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Highlights

e Cognitive strategy learned via Rlll feedback training changed haemodynamic activity
e Cognitive strategy application increased activity in pain modulatory areas
e Insula and thalamus are more involved in pain inhibition than previously thought

e Cognitive strategy application decreased haemodynamic response to pain
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Abstract

The human body has the ability to influence its sensation of pain by modifying the transfer of
nociceptive information at the spinal level. This modulation, known as descending pain inhibition, is
known to originate supraspinally and can be activated by a variety of ways including positive mental
imagery. However, its exact mechanisms remain unknown. We investigated, using a longitudinal fMRI
design, the brain activity leading up and in response to painful electrical stimulation when applying
positive mental imagery before and after undergoing a previously established Rlll-feedback paradigm.
Time course analysis of the time preceding painful stimulation shows increased haemodynamic activity
during the application of the strategy in the PFC, ACC, insula, thalamus, and hypothalamus. Time course
analysis of the reaction to painful stimulation shows decreased reaction post-training in brainstem and
thalamus, as well as the insula and dorsolateral PFC. Our work suggests that feedback training increases
activity in areas involved in pain inhibition, while simultaneously decreasing decreases the reaction to
painful stimuli in brain areas related to pain processing, which points to an activation of decreased
spinal nociception. We further suggest that the insula and the thalamus may play a more important role

in pain modulation than previously assumed.
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1. Introduction

The sensation of pain is a complex process comprising ascending sensory nociception as well as
the psychological experience of pain. It can be modulated by endogenous cognitive-emotional processes
such as emotions, attention, and beliefs'™®. Changes or deficits in endogenous pain modulation are
thought to be a driving factor in the chronification of pain, the result of which — chronic pain —is a major
global burdens of disease”® .

The ascending pathway for sensory nociception is well known. Nociceptive information enters
the central nervous system via the spinal dorsal horn, where it ascends through the brainstem to the
thalamus where it disperses within the cortex’. There, painful stimuli are processed by the

somatosensory cortices, insula, anterior cingulate cortex (ACC), and prefrontal cortex, which provide

. . . . 10,1110,12
cognitive and emotional evaluation of the pain .

In endogenous pain modulation, cortical areas can exert top-down inhibitory control over pain

13-15

processinglz’13 by targeting pathways descending from the periaqueductal grey (PAG) over the

16,17

rostroventral medulla (RVM) and the locus coeruleus (LC)17’18 to the spinal dorsal horn, where they

inhibit nociceptive transmission (at the first synapse). This process is called descending pain inhibition,
as it reduces the nociceptive input arriving at the brainstem, and subsequently the reaction of
subcortical and cortical regions to painful stimulation.

Patients with chronic pain exhibit impaired descending pain inhibition, a possible reason for pain

persistence®. Therefore, improving descending pain inhibition in these patients is a promising target for

pain  therapy®.  Cognitive-emotional  processes such as distraction/attention2’5’6’19

20,21

positive/negative emotions can activate or deactivate descending pain inhibition. We have

previously developed a technique that uses positive cognitive emotional training in combination with
real-time feedback of the nociceptive flexor (RIIl) reflex in response to painful stimulation to improve
descending pain inhibition®’. Patients with chronic pain have successfully used this technique to improve

their descending pain inhibition and reduce spinal nociception®.

4,23-25 26,27 28,29

Higher cortical regions, such as the lateral and medial prefrontal cortex , insula ,

25,30,31

and the ACC are thought to target the origin of the descending pain inhibition pathway®>. The

human literature on cortical modulation of descending pain inhibition, however, has been highly

variable™. Differences in paradigms and the high degree of individual variability in pain modulation lead

33,34

to differences in the results . Technical constraints make it difficult to determine whether the
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reported reduction in pain through cognitive-emotional strategies is truly a result of descending
inhibition or rather due to intracortical modulatory processes.

In the present study, we compare brain activity measured with functional magnetic resonance
imaging (fMRI) before and after the previously established RIll reflex feedback training paradigm®.
Subjects learned to use cognitive-emotional strategies to voluntarily activate their descending inhibition
under continuous feedback of their spinal nociception as quantified by the spinal Rlll (nociceptive flexor)
reflex. Quantifying the RIll reflex allows us to ensure that the cognitive strategy employed does indeed
reduce spinal nociception, therefore activating descending pain inhibition. We also quantified the Rl
reflex to painful stimulation during fMRI. We were interested in how subjects’ cognitive strategy affects
activity in cortical and subcortical brain regions previously identified to be involved in descending
inhibition, and how this strategy influences immediate pain processing in the brain. We expected areas
implicated in descending pain modulation to show an increased activity during strategy, which would
further increase after Rl feedback training. We additionally hypothesized reduced activity in response
to pain during strategy application in pain processing regions, with a further reduction after RIlI

feedback training.

2. Methods
2.1.Preregistration
The desired sample size, variables, hypotheses, and planned analyses were preregistered on the Open

Science Framework prior to any data collection under the following link: https://osf.io/gza5n/.

2.2.Participants

This study was conducted in accordance with the Declaration of Helsinki and approved by the
ethics committee of the Ludwig-Maximilians-University Munich (19-903). Participants were
compensated for their time with 10€/hour. A total of 35 healthy participants were initially recruited via
advertisement on the campuses of the Ludwig-Maximilians-University and the University Hospital
GroRhadern in Munich. Participants had to meet the following criteria for inclusion in the study: (1) age
>18 years, (2) no severe internal, neurological or psychiatric conditions, (3) no history of chronic pain, (4)
no alcohol, nicotine or drug abuse, (5) no regular medication (except hormonal contraception or thyroid
hormones), (6) no pregnancy or breastfeeding at the time of participation, (7) no contraindications for
MRI scans (incl. but not limited to electrically stimulating implants, medicine pumps, non-MRI-

compatible implants or metallic foreign objects in soft tissues). No participants were professional
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athletes. Additionally, measurements were postponed if participants had acute pain on the day of, or
used pain medication within 48h prior to, the experiment. All participants we briefed on the
experimental procedure before giving written, informed consent. Thirty of the initially recruited
participants were included in the experiment, four were excluded due to poor RIll reflexes during the
introductory session, and one due to an unrelated post-hoc neurological diagnosis (see Section 3.1 for

gender and age statistics).

2.3.Study design

We were interested in the changes in brain activity after training the voluntary activation of
descending pain inhibition. Therefore, we conceptualized a longitudinal experiment where participants’
brain activity was measured before and after Rlll reflex feedback training. Participants attended a total
of 6 sessions, which included an introductory session, the two MRI sessions and three Rlll feedback
training sessions (Figure 1A). All sessions were conducted on different days, with a minimum of 72h
between sessions. The fMRI task was designed to be as similar as possible to the Rlll feedback training.

In the introductory session (SO), after giving written informed consent, participants were
familiarized with Rlll reflex recording. Here we confirmed that a reproducible reflex (>200 uV*ms) could
be recorded. We kept the number of painful stimulations to a minimum and did not describe the
feedback training to keep participants as naive as possible for the first MRI session. After SO, the first
MRI session (MRI1) was performed, in which high resolution anatomical imaging and a RIlll reflex
functional MRI were performed (see 2.7 fMRI task design). This served as a baseline for all participants
before feedback training. Then participants performed the RIll feedback training paradigm we previously

21,35,36

established (52-S3, described below). Finally, participants’ brain activity was measured again in

MRI2, with the identical procedure as MRI1.
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Figure 1: The entire study design. A The study timeline. SO = introductory session, MRI1 = baseline fMRI session, S1-53 = Rlll
feedback training, MRI2 = post-training fMRI session. B A single experimental trial in the fMRI experiment (MRI1 & MRI2). A
single trial lasted between 32 and 40 seconds. Forty trials (20 control, 20 strategy) per experiment were performed, with an
average total experiment time of ~26 minutes. C The experimental setup for Rlll feedback training sessions (S1-S3). Participants
received real-time visual feedback of their Rlll reflex size and were instructed to apply a positive cognitive strategy during the
strategy block D The experimental setup for Rlll reflex recording during fMRI (MRI1 & MRI2). The computer and stimulator were
in the MR control room (outside of the faraday cage). The electrical signal from the stimulator went via the patch panel of the
faraday cage and a radiofrequency filter to the stimulation electrode. The EMG signal, VAS signal and visual display signals went
to and from the recording computer via waveguides. A single computer ran the experimental script that triggered electrical
stimulation, produced visual cues, and simultaneously recorded EMG and VAS responses.

2.4.Rlll reflex recording

To acquire a-physiological measure of nociception, we evoked and recorded the RIll reflex as
described previouslyz’21 and according to established technique537'38.

In non-MRI sessions (SO, S1-S3), the participant sat comfortably in a reclining chair with the
recorded leg flexed at ~150°. Stimulation and recording were performed with a Keypoint Portable EMG
System (Medtonic, Natus, Planegg Germany). Stimulation and recording sites were prepared by
degreasing and lightly abrading the skin. Constant current stimulation (5x1ms electrical pulses at 200Hz,
21ms total duration), was applied to the retromalleolar pathway of the sural nerve with a bipolar bar
electrode (interelectrode distance 23mm, Natus Europe, Planegg, Germany). Rlll reflex responses were
recorded from the ipsilateral short head of the biceps femoris using two Ag/AgCl electrodes placed 4-

5cm apart. Signals were amplified (up to 10000 times) and band-pass filtered (20-500 Hz), digitized at

24kHz and used for reflex analysis and feedback.
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During MRI sessions, the participant lay on the scanner bed with the recorded leg flexed at
~150°. Stimulation and recording sites were located and prepared in the same manner as above.
Stimulation (5x 1ms pulses at 200Hz) was delivered via custom-made MR-compatible electrodes
(interelectrode distance, 23mm) and a Digitimer DS7A constant current stimulator (Digitimer Ltd,
Welwyn Garden City, UK) triggered by an Arduino UNO microprocessor. The stimulator was equipped
with an RF-filter (Mini-Circuits, Camberley, UK) to prevent high frequency interactions in the MRI data.
The EMG signal was recorded with an MRI-compatible BrainAmp ExG MR recording system
(BrainProducts, Munich, Germany) and digitized at 5kHz. The BrainVision Analyzer MR-correction tool
(BrainProducts, Munich, Germany) was used to remove MRI induced artefacts from the EMG trace
(baseline correction for average trace, template drift compensation, no downsampling, IIR filter with
slope = 48 and cutoff frequency = 150 Hz).

For quantification of RIll reflex areas, EMG signals were rectified, and the area under the curve
in the analysis window (90-150ms post-stimulus) was obtained and corrected for average baseline area
(30 - 90ms before stimulation).

The stimulation intensity for RIll recording was set at ~150% RIll reflex threshold. The Rlll
threshold was defined as the stimulus intensity that first evoked a reflex response exceeding a raw area
of 100 uV*ms (from the average of 3 series with stimulation intensity increasing from 2.0mA in 0.5mA
steps) using a staircase procedure described in more detail elsewhere®>°, Average RIll and pain

thresholds were 8.3 £ 4.2 mA and 7.1 + 2.7 mA, respectively.

2.5.Pain ratings and pain thresholds

Throughout the entire study, the pain intensity of each electrical stimulation was rated on a
numerical rating scale (NRS) from 0 (no pain) to 10 (strongest pain imaginable). The pain threshold was
defined as the stimulation intensity that first evoked a NRS rating 21 during three ascending series
starting from 2mA and increasing in 0.5mA steps. In sessions SO and S1-3, participants gave verbal pain
ratings after each 2 min stimulation block. During MRI sessions, participants rated each stimulus with an

MR-compatible sliding scale device.

2.6.Rlll feedback training

We performed nociceptive Rl reflex feedback training under immediate visual feedback of the

21,35,36

Rl reflex size as described previously . We asked participants to use a positive imagery strategy

(i.e. ‘Imagine a safe and happy place’) to actively decrease their RIll reflex size. During each of 3
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feedback sessions, subjects were given the opportunity to optimize their strategy during three to four
feedback runs.

A run consisted of 48 consecutively presented painful stimuli every 8-12s, that evoked the RIlI
reflex. The first 12 stimuli were for reflex stabilization (not analysed). The remaining 36 stimuli were
divided into 12 control stimuli (participants were asked not to think of anything in particular), 12
strategy stimuli (participants were asked to use and optimise their strategy to actively decrease the size
of their RIl reflexes) followed by another 12 control stimuli (Figure 1C). The strategy block was cued

with a green downward arrow appearing on the monitor.

2.7. fMRI task design

In the fMRI experiment the strategy or control task was not presented in 2 min blocks of 12
stimuli as in the RIll feedback sessions. Instead single trials with individual visual cues were used to
optimize the design for measuring the hemodynamic response function, while remaining as close as
possible to the RIll feedback training. In the first MRI session, participants had no information about the
cognitive-emotional strategy they would later use for Rlll feedback training. Therefore, the instructions
regarding the visual cues were simply “Don’t think of anything in particular” during control trials (cue:
white bar) or “Imagine a safe and happy place” during strategy trials (cue: green downward arrow). In
MRI2, after RIIl feedback training, participants were instructed to “Apply the strategy that you
developed during the feedback training” during strategy trials. The functional MRI experiment was
coded in Matlab (version 2016a, Mathworks) with visual presentation in PsychToolBox3.0 (Version
3.0.11) connected to MR-compatible goggles (NordicNeurolLab, Bergen, Norway).

The experiment was conducted in a single run consisting of 40 trials (20 strategy, 20 control),
structured into 8 blocks (4 control, 4 strategy in random order) of 5 trials each. A trial consisted of: cue
presentation, a pre-stimulus pseudorandom delay (12-16s), the RIIl reflex evoking electrical stimulus, a
post-stimulus pseudorandom interval (10-12s), the pain rating (6s) and a jitter (4-6s, Figure 1B). The
visual cue was continuously on until the end of the post-stimulus interval, and participants were asked
to perform their task (strategy or control) continuously while the cue was present. Pain intensity ratings
were captured on a visual 0-100 scale (0= no pain, 100 = strongest pain imaginable) operated by a

manual slider.

2.8.Rlll reflex and pain rating: statistical analysis
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For RIIl feedback training sessions, average RIIl reflex sizes and pain ratings were calculated
separately within all the 12-stimuli control (pre-strategy), strategy, and control (post-strategy) blocks of
the respective session and expressed in percent of the control (pre-strategy) average. A repeated
measures ANOVA with the factors task (control pre, strategy, control post) and session (S1 and S3) was
performed in R (RStudio, version 3.6.3). For MRI sessions, average Rlll reflex sizes and pain ratings were
calculated over all control or strategy trials of the respective session and again expressed in percent of
the control. A repeated measures ANOVA was also performed here with the factors task (strategy,
control) and session (MRI1, MRI2). The repeated measures ANOVAs were performed using the Imer()
function (Ime440, version 1.1-26) with significance tested by the Anova() function (car41, version 3.0-10)
and post-hoc tests performed using emmeans() (emmeans, version 1.7.2). P-values < 0.05 were
considered significant.

Correlations between the Rlll reflex and pain reduction in S3 and the change in reflex and pain
reduction between the two MRI sessions were calculated using a Pearson correlation in R using the

cor.test() function of the stats package.

2.9.MRI data acquisition

MRI images were acquired on a 3T Siemens MAGNETOM Prisma scanner (Erlangen, Germany).
For each session, a high resolution T1-weighted anatomical image (TR = 2060 ms, TE = 2.17 ms, flip angle
= 12 deg., FoV = 240mm , 256 slices, 0.75mm isotropic voxel resolution, A-P phase encoding,
GRAPPA = 2), and a field map (TR = 760ms, TE1/TE2 = 4.92ms/7.38ms, dTE = 2.46ms, flip angle = 45 deg.,
FoV = 240mm, 74 slices, 2.5mm isotropic voxel resolution, A-P Phase encoding) were acquired.
Functional images were collected with a 2D multiband EPI sequence with the following parameters: TR =
900ms, TE =.33ms, flip angle = 45 deg., FoV 210mm, 54 slices, 2.5mm isotropic voxel resolution,
multiband acceleration factor = 6, A-P phase encoding. The EPI sequence covered the entire brain down
to the base of the PONS in all participants. An additional resting state functional and diffusion weighted

structural MRI sequence were acquired but not analysed here.

2.10. fMRI Preprocessing

Data preprocessing was performed by FMRIPREP version stabIe42[RRID:SCR_016216], a Nipype43
[RRID:SCR_002502] based tool. Each Tlw (T1-weighted) volume was corrected for INU (intensity non-
uniformity) using N4BiasFieldCorrectionv2.1.0** and skull-stripped using antsBrainExtraction.shv2.1.0

(using the OASIS template). Brain surfaces were reconstructed using recon-allfrom FreeSurfer v6.0.1%
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[RRID:SCR_001847], and the brain mask estimated previously was refined with a custom variation of the
method to reconcile ANTs-derived and FreeSurfer-derived segmentations of the cortical gray-matter of
Mindboggle46 [RRID:SCR_002438]. Spatial normalization to the ICBM 152 Nonlinear Asymmetrical
template version 2009c¢*’ [RRID:SCR_008796] was performed through nonlinear registration with the
antsRegistrationtool of ANTs v2.1.0% [RRID:SCR_004757], using brain-extracted versions of both Tlw
volume and template. Brain tissue segmentation of cerebrospinal fluid (CSF), white-matter (WM) and

49 (FSL v5.0.9,

gray-matter (GM) was performed on the brain-extracted Tlw using fast
RRID:SCR_002823). Functional data was slice time corrected using 3dTshiftfrom AFNI v16.2.07°°
[RRID:SCR_005927] and motion corrected using mchirtSl(FSL v5.0.9). This was followed by co-
registration to the corresponding T1w using boundary-based registration52 with six degrees of freedom,
using bbregister (FreeSurfer v6.0.1). Motion correcting transformations, BOLD-to-T1w transformation
and Tlw-to-template (MNI) warp were concatenated and applied in a single step using
antsApplyTransforms (ANTs v2.1.0) using Lanczos interpolation. Physiological noise regressors were
extracted applying CompCor53. Principal components were estimated for the two CompCor variants:
temporal (tCompCor) and anatomical (aCompCor). A mask to exclude signal with cortical origin was
obtained by eroding the brain mask, ensuring it only contains subcortical structures. Six tCompCor
components were then calculated including only the top 5% variable voxels within that subcortical mask.
For aCompCor, six components were calculated within the intersection of the subcortical mask and the
union of CSF and WM masks calculated in T1lw space, after their projection to the native space of each
functional run. Frame-wise displacement54 will be calculated for each functional run using the
implementation of Nipype. ICA-based Automatic Removal Of Motion Artifacts (AROMA) was used to
generate aggressive noise regressors as well as to create a variant of data that is non-aggressively
denoised™". As ICA-AROMA already smooths data, we did not perform any additional spatial smoothing.
The non-aggressively denoised AROMA images were inclusion-masked using the anatomical brain mask
and used as input for first level analysis.

We reduced our preregistered exclusion criteria of a global tSNR of less than 40 in our functional
images, as the pilot data was obtained using a much shorter total scanning duration (less than a minute
compared to 26 minutes) and tSNR is known to decrease over time>®. Instead, our mean global tSNR of
the raw fMRI images was 35 before preprocessing. After ICA-AROMA correction for movement, we
calculated the tSNR for our ROIs and found a mean tSNR of 147 + 23. We therefore did not exclude any

participants based on tSNR (see Supplementary Table 1 for tSNR values of individual ROIs). 3 participants

10
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were excluded due to excessive movement (over ten trials with a framewise displacement (fd)>0.9mm)

that was directly associated with the painful stimulus.

2.11. General linear model analyses

We were interested in the specific activity in predefined structures known to be involved in pain
and descending pain inhibition. However, as additional regions may be involved in the RIll training and
altered response to painful stimulation we performed a whole-brain analysis in addition to the ROI
analysis. The whole-brain analysis was performed using SPM12 (Version 7771) for Matlab. The single-
subject generalized linear model (GLM) included the painful electrical stimulus (Stimulation) as an
event-predictor of length 0 convolved with the canonical HRF and its first two derivatives. We modelled
the derivatives as opposed to the preregistered HRF only, to better account for temporal variation in
such a short stimulus. Application of the cognitive strategy or the control was modelled as a boxcar
regressor (Task) of 2s after the task cue was presented convolved with the canonical HRF, to capture the
initial response to task onset. Both stimulation and task were additionally linearly modulated by the
relative RIll size and pain intensity on a by-trial basis. These regressors were termed RIll modulated and
pain-modulated, respectively. The time the subjects rated their pain via sliding scale was added as a
boxcar regressor of no interest. Single volumes in which subjects had a fd>0.9mm were added as
nuisance regressors to the model.. As ICA-AROMA preprocessing already removed movement related
artifacts, we did not add movement parameters as nuisance regressors. Serial autocorrelation of the
BOLD time series was modelled with a first-order autoregressive model and low-frequency fluctuations
were removed via SPM’s DCT with 100s cut-off. Contrasts of interest were constructed for each session
by subtracting control from strategy regressors (e.g., TasKsategy-TaSKcontrot) to Obtain contrasts for task,
stimulation HRF and derivatives, pain modulated task and pain modulated stimulation. The negative
contrast (i.e. control — strategy) was created at the group-level analysis.

Group-level analyses were conducted with the Sandwich Estimator (SwE) toolbox’’ for SPM.
This toolbox constructs mixed-effects models which takes all random effects into account by using an
unstructured covariance structure and as such provides a better estimate of longitudinal and repeated
measures data than the classical group-level SPM analysis. We constructed our model with the “classic”
SwE type, which estimates the covariance matrix for each subject and session separately, using small
sample adjustment type C2. One model per contrast of interest was constructed, inputting the contrasts
from MRI1 and MRI2 for each subject. Using non-parametric wild bootstrapping58 with 5000

permutations and small sample adjustment type C2 with an unrestricted sandwich estimator to

11
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compare contrasts between MRI1 and MRI2. FWE <0.05 was considered significant. Type C2 was used as
opposed to Type Il (defined in the preregistration) as it was published as the newest recommended
correction after writing of the preregistration.

For the ROI analysis, the average beta values for the regressors of interest were extracted from
each of the preregistered 16 ROIs (Table 1) for further analysis. We performed four 2x2 repeated
measures ANOVAs for each ROl separately using R (RStudio, version 3.6.3). ANOVAs were constructed
using the Imer() function of the Ime4 package, with condition (strategy/control) and session
(MRI1/MRI2) as factors and participant as random effect, using the Anova() function of the car package
to test for significance. We further correlated the changes in beta differences (i.e. strategy - control) to
changes in pain and RIll reduction between MRI1 and MRI2 as well as the training success, respectively.
After Bonferroni correction for multiple comparisons, p < 0.004 was considered significant for all ROI
analyses

All statistical analyses were only performed on the above preregistered regions®’. However, as
alternative definitions of the anterior cingulate subdivisions and dorsolateral prefrontal cortex exist®>®?,
an exploratory visualization of the time courses from the ACC, the ventral part of Broadman’s area (BA)

8, the BA9 and the dorsal part of BA 46 is also shown. Error! Reference source not found. also describes

these exploratory regions.

Table 1: Regions of interest and how they were constructed. Centroids are in MNI coordinates are in MNI space. The lower part
of the table included the non-preregistered ROIS and how they were constructed. Centroids from the Brainnetome atlas were
calculated from the masks created.

ROl region ROI definition Centroid (mm)
X Y z
Rostroventral Medulla (RVM) Manual construction of a 40 voxel (Imm -1 -39 -49

isotropic) sheet at z= 49.9mm, covering
most of the Medulla

Locus coeruleus (LC) Harvard Ascending Arousal Network®> 0 -38 -28
Periaqueductal grey (PAG) Harvard Ascending Arousal Network®? 0 -33 -12
Anterior congulate cortex (ACC)  FSL Harvard-Oxford Cortical Atlas -1 19 24

(threshold = 75)

subgenual 5mm spheres based on coordinates by -2 24 -10
perigenual Zhou et al., 2016 -2 46 10
rostral -2 34 28
Thalamus (R) FSL Harvard-Oxford Subcortical Atlas 10 -19 7
Thalamus (L) (threshold = 75) -11 -18 7
Hypothalamus 5mm sphere based on coordinates by 0 -8 -8
Karlsson et al., 201064
Insula (R) FSL MNI Structural Atlas (threshold = 50) 37 4 -38

12
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Insula (L) -38 7 2

dIPFC (R) Combining ‘pars opercularis’ and ‘pars 53 20 11

dIPFC (L) triangularis’ from the FSL Harvard- -55 21 11
Oxford Cortical Atlas (threshold = 50)

mPFC (R) Combinig ‘Rectus’ and 6 43 -15

mPFC (L) ‘Frontal_Mid_Orb’ regions of the AAL3 -8 43 -14
Atlas65

Non preregistered ROIs (exploratory analysis)

Supragenual ACC 6 mm radius spheres around the 0 35 12
Perigenual ACC approximate coordinates from Meeker 0 38 0
Subgenual ACC etal. (2022) 0 33 9

BA8dI (L) Dorsolateral BA8 from the Brainnetome -30 23 48

BAS8dI (R) atlas® (threshold 55) 43 26 40

BA9I & BA46d (L) Combined lateral BA9 and dorsal BA46 -27 42 31

BA9I & BA46d (R) from the Brainnetome atlas® (threshold 30 37 36
55)

2.12. Timecourse analyses

We performed a time course analysis on the z-transformed average signal from each ROI, to
capture the unknown temporal dynamics which are difficult to assess in a classical general linear model.
We were interested in subcortical and brainstem areas with hemodynamics that likely differ from the
rest of the brain®’ and with smaller signal-to-noise ratios due to proximity to major blood vessels, CSF
flow and breathing artifacts. Because we measured the hemodynamic signal at a temporal resolution of
below one second, it is possible to capture additional information about the course of the hemodynamic
response function than a general linear model with a fixed impulse response function.

We extracted and z-transformed the raw time courses of our ROIs from the time point of cue-
presentation for 12 volumes post-presentation for task and from the time point of stimulation for 12
volumes post-stimulation for stimulation. Z-scores for the analysis of task were then baseline normalized
by subtracting the mean value of timepoints 1-4. We analysed the time courses using a repeated
measures ANOVA with the factors condition and session while controlling for timepoint in all and side in
left/right split ROIs (see Table 1) in R. This gives an impression of the signal change unconstrained by
how well the haemodynamics fit the canonical HRF. To account for the delay in haemodynamic response
we excluded the first 4 timepoints from the analysis.

In a follow-up analysis we further subdivided the insula ROl into anterior and posterior insula.
This was done by splitting the existing ROl mask along is anterior-posterior axis using the central insular

sulcus as anatomical landmark.

3. Results
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3.1.FParticipants

A total of 30 (17 female) participants were included in the study. Mean age was 25 % 4 years
(range: 18-35). 27 of the participants were included in the MRI-analyses (25 + 4 years, range: 18-35), the
three excluded participants had excessive movement (see fMRI preprocessing). The average time

between first and second MRI session was 44 + 23 days (range 14-105).

3.2.Successful Rlll feedback training is indicative of pain reduction during fMRI
During the three sessions of RIll feedback training, participants used and optimised their personal
positive imagery strategy to suppress their RIll reflex while receiving visual feedback on the RIIl size.
Training success, defined as the reduction in RIll reflex achieved by strategy application during the third
training session (S3), was on average to 84 +14 % of control (range 57 % to 124 %). This was
accompanied by a reduction in pain ratings to 87% * 10 % of control (range: 55% to 102%). The main
effect of task (strategy vs. control) was significant for both Rlll reflex area (F,, = 13.7, p <.001) and pain
rating (F,2 = 11.3, p < .001) (Figure 2 A). An interaction between session and task was significant when
analysis was limited to those participants who achieved a Rlll reduction to at least 90% of control in S3
(n =22, F,, = 1.8, p = .027), with an increase in Rl reflex reduction from S1 to S3. There was no
interaction for pain ratings (F,,0 = 0.1, p = 0.9). Effect sizes (Cohen’s d) were 0.51-0.86 for S1-S3 RIII
reductions (i.e., in the range of a moderate to large effect according to Cohen) and 1.04-1.41 for S1-S3
pain reductions (large effect).

During fMRI, the RIlI reflex size during strategy was reduced to 94 + 12% of control (range: 71% -
114%) in MRI1 and to 97 + 13% (range: 75% - 135%) in MRI2. There was a significant main effect of task
(strategy vs. control, F;,5=8.2, p = 0.004) but no significant interaction between task and session
(F120=0.637, p = :425) was found. However, the effect sizes were much smaller than in training, MRI1: d
= 0.51 MRI2: d = 0.42 (small to moderate effect), respectively, making the null effect problematic to
interpret. Pain ratings were also reduced during strategy in both MRI1 (87 + 19 %, range: 56 % - 135 %)
and MRI2 (78 £ 11 %, range: 51 % - 99 %, Figure 2B), with a main effect of task (F;, =81.1, p < .001). In
contrast to RIll reflex size, pain ratings showed a significant interaction between task and session (F; 59 =
5.1, p<.05), i.e,, there was a stronger reduction in pain during task in MRI2 compared to MRI1. Effect
sizes for pain ratings during task in MRI1 and MRI2 sessions were 0.73 (moderate to large effect) and
1.80 (large effect), respectively.

We designed the study to measure the Rl reflex reduction before and after feedback training

during fMRI. However, the measured Rlll reflex changes during fMRI were too small draw conclusions
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based on the data. Only the increase of pain reduction from MRI1 to MRI2 was significantly correlated
with pain reduction in S3 (r = 0.40, p = 0.03, Figure 2C). We were unable to show a direct relationship
between the RIll-reflex changes in training and longitudinal changes in the behavioral data collected
during MRI data acquisition. Although the RIlI reflex training successfully led to a reduced Rlll reflex, this
did not translate to the MRI sessions. The size of the RIll reflex reductions during MRI were too small to
be able to reflect the RIll feedback training success. Reasons for this likely include interference between
the participant’s position and the RIll reflex measurement, and signal processing constraints related to
removing the MRI artifacts from the EMG signal (see discussion for details). Nonetheless, Rlll-reflex
training, like other behavioral training regimes®, should lead to changes in neural function that can be

measured with fMRI, even without the direct behavioral correlate we had hoped to measure.
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Figure 2: Behavioural and electrophysiological results. Individual participants are shown in either grey (unsuccessful training) or
pale red (successful training) A) Rlll feedback training significantly reduces pain ratings (bottom) and RIll reflex sizes (top).
There is a significant main effect of task (p< 0.001), but no interaction between session and condition(black line). The subset of
participants that successfully achieved more than 10% RIII reduction in the last session (S3) exhibit significant improvement in
RIIl reduction between S1 and S3 (p<0.02, red line). B) Pain rating (top) and RIll reflex (bottom) during MRI sessions.
Participants showed a significant pain reduction between MRI1 and MRI2 (p= 0.02), but no difference in the RIll reflex. Both
MRI1 and MRI2 show a significant reducting in pain rating (p<0.001) during strategy, but no difference was found in individual
MRI sessions for the RIll reflex. C) Correlation between pain reduction change in the MRI and pain reduction in the last
feedback training session (S3). Individual successful participants (i.e. S3 Rl reflex reduction >10%) are shown in red,
participants with <10% reduction shown in grey.
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3.3. Pain matrix consistently activated by painful electrical stimulation

Painful electrical stimulation evoked responses in the classical pain matrix, including the insula,
S1/S2, ACC, and thalamus (Error! Reference source not found. and Error! Reference source not found.).
The pattern of activity was highly consistent across session and task; no significant differences were
found between task and control or between MRI sessions on a whole-brain level when analysed with the

GLM.

3.4.No longitudinal task-specific or pain-specific effects in GLM-based analyses

Although behavioral differences were evident across training, we found no significant
longitudinal differences in brain activity when analysing the data with the GLM. In the whole-brain
longitudinal group analysis, we found no significant change between MRI1 and MRI2 in the relative
activity during task (i.e., strategy vs. control) or in the relative response to painful stimulation (i.e.,
strategy vs. control, in all three basis functions). The same was true for the analysis within the
predefined ROIs. We also found no correlation between beta values and training success (percent Rl
reduction in S3) in the ROl analyses. Furthermore, there was no correlation between the difference in

beta values and difference in pain or Rlll-reductions between MRI1 and MRI2.

3.5.Time course analysis revealed both task-specific and pain-specific longitudinal changes within ROls

Subtle differences in the timing and strength of the haemodynamic activity within regions is
known to be important in pain processing and descending pain modulation and is likely no captured by
the GLM. We therefore performed a time course analysis on the mean activity in our regions of interest
(see Methods for details).

In the task-specific time course analysis (i.e., the time between cue presentation and painful
stimulation), we found significant main effects of task (strategy vs. control) in ACC (p<0.001,
F126 =36.5), rACC (p < 0.004, F;, =9.8), sgACC (p < 0.001, Fy,6=15.7), pgACC (p < 0.001, Fy 56 = 13.6),
mMPFC (p < 0.001, F;,6 = 42.5), dIPFC (p < 0.001, F; 56 = 11.8), and insula (p < 0.001, F; 5 = 21.1). The use of
the cognitive strategy increased the hemodynamic activity in all these regions. A significant interaction
of task and session was present in hypothalamus (p < 0.004, F, 6 = 10.5), thalamus (p < 0.004, F; ;5 = 9.5),
dIPFC (p <0.004, F;, = 8.6), and insula (p <0.001, F;, = 18.6). The difference between strategy and
control increased from MRI1 to MRI2 in these regions. We observe a similar trend in the PAG, although
it was not significant. A significant interaction was also present in the pgACC (p < 0.004, F; 5 = 8.8), but

here the difference between strategy and control decreased from MRI1 to MRI2. We additionally found
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a significant main effect of side in the dIPFC (p < 0.0001, F; ;s = 167.7), reflected in distinct time courses
for each side. Average time courses of those ROIls with significant interactions are plotted in Figure 3.
The time courses show a small positive BOLD response after cue onset in most regions (left) and
differences between strategy and control are plotted on the right. Supplementary Figure 2A contains the
time courses in the ROIs where only a main effect of task is present, and Error! Reference source not
found. shows four example individual subject time courses.

The follow up analysis in the insular ROI revealed that task related activity was different in
anterior and posterior portions. Both anterior (F;, = 8.7, p < 0.01) and posterior (F;, = 11.2, p < 0.001)
insula displayed a strategy-dependant increase in haemodynamic response post training, with the
anterior insula displaying a stronger effect. However, only the anterior insula displayed a significant
main effect of task (F;,s = 38.8, p < 0.001) with increased activity during strategy (Error! Reference

source not found.B).
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control). Right graphs show the difference between strategy and control for the two MRI sessions. Positive values indicate that
the BOLD signal was higher when participants used their cognitive strategy than during control. Participants were instructed to
apply the task (control or strategy) for the entire duration shown here. Task cue onset is at t = 0s. Grey bar indicates analysed
timepoints. Error bars indicate standard error of the mean. In all significant ROIs, except the pgACC, participants showed a
higher BOLD response during strategy in MRI2 than in MRI1 (dIPFC (p < 0.004), Insula (p <0.001), Hypothalamus (p <0.004),
Thalamus (p <0.004)). In the pgACC, the difference decreased from MRI1 to MRI2 (p <0.004). Cortical regions are presented first,
followed by subcortical regions.

In the pain-specific time course analysis (i.e., activity in response to the painful stimulation of
the sural nerve), we also found significant differences in hemodynamic activity between task and session
in our regions of interest. A significant main effect of task was found in rostroventral medulla (Fy =
11.4, p < .001), locus coeruleus (F;,6 = 11.0, p < .001), PAG (F;1 6 = 11.9, p < .001), and thalamus (Fy 2 =
23.0, p <.0001). As hypothesized, the hemodynamic response to the painful stimulus was lower during
strategy compared to control. Furthermore a significant interaction between session and task was found
in the dIPFC (Fy2 = 22.1, p <.0001), insula (F1,6 = 10.6, p = .001), thalamus (F; = 26.0, p < .0001) and
locus coeruleus (Fy6 = 12.3, p<0.001). The relative decrease in signal during strategy was larger in MRI2
compared to MRI1 in these regions. The dIPFC displayed a significant main effect of side (F; ;6= 207, p <
0.0001) here as well. The time courses for ROl with significant interactions are plotted in Figure 4. A
positive BOLD signal change after stimulation is seen in all conditions and ROIs (left), but the height of
the BOLD response significantly changes in these regions (see difference plots on the right). The time
courses of the stimulation period were not baseline normalised, as the task-specific time courses were.
The differences between time periods appear to develop after stimulation, instead of being present
from the start of the time course, which could have been evidence for anticipatory effects®. Only in the
thalamus are lower strategy-specific BOLD responses present from the start of the time points plotted.
Additional time courses of the RVM and PAG can be found in Supplementary Figure 3A and four example
individual subject stimulation time courses are seen in Supplementary Figure 5.

We found a significant interaction of session and task in both anterior (F; ;6 = 4.1, p < 0.05) and
posterior insula (F;2 = 5.5, p < 0.05). Haemodynamic response decreased during strategy post-training
in both, with the posterior insula exhibiting a stronger decrease (Supplementary Figure 3B). A main
effect (i.e., decreased activity during strategy) was present only in the posterior insula (F1 = 4.8, p <

0.05).
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Figure 4: Time course of z-transformed MRI data after painful stimulation. Only those ROIs with a significant interaction
between task and session are shown. Left shows the time courses, averaged across trials and participants for the four within-
subject conditions that were compared (MRI1 strategy, MRI1 control, MRI2 strategy and MRI2 control). After painful
stimulation, a positive BOLD response is seen in all significant ROIs (see also Supplemental Figure 1). Right graphs show the
difference between strategy and control for the two MRI sessions. Negative values indicate that the BOLD signal in response to
painful stimulation was lower when participants used their cognitive strategy than during control. Stimulation occurred at t = 0
s. Grey bar indicated the analysed timepoints. Error bars indicate standard error of the mean. During MRI1 the BOLD response to
painful stimulation either did not differ between the two task conditions or was slightly higher during the cognitive strategy.
After undergoing feedback training, the BOLD signal was significantly smaller in response to painful stimulation during strategy:
Locus coeruleus (p < 0.001), thalamus (p <0.0001), insula (p < 0.004) and dIPFC (p < 0.0001).
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There is some debate as to the exact location of some of the pain-specific processing regions that we
preregistered for this study. Alternative localisations of the subdivisions of the anterior cingulate exist.
The dorsolateral prefrontal cortex is also often defined more dorsal and superior to our definition,

encompassing Brodman areas 8, 9 and 46°%

. Therefore, as an exploratory visualization, we plotted the
time courses of both the task and the stimulation time window for the ACC subdivisions based on *® and
the right and left Broadman areas 8 and a combined BA 9 and 46d in Supplementary Figures 6 and 7.

Similar patterns of activity are seen in these ROlIs as in our predefined ROls.

4. Discussion
Participants were successful in their ability to reduce their RIli reflex via a cognitive emotional

strategy coupled with RIIl feedback training, improving their descending pain inhibition to a similar

. . . 21,3536
degree as in our previous studies

. Those participants with a lower pain rating at the end of
training also showed lower pain ratings while using their learned strategy in the final MRI session,
demonstrating the influence of training on pain reduction at a supraspinal level in the absence of
feedback. The cognitive emotional strategy affected RIil reflex size in individual participants, an effect
that has been found previously70. Painful electrical stimulation activated all the cortical and subcortical
regions known to be involved in pain processing71’72.

In a GLM approach, longitudinal differences in brain activity in task-specific strategy use or
processing of painful stimulation were not revealed in either a whole-brain or a ROIl-based approach.
However, longitudinal differences in both strategy- and pain specific activity were seen in a dedicated
time course analysis in cortical, subcortical and brainstem regions of interest. The thalamus, insula and
dorsolateral prefrontal cortex showed longitudinal and task-related differences in activity both during
the cued task period and in response to painful stimulation. Both events led to an increase in BOLD
signal in all significant ROIs, although the response to the cue was much smaller than to the painful
stimulation. Training led to an increase in BOLD signal while participants use their cognitive behavioral
strategy and a relative decrease in BOLD signal in response to painful stimulation.

Pain reduction during strategy use in the MRI was in the expected range, however the

21,35,36
. Therefore,

concomitant RIll reflex changes were much smaller than previously found behaviorally
the RIll reflex changes obtained during fMRI do not accurately reflect activation of descending inhibitory
pathways. Nonetheless, since the decrease in perceived pain during strategy in the MRI, was amplified
after training, we maintain that feedback training success translated to the MRI and that this success

was related to activation of descending pain inhibition. This is further supported by the significant brain
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activity changes found. Individuals can successfully use their strategy for Rlll reduction in the absence of

RIIl feedback even 4 months after training73.

4.1. Pre-stimulation strategy-related brain activity intensifies with Rlll feedback training
A time course analysis revealed increases in haemodynamic activity in both cortical and
subcortical brain regions when participants use a cognitive emotional strategy to reduce pain.

Application of a positive cognitive strategy activated the ACC and PFC, cortical areas related to

10,11,74,75 14,76,77

endogenous analgesia , and connected with the PAG . Application of mental imagery

activates descending pathways, even without trainingz. This should be reflected in an overall increase in
brain activity and reduction in pain. Indeed, the strategy-related increase in activity in the ACC and mPFC
and concomitant experienced pain reduction indicates that these areas activate descending pain
inhibition.

Furthermore, the dIPFC, insula, thalamus and hypothalamus become more active during
strategy after RIll feedback training. Training also led to an increased suppression of spinal nociception
(RN reflex) and an increased pain suppression after training in both training and MRI session. These
results imply that these four regions are sensitive to changes in voluntary activation of descending
inhibitory pathways.

The ROIs were chosen for their potential involvement in descending pain inhibition. DIPFC
activity has been related to lower perceived pain24. Activation of the DIPFC via tDCS exerts an analgesic

237875 The tDCS stimulation of the dIPFC was

effect presumably via activation of descending pathways
performed on the left side, supporting the side effects that we found. The additional ROIs we plotted
show strongest BOLD signal changes in the combined area BA9 and BA46d, rather than BA8v. The
hypothalamus interacts with the PAG® and its chemical modulation has a direct relationship to
analgesiagl’sz.

In contrast, the insula and thalamus are not typically considered cortical players in descending
pain inhibition. The insula is thought of as a pain-evaluative and not a modulative region. In our data,
the insula, in particular the anterior insula, exhibited the most significant longitudinal increase during

strategy application. Stimulation of the insula can elicit antinociceptive effect in both rats’® and

29 L . . . L . .
humans®, suggesting it plays a role in pain modulation as well. Indeed, the anterior insula is active

3-85

during pain modulation and anticipation8 . The increased BOLD activity during strategy was

maintained through the end of the pre-stimulation period, suggestive of attentional or anticipatory
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effects®*®. However, the activity was no longer different at the start of painful stimulation, and the
direction of relative BOLD activity changed during stimulation, less suggestive of anticipatory effects.
Similarly, the thalamus’ role in pain processing has classically been in relaying the nociceptive signal to
higher brain centers, which would not explain the increase in BOLD activity prior to painful stimulation.
Valet et aI.6, however, implicated the thalamus in pain inhibition, which would be in line with our data.
Unfortunately, the small RIll reflex effect sizes during MRI prevent us from differentiating brain activity
related to evaluative, modulative and pain relay effects in our study.

The application of a cognitive strategy may activate more cortical, subcortical and brainstem
areas than we observed here. Individual variability in training success may prevent the detection of
more subtle subcortical and brainstem effects. Contrary to our results in other cingulo-frontal
subregions, the pgACC was the only region to show a relative decrease in activity with training.

6,25

Perigenual activity has been linked to pain inhibition™"", but it has also been suggested to act in

anticipation of pain87’88. Our results suggest that before training BOLD activity in the pgACC is sustained
in the pre-stimulation period, but no longer after training, pointing towards a role of the pgACC in pain
anticipation. Brainstem and midbrain regions likely demonstrate smaller effect sizes due to the nature of
the fMRI signal in these regions. Nonetheless, the PAG showed a trend towards increased strategy-
dependent activity; a good indicator that the pain reduction between MRI1 and MRI2 stems from a
stronger activation of descending pain inhibitory circuits.

Our data expand previous results that the ACC, mPFC, dIPFC and hypothalamus are critical for
the activation of descending pain inhibition. We suggest that the insula and thalamus may also play a

hitherto underestimated role in descending pain modulatory pathways.

4.2. Lower haemodynamic response to painful stimulation is indicative of reduced nociceptive input
Pain-specific activity was reduced in areas receiving direct nociceptive input, namely the RVM,
PAG and thalamus’ during the application of the strategy, suggesting that less nociceptive input arrives
in the primary recipient structures of ascending pain paths, likely the result of successful descending
pain inhibition (Section 4.1). The relative decrease in haemodynamic response after training in the
thalamus, and LC in the brainstem, suggests a further reduction in ascending nociceptive input post-
training. This may be the result of stronger descending pain inhibition when participants have learned an
effective strategy. Interestingly, the lower thalamus activity was present at timepoint 0 of painful

stimulation, which suggests anticipatory effects. The thalamus has not classically shown anticipatory
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effects to pain, but a meta-analysis revealed that it coactivates with the anterior insula during
anticipation of pain®.

The same longitudinal pattern of lower BOLD activity was reflected cortically in the insula and
dIPFC. The insula is one of the primary areas responsible for both the somatosensory and emotional-

OM The larger training effect and strategy-dependent decrease in

. . .1
evaluative experience of pain
response to pain in the posterior insula corroborates previous literature implicating it primarily in
somatosensory pain processinggo’gl. The role of the dIPFC in pain perception is not fully understood, but

. . . . 92,93
it activates in response to acute pain

. The additional dIPFC ROIs show the strongest BOLD activity in
response to painful stimulation in BA9 and BA46d, however the training related effects appear strongest
in BA8. The decreased haemodynamic response found in these higher cortical areas after RIll feedback
training corresponded to a decreased pain evaluation, which was also found post training.

Lower BOLD responses already within primary receptive areas of ascending pain pathways
indicates that nociceptive input is already decreased upon reaching the brain, either via a reduction in
the first brainstem relay centers or a decrease in nociceptive transmission on a spinal level. The
decreased reaction to the painful stimulation in higher evaluative regions of the brain including the
insula and the dIPFC may stem from two mechanisms: either decreased nociceptive input into the brain
leads to a proportionately lower reaction in cortical areas, or the cognitive strategy decreases reactivity

in these areas, causing a reduced reaction to painful stimuli of the same magnitude. Which mechanism

is contributing to the results we see cannot be resolved with this study.

4.3. A proposal based on imaging descending pain inhibition in humans

94-100 101-103

We know from both animal and human studies the importance of the PAG and
brainstem in descending pain modulation. However, the roles of cortical and subcortical regions are less
clearly defined. Previous imaging investigations into descending pain modulation have shown the

£.4,24,30,31 . . .
8 . However, while descending pain

importance of cortical areas such as the ACC and PFC
inhibition has been investigated by recording brain activity during painful stimulation, few studies have
investigated brain activity during activation of descending pain inhibition independent of painful stimuli.

These studies have shown activation of rACC during placebo analgesia104

, of ACC and PFC during
conditioning in the CPM paradigm25 and of the thalamus during distraction mediated analgesias.
Our design allowed us to separately investigate both the activity related to activation of

descending pain inhibition itself (assessed before application of the painful stimulus) and the effect of
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this activation on pain-specific activity in a within-subject design. Activation of descending pain
inhibition, achieved with a cognitive strategy, was demonstrated by recording spinal nociceptive activity
in the same participants in several cortical and subcortical regions (mPFC, dIPFC, ACC, insula, thalamus,
and hypothalamus). During the subsequent response to painful stimulation a set of brainstem,
subcortical and cortical regions, who are typically activated during painful stimulation (RVM, LC, PAG,
thalamus, insula, and dIPFC), showed a reduced reaction to the painful stimulation. BOLD signal changes
were either present during both sessions or enhanced after Rlll feedback training.

Our analysis of insular subregions suggests a functional separation between the anterior and

posterior insula. It has been previously shown that the anterior insula shown a greater response during

83-85 90,91,105

modulation , While the posterior insula serves a somatosensory role . Functional separation

likely exists on an anterior-posterior gradient based on anatomical connectivityloe. We find task- and
pain-specific activity in both areas, with a bias towards the anterior insula for task-related and posterior
for pain-related effects. Our findings lend further support to the idea that the anterior insula is
preferentially involved in pain modulation, while the posterior insula is active in pain processing. These
results suggest that we were able to capture the entire cycle of descending pain inhibition: activation of
cortical regions targeting brainstem centers of descending pain inhibition, followed by reduced
ascending nociception detected starting in the brainstem. Taking existing knowledge together with our
own findings, we propose that feedback training improves the activation of descending pain inhibition in

the following way:

Application of the cognitive emotional strategy for descending pain inhibition involves cortical
frontal regions, including ACC, PFC and insula. This starts a top-down activation of descending pain
inhibition through the thalamus that acts via the brainstem. The dIPFC mediates this activity, through
modulation of connectivity between these brain regions, either because of attentional shifts, emotional

107-109

regulation, or a change in valuation of the stimulus . Communication from the cortex to the

brainstem most likely originates from two pathways: directly from the PFC and/or ACC, as these areas

are connected to the PAG*7¢110

and the LC, and indirectly through the thalamus, which receives and
integrates cortical inputs and can activate descending pain inhibitory processes via its connection to the
PAG. When a painful stimulus is then presented, inhibitory signals from the LC and PAG (via the RVM)
decrease spinal transmission of nociceptive signals, resulting in decreased nociceptive input into primary
receptive regions of both spinothalamic (thalamus) and spinoreticular (RVM and PAG) tracts of pain

transmission. This signal propagates to the cortex leading to a reduced response in emotional-evaluative
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cortical regions such as the insula and dIPFC, and a resulting decrease in experienced pain. It is possible
that the reduced cortical activity is not a bottom-up phenomenon, but a direct result of cortico-cortical
interactions. Unfortunately, it is not possible to resolve these two possibilities with the data collected.
The pre-stimulation BOLD activity is likely related to the specific cognitive emotional strategy
participants trained instead of a general anticipatory effect. Anticipatory effects have been found in
relation to the strength of and waiting time before a painful stimulus®® both of which did not change in
our study. Moreover, the BOLD signal changes were the largest 5-6 seconds after the start of the task
cue and in most regions tested normalized to 0 before the start of the painful stimulus, whereas

69,86
d

anticipatory signals appear to remain throughout the anticipatory perio . Positive anticipatory BOLD

signal changes are typically associated with an increase in pain rating®®, which we did not find here, with

the exception of the dIPFC in placebo analgesia®

. After training, the thalamus and dIPFC maintain a
difference in activity between strategy and control throughout the pre-stimulus time window. In the
thalamus, this BOLD activity switched signs; the higher BOLD activity during strategy then dropped
below the control condition from the end of the pre-stimulus period through approximately 10 seconds
after stimulation. In the right dIPFC, the BOLD activity switched during the stimulation time window and
was not maintained after the hemodynamic peak. Based on its role in top-down modulation and
regulatory processes as well the structural changes it shows in chronic pain'”’, our data support the
regulartory role of the dIPFC in pain modulation

Claims about the functional mechanisms or neurotransmitters involved in the effects are
challenging to make purely with fMRI and behavioral data. Neurotransmitters affect the fMRI signal in
multiple ways: they can directly influence neural activity, the BOLD signal itself, the experienced and
physiological pain, and the modulation thereof. Without additional data, it is difficult to determine what
neurotransmitters are responsible for the functional and behavioral results we found. Nonetheless, a
simultaneous decrease in pain perception and increase in BOLD activity may allow for some insights into
possible neurotransmitter mechanisms.

Monoamines including noradrenaline (NA) and serotonin (5-HT) are known to play an important
role in descending pain modulation at the level of the midbrain and spinal cord™. Opiates are also

112

implicated in pain modulation in the PAG and RVM™“. In frontal cortical regions, pain modulation is

related to glutamate, dopamine and opiate neurotransmitter signaling'"

. The dopamine D2-receptor
binding potential increases in prefrontal cortices, including the dIPFC, after therapy and is related to
lower anxiety in social anxiety disorder''*. It also leads to an increase in BOLD activity in frontal areas

during a stopping task'. The pre- and postsynaptic dopaminergic system appear to be altered in
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patients with chronic pain™®, making it an important target system for treatment options. The mu-
receptor opiate system has also been implicated in pain modulation'™. Opioid antagonists block
attentional analgesia, a mechanism related to ACC-PAG connectivity'’. Mu-receptor availability (and
not dopamine D2-receptor availability) was negatively correlated with BOLD activity during viewing of

118 Rodent models have also

painful scenes in the anterior insula thalamus and lateral prefrontal cortex
shown a reduction in the expression of the mu-receptor in relation to chronic pain behavior'**. Although
this list is far from exhaustive, the location of our results, the BOLD activity and pain perceptual changes
found after training and previous work from psychotherapy would suggest that the dopamine D2-
receptor and opioid mu-receptor systems are potential players in our Rlll-reflex training for descending

pain inhibition.

4.4.Individual variability in descending pain inhibition may impact finding group-level effects

We expected the longitudinal effects examined here to be robust enough to be identified with a
GLM approach. We believe this was not the case due to the variability within our study population.
Although positive imagery is the most successful strategy for RIll reflex training on average, not all
individuals are successful at using it*!. Had we allowed participants to use different strategies they may
have been more successful pain inhibition, but the brain activity for the task would have been more
divergentss. The large variability in both training success, as well as in brain activity for any given
strategy presents a challenge for obtaining population-level effects with RIll reflex feedback training.

120,121

The variability in responses across participants is consistent with the pain imaging literature and

122,123

other measures of descending pain inhibition, such as CPM . Additionally, imaging research in

mindfulness and other mental imagery tasks like the cognitive strategy we used, have typically led to

173 making longitudinal comparisons difficult with tractable sample sizes.

small effect sizes™

Individual training success was a expected source of variability in our study that likely reduces
the effect size of the brain activity. Some participants could already reduce their RIll reflex in the first
feedback session, suggesting that these individuals, already before training, had a high degree of control
over descending pain inhibition using the proposed cognitive strategy. Such a subpopulation of
participants strengthens the main effect of cognitive strategy but weakens the longitudinal comparisons

we wished to make. Our current study population is too small to stratify into subpopulations and still

draw meaningful inferences. In a CPM study, commonly used to assess descending pain inhibition, only a
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subgroup of the participants exhibited RIIl reflex reductions 70, potentially due to individual differences
in the ability to activate the descending pain inhibitory system.

A subpopulation analysis would present an important investigation in descending pain
inhibition, particularly for understanding chronic pain patients. A high relative sensitivity to pain and the
inability to inhibit pain are seen as potential risk factors for developing chronic pain, across anatomical

sites'?®

. Chronic pain patients show reduced pain perception after the Rl reflex training but, like healthy
controls, not all patients can learn to willfully control descending pain inhibition via Rill reflex training®.
Future studies will require a better selection of participants or subjects, or a multicenter approach to

obtain the larger sample sizes needed to analyse these subpopulations.

4.5. Improvements and future directions

The strength of this study was its longitudinal design. By measuring each participant before and
after feedback training, we could create a direct, within-subject comparison of brain activity. This is
particularly relevant in pain research, as experienced pain is a highly individual and variable
phenomenon. We investigated the time preceding the painful stimulus separate from the stimulation
event to assess the brain activity when activating descending pain inhibition. Using the RIll feedback
training we could physiologically measure the effect the cognitive strategy had on descending pain
inhibition. The MRI setup task and design were as congruent with the feedback training as possible. We
accounted for potential discrepancies between canonical HRF and the actual haemodynamic response
by conducting a time course analysis. This allowed us to detect differences in subcortical and cortical
regions where classical analyses often fail.

Nonetheless there are important methodological lessons we can learn here. By constructing a
hardware setup for the MRI environment with simultaneous EMG recording and electrical nociceptive
stimulation, we were able to read out physiological and psychological measures of nociception/pain.
However, measuring the Rlll reflex is inherently difficult in an MRI environment. Mutual interference of
electrical stimulation, MRI, and electrophysiological recordings added the need for additional safeguards
including higher resistance electrodes, on-line filtering of electrical signals, and post-hoc processing with
artifact correction. Although the necessary change in body position of the participant between training
and MRI sessions may change the Rlll-reflex signal, we do not believe this was the case in. our study.
Previous work has shown that the perceived pain and the stimulus intensity required to achieve
threshold change with body position 129" Since we adjusted the stimulus intensity to each session

individually, and compared pain ratings within session, this should not affect our results. The amplitude

28



Journal Pre-proof

of the RIll reflex does not appear to change with body position129, therefore the body position should
not significantly affect the RIll reflex responses measured. The other methodological changes in the MRI
likely prevented us from detecting RIll reflex differences in the MRI. We used a relatively fast EPI
sequence with a TR of 900 ms, leading to artifacts with the same frequency as the reflex measured.
Although the shape and size of the reflexed recorded were visually indistinguishable to those during
training, this overlap in the frequency of signal and artifact could lead to an overall reduction in the
variation of the RIIl reflex that would explain our low effect sizes. Introducing a short break in each MRI
volume acquisition during which painful stimulation can be administered and the EMG reflex recorded**°
could alleviate these effects. The lack of transfer from RIIl reflex training success to a RIIl reduction
during MR imaging prevents us from making the intended direct inferences regarding spinal nociception,

however the decreased reaction to stimulation in nociceptive brainstem areas still provide a good

indicator of decreased ascending nociceptive input.

5. Conclusion

Our investigation revealed that multiple cortical and subcortical structures implicated in
descending pain inhibition are activated when employing a positive cognitive-emotional strategy and
increase further after training. Complementary thereto, the haemodynamic response to pain in regions
receiving initial nociceptive input, as well as cortical-evaluative regions is decreased after employing the
learned strategy. Our findings complement the existing body of literature by showing the full timeline of
initiating descending pain inhibition to decreased nociception in one study by measuring brain activity of
taught activation of descending pain inhibition and its effect on ascending nociception and supraspinal

pain processing in the same experiment.
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