signature of
pain - determines the processing of pain. It may also affect the capacity to cope with
painful events. However, with the advent of modern neuroimaging techniques, it is now
possible to investigate whether the individual signature for pain determines a subject’s
performance in utilising a specific strategy to control pain. In addition, the assessment of
the individual's specific signature appears to be even more important for patients who
need to control the intensity of chronic pain states. Similarly, authors promoting
individualised drug therapy for the treatment of pain [22,32,140] also take inter-individual
differences into account. Differences in the processing of pain are suggested by
incomplete response rates to medication. Causal and universal mechanisms of
migraine-related cortical processes can be excluded by clinical data showing that
Calcitonin gene-related peptide (CGRP) based medication works for many patients but not
for all [31]. This is supported by functional imaging data showing a lack of activity for
non-responders of CGRP medication in the spinal trigeminal nucleus and a reduced
coupling between the spinal trigeminal nucleus and the hypothalamus [8]. Therefore, the
assessment of the individual's cortical signature has the potential to contribute to the
selection of an appropriate behavioural therapy. Hence, the selection of an individually
tailored drug and behavioural treatment based on the subject’'s specific characteristics

may help to cure chronic pain.

Neuroimaging of axonal connectivity in pain research. Plenty of studies revealed brain
regions contributing to the processing of pain [123]. Imaging methods are perfectly suited
to characterise the neuronal underpinnings of the preferred down-regulating of pain by

means of cognitive approaches. One specific method, Diffusion Tensor Imaging (DTI) is
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capable of characterising axonal connections within and between brain regions by utilising
quantitative measures of diffusibility of water molecules along white matter tracts. To
specifically explore pain-related connections, predefined anatomical regions - that are
involved in the processing of pain - serve as seed points. Tracking algorithms detect white
matter pathways between these regions and distant cortical areas. However, only a few
studies have investigated the contribution of axonal connections to pain processing in
healthy subjects. In a seminal work by Hadjipavlou et al. [50], the authors described
connections originating from two subcortical regions transmitting nociceptive information
from the periphery to the cortex. Pereira et al. [98] specifically investigated a region that is
involved in top-down pain regulatory mechanisms - the ventral periaqueductal grey (PAG).
The authors revealed fibre projections to the PAG from cortical pain processing regions
such as the amygdala, the nucleus accumbens, the anterior cingulate cortex (ACC), and the
prefrontal cortex (PFC). A further study [87] investigating visceral pain revealed direct
connections from the insular cortex to ACC, thalamus, S1, S2, as well as to PFC. Other data
[72] confirm that variances in white matter connections, as reflected by a change in
fractional anisotropy between the dorsolateral prefrontal cortex (DLPFC) and thalamus,
are correlated to how successful transcranial direct current stimulation of the DLPFC is in
producing analgesia to a tonic pain experience. Further, these structural variances
correlated not only with behavioural analgesia scores, but also with concomitant changes
in cerebral blood flow between these regions as determined by arterial spin labelling.
These data, and others from the same laboratory, support the concept that structural
variation exquisitely relates to and influences how pain experiences are modulated.
However, it remains unclear whether white matter connections between pain processing
and pain-modulating regions transmit pain similarly for all subjects or whether
inter-individual differences in white matter connections can influence the individual's

ability to control pain.

Studies examining patients suffering from various pain syndromes provide some evidence
that affected axonal connections are related to altered pain perception. Studies on various
patients suffering from chronic pain found an abnormal diffusibility in cortical grey and
white matter regions [25,43,76,120]. Goto et al. [48] provided further evidence by showing
that the assessment of the cortico-spinal tract in central post-stroke patients (CPSP)
predicts the efficiency of the antinociceptive treatment by means of rTMS (repetitive
transcranial magnetic stimulation). These studies raise the possibility that the strength of
white matter tracts may affect the perception of pain due to top-down modulatory
mechanisms in health and disease. Again, yet to be determined is whether the individual

pattern of the strength of white matter connections (the individual white matter
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signature) between regions of the pain matrix and pain-modulating regions may affect the

control of pain under specific conditions.

The individual signature of axonal connections may affect the perception of pain. Up to now
previous pain research about conditional influences on pain perception predominantly
pursued a population-based approach by averaging and, hence, eliminating the individual
variability within groups. Fewer studies addressed the cortical and behavioural variability
between single subjects and related individualised variations of brain activity to the
subject’s pain reports and individual characteristics as assessed by questionnaires
[22,102,125]. These individual-based studies demonstrate the neuronal activity in
response to painful stimuli is highly variable between subjects. It remains to be elucidated
whether the strength of different neuronal pathways mediates the individual's ability to
utilise a specific strategy to actively influence the perception of pain. Extending previous
behavioural findings [30], | further hypothesise that due to the interaction of a given
cognitive strategy with the individual cortical specifics, the participants become more or
less able to control the intensity of pain. In other words, a specific cortical signature may
influence the perception of pain, but may also influence the ability of that subject to
control pain with different strategies. In accordance with previous findings using
functional MRI, strong white matter connections originating from parietal and dorsolateral
prefrontal brain regions [75,138] may contribute to an attention-related reduction of pain
intensity. Relatedly, strong white matter connections from right-lateralised prefrontal

regions might be related to efficient pain reduction by using reappraisal strategies [136].

1.4. Within-subject variability of the perception of tonic
pain in healthy subjects

Although we know sensation is continuous, laboratory research has largely focused on the
processing of short, discrete stimuli. Research on prolonged and continuously changing
stimuli is vastly under-represented in the literature, in spite of the assumed higher
ecological validity of this experimental approach: the experience of pain in clinical
conditions usually lasts longer than brief laser pain, where the cortical response is mainly
reflected by the salience rather than by the pain intensity [70]. Ongoing, continuous pain
that is fluctuating in its intensity is a characteristic of many clinical conditions of prolonged
acute and chronic pain and could be the standard for pain research.
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Neuroimaging studies on long-lasting pain. Over the years, the neuronal processes that
represent long-lasting tonic pain have been explored using various imaging techniques.
Depending on the applied methods and the experimental protocol, studies exhibited very
heterogeneous results by revealing the contribution of somatosensory [64], insular [112],
cingulate [41,71], and prefrontal areas [65], which reflects the complexity of pain

processing [2].

Coding the intensity of long-lasting pain. The experience and intensity of tonic and chronic
pain can substantially fluctuate over time - within days [90], but also at a much shorter
time scale [5,81]. A few studies [39,75,103] specifically addressed the subject-wise
fluctuation of prolonged pain in healthy subjects. Due to the inherent limitations of the
application of pain (cutaneous and intramuscular saline injection, as well as incisions), the
studies could not control the intensity of perceived pain. Accordingly, these studies did not
take habituation or sensitisation phenomena into account. As a result, the pain ratings
gradually change over time and appear to reflect mainly habituation [39] or sensitisation
[94], and experimental findings on cortical processes can report results that differ
between the first and second half of the experiment [81]. Furthermore, the low-frequency
aspects of perception are filtered out from the cortical data due to the required high-pass

filcering of functional imaging sequences (EPI - echo-planar imaging).

1.5. Within-subject variability of the perception of

chronic pain

Despite recently established innovative multidisciplinary patient care models, different
sources of individual variability could explain why chronic pain treatment is incomplete
[58,89]. Chronic pain often progresses into a complex disorder including emotional, social,
physical and cognitive dysfunction [84]. Individualised treatment strategies not only better
target pain, but also provide coping skills to address secondary psychological aspects of
this pain disorder [15,53]. In order to make real progress in alleviating pain, we must first
move away from old frameworks to establish new foundations in pain research and

treatment.

Assessing individual patterns of chronic pain-related cortical processing. An extended
network of brain regions is involved in pain processing and - even more important - in the
encoding of pain intensity [123]. The known network consists of brain regions that show

higher activity with increased pain intensity, e.g. the anterior [137] and posterior insula
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[112]. Further, depending on individual social, cognitive and affective circumstances,
recent opinions suggest an individually unique (connectivity) pattern of brain regions that

shapes a subject's experience of pain [66,124].

This individually unique pattern of cortical pain processing is also suggested by previous
EEG studies on pain processing in healthy subjects [107] and chronic pain patients [81],
which explored the relationship between long-lasting pain and neuro-electric activity. Both
studies found - across all subjects - that prefrontal gamma activity was significantly
correlated with perceived pain intensity; but the variability between subjects was
tremendous: only a minority of the participants exhibited a tight positive relationship
between prefrontal gamma and pain perception. The majority of the participants had no
effect and some had a negative effect. These data suggest that a treatment based on
group statistics will only help the few most representative subjects. In order to maximise
the outcome, future approaches must find a way to make treatments applicable to

everyone.

1.6. Studies on stability and reliability of EEG and MRI

recording on pain perception.

The assessment of individual signatures of pain processing requires reliable individual
data. The investigation of reliability and stability of the pain encoding system involves
some caveats that are mainly related to the repeated stimulation of pain. As a
fundamental property of the pain system, repeated exposures to pain are considered to
alter cortical processing along with plastic changes in grey matter. A VBM study found grey
matter changes in pain-processing brain regions after one week of repeated painful
stimulation for a group of sensitising participants [117]. Moreover, an fMRI study found
the consequences of repeated painful stimulation in the prefrontal cortex in a follow-up

study after one year [11].

However, all of these studies used slightly-to-moderately intense stimuli from
pain-inflicting devices. In contrast, the experience of chronic pain over several months or
years is presumed to involve different cortical functions from those in response to
experimentally inflicted pain. As a consequence, the findings discussed previously may
apply more to exogenous pain and less to endogenous tonic or chronic pain. It is widely
assumed that chronic pain also changes cortical processing leading to a chronification of

the pain disease [19,52]. Therefore, research needs to delineate longitudinal
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within-subject designs that are targeting the stability of the encoding of endogenous pain
in chronic pain patients. The assessment of individually unique cortical processes that
encode the intensity of endogenous pain will provide a suitable foundation for a dedicated

personalised medicine, e.g. an individually tailored neurofeedback treatment.

There is indeed convincing evidence for the stability of naturally fluctuating sensory
processes in the brain. A study on sleep EEG exhibited enormous stability within subjects
as opposed to the remarkable variability between subjects [16]. The signature of the
spectral patterns of resting EEG was found to remain stable and specific for a period of
more than one year [92]. Further studies related the specific characteristics of an
individual's cortical processing to their specific genetic characteristics [37]. By
investigating monozygotic twins, these studies avoid the problem of repeated stimulation
and the concomitant familiarity with the stimulus material [97]. For the present
investigation and based on these previous findings, high stability for consecutive measures
of a single subject, but a considerable variability between subjects for the processing of

endogenous pain, is hypothesised.
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Publication Summary

Introduction. An important aspect of the study on pain is the conditions under which
subjects experience pain relief [42,129,131]. Cognitive strategies to attenuate pain have
been shown to be effective in various behavioural studies [4,73]. The neuronal processes
that reflect these mechanisms are not yet fully understood. In a First step, we aimed to
elucidate the cortical networks that contribute to three different cognitive approaches to

attenuate pain.

Methods. We investigated pain attenuation strategies using cold pain in 20 healthy
participants (18 female/4 male) with a mean age of 275 years (21 - 37 years). The
following cognitive strategies [30] have been used: (a) non-imaginal distraction by
counting backwards in steps of seven; (b) imaginal distraction by imagining a safe place;
and (c) reinterpretation of the pain valence (reappraisal). The participants were asked to
concentrate on the cool and tingling sensations and to reinterpret these sensations as not
painful. In a non-modulated condition, the participants were asked to concentrate only on
the pain. During the execution of the tasks, cortical activity was measured usinga 7 T MRI

scanner. The participants were prompted after each trial to rate the intensity of pain.

Figure 1 | Schematic time course of a single
U Instruction/pain rating - trial. After 10 s of rest painful stimulation was
e applied for 40 s. The pain was rated regarding
intensity (10s) and unpleasantness (10s).
0-6°C
10s 40s 20s

Data were preprocessed with FSL [57]. Linear mixed effect models were computed [139]
to relate the variable pain intensities due the the application of the strategies to the
variable activity of the brain.

Results. All strategies exhibited a significant relief of pain compared to an unmodulated
pain condition. However, the results showed a considerable variability in performance
across subjects and conditions. Among individuals, we did not find a predisposition for a
certain attenuation approach: some participants performed well on all tasks and others
performed low on all tasks. We Further investigated the variability of performance (a)
between and (b) within-subjects. We did not find a correlation of the averaged
performance of the participants and the related cortical activity across trials (a). We also
explored within-subjects the fluctuation of the activity of cortical regions at single trial

level. Each of the three attenuation strategies (b) exhibited a different pattern of

11
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performance-related brain activity. For example, the more successful trials showed

reduced activity along the insular cortex.

3
A

counting

Figure 2 | The figure shows the

extension of cortical modulation in the

safe place

insular cortex for all three conditions.
Besides PALM-corrected results (deep
blue), the pale blue areas indicate a
lowered statistical threshold (p<0.001).
The “safe place” and “reappraisal”

conditions exhibit a more anterior

reappraisal

insular decrease while “counting” has a

more middle and posterior insular, as

/- well as central opercular extension.

Discussion. Among the three strategies to modulate pain, the data suggest that distraction
is preferable. We revealed distinct patterns of brain regions that are suggested to reflect
the modulation of the perception of pain. The results of the study may provide novel
insights in the cerebral mechanisms of pain processing and pain modulation, and thus
open a rich field of questions for further research, as well as new therapeutic applications.
The findings could be instrumental for targeting brain regions in future attempts into the
treatment of pain.

In order to do so, it needs to be elucidated whether the cortical mechanisms revealed here
also apply to the processing and modulation of long-lasting pain conditions. Therefore, a
follow-up study is necessary to investigate whether the present results also apply to pain
patients. As an essential part of the multimodal therapy for chronic pain, patients may also
benefit from additional neurofeedback techniques by using one of the cognitive strategies

to directly modulate pain-related brain activity.
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Publication Summary

Introduction. The project aimed to identify neuronal structures that facilitate cognitive
mechanisms to actively control pain. There are some lines of evidence that the strength of
connections in the central nervous system influences the perception of pain [116,130].
Recent research in humans and animals has shown that the transmission of pain signals
from the periphery to the brain is already modulated at spinal level [115]. Top-down
connections that originate from prefrontal and limbic regions synapse with neurons in the
spinal cord to inhibit the transmission of pain [12,36]. There is further evidence that the
strength of functional and structural connectivity between regions within the cerebral

cortex determines the intensity of perceived pain [72,102].

Methods. We investigated pain attenuation strategies using cold pain in 20 healthy
participants (18 female/4 male) with a mean age of 275 years (21 - 37 years). The
following cognitive strategies have been used: (a) non-imaginal distraction by counting
backwards in steps of seven; (b) imaginal distraction by imagining a safe place; and (c)
reinterpretation of the pain valence (reappraisal). The participants were asked to
concentrate on the cool and tingling sensations and to reinterpret these sensations as not
painful. In a non-modulated condition, the participants were asked to concentrate only on
the pain. During the execution of the tasks, cortical activity was measured usinga 7 T MRI
scanner. The participants were prompted after each trial to rate the intensity of pain. Data
were preprocessed with FSL [57]. The connectivity analysis was conducted as a whole-brain
approach by subdividing the cortex into 360 regions [44] plus 11 subcortical regions.
Functional connectivity was computed between all regions and trials. Linear mixed effect
models [139] were computed to relate variable cortical connectivity to variable pain
ratings at single trial level. The variability can be attributed to the fluctuating success of
the application of the strategies. A diffusion weighted sequence was recorded to explore

the strength of structural connectivity between the 371 brain regions.

Results. Our whole-brain approach showed across all conditions that a higher performance
of pain attenuation was predominantly associated with higher functional connectivity.
Consequently, we also observed an association between low pain and high connectivity for
regions that belong to the core areas of pain processing, i.e. the insular and cingulate
cortices. The results also showed an increased connectivity of task-processing brain regions
is related to particularly effective attempts to attenuate pain (see [109].

All strategies showed a distinct pattern of pain-attenuation related cortical connectivity.

For the counting condition, we found that some regions showed a particularly strong
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connectivity: various subregions along the right insula, the left and right temporal cortices,
the left parietal cortex, as well as higher order visual regions in occipito-temporal areas.

For one of the cognitive strategies (imaginal distraction), the performance of pain
attenuation for some connections could be explained by measures of structural
connectivity. This applies especially to connections between frontal regions and the
secondary somatosensory cortex. The advantage of performance of some participants
could be attributed to their stronger structural connectivity. Strong structural connectivity
may enable these participants to better modulate the attenuation-related use of
functional connections.

Figure 3| The connectivity plots show the statistical results of the counting condition. We selected
89 regions that showed at least 3 significant connections in any of the 3 conditions.

Discussion. The project aimed to explore whether the capability to reduce the intensity of
perceived pain depends on functional as well as hard-wired connections in the brain. The
whole-brain approach enables a complete and precise determination of the contributing
brain regions. Therefore, the results of the study have provided novel insights in the
cerebral mechanisms of pain processing and pain modulation. The findings open a rich
field of questions for further research, as well as new therapeutic applications. A next step
would be the adaptation of the design for further research on pain modulation and pain
attenuation in chronic pain conditions. An increasingly refined assessment of a patient’s
unique cortical fibre connections and functional connections could help in the design of
individually-tailored strategies to maximise therapeutic outcomes in the treatment of pain.
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Publication Summary

Introduction. There are a number of studies investigating intrinsic network activity which
reveal altered cortical connectivity in chronic pain patients. These studies predominantly
analysed the spatial distribution and the strength of the individual cortical network [1,7].
Altered cortical processing in chronic pain conditions has been reported for a number of
networks. These studies compared patients with a healthy control group. In one study,
chronic back pain patients showed decreased connectivity within brain regions of the
DMN, i.e. the medial prefrontal cortex, and increased connectivity of the precuneus and
the right lateral parietal region [7]. Another study revealed a stronger DMN-insula
connectivity for chronic back pain [74]. Other studies investigated the salience network
(SN). Kim et al. found a significant cluster of increased functional connectivity in the SN of
patients with a chronic regional pain syndrome [63]. Chronic migraineurs also showed the
opposite result, which is a decreased intrinsic connectivity of the SN [1]. In a novel
approach, we analysed the progressively evolving time course of such chronic pain related

intrinsic functional networks.

Methods. The study included 20 chronic back pain patients and 20 chronic migraine
patients in repeated sessions (156 fFMRI sessions in total). During the recording of cortical
activity, the patients were asked to continuously rate the intensity of their endogenous
pain. Data were preprocessed with FSL [57]. In the first step, intrinsic networks were
defined by computing an independent component analysis within each patient group. A
dual-regression approach extracted the time courses of the components for each chronic
back pain and chronic migraine patient. Using linear mixed-effects models [139] we related
the fluctuating strength of the intrinsic network to the time course of subjective pain

ratings.

Results. For CBP and CM we found an average rating of 39 (+14) and 40 (x15), respectively.
The pain ratings within each session were substantially fluctuating, as reflected by a high
variance over the 25 min of recording: 6°=109.3 (+126.6) for CBP and 0°=93.3 (+62.8) for
CM. For CBP, pain intensity was encoded in the salience network (the frontal operculum,
the ACC, the paracingulate cortex) and in a local pontine network through a positive
relationship. A negative relationship with pain intensity was found for the anterior and
posterior default mode network (angular cortex, lateral occipital cortex, precuneus, PCC,

nucleus accumbens, nucleus caudatus, subcallosal cortex, orbitofrontal cortex, frontal

17


https://paperpile.com/c/M4bCMH/DWh6U+kAKfp
https://paperpile.com/c/M4bCMH/kAKfp
https://paperpile.com/c/M4bCMH/7o9k1
https://paperpile.com/c/M4bCMH/z8P5C
https://paperpile.com/c/M4bCMH/DWh6U
https://paperpile.com/c/M4bCMH/JM8M
https://paperpile.com/c/M4bCMH/F32D

pole, and the temporal pole). There was no effect for the change of the direction of pain
intensity for CBP. The results for the pain-related activity of intrinsic functional networks
for CM showed a negative relationship with pain intensity with a wide-spread network that
includes the frontal pole, the precuneus and the PCC. There was no effect for the change

of the direction of pain intensity for CM.
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Figure 4 | Encoding of pain amplitude for CBP. The figure shows a prefrontal network whose time
course exhibited a negative relationship with the time course of pain. The right side exhibits the
timing of the relationship. The graph shows the results of the shifts between - 25 and 35 s in
relation to the current rating (0 s).

Discussion. Here, we were taking an individual perspective and focused on the variability of
the subjective perception of pain. Such dynamic aspects of the pain experience, which
include phases of relatively low pain and phases of relatively high pain, can be considered
as the core of the patient's suffering from pain disease. The novelty of the approach may
spark Future investigations into the impact of cognitive (e.g. attention) and physiological

variations (e.g. autonomic responses) on pain-related activity in intrinsic networks.
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Furthermore, the assessment of ongoing endogenous pain can be a promising tool to
follow the success of pain-treatments: therapies that gradually lower the patient’s
suffering from pain should also cause a gradual decrease of pain-related intrinsic network

activity.
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Publication Summary

Introduction. Research on pain has largely focused on the processing of short, discrete pain
using laser stimuli. The cortical response is suggested to reflect the salience aspects rather
than the pain experience [70]. Studies on more natural pain, which is long-lasting and
continuously changing, are scarce. The studies [26,39,75,94,103,112] on prolonged painin
healthy subjects exhibit inherent limitations due to the uncontrolled application of pain
(cutaneous and intramuscular saline injection, as well as incisions). As a result, these

studies could not take habituation or sensitisation phenomena into account.

Methods. Using fFMRI, we recorded the tonic pain processing in 38 participants in a
longitudinal study across 4 sessions. The participants were asked to continuously rate the
intensity of applied tonic heat pain for 20 minutes. The time course of stimulation
followed four different predefined and balanced trajectories of pain intensity. In order to
do so, the applied stimulus temperature needed to be adapted quickly and continuously.
We have developed a Matlab-based software controller that kept the pain at a predefined
level. The software algorithm implicitly controlled for cortical and peripheral
habituation/sensitisation, variable thermodynamics of the underlying tissue, and
peripheral (adaptation of peripheral nerves) processes. For most participants, non-adapted
stimulation at a constant level would lead to unbearable pain (at the end of the

experiment) or no pain at all (at the beginning of the experiment).
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During the recording of cortical activity, the patients were asked to continuously rate the
intensity of their endogenous pain. Data were preprocessed with FSL [57]. In the first step,

intrinsic networks were defined by computing a group-wise independent component
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analysis. A dual-regression approach extracted the time courses of the components for
each participant. Using linear mixed-effects models [139] we related the fluctuating

strength of the intrinsic network to the time course of subjective pain ratings.

Results. The applied heat was continuously controlled in order to follow the predefined

time course of subjective pain.
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Figure 6 | Time course of the pain ratings. The left figure (A) shows the averaged time course of
thermode temperature across the 20 min of painful heat pain stimulation. The blue line represents
the mean for each time point; the grey area is the standard deviation. The histogram on the right
(B) confirms a habituation for only 7 out of 152 sessions. For most of the sessions (n) the
participants sensitise. The averaged thermode temperature was 44 °C (0.5 °C, mean and standard
deviation across the 152 sessions’ 20 min average). Sensitisation to pain stimulation caused an
average drop of temperature by 1.13 °C (+0.88 °C) across the 20 min of stimulation.

The analysis of the imaging data showed a dissociation of the cortical patterns of objective
(temperature) and subjective (pain intensity/changes of pain intensity) processes in the
human brain. Two somatosensory networks with distinct functions were revealed. One
network (in bilateral SlI) encodes the small fluctuations in temperature, whilst a second
right-lateralised network ( SI, SlI, the PCC, and the thalamus) encodes the intensity of the
subjective experience of pain. Consequently, the results show cortical dynamics in the
somatosensory cortices that build up towards a current subjective percept of pain. We
could disentangle a cascade of subsequent processing steps from the cortical registration
of temperature change, the encoding of perceived change in pain perception, to the
encoding of the current magnitude of pain. A posterior DMN (see below) encoded the

change of temperature before the participants were consciously noticing a change in pain.
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Figure 7 | Encoding of pain processing. The figure shows an intrinsic functional network that
encodes the applied temperature (TEMP). The left side depicts the spatial characteristics of the
networks; they were defined by the ICA. The graph on the right shows the timing of the network
activity in reference to the current pain rating at time point 0Os.

Discussion. In a novel paradigm we aimed to approximate the cortical processing of a more
natural processing of long-lasting pain. We have disentangled the objective (temperature)
and subjective (pain rating) aspects of the cortical processing of tonic pain. The analysis of
intrinsic networks revealed distinct processes that contribute to the encoding of
subjective and objective experimental entities. The data show a cascade of preceding and
succeeding processes that flank the current moment of the evolving stream of conscious
pain perception. Future studies are needed to explore how cognitive factors specifically

influence certain networks in order to modulate the experience of pain.
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Publication Summary

Introduction. Chronic pain can be characterised as a multidimensional experience that has a
profound impact on the physiological and psychological state of an individual [5,88].
Cortical data show a hypersensitisation of nociceptive neurons [45] and a reduced
endogenous inhibition of the nociceptive system [35,54,118]. The current view considers
the transition from acute to chronic pain as a maladapted cortical process [100,104].
However, the neural mechanisms that underlie the process of chronification are poorly
understood. Previous studies have attributed the amygdala, the medial prefrontal cortex,
and the nucleus accumbens as important key regions [52,77]. The cortical regions that are
involved in the processing of chronic pain have primarily been investigated with
experimentally-applied exogenous pain [6,46,111,127]. However, the application of
experimental pain to patients and investigating pain-unspecific cortical networks at rest

may reveal cortical processes that are not necessarily at the core of the pain disease.

Methods. The study included 20 chronic back pain patients and 20 chronic migraine
patients in repeated sessions. During the recording of cortical activity, the patients were
asked to continuously rate the intensity of their endogenous pain. Data were
preprocessed with FSL [57]. Using linear mixed-effects models [139], we related the
fluctuating strength of voxel-wise activity to the time course of subjective pain ratings.
From the time courses of pain ratings, we disentangled the cortical encoding of the pain
amplitude (AMP) from the cortical processing of changes in pain intensity (SLP). We
analysed the data at group level (156 FMRI sessions in total) and at the individual level (4

FMRI sessions per patient).
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Figure 8 | Schematic illustration of a 5 min Fluctuating time cdurse of pain rating.

Results. In the first step, we were analysing the data in a classical fashion at group level.
The results for chronic back pain patients show that the intensity of pain is encoded in the

anterior insular cortex, the frontal operculum, and the pons (AMP). In addition, the change
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of pain in chronic back pain and chronic migraine patients is mainly encoded in the anterior

insular cortex.
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Figure 9 | Cortical processing of ongoing chronic pain in CBP. (A) The upper row shows the
cortical encoding of the endogenous pain intensity (amplitude - AMP). (B) The middle row shows the
processing of changes of pain intensity (slope - SLP). (C) The movement process, which prerequisites
motor activity and decision making (absolute slope - aSLP), is shown in the bottom row. The graphs
on the right show the temporal dynamics of the haemodynamic delay for several regions in relation
to the current pain rating (at time point 0's).

The core of the study is the analysis at the individual level. Here, we identified a more
complex picture. Most of the patients exhibited a pattern of pain encoding that does not
match the findings at group level. In order to increase the reliability of the individual
findings, we tested the patients four times. This means that the group results appear to be
driven by a few participants. We propose that each patient exhibited their own signature

of endogenous pain encoding.

Discussion. Initially, we had expected that the individual results would show gradual
changes from commonly activated brain regions, as revealed by the group statistics, as
well as a greater similarity of pain processing within a group than between both pain
groups. The results show that this is not the case and the individual findings show a broad
range of cortical activity patterns. The diversity of the individual cortical signatures adds to
the understanding of chronic pain as a complex and multifaceted disease. The
neuroimaging results reflect the complexity of clinical observations. We deliberately
decided against including the behavioural variables into the statistical analysis as any

potential Finding would likely join the myriad of publications with unreliable results.
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Figure 10 | Cortical processing of single CBP patients. Each triplet of maps belongs to one
patient (20 in total) and shows the cortical encoding of pain (AMP) across all sessions of the patient.
The numbers indicate the spatial correlation of the individual map with the group map.
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Publication Summary

Introduction. Imaging studies on chronic pain conditions have revealed altered cortical
processes in the brain, e.g. changes in functional connectivity (FC), mostly in comparison to
a healthy control group [86]. Deviant processes were investigated often at rest using
seed-based connections of predefined brain regions [21], intrinsic cortical networks [24],
and combinations of both approaches [20,91]. Although the analysis procedure in
resting-state studies is relying on variable fluctuations of cortical activity, the effects are
usually interpreted as stationary. By contrast, chronic pain diseases are essentially
characterised by an ongoing and Ffluctuating endogenous pain, but the Fluctuating
endogenous pain has seldom been directly assessed. Specifically, it remains to be
elucidated how the fluctuating endogenous pain relates to the dynamics of ongoing

functional cortical connections.

Methods. The study included 20 chronic back pain patients and 20 chronic migraine
patients in repeated sessions. During the recording of cortical activity, the patients were
asked to continuously rate the intensity of their endogenous pain. Data were
preprocessed with FSL [57]. A brain parcellation approach [44] subdivided the whole brain
into 408 regions. A sliding-window whole-brain connectivity analysis for all combinations
of the 408 brain regions was performed to determine the fluctuating time course of
cortical connectivity for the entire brain. Using linear mixed-effects models [139], we
related the fluctuating strength of cortical connectivity to the time course of subjective
pain ratings. From the time courses of pain ratings, we disentangled the cortical encoding
of the pain amplitude (AMP) from the cortical processing of changes in pain intensity (SLP).
We analysed the data at group level (156 FMRI sessions in total) and at the individual level
(4 FMRI sessions per patient).

Results. In the First step, we were analysing the data in a classical fashion at group level.
The results for chronic back patients show that the intensity of pain is encoded through
various cortical connections. Interestingly, most of the significant connections (41/43)
were negatively related to the intensity of the endogenous pain: lower connectivity was
associated with higher levels of experienced pain. We found an overall disconnection
within the occipital lobe for higher pain states. Furthermore, we observed disruptions of
connectivity in limbic, cingulate, and somatosensory areas. Of note, all of these 43
connections were relying on changes in positively correlated brain regions. This means

that lower pain increases connectivity. We did not find any significant effect for
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connections that relied on anti-correlated brain regions, i.e higher pain intensity was not

associated with stronger anticorrelations between brain regions.
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Figure 11 | Connectivity pattern for the encoding of pain intensity (AMP) across all CBP
patients. Dashed lines indicate negative relationships with pain intensity; solid lines indicate
positive relationships with pain intensity (link).
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In a second step, we addressed the core scope of the study, which is the analysis at the
individual level. Here, we identified a more complex picture. Most of the patients
exhibited a pattern of pain encoding that does not match the findings at group level. In
order to increase the reliability of the individual findings, we tested the patients four
times. This means that the group results appear to be driven by a few participants. We
propose that each patient exhibited their own connectivity signature of endogenous pain
encoding.

occipital auditory temporal PCC frontal - cerebellum
sensorimotor insular parietal ACC, mPFC additional
.

Figure 12 | Individual connectivity patterns. Circle plots for the individually-specific encoding of
pain intensity (AMP) for each of the 20 CBP patients.

Discussion. Here, we found a similar result to our previous study on cortical encoding of
chronic pain that was based on the BOLD effect [109]. The group results deviated
substantially from the individual patterns of pain-related connectivity. Indeed, the
single-subject connectivity analysis also suggests rather qualitative than gradual and
quantitative differences between pain patients. The findings oppose the idea of a common
neuronal core problem for chronic pain diseases [30]. The variability of the individual
cortical signatures of chronic pain encoding results supports clinical observations of

chronic pain as a complex and multifaceted disease.
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3. General Discussion

The general discussion summarises and condenses the findings of 6 publications that are
related to the encoding of pain intensity in the human brain. The studies cover a wide
spectrum of mechanisms that reflect different levels of pain intensity: in healthy controls
(studies 1,2,4) and patients (studies 3,5,6), during short-lasting (studies 1,2) and
long-lasting pain (studies 3,4,5,6), in regard to applied (studies 1,2,4) and naturally
fluctuating pain (studies 3,5,6), as well as by measuring FMRI BOLD activity (studies 1,5),
functional connectivity (studies 2,6), and intrinsic network connectivity (studies 2,4). The
common aspect of all manuscripts is the use of similar statistical models whose essential
core is the relationship between the magnitude of fMRI-based measures and the

corresponding magnitudes of pain intensity (model = fmri ~ pain_intens).

(1) The first two studies utilised cognitive strategies in order to attenuate pain in a
group of healthy subjects (discussed in 8.1.). The strategies are built upon previous
behavioural research indicating they are effective to attenuate pain [4,30]. These
previous studies were mostly aiming at finding the best strategy to attenuate pain.
The overall group statistics on the imaging data for both studies exhibited
statistically significant results. The design included only a single recording per
participant and did not follow the individual approach of the final two included
studies. In light of these more recent studies, the group-level approach of the
earlier studies can not be relied upon. For this reason, the discussion is being kept
shallow and refrains from an in-depth evaluation of the outdated findings.
Nevertheless, they contribute to the methodological Foundation for future more

reliable and meaningful research.

(2) Studies 3 and 4 were investigating the progress of pain-related intrinsic network
activity in healthy controls and chronic pain patients (discussed in 8.2. to 8.5.). For
these studies, many of the utilised methodological approaches on prolonged pain,
as well as the combination of the methods, were relatively new in neuroimaging
research. This applies, for example, to the event-free design, the shifting
procedures, and the windowed connectivity analysis. The statistical model using
LMEs combined the widely used so-called first-level (at individual level) and
second-level (at group level) steps. For these reasons, the general discussion

focuses on methodological aspects.
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(3) The final two studies were utilising a dedicated subject-focussed approach
(discussed in 8.6. and 8.7.). We recorded chronic pain patients across 4 fFMRI
sessions. The studies rely on the methodological advances of the previous studies
and aimed to explore whether individuals exhibit their own cortical patterns of pain
processing. We have quantified whether the cortical processing patterns of the
individuals are reflected by the group statistics. The repeated recordings across
several weeks provide confidence in the reliability of the single-subject findings.
These studies have clinical implications as they provide methodological
considerations on the selection of cortical targets for neuromodulatory techniques

(e.g. neurofeedback or brain stimulation techniques).

3.1. Pain Attenuation

The rationale for studies 1 and 2 was driven by the need to find the cortical underpinnings
of strategies to attenuate pain. Ideally, the best cognitive strategies could be used to
support cognitive-behavioural therapies or neurofeedback interventions. As a Ffirst step,
this has been investigated in healthy participants. The major advantage in comparison to
previous behavioural research on pain attenuation [30,126] is that each participant applied
all three cognitive strategies, which prevents potential sampling effects as a consequence
of the assignment to experimental groups. Beyond the discussion of how to embed the
studies in the current literature, | am giving an outlook on future studies on
pain-attenuation strategies used by patients with a similar design in order to elucidate the

mechanisms of psychological interventions to remedy pain.

No individual preference for a certain strategy. As shown in the two publications [108,109],
we observed a superiority for two distraction strategies (counting backwards and
imagining a safe place) over the cognitive reappraisal strategy. We rejected the idea of an
individual preference for certain attenuation strategies between subjects, where one
participant shows a clear advantage for the use of one strategy, whereas another
participant may show a clear gain in performance when using a different strategy [30]. The
high percentage of explained variance for a common performance factor across all
strategies and subjects suggests the opposite: there is a gradient from high-performers

that master all strategies, to underperformers that fail for all strategies [109]. Overall, the
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performance of the strategies exceeds published effects from placebo studies, which
often exclude non-responders [133,134]. This renders cognitive interventions a very
promising tool to support pain treatment. It remains to be elucidated in future research

whether these behavioural findings hold in a larger clinical sample.

Cognitive factors modulate pain-related brain activity. There is a large number of
neuroimaging studies investigating the influence of cognitive factors on pain using
different strategies (i.e. attentional shift, meditation, cognitive demand) in healthy
samples [18,42,136] and pain patients [17] with various imaging techniques, different
tasks, with and without specific types of pain stimulation. Although the findings diverge
across studies, there's a general agreement on the involvement of parts of the insular
cortex, of the perigenual ACC, and of the PAG for pain management [124], which had made
these regions the first choice for neurofeedback interventions [28,105,106]. In our study,
the more successful trials are related to reduced activity of different parts of the insular
cortex. Pain attenuation with means of distraction by counting backwards reduced the
activity of the posterior insula, whereas cognitive reappraisal reduced pain-related activity
in the anterior insula [109]. However, for each of the three tasks, we found a different

pattern of brain activity that reflects the performance of pain attenuation.

The study on connectivity also Found different patterns of cortical connectivity for each of
the three conditions [108]. The reflection of the connectivity findings in the second study,
in light of the current literature, is hampered by the low number of studies on functional
connectivity [101,130], as well as their methodological shortcomings. This is essentially
attributed to the low amount of data points (sometimes only a single time point per trial)
to provide a reliable measure of connectivity. The most surprising finding of our study is
that a higher performance of pain attenuation (resulting in low pain) was predominantly
associated with higher Functional connectivity. This implies an association of low pain and
high connectivity also for the classical pain-processing regions, i.e. the insular and
cingulate cortices, which is unprecedented in the current literature. This can be attributed
to the much longer analysis window (~30 s) on which the single trial connectivity estimates
are relying on. The analysis is also unaffected by misleading connectivity scores driven by
rising and falling pain and commonly rising and falling brain activity across brain regions.
To prevent this phenomenon we were only analysing the plateau phase of the painful

stimulation.
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Group results may not represent single-subject cortical processes. Follow-up studies from our
lab suggest a more complex picture: group results on pain encoding did not reflect most
individual data, but were instead driven by a few individuals. Therefore, it is highly
doubtful that the brain regions and functional connections that have been found
significant in the first two studies at group level (using a single recording per participant)
would be reliably detectable at subject level. Conversely, NFB studies that have used
group statistics to determine target regions did not obtain an effect in the First place
[105,106] or could not replicate the findings [28,119]. Nevertheless, these previous
intervention studies were well-designed and were resting on the most recent and
commonly accepted findings. To overcome shortcomings from intervention studies that
ground their target processes on group statistics, Follow-up studies require repeated
recordings to reliably assess cortical processes to attenuate pain at subject level. Based on
a large number of individual recordings, machine learning algorithms can determine the
individual pain attenuation-related processes that are reliably present across all

recordings.

3.2. Fluctuating Intrinsic Network activity Encodes

Long-lasting Pain

Intrinsic networks. In recent years there is a general interest in the study of the
contribution of intrinsic networks to the processing of pain. Therefore, in two publications
(studies 3 and 4) we used a blind source separation approach (ICA) to determine intrinsic
networks in our large dataset from healthy participants (152 recordings; [27] and chronic
pain patients (2 x 78 recordings; [56]. However, unlike most studies on intrinsic network
activity, we were following the temporal dynamics of each network by analysing the
fluctuating time courses of the independent components. Consequently, we determined
several intrinsic networks, whose amplitudes were covarying with the intensity of
perceived pain (AMP variable) and the direction of changes in pain intensities (rising and
falling pain: SLP variable). For a more detailed description of these variables and their
differences see publications 3, 4, 5, or 6 or the general discussion in 8.3.). For chronic back
pain patients, we found a positive relationship between the intrinsic network time courses
and AMP, e.q. for the salience network, and a negative relationship with both subnetworks
of the DNM. For chronic migraine patients, we found a positive relationship with AMP for a
prefrontal network. We did not find any effect for the change-indicating variable SLP. For

the encoding of tonic pain in healthy participants, the results show a more complex
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picture. Here, we have an additional variable included, which is a vector of the small
fluctuations of temperature (TEMP) from the thermode that delivered the heat pain. Some
intrinsic networks are related to only one aspect, AMP or TEMP, e.g. a right-lateralised
somatosensory network which exclusively encodes pain intensity. In contrast, a bilateral
network consisting of the paracingulate cortex and the nucleus accumbens selectively
encodes the fluctuations of TEMP. This means that the later network is processing
different levels of neuronal input without the contribution of consciousness. In addition,
we can reasonably consider the cascade-like processing for networks related to both AMP
and SLP (#29, #78, #70). For example, for a network consisting of the inferior frontal, the
superior temporal, and the marginal gyri, the cortical processing of the changes (SLP)
always precedes the processing of intensity (AMP).

Previous research has mostly focused on analysing 3D maps of the independent
component analysis. This single map for each participant does not contain any information
about temporal dynamics over the recording time - such as done by Zhou et al. [141]. These
maps have often been correlated with various external variables (e.g. behavioural or
questionnaire scores). However, the interpretability of these 3D maps associated with
questionnaire data is often not reliable and replicable [79]. Furthermore, findings on 3D
maps are generally interpreted as differences in connectivity, which can not be argued
against, but the data can not enlighten us on the functional relevance of such joint
ongoing fluctuations of cortical activity. In contrast, network time courses - as detected by
our studies - reflect the varying map strengths and indicate periods of high and low
cortical activity during the scanning period; they can be meaningfully interpreted through
the experimental design (tasks as well as simultaneously recorded parameters such as pain
ratings of skin conductance). Moreover, studies on 3D maps ignore these fluctuations and
can not reveal the functional implications of the troughs and peaks of the oscillations. This
is very important because the troughs and peaks represent distinct cortical states during

the recording.

Novel aspects of the analysis of intrinsic networks. In our studies [27,56], we decided to
focus on the pain-related fluctuation of the components' time courses in order to explore
the Functional relevance of intrinsic networks. Naturally, these functional time series can
not be related to single questionnaire scores, but can only be analysed in relation to other
ongoing data. In our analyses, we have a clear hint of what happens during the peaks and
troughs of the joint oscillations between voxels because we can relate the components’
time courses to the time courses of subjective pain perception. For most networks in both
studies, high intensities of pain are related to high amplitudes of intrinsic network activity.

Currently, there is no other study on fluctuating intrinsic network activity related to any
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ongoing behavioural measure. Consequently, the fundamental differences of our new
approach do not allow any comparison with findings from 3D map-based statistics [67],
which often investigate such 3D network effects between pain patients and healthy

controls [91].

3.3. Dissociating the coding of pain intensity from the

encoding of rising and Falling pain

Independent entities encode the perception of pain. There is a common rationale in our
analysis strategies for the investigation of long-lasting pain that requires a more in-depth
discussion. This applies to the study of endogenous pain in chronic pain patients (studies 3,
5, and 6) and the study of tonic pain in healthy subjects (study 4). The analysis of ongoing
pain can be described with three (AMP, SLP, aSLP for the study on pain patients) or four
(AMP, SLP, aSLP, TEMP for the study on healthy subjects) independent entities that explain
the time course of network activity [56,83]. AMP can be considered as the principal aspect
and reflects the different levels of perceived pain, encoded with numbers between 0 (no

pain) and 100 (highest experienced pain) in steps of 5.

Phases of increasing, decreasing, and stable pain were coded as [1 -1 0], respectively. In
statistics, such contrasts are commonly used in different imaging studies to compare
conditions with fFMRI software packages (e.g. SPM12). When using such coding, it implies a
categorical comparison and not a linear relationship. For the analysis, we were essentially
contrasting rinsing [1] and falling pain [-1]. Both phases include motor activity due to the
moving slider as well as decision-making processes immediately before each movement.
However, these aspects apply to either phase and can be considered cancelled out for the
contrast [-1 1]. The contrast between rising pain and stable pain [1 0] does not make much
sense as the perception of change vs. no change is contaminated with motor activity and
decision processes. In other words, the SLP variable contrasts phases of increasing pain
with phases of decreasing pain. We implicitly assume that both phases have a similar
underlying process regarding motor activity, decision-making, and visual processing. We
further assumed that both phases differ regarding cognitive, sensory, and emotional
aspects. For example, if pain relief would have a similar emotional component as
increasing pain and similar activity in the amygdala, we would not detect anything.
However, if pain relief has a stronger emotional component than pain increase, we would

detect the cortical effect.
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Introduction of a nuisance variable. For the coding of aSLP - a nuisance/junk vector, which
includes motor, decision making, vision, and attention - we kept the same absolute
numbers [0 1]. Here, we can not disentangle the different processes that were caught up
by the aSLP vector, and thus can not interpret these results. However, this vector is of the
utmost value for (a) disentangling motor/decision/vision/attention aspects from AMP and
SLP, and (b) providing a quality/plausibility check: the results show a strong effect with
high t-values.

One important aspect of modelling the additional aspects (SLP, aSLP, TEMP) of the pain
rating process is that they explain variance in the data that is different from the principal
aspect: the encoding of pain amplitude (AMP). Due to the deliberate experimental
stimulation design and the advanced statistical modelling, we can assume that the AMP
variable does reflect the magnitude of the subjects’ perception of pain, irrespective of

whether the pain is rising, falling, or stable.

3.4. The need for shifting vectors in experiments with

continuously assessed behaviour

The pain rating is embedded in a number of cortical processes with variable timings. A further
methodological aspect that needs a more in-depth discussion is the continuous movement
of the potentiometer slider. This was required in the event-free studies 3, 4, 5, and 6. Each
movement indicated a change in pain. However, each moment of change is embedded in a
cascade of interwoven steps. Preceding processes can influence the current rating and the
current rating can have an impact on subsequent cortical activity and connectivity. In
contrast to previous work [5,52], we included the shifting because we did not know the
exact timing of the processes that determine pain ratings or how they are determined by
the change in pain intensity. The shifting also takes the unknown delay of the
haemodynamic response into account. For example, there is a hypothetical rating with an
amplitude of 45 after 3 min 25 s. The cascade of processes that led to the rating of 45
could have started at 3 min 15 s and the rating at 3 min 25 s could have influenced Further
functional connections after 3 min 30 s. An analysis without shifts would only analyse pain
ratings and cortical connectivity from the same time point: the rating at 3 min 25 s would
have been related to the cortical connectivity at 3 min 25 s, which would neglect much of

what is processed in the brain.
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The temporal cascade of cortical activity is disentangled through shifting. The continuous
design required a shifting of the behavioural vectors in order to optimise the timing. The
large lag of the shifting time range provides a good plausibility test; e.g. we shifted the
behavioural vectors between -15 s and +20 s in the experiment on patients. Computing
such a broad window may appear of no value but the -ideally- bell-shaped curve for some
processes provides certainty for our novel approach as the relevant processes are
expected within the limits of the shifts and not at the margins. During the recording of the
tonic pain data from healthy subjects, it was noticeable that there is a substantial delay
between the change in temperature and the change in pain ratings. This has been
confirmed in the statistical analysis and can be seen on the right side of the imaging
results figures 3, 4, and 5 in Deak et al. [27]; most of the significant TEMP effects occur
before the time point “0” (~20 s). For this reason, we extended the shift for this study on
tonic pain [27] between -25 s and +35 s.

Interpreting the time lag between vectors. Each vector (AMP, SLP, and aSLP; additionally
TEMP for the studies on tonic pain) has its own statistical parameter. This is visible on the
right side of the results figures, e.g. in [56]: sometimes there is a cascade of processes,
where the peak of SLP is occurring before the peak of AMP. In addition, the different
temporal and topographical results for AMP and TEMP in the study on healthy participants
[27] show that there is no linear translation between the temperature change and the
change in pain intensity: otherwise, the findings would be more or less identical. The
shifted model separates the 4 vectors in time, however, this can only be interpreted within
a component, which is noticeable for components #5, #7 and #55 [27]. These components
show a very early effect of temperature long before the rating of the participant; it took
some time before the participants realised a modification of the temperature. A further
interesting component is #70: we see a negative relationship with SLP, then AMP, and
finally a positive relationship with TEMP. This can be interpreted as a drop of cortical
activity with high and increasing pain (negative t-value), which might indicate a slight
“oversteering” of the temperature regulation (the lag makes it difficult to exactly adjust
the right temperature), and requires an immediate reduction of the temperature (positive

lag and positive t-value).

Double shifting for the connectivity analysis. A whole-brain exploratory approach on
pain-related functional connectivity (study 6) was applied; the ongoing and windowed
connectivity allows for assessing the variable dynamics of cortical connectivity during the
scanning sessions. We were computing windowed correlations between the time courses

from all pairs of 408 brain regions, that were based on the parcellation atlas by Glasser
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[44]. The total number of analysed connections was 82824 ((408*407-408)/2 - half of the

confusion matrix without the diagonal).

The shifts were permitted to vary for different connections. We applied two types of
shifts. First, for the computation of the ongoing connectivity, we assumed a variable delay
of information transfer for the functional connectivity between two brain regions. We
systematically shifted the time course of cortical activity from -4 to 4 data points with an
offset of one data point. This resulted in nine systematically shifted connectivity time
courses. The fifth of the 9 shifts represents the time course of connectivity with no delay
in information transfer from one brain region to the other. Second, similar to the analysis
on ongoing cortical activity, we also included a variable delay between functional
connectivity and pain. Similar to studies 3, 4, and 5, the second procedure shifts the time
course of ongoing pain against the time course of ongoing connectivity. This procedure
accounts for the unknown timing of cortical processing in reference to the current rating;
some preceding ongoing functional connections may influence later changes in pain
ratings, and other connections are immediately related to the rating behaviour, or are

influenced by the rating process and are occurring afterwards.

3.5. Assessment of sensitisation in tonic pain

experiments using FMRI

Assessment of cortical processes related to sensitisation or habituation is not possible. All
studies investigating long-lasting cortical processes (Studies 3, 4, 5, and 6) require a
balanced design with a similar amount of pain experience throughout the time course of
the experiment. This means that pain ratings can not systematically increase or decrease
over the time course of the recording and participants with an excessive slope of ratings
had to be excluded from the study. For studies on tonic pain, the stimulation had to be
adapted in a way that prevents any slope in pain ratings, i.e. in cases where the end of the
experiment consists of higher pain ratings than the beginning. There are two examples
from EEG studies that illustrate this issue: unlike previous work from this group [107], EEG
studies by Nickel & Ploner [93,94] did not adapt the temperature, which resulted in an
effect of order throughout the 10 min experiment. The pain ratings at the end were higher
than the pain ratings at the beginning. The findings of the authors may have - at least
partly - reflected the sensitisation of the participant instead of the encoding of pain. A
further study from the same group [81] on chronic pain patients included participants with

steadily increasing chronic pain. As a result, the reported effect was valid only for the First
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5 minutes but was not found for the analysis of the last 5 minutes. These issues would
have been more pronounced in our extended (20 and 25 min) paradigm and are even more
severe for FMRI data. Sensitisation processes occur as very low-frequency drifts; the lower
pain at the beginning of the experiment will induce lower pain-related cortical activity in
the beginning compared to the end, where we can expect higher pain-related activity due
to the higher pain. However, such effects in the data will be inevitably removed due to the
mandatory filtering requirements of the FMRI sequence. Consequently, sensitisation can
only be assessed indirectly as a behavioural measure in a tonic pain paradigm as the slope
of the temperature time course. However, the underlying cortical mechanisms can not be
investigated for the following two reasons: scanner drift and effect of order. Sensitisation
is part of the stimulation (see temperature time course) but this needs to be statistically
and experimentally controlled. Intermingling the encoding of pain intensity with

sensitisation would have flawed the results.

Although we can not assess the cortical processes related to sensitisation, the paradigm
required to take sensitisation into account. For this reason, a low number of chronic pain
patients (studies 3, 5, and 6) had to be excluded from the study. In the study on tonic pain
(study 4), most participants would have sensitised over the time course of one session if
we had always applied the same level of temperature. In order to keep the subjective pain
at a predefined level, we developed a closed-loop stimulation; the control for sensitisation
in this loop resulted in a steadily decreasing temperature with small fluctuations. Due to
the mandatory high-pass filtering of the MRI sequence, we were only able to investigate
the small high-frequent fluctuations in the temperature time course and not the slow

decline of the adapted temperature.

3.6. Individually unique and stable cortical patterns of

pain processing

To date, previous pain research about conditional influences on pain perception
predominantly pursued a population-based approach by averaging and, hence, eliminating
the between-subject variability within groups. Fewer studies addressed the cortical and
behavioural variability between single subjects and related subjects’ pain reports and
individual characteristics [22,23] to individual variations of brain activity. However, the
implicit interpretation of variability remains untouched: we assume a common core of cortical
processing of pain with recurring contributions e.g. of the insula cortex, the ACC, and the

primary somatosensory cortex. Individual variations are considered noisy or factor-driven

41


https://paperpile.com/c/M4bCMH/78IH+0uEV

variations of the group findings with more or less pronounced contributions from the core
regions. Unfortunately, this is barely the case and individual maps often deviate from the
common core. We have therefore investigated individual patterns of pain-related cortical

processing (studies 5 and 6).

To increase confidence in the single-subject findings, we recorded each patient 4 times.
Consequently, the individual cortical patterns of chronic pain-related cortical activity are
not reflected by the group statistics for most participants. This is corroborated by previous
EEG studies, where data from individuals do not match the overall group statistics
[82,107]. For example, we explored the relationship between long-lasting heat pain and
neuro-electric activity [107] and found - across all subjects - that prefrontal gamma activity
was significantly correlated with perceived pain intensity; however, the variability between
subjects was vast (see supplementary material of this publication): a quarter of the
participants exhibited a very tight relationship between prefrontal gamma amplitude and
pain perception. A further third of the participants did not show any relationship or had a
negative relationship between gamma activity and pain. In further studies on the
processing of brief laser stimuli, the results were driven by a subgroup of participants who

exhibited a gamma response [110,122].

Individually unique and stable cortical patterns of pain processing. The individually unique
processing of pain in the human brain was addressed in two studies (5 and 6). We found
substantial differences regarding the patterns of activated brain regions and connections
between subjects. Many chronic lower back pain patients were using the perigenual ACC to
encode pain, other patients were utilising different subregions of the insular cortex, and
further patients were processing pain in the posterior cingulate cortex. However, in all
participants, we found a substantial contribution of a number of brain areas that are not
necessarily known to be related to the processing of pain. Moreover, many of the chronic
pain patients did not show any activity in the insular cortex or the cingulate cortex. The
computed spatial correlations indicate that individual maps are not slight variations of the
group statistics. None of the patients exhibited such a group pattern of cortical activity.
These findings challenge current attempts to suggest gamma oscillations as a cortical

biomarker for chronic pain [14].

An individual’s unique signature of pain could support therapeutic decisions. Authors have
promoted individualised pharmacological therapy for the treatment of pain [22,32,140],
which entails taking into account markers of inter-individual differences. The selection of
an individually tailored drug and cognitive/behavioural treatment based on the subject’s

specific characteristics may help to treat chronic pain. For neuroimaging research,
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individually unique cortical patterns need to be found that reflect the individual
modulation of pain and are stable enough to monitor the treatment progress. These
unique patterns of stable processes are considered to serve as modifiable targets for
therapies, e.g. individually tailored neurofeedback training, cognitive-behavioural
intervention or pharmacological treatment. Therefore, the assessment of the individual's
cortical signature may serve as a tool for an appropriately tailored therapy for each and

every patient.

Individual stable patterns. The question that has not been answered so far is, which of the
individual processes are stable and reliable across repeated sessions. Only recurring
processes can be reliably targeted in neuromodulatory interventions. Machine learning
tools would be able to specifically address this question. In case there is sufficient stability
of a potentially suited cortical process, it allows the algorithm to predict the intensity of
pain from unknown cortical data of a patient with the highest accuracy. According to the
theory of individually specific maps, the learned parameters would only be applicable to

the same subject.

3.7. Outlook - impact of studies testing the uniqueness

of subject-specific patterns

An individual perspective on cortical processing. It has been known for a long time that
factors linked to genes and development can shape the features of the brain [38,55,121].
However, how these features relate to the way individuals are processing tasks has not
caught much attention so far. The first work on individually unique cortical processes in
neuroimaging dates back to as early as 2009. A study on a series of memory retrieval tasks
found unique cortical activity patterns across individuals that were not reflected by the
group statistics [85]. Interestingly, these patterns were stable over several months. A
similar approach to obtain individual profiles with several recordings from the same
individuals has also been pursued by the Midnight Scan Club initiative (MSC -
twitter.com/club_scan) for research on resting-state data on the basal ganglia [49], the
cerebellum [78] and the neocortex [47]. The work by this group is considered as an
important contribution to the understanding of human cortical processing [29]. Doubts on
neuroimaging findings of group results arose, but many of these doubts have been

addressed in the context of statistics and data processing [9,10].
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As mentioned above, findings on individual variations of cortical processing are explained
by associated factors. The goal to explain individual cortical variations with external
factors such as questionnaires has two implications. First, it drives neuroimaging studies to
large samples, because only large sample sizes provide enough statistical power and
reliability [79]. Second, such approaches to explain interindividual variability implicitly
consider individual variations as either noise or explainable by other dimensional factors.
As discussed above, the latter implies a “common mode” of cortical processing for a
certain task that is being gradually modulated by an army of external factors. For the
research on pain, there are a number of studies using behavioural or epidemiological
variables to explain individual differences and implicitly assume that variations are
gradually different, e.g. differences in the cortical processing of chronic pain are thought
to be explained by pain intensity, catastrophising scores, or disease years. However, this
might not be the case and the currently neglected “gestalt” of the individual cortical
activity patterns may deviate substantially from the pattern of the group statistics. On the
one hand, this is questioning whether it is meaningful to assume a common mode of
cortical processing across individuals. On the other hand, approaches on qualitative
differences with distinct individual cortical processing patterns have rarely been pursued
so far [9,83].

3.8. Outlook - applying the concept of an individual

signature of pain

Future projects should be aimed at combining two lines of pain research and connect
seamlessly to previous studies on individually unique cortical processes: The mandatory
next step would be to investigate the applicability as well as the cortical underpinnings of
pain attenuation strategies in pain patients. A longitudinal within-subject design across
multiple recordings should be investigating the stability of the underlying individually

unique cortical processes to attenuate endogenous pain in chronic pain patients.

Neurofeedback. Neurofeedback training is a particularly promising and innovative
approach to self-management in order to attenuate the suffering from pain. Using NFB,
one learns from their own brain activity how to modulate future brain activity [59,135].
Due to the high temporal resolution, the almost negligible delay, and the feasibility of the
method, EEG has been widely employed for NFB on pain [59]. However, the number of
studies aimed to alleviate pain is limited and the theoretical foundation for the chosen
approach to target alpha activity is tenuous at best [58,61]. Other studies have explored
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the possibility to influence pain perception with means of real-time functional Magnetic
Resonance Imaging (FMRI). DeCharms and colleagues [28] targeted the anterior cingulate
cortex (ACC) to feedback the activity of this region to healthy controls and patients. After
initial success, the authors could not replicate their results in a follow-up study [119]. In
two other recent NFB studies, the authors were also not able to attenuate the intensity of
perceived pain [105,106]. Taken together, NFB studies have not yet been successful to

alleviate pain.

In line with the concept of an individually specific “signature of pain”, an innovative NFB
approach should explicitly target those pain-related processes that are relevant to an
individual subject. However, the low signal-to-noise ratio and potential fluctuations of
cortical processing make the assessment of a single subject’'s cortical pain signature
tremendously challenging. A reliable assessment of cortical processing with repeated
recordings is mandatory in order to disentangle a subject’s stable signature from random
fluctuations of brain activity that are valid only for a single measure. These patterns of
stable processes are considered to be unique for each subject and can be utilised to serve
as a basis for a more successful, patient-centred, and individualised treatment of chronic
pain with methods that are developed for the modulation of cortical processes (e.g. NFB

training, electrical, or magnetic brain stimulation).
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