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The descending pain modulatory system in humans is commonly investigated using conditioned pain modulation
(CPM). Whilst variability in CPM efficiency, i.e., inhibition and facilitation, is normal in healthy subjects, explor-
ing the inter-relationship between brain structure, resting-state functional connectivity (rsFC) and CPM readouts
will provide greater insight into the underlying CPM efficiency seen in healthy individuals. Thus, this study com-
bined CPM testing, voxel-based morphometry (VBM) and rsFC to identify the neural correlates of CPM in a cohort
of healthy subjects (n =40), displaying pain inhibition (n = 29), facilitation (n = 10) and no CPM effect (n = 1).
Clusters identified in the VBM analysis were implemented in the rsFC analysis alongside key constituents of the
endogenous pain modulatory system. Greater pain inhibition was related to higher volume of left frontal cortices
and stronger rsFC between the motor cortex and periaqueductal grey. Conversely, weaker pain inhibition was
related to higher volume of the right frontal cortex - coupled with stronger rsFC to the primary somatosensory
cortex, and rsFC between the amygdala and posterior insula. Overall, healthy subjects showed higher volume and
stronger rsFC of brain regions involved with descending modulation, while the lateral and medial pain systems
were related to greater pain inhibition and facilitation during CPM, respectively. These findings reveal structural
alignments and functional interactions between supraspinal areas involved in CPM efficiency. Ultimately under-
standing these underlying variations and how they may become affected in chronic pain conditions, will advance
a more targeted subgrouping in pain patients for future cross-sectional studies investigating endogenous pain
modulation.

1. Introduction fering from chronic pain conditions, e.g. neuropathic pain after spinal

cord injury (Albu et al., 2015; Gruener et al., 2016), fibromyalgia

The descending pain modulatory system in humans is commonly in-
vestigated by the psychophysical paradigm of conditioned pain modu-
lation (CPM). CPM paradigms involve the application of a noxious test
stimulus (TS) which becomes modulated by another heterotopic noxious
conditioning stimulus (CS) (Nir and Yarnitsky, 2015; Yarnitsky et al.,
2015). The evaluation of the pain perceived by the TS is performed be-
fore, and either during or after CS application (Kennedy et al., 2016).
CPM efficiency, i.e. inhibition and facilitation of the TS, may be influ-
enced by factors such as sex (Granot et al., 2008), age (Edwards et al.,
2003), expectation (Bjorkedal and Flaten, 2012), and experimental de-
sign (Fernandes et al., 2019). A lack of pain inhibition during CPM
is more frequently observed in individuals who develop post-operative
pain (Yarnitsky et al., 2008; Vaegter et al., 2017) and individuals suf-

(O’Brien et al., 2018) and low back pain (McPhee et al., 2019). These
studies suggest that the assessment of CPM could be predictive of post-
operative pain, and underlying differences of the descending pain mod-
ulatory system may contribute to the development of chronic pain.
Although the typical inhibitory effects during CPM are assumed to be
mediated by a spino-bulbo-spinal loop, i.e. ventrolateral periaqueduc-
tal grey (vVIPAG), rostroventral medulla (Le Bars et al., 1979a,1979b;
Dickenson et al., 1980; Le Bars et al., 1981, 1992; Villanueva and Le
Bars, 1995), accumulating evidence suggests that additional cerebral
regions are associated with CPM efficiency. Studies have observed rela-
tionships between CPM efficiency and resting-state functional connec-
tivity (rsFC) of pain modulatory landmarks, e.g. anterior cingulate cor-
tex (ACC) and prefrontal regions (Harper et al., 2018; Argaman et al.,
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2020). Healthy subjects with greater pain inhibition showed stronger
rsFC between the vIPAG and pons (Harper et al., 2018) and between
the prefrontal regions, posterior cingulate and ACC (Argaman et al.,
2020). Conversely, healthy subjects displaying pain facilitation had re-
duced rsFC in the same regions (Harper et al., 2018). Furthermore, an-
imal studies have observed an influence of direct cortical-spinal path-
ways, i.e. ACC (Chen et al., 2018), primary motor (M1) (Lopes et al.,
2019) and somatosensory cortices 1 (S1) (Liu et al., 2018), and indirect
cortical-to-spinal pathways, i.e. amygdala-prefrontal-PAG (Huang et al.,
2019) on pain modulation. Structural brain differences are also associ-
ated with CPM efficiency. Weaker pain inhibition was associated with
greater cortical thickness of the orbitofrontal cortex in healthy subjects
(Piché et al., 2013) and reduced white matter of the precuneus in chronic
neck pain sufferers (Coppieters et al., 2018). These studies highlight that
structure and rsFC of brain regions are related to variability in descend-
ing pain modulation and may be altered in chronic pain. However, the
inter-relationship between brain structure, rsFC and CPM efficiency in
healthy subjects remains unexplored and determining this relationship
will provide further insight into the variability of descending pain mod-
ulation, especially in those not expressing pain inhibition.

Therefore, this study explores the neural correlates of endogenous
pain modulation in healthy subjects. We investigated the brain cor-
relates of CPM efficiency in our entire cohort using voxel-based mor-
phometry (VBM) analyses and rsFC with a seed-to-voxel approach.
Specifically, we explored the rsFC in regions showing grey matter vol-
ume (GMV) associations with CPM efficiency and areas commonly in-
volved with descending pain modulation, e.g. vVIPAG, ACC and amyg-
dala (Ossipov et al., 2010). Based on prior studies, we hypothesised that
weaker pain inhibition is associated with higher amounts of GMV in the
frontal cortices, whilst greater pain inhibition is related to stronger rsFC
in pain modulatory regions, e.g. vIPAG. Overall, individual variability
of CPM effect will impact the relationship between structural and func-
tional correlates.

2. Material and methods
2.1. Subjects

Forty-two healthy subjects were recruited for this study. These indi-
viduals were contacted and recruited with online flyer advertisements at
the University Hospital Zurich and Balgrist University Hospital, Switzer-
land. The inclusion criteria were: i) ages between 18 and 80 years old,
ii) no history of neurological or psychological conditions, iii) no pre-
vious history of chronic pain or pain during participation and iv) not
taking any psychoactive medication. All subjects provided written in-
formed consent prior to all assessments and were reimbursed for their
participation. All procedures described below were in accordance with
the Declaration of Helsinki. The study has been approved by the lo-
cal ethics board ‘Kantonale Ethikkommission Ziirich, KEK’ (EK-04,/2006,
PB_2016-02,051, clinicaltrial.gov number: NCT02138344).

2.2. Study design

Prior to neuroimaging and CPM, subjects completed two question-
naires: the Pain Catastrophizing Scale (PCS) (Sullivan et al., 1995) and
Beck Depression Inventory version II (BDI-II) (Dozois et al., 1998). In
order to test for sensory integrity in the tested area, thermal thresholds
were assessed according to the quantitative sensory testing protocol of
the German Research Network on Neuropathic Pain (Rolke et al., 2006).
Warm detection and heat pain thresholds (WDT and HPT, respectively)
measurements were performed with the PATHWAY Pain & Sensory Eval-
uation system (Medoc Ltd, Ramat Yishai, Israel) using a 3 cm x 3 cm
square thermode attached at the volar forearm. Subjects were blinded
from the operator screen during the measurement. Thermal thresh-
olds were determined by averaging three trials of individual stimuli.
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Safety temperatures for WDT and HPT were set at 55 °C. After obtain-
ing thermal thresholds, subjects who understood the instructions clearly
were familiarised with one TS and were acquainted with the instruc-
tions of MRI acquisition and CPM procedure including the pain rating
process.

2.3. Conditioned pain modulation

A parallel CPM paradigm with two conditions was performed in
the MRI scanner: i) TS with a CS (TS-CPM) and ii) TS with a sham
condition (TS-Sham). Each condition was randomised per subject and
lasted 6:10mins. A five-minute break was placed between each con-
dition. The CS consisted of two ice bags covering the non-dominant
hand for the whole duration of the condition. Each of the ice bags con-
tained ~600 g of ice and 250 ml of water guaranteeing a stable tem-
perature of around O °C. Pain rating of the CS from pilot data (n = 5)
indicated it being an appropriate noxious stimulus with an averaged re-
ported pain of 7.0 (range= 6.3-8.0) on a numeric rating scale (NRS, 0
being "no pain" and 10 "worst pain imaginable"). An appropriate nox-
ious stimulus is determined at an intensity of 4/10 as recommended by
Yarnitsky et al. (2015). For the sham condition, the two bags with wa-
ter at skin temperature (~32 °C) were used and provided a non-noxious
stimulus. The TS was performed with the same 3 cm x 3 cm square ther-
mode (Medoc Ltd, Ramat Yishai, Israel) attached on the volar forearm
of the dominant hand. The position of the thermode was slightly shifted
between the conditions (TS-CPM, TS-Sham) to avert sensitisation effects.
Each TS had a fixed target temperature of 47.5 °C and lasted a total of
10 s including ramp time (~2.5 s ramp up (6.2 °C/s), 5-s plateau, ~2.5 s
ramp down (6.2 °C/s)). Eight TS were performed with an inter-stimulus
interval of 35 s per condition. Following each TS, subjects had a total of
20 s to rate their perceived pain of the TS and CS (10 s each) on a NRS
projected on the NordicNeuroLab 32” screen (NordicNeuroLab, Norway
and USA, https://www.nordicneurolab.com) using a manual response
unit placed in their dominant hand. The manual response unit was pro-
grammed to either move a cursor up or down the NRS per click of the
allocated button, i.e. if subjects perceived the pain of the TS to be a “five”
subjects clicked button 1 five times to move the cursor up the NRS. Sub-
jects were always prompted to rate the TS followed by rating of the CS.
Fig. 1 summarizes the CPM paradigm including the TS procedure. This
CPM paradigm was adapted from a previous study utilising similar ice
bags, noxious stimuli and block timings (Sprenger et al., 2011).

2.4. MRI data acquisition

All subjects’ images were obtained using a 3.0 Tesla Philips Inge-
nia system (Philips Medical Systems, Best, the Netherlands) using a 32-
channel Philips head coil. Structural and resting-state functional MRI
data acquisition was performed prior to the CPM paradigm. 3D T1-
weighted (T1w) structural images were acquired with a Turbo Field
Echo sequence with the following parameters: repetition time (TR),
8.1 ms; echo time (TE), 3.7 ms; flip angle (FA), 8°; number of slices,
160; slice thickness, 1 mm; field of view (FOV), 240 x 240 x 160mm?3;
matrix, 240 x 240 and isotropic voxel 1 x 1 x 1 mm?® and a scan time of
4:53 mins. Resting-state functional images were acquired using an echo-
planar-imaging sequence with the following parameters: TR, 2000 ms;
TE, 30 ms; FA, 78°; number of slices, 36; FOV, 220 x 136 x 220mm3;
matrix, 72 X 74; voxel size, 3.0 X 3.0 X 3.0 mm,; reconstructed voxel size,
1.72 x 1.72 x 3 mm?® and a scan time of 5:00 mins. During this time, sub-
jects were instructed to relax, remain awake with eyes fixating on a mo-
tionless cross, projected on a NordicNeuroLab 32” screen (NordicNeuro-
Lab, Norway and USA, https://www.nordicneurolab.com). To minimise
head motion, cushions were placed around the subject’s head. Next to
structural and resting-state functional MRI data, task-related functional
MRI data was acquired during the CPM paradigm and will be reported
separately.
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Fig. 1. CPM paradigm

Experimental design of the CPM paradigm per-
formed within the MRI scanner. (a) Parallel
CPM paradigm was performed with thermal
stimuli at the volar forearm and hand. A ther-
mode ramping up to 47.5 °C acted as the TS
and two ice bags at around O °C on the con-

* nnnnnaac

tralateral hand acted as the CS. (b) Individu-
als underwent two CPM conditions that were
randomised. One condition included the appli-

¥ 47.5°C

o
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cation of the genuine CS whilst the other in-

. volved the application of two water-filled bags
‘ (~32 °C) that acted as the sham CS. (¢,d) Each
> condition consisted of eight TS applied to the

‘ 16s
“wait”

‘ 10s TS ‘ NRS 20s ‘

15s
“wait”

dominant forearm. Each condition started with
a waiting period of 15 s subsequently followed
by the TS, which lasted a total time span of 10 s.
After each TS, there was a 20-s period during

‘ 10s TS

which both TS and CS were rated on an NRS. Therefore, the inter-stimulus interval was 35 s.

2.5. Data analyses

2.5.1. CPM psychophysics

The CPM effect for each subject was calculated as the difference of
perceived pain between the TS-CPM and TS-Sham conditions. To this
end, the averaged pain ratings of the eight TS during the TS-Sham condi-
tion was subtracted from the averaged pain ratings of the eight TS during
TS-CPM condition. This provides an overall CPM effect score for each
subject: negative numbers represent an inhibitory pain modulation, pos-
itive numbers represent a facilitatory pain modulation and a zero rep-
resents no effect as previously recommended by Yarnitsky et al. (2015).
Individual CPM effect scores were used in the neuroimaging analysis to
investigate brain correlates of CPM effect. Furthermore, based on the
individual CPM effect scores, subjects were delineated into three sub-
groups: inhibitor(s), facilitator(s) and non-responder(s) for further anal-
ysis (see below).

Statistical analyses were performed with the Statistical Package
for the Social Sciences (SPSS) version 24. Histograms, Q-Q plots and
Shapiro-Wilk tests were used to test normality of subjects’ characteris-
tics and CPM psychophysical readouts. Non-parametric tests were imple-
mented for variables that failed the normality test. To assess the overall
CPM effect, a dependant t-test was conducted between the averaged pain
ratings of the TS under the sham and conditioning condition (TS-CPM
vs TS-Sham). Spearman’s analysis was implemented to test correlations
between subjects’ age, BDI score and PCS score with their CPM effect.
After sub-grouping, independent t-tests and chi-square test was imple-
mented to assess differences in demographics between inhibitors and
facilitators.

2.5.2. Pre-processing for neuroimaging analysis

Both raw structural Tlw images and resting-state functional
images were pre-processed using Statistical Parametric Mapping
(SPM12) software (Statistical parametric mapping; Wellcome De-
partment of Imaging Neuroscience, London, United Kingdom:
(http://www.fil.ion.ucl.ac.uk/spm/) implemented in MATLAB 2017a
(The Mathworks, Inc, Natick, MA). Prior to pre-processing steps,
structural and functional images of each subject were realigned
to the anterior commissure (Montreal Neurological Institute (MNI)
coordinates; MNI = 0, 0, 0) using the SPM12 display function.

Structural scans were segmented into grey matter, white mat-
ter and cerebrospinal fluid using the New Segment tool in SPM12
(Mechelli et al., 2005). Total intracranial volume was calculated from
the overall tissue volumes of segmented grey matter, white matter and
cerebrospinal fluid maps. The average characteristics of study subjects’
grey matter maps were used to create templates using the diffeomor-
phic non-linear image registration tool (DARTEL) with default values
(Ashburner, 2007). DARTEL was implemented to achieve optimal inter-

subject alignment before normalisation. Grey matter volumetric maps
were spatially normalised to MNI space using the DARTEL-generated
template with the modulation function, and then smoothed with a ker-
nel size of 6 mm full-width at half-maximum to conform the data closer
to the Gaussian field model (Ashburner and Friston, 2000). Smoothing
also renders the data to be more normally distributed and reduces inter-
subject variability (Ashburner and Friston, 2000; Mechelli et al., 2005;
Whitwell, 2009). Smoothed GMV images were then analysed in SPM12.

Functional images were pre-processed in the following steps: Re-
alignment (head motion correction), centring, slice-timing correction
(ascending), outlier detection and outlier scrubbing (using ARtifact de-
tection Tools) during the denoising step (Power et al., 2012, 2013), MNI
normalisation and smoothing with 6 mm Gaussian FWHM. The pre-
processing steps generated 2 x 2 x 2 mm? resolution images for the
analyses. Head motion during the resting-state scan was assessed us-
ing three translational and rotational dimensions for each scan. Subjects
whose mean head motion during the functional scan exceeded +1.5 mm
for translation and/or 1° for rotation were removed from rsFC analyses.
During the denoising step, normalisation of voxel-to-voxel connectivity
values were performed in addition to linear detrending. Subjects that
showed normally distributed data after denoising were included into
further analyses.

2.5.3. Voxel-based morphometry analysis

A multiple linear regression model was implemented to investigate
associations of CPM effect and GMV in the entire cohort. Age, sex,
and total intracranial volume were included as covariates of no inter-
est. A composite of supraspinal regions involved with pain processing
and descending pain modulation, e.g. bilateral S1, primary motor cor-
tex (M1), insula, ACC, frontal gyri (orbital, inferior, middle, superior,
medial) amygdala, thalamus, (Maldjian et al., 2003) was used as an im-
plicit masque in the analysis. Significance was set at p<0.05 cluster-level
correction (Slotnick et al., 2003). Significant clusters were extracted to
create ROIs with the MARSBAR toolbox (Brett et al., 2002) for seed-
to-voxel rsFC analysis. GMV of these regions were also extracted and
plotted against CPM effect for visualisation.

2.5.4. Seed-to-voxel resting-state functional connectivity analysis
Resting-state functional MRI data was analysed with the CONN tool-
box (CONN 18b; www.nitrc.org/projects/conn)(Whitfield-Gabrieli and
Nieto-Castanon, 2012). CONN utilises a component-based noise correc-
tion method (CompCor) that increases selectivity, sensitivity and allows
a higher degree of inter-scan reliability (Behzadi et al., 2007). A band-
pass filter (0.01-0.1 Hz) was applied removing linear drift artefacts and
high-frequency noise. CONN also accounts for outlier data points and
movement time courses as nuisance regressors. The six motion param-
eters, WM and CSF were included as regressors of no interest, thereby
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Table 1
Summary of subjects’ characteristics.

Overall Inhibitors Facilitators
Characteristics (n =40) (n=29) (n=10)
Demographics
Age (years) 38 (18-74) 37 (18 -70) 48 (35 -74)
Sex (F / M) 13 /27 10 /19 3/7
Handedness (R / L) 38/2 28/1 9/1
Questionnaires
PCS (0 - 52) 9(0-23) 9(0-23) 10 (0 -20)
BDI (0 - 63) 2(0-22) 2(0-22) 1(0-4)
Thermal thresholds
WDT ( °C) 36.0+1.5 36.0+1.6 36.2+1.6
HPT (°C) 443 £ 25 44.5 + 2.6 44.1 + 2.7
Pain ratings of noxious stimuli
Conditioning stimulus (Avg. NRS) 5.5+2.0 55+21 55+22
Test stimulus under sham (Avg. NRS) 4.4+1.7 45+ 1.6 4.0+2.2
Test stimulus under CPM (Avg. NRS) 3.8+1.9 34+17 49+21
CPM effect
Test stimulus under CPM (Avg. NRS) — -0.57 + 1.15* -1.1 +0.8* +0.9 + 0.7¢
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Test stimulus under sham (Avg. NRS)

Data is presented as mean (+ standard deviation) or median (range) where appropriate. Abbre-
viations: Avg. — Average; BDI — Beck Depression Inventory; CPM Conditioned Pain Modulation;
F - Female; HPT - Heat Pain Threshold; L - Left; M — Male; NRS — Numeric Rating Scale; PCS —
Pain Catastrophizing Scale; R — Right; WDT — Warm Detection Threshold; °C — Celsius. PCS scores
exceeding 30 indicate clinically relevant levels of catastrophizing. BDI scores between 0 and 13:
minimal depression, 14-19: mild depression, 20-28: moderate depression, 29-63: severe depres-
sion. *significant difference between test stimulus under CPM and test stimulus under sham at

p<0.05.

reducing noise and signal unlikely to reflect neuronal activity related to
functional connectivity.

Firstly, multiple linear regression models were implemented to inves-
tigate associations of CPM effect and rsFC in the whole subject cohort.
Secondly, to test between-group differences in the relationship between
CPM effect and seed-to-voxel rsFC a one-way ANCOVA covariate inter-
action was implemented (Whitfield-Gabrieli and Nieto-Castanon, 2012).
Here, seed rsFC values were the dependant variable, and group-by-CPM
interactions were the independent variables to compare regressions of
CPM effect and rsFC between HC subgroups (inhibitors (n = 29) and
facilitators (n = 10) only).

For all analyses, clusters identified in the VBM analysis were used as
ROIs for seed-to-voxel analysis and a priori ROIs involved with descend-
ing pain modulation, e.g. subgenual ACC, amygdala and vIPAG was
implemented in the seed-to-voxel analysis. ROIs of the subgenual ACC
(Palomero-Gallagher et al., 2015) and amygdala (Amunts et al., 2005)
were created in the SPM anatomy toolbox (Eickhoff et al., 2005). ROIs
of the left and right vIPAG were defined according to Ezra et al. (2015),
Faull and Pattinson (2017). Age and sex were included as covariates of
no interest and significant results are reported at p<0.05 cluster-level
correction (Whitfield-Gabrieli and Nieto-Castanon, 2012). For visuali-
sation, CPM effects were plotted as a z-score against the rsFC strength
(Fisher transformed correlation coefficients) between ROIs showing sig-
nificant associations. Pearson’s r values are reported for visualisation
only.

3. Results
3.1. Subject demographics

Two subjects were excluded due to the TS being perceived as too
painful during the familiarization. Thus, forty healthy subjects were
included in the analysis and their characteristics are summarised in
Table 1. No subject exceeded the clinical cut-off values for PCS and BDI.
A total PCS score of > 30 represents clinically relevant level of catas-
trophizing (Sullivan et al., 1995) A BDI score higher than >29 indicates
severe depression (Dozois et al., 1998). There were no differences in age
(p = 0.053), sex (p = 0.460), WDT (p = 0.773) and HPT (p = 0.729) be-

tween inhibitors and facilitators. Characteristics of these subgroups are
summarised in Table 1.

3.2. CPM psychophysics

All subjects determined the sham condition as non-noxious and the
TS and CS as a noxious stimuli, averaged pain ratings of the TS and CS,
are summarised in Table 1. In the whole cohort, averaged pain rating
of TS-CPM was significantly lower than TS-Sham (p = 0.003) (Fig. 2a).
The CPM effect in healthy controls is summarised in Table 1 and the
range of individual CPM effects is depicted in Fig. 2b. No correlations
were observed between CPM effect and age (p = 0.075, r = 0.284), BDI
(p = 0.158, rs=—0.231), PCS (p = 0.533, rs=—0.103) or the rating of the
CS (p = 0.211, r=-0.202).

3.3. GMV of pain-related regions and its relation with CPM effect

Significant associations between clusters of GMV and CPM effect
were observed (all p<0.05 cluster-level corrected) (Table 2, Figs. 3,4).
Greater pain inhibition was associated with higher GMV of the left su-
perior frontal gyrus (SFG) (MNI co-ordinates =-19, 9, 66) (T = 5.25),
left inferior frontal gyrus (IFG) near the orbital region (MNI co-
ordinates = —49, -5, 45) (T = 3.64) but lower GMV of the right middle
frontal gyrus (MFG) (MNI co-ordinates = 19, 8, 67) (T = 4.52).

3.4. rsFC of brain regions and its relation with CPM effect

Significant negative and positive associations between CPM effect
and rsFC were observed (Table 3, Figs. 4,5) in the seed-to-voxel anal-
yses. With the cluster of right MFG (identified in the VBM analysis) as
the seed region, significant positive associations were observed between
CPM effect and rsFC of the right MFG and left S1 (T = 5.71) (p < 0.05
cluster-level corrected). No associations were observed with the left SFG
and IFG used as the seed (p > 0.05 cluster-level correction).

A priori ROIs showed significant associations with CPM effect
(Table 3). With the left amygdala as a seed, significant positive associa-
tions were observed between CPM effect and rsFC to the right posterior
insular cortex (T = 5.64) (p < 0.05 cluster-level corrected) (Fig. 5). With
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Table 2
Brain regions showing associations of GMV with CPM effect.
GMV and CPM effect in HC (n = 40) Brain region MNI co-ordinates (x, y, z) T-value Cluster size (KE)
Negative association between GMV and CPM effect L SFG -19,9, 66 5.25 195
L IFG / OFG —49, -5, 45 3.64 147
Positive association between GMV and CPM effect R MFG 19, 8, 67 4.52 160

Associations between GMV of frontal regions and CPM effect in healthy subjects observed in multiple linear regression
models. (p<0.05 cluster-level correction). Abbreviations: CPM — Conditioned Pain Modulation, GMV — Grey Matter Volume,
IFG - Inferior Frontal Gyrus, L — Left, MFG — Middle Frontal Gyrus, MNI — Montreal Neurological Institute, OFG — Orbital
Frontal Gyrus, SFG - Superior Frontal Gyrus,.

Fig. 3. Pain inhibition in healthy subjects is

a) Higher GMV of left frontal regions is associated with pain inhibition associated with higher GMV of the left frontal
T-value cortex
LSFG . Overview of negative associations between

GMV and CPM effect. (a) Multiple linear re-
gression models showing negative associations
between left frontal regions and CPM effect.
Healthy subjects with greater pain inhibition
during CPM show higher GMV of the left
frontal regions (p < 0.05 cluster-level correc-
tion), (b,c) Scatter plot representation of CPM

=0 effect and GMV of left frontal regions. CPM ef-
LIFG/OFG fect is described as negative and positive num-
p<0.05 cluster-level bers, which indicate pain inhibition and facili-
tation, respectively. GMV are depicted as arbi-
b) 3 <) 3 trary units. Pearson’s r values are provided for
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a) Higher GMV of R Middle Frontal Gyrus is associated
with pain facilitation

R Middle Frontal Gyrus
MNI=19,8,67
("seed” region)

T-value

b) Stronger rsFC between R Middle Frontal Gyrus to L S1 is
associated with pain facilitation
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Fig. 4. Pain facilitation in healthy subjects is
associated with higher GMV of the right frontal
cortex and stronger rsFC to the left somatosen-
sory cortex

(a) Multiple linear regression model showing
positive association between GMV of the right
middle frontal gyrus and CPM effect. (b) Scat-
ter plot representation of GMV and CPM effect.
GMV is depicted in arbitrary units. (c) Using
the middle frontal gyrus cluster identified in
a) as a “seed”, a positive association between
CPM effect and rsFC to the left S1 was ob-
served. (d) Scatter plot representation of rsFC
between right middle frontal gyrus and left S1
and CPM effect. rsFC strength is depicted as
a z-score (Fisher transformed correlation co-
efficients). CPM effect are described as nega-
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Table 3
Brain regions showing associations with rsFC and CPM effect.

rsFC strength between R Middle Frontal Gyrus - L S1 (z-score)

rsFC and CPM effect in HC (n = 40) Seed-to-voxel MNI co-ordinates (X, y, z) T-value Cluster size (kE)
Positive associations between rsFC and CPM effect R MFG* - L S1 —62, —14, 24 5.71 199

L Amygdala - R PIC 28, -30, 10 6.62 143
Negative associations between rsFC and CPM effect RVIPAG -L M1 -60, 8, 28 -5.17 45

L vIPAG - L MFG —-40, 36, 40 —4.54 39

Associations between rsFC and CPM effect identified in seed-to-voxel analyses. Positive associations indicate stronger rsFC is related
to pain facilitation. Negative associations indicate stronger rsFC is related to pain inhibition. Regions involved with descending pain
modulation and clusters (*) observed in VBM analysis (MNI co-ordinates = 19, 8, 67) were used as “seed” regions. Abbreviations: CPM
- Conditioned Pain Modulation, L — Left, M1 — primary motor cortex, MFG — Middle Frontal Gyrus, MNI — Montreal Neurological
Institute, PIC — Posterior Insular Cortex, R — Right, rsFC - resting-state Functional Connectivity, S1 — primary somatosensory cortex.

vIPAG - ventrolateral periaqueductal grey.

the right and left vIPAG as the seed, significant negative associations
were observed with small clusters of the left motor cortex (T=-4.76)
(Fig. 5) and left MFG, respectively (T=-—4.54) (p < 0.05 cluster-level
correction) (Table 3). No associations were observed when the subgen-
ual ACC (left or right) were used as seed regions (p > 0.05 cluster-level
corrected).

4. Discussion

This is the first study to reveal a relationship between brain struc-
ture, rsFC and the efficiency of CPM in healthy subjects. Whilst greater
pain inhibition was related to higher volume of the left frontal gyri and
stronger rsFC between descending pain modulatory areas, e.g. VIPAG
and M1, pain facilitation was related to higher volume of the right MFG,
accompanied by stronger rsFC with S1, alongside stronger rsFC between
regions involved with the lateral and medial pain systems.

4.1. Neural correlates of CPM efficiency in healthy subjects

CPM can produce a variety of modulatory effects in healthy sub-
jects, ranging from pain inhibition to facilitation (Potvin and Marchand,

2016; Schliessbach et al., 2019). A range of factors may contribute to the
variability of CPM efficiency including optimism and pain catastrophis-
ing (Goodin et al., 2013), expectation (Bjorkedal and Flaten, 2012),
sex (Granot et al., 2008; Skovbjerg et al., 2017) and amounts of brain
activity and functional connectivity during CPM (Piché et al., 2009;
Sprenger et al., 2011; Bogdanov et al., 2015; Youssef et al., 2016a,
2016b). Beyond CPM studies looking at the modulation of psychophys-
iological readouts, this study addressed the involvement of brain areas
by means of structural (GMV) and functional (rsFC) correlates.

To date, there are limited studies that explored the structural corre-
lates of CPM in healthy subjects (Piché et al., 2013; Coppieters et al.,
2018). Our findings were aligned with one study observing that weaker
pain inhibition was related to higher volume of the right frontal cor-
tex (Piché et al., 2013) and extend current literature by identifying
a relationship between GMV, and rsFC, of the frontal areas and pain
modulation. We could show that greater pain inhibition was related to
higher GMV of the left frontal regions, e.g. SFG and IFG (Fig. 3) and
stronger rsFC between the vIPAG to the left MFG (Table 3). The pre-
frontal cortices such as the left dorsolateral prefrontal and ventrolat-
eral cortex, have shown involvement with pain suppression and per-
ception of noxious thermal stimuli (Xie et al., 2004; Freund et al.,
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a) Stronger rsFC between L Amygdala and R Posterior Insular
Cortex is associated with pain facilitation
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with pain inhibition

T-value

0.00

RVIPAG
("seed” region)

p<0.05 cluster-level

Neurolmage 247 (2022) 118742

b) 3
(n=40)
2 L4 5
e ®
L] ° ;
2 1 ® é
3 r=0635
9]
0
B
o L L]
Z o .-
v} i 5
® 9 2
o) i
e * =
[ ® °
-3
-0.4 -0.2 0 0.2 0.4
rsFC strength between L Amygdala - R Posterior Insular Cortex
(z-score)
d) 3
) (n=40)
2 ° c
e =)
° ©
2 E =
-
i
£ o
w
=
S
-1 &
il
g
2 <
o ° =
° ° d
-3
-0.6 -0.4 -0.2 0 0.2 0.4

rsFC strength between R vIPAG - L M1
(z-score)

Fig. 5. Pain modulation in healthy subjects is associated with rsFC in regions involved with lateral pain processing and descending pain modulation

Associations between ROIs involved with descending pain modulation and CPM effect. (a) Positive association between CPM effect and rsFC to the right PIC with
the left amygdala as a “seed” of interest. (b) Scatter plot representation of pain facilitation and rsFC. (c) Negative association between CPM effect and rsFC to a
small cluster of the left M1 with the right vIPAG as a “seed” of interest. (d) Scatter plot representation of pain inhibition and rsFC. The rsFC strength is depicted as
a z-score (Fisher transformed correlation coefficients). CPM effects are described as negative and positive numbers, which indicate pain inhibition and facilitation,
respectively. Abbreviations: CPM - Conditioned Pain Modulation, L — Left, M1 — primary motor cortex, MNI — Montreal Neurological Institute, NRS — Numeric Rating
Scale, PIC — Posterior Insular Cortex, R — Right, rsFC - resting-state Functional Connectivity, VIPAG - ventrolateral periaqueductal grey.

2009), and are structurally and functionally altered in acute and chronic
pain (Seminowicz and Moayedi, 2017; Ong et al., 2019). Moreover,
weaker pain inhibition (to facilitation) was related to higher GMV of
the right MFG and stronger rsFC of this same region with S1 (Fig. 4).
Thus, this study extends current evidence indicating that increased
GMV of the right frontal regions is related to weaker pain inhibition in
healthy subjects (Piché et al., 2013), and may also be accompanied by
stronger rsFC to S1 (Fig. 4), a terminal region involved with the sensory-
discriminative aspects of pain (Bushnell et al., 1999; Tracey and Man-
tyh, 2007; Xie et al., 2009; Quintero, 2013). Therefore, the variability
of GMV and rsFC in frontal cortices and regions involved with descend-
ing pain modulation, e.g. vIPAG, and the lateral pain system, e.g. S1,
may be related to pain inhibition and facilitation (Table 3, Fig. 5), re-
spectively in healthy subjects. We also observed a relationship between
weaker pain inhibition and stronger rsFC between the left amygdala
and right PIC (Fig. 5). The left amygdala is involved with the affec-
tive components of pain (Thompson and Neugebauer, 2017) and ani-
mal studies suggests that the left amygdala may be involved in anti-
nociception (Thompson and Neugebauer, 2017) and the posterior in-
sula integrates sensory, nociceptive and affective functions (Starr et al.,
2009; Stephani et al., 2011; Segerdahl et al., 2015) which may be recip-
rocated with amygdala connections (Mufson et al., 1981; Berret et al.,
2019). Hence, stronger rsFC in regions involved with the lateral, e.g. S1,
posterior insula, and medial, e.g. amygdala, pain systems could be in-

fluencing weaker pain inhibitory functions. Current studies have shown
that greater pain inhibition is associated with stronger rsFC of the vl-
PAG (to the medulla) (Harper et al., 2018), and between prefrontal and
cingulate cortices (Argaman et al., 2020) in healthy subjects. This study
extends evidence by observing that greater pain inhibition is also related
to stronger rsFC between the vIPAG and M1 (Fig. 5). Whilst the vIPAG
remains an essential site for descending pain modulation (Ossipov et al.,
2010, 2014), a recent animal study has reinforced the motor cortex in
descending pain control which is orchestrated with the neuronal activity
of brainstem regions (Lopes et al., 2019). Further, motor cortex stimu-
lation is a developing method of chronic pain attenuation (Mo et al.,
2019), and has been shown to activate supraspinal regions involved
with pain processing including the vIPAG, limbic regions and cingulate
cortices (Peyron et al., 1995, 2007; Garcia-Larrea et al., 1999; Garcia-
Larrea and Peyron, 2007). Thus, stronger connectivity between the mo-
tor cortex and brainstem regions, e.g. vVIPAG, might underly stronger
pain inhibition.

Overall, this study provides further lines of evidence that underlying
differences in brain structure and function of distinctive pain processing
regions, may contribute to the variability of individual CPM efficiency
in healthy subjects. Previous task-related fMRI studies have identified
different neural processing in healthy subjects showing pain inhibition
or not during CPM, e.g. decreased or increased activation of pain pro-
cessing areas, e.g. insula, alongside, heightened activity and functional
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connectivity of descending pain modulatory regions, e.g. orbitofrontal
cortex, cingulate cortex, vIPAG and lower brainstem regions (Song et al.,
2006; Piché et al., 2009; Sprenger et al., 2011; Moont et al., 2012;
Nahman-Averbuch et al., 2014; Bogdanov et al., 2015; Youssef et al.,
2016a, 2016b; Kisler et al., 2018). As a lack of pain inhibition may be a
normal finding in healthy subjects (Schliessbach et al., 2019) and CPM
effect was not related to psychological factors, i.e., BDI and PCS, accu-
mulating evidence suggests that underlying differences in neural corre-
lates may account for the variability in individual CPM efficiency.

4.2. CPM and neuroimaging in chronic pain conditions

Investigating the variability of CPM efficiency have shown poten-
tial use for determining individuals likely to develop chronic post-
operative pain. Deficient CPM before knee arthroplasty was associated
with less pain relief six months after surgery, indicating that subjects
with dysfunctional pain modulatory controls may be at risk of develop-
ing chronic pain post-operatively (Yarnitsky et al., 2008). Furthermore,
efficient pain inhibition predicted a lower risk of chronic pain develop-
ment (Yarnitsky et al., 2008) which has been replicated in other stud-
ies (Kosek and Ordeberg, 2000; Graven-Nielsen et al., 2012). Various
reviews have discussed CPM regarding its reliability, variability, appli-
cation in chronic pain conditions, and in general standardised protocols
are needed in this field of research (Yarnitsky, 2010, 2015; Lewis et al.,
2012; Staud, 2012; Ossipov et al., 2014; Nir and Yarnitsky, 2015;
Kennedy et al.,, 2016; Damien et al., 2018; Fernandes et al., 2019;
Petersen et al., 2019). However, recent studies have shown promise by
combining CPM with neuroimaging readouts to investigate the neural
correlates of endogenous pain modulation in chronic pain. Weaker pain
inhibition during CPM has been related to higher cortical thickness of
the right lateral orbitofrontal cortex in patients with irritable bowel syn-
drome (Piché et al., 2013), lower microstructural integrity of the pre-
cuneus in chronic neck pain (Coppieters et al., 2018), and stronger rsFC
between the vIPAG and RVM in fibromyalgia (Harper et al., 2018). In-
terestingly, although pain inhibition was observed in migraineurs, the
relationship between CPM efficiency and rsFC of the default mode net-
work was altered compared to healthy subjects (Argaman et al., 2020).

Overall, though reviews indicate that standardised protocols of CPM
are needed, growing evidence shows that the combined use of neu-
roimaging may benefit future studies investigating the neural correlates
of CPM efficiency and its dysfunction in pain conditions.

4.3. Methodological considerations

This study consists of some limitations. Firstly, the CPM paradigm
was adapted and performed within the constraints of an MRI scanner
and may not adhere to the recommendations of CPM testing, e.g. only
the use of one stimulus modality was used in this study (Yarnitsky et al.,
2015). Secondly, the MRI analysis was not optimised for lower brain-
stem regions and indeed, optimising these parameters allows more pre-
cise examinations of lower brainstem regions (e.g. pons and medulla)
activity in CPM (Youssef et al., 2016b). Future rsFC studies may benefit
by optimising parameters solely on the brainstem regions. Finally, the
acquisition time of the resting-state fMRI is five minutes, and although
this duration is able to acquire stable estimates of intrinsic connectivity
networks (Fox et al., 2005; Van Dijk et al., 2010), longer acquisition
times (e.g. up to 13 min) may increase the reliability of functional con-
nectivity (Birn et al., 2013).

5. Conclusion

The findings of this study extend accumulating evidence suggesting
that CPM efficiency in healthy subjects is associated with underlying
differences in brain structure and function. Specifically, stronger pain
inhibition and facilitation may be related to higher volume and stronger
connectivity in key regions involved with descending pain modulation,
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i.e., vVIPAG and M1, and pain processing, i.e., amygdala, S1, posterior
insula, respectively. In general, studies that investigate the relationship
between underlying brain structure, rsFC and CPM are limited and fu-
ture studies with larger cohorts are needed to corroborate these findings.
However, combining neuroimaging and CPM may provide a suitable av-
enue to identify the neural correlates of endogenous pain modulation to
provide a framework for deepening our understanding of its pathophys-
iology in chronic pain cohorts.
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