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a b s t r a c t 

Pain demands attention, yet pain can be reduced by focusing attention elsewhere. The neural processes involved 
in this robust psychophysical phenomenon, attentional analgesia, are still being defined. Our previous fMRI 
study linked activity in the brainstem triad of locus coeruleus (LC), rostral ventromedial medulla (RVM) and 
periaqueductal grey (PAG) with attentional analgesia. Here we identify and model the functional interactions 
between these regions and the cortex in healthy human subjects ( n = 57), who received painful thermal stimuli 
whilst simultaneously performing a visual attention task. RVM activity encoded pain intensity while contralateral 
LC activity correlated with attentional analgesia. Psycho-Physiological Interaction analysis and Dynamic Causal 
Modelling identified two parallel paths between forebrain and brainstem. These connections are modulated by 
attentional demand: a bidirectional anterior cingulate cortex (ACC) – right-LC loop, and a top-down influence of 
task on ACC-PAG-RVM. By recruiting discrete brainstem circuits, the ACC is able to modulate nociceptive input 
to reduce pain in situations of conflicting attentional demand. 
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Attentional analgesia is a well-characterised phenomenon whereby
ncreased cognitive load can decrease pain perception ( Peyron et al.,
000 ; Bantick et al., 2002 ; Brooks et al., 2002 ; Valet et al., 2004 ;
rooks et al., 2017 ; Sprenger et al., 2012 ). This can be achieved by di-
erting attention from a painful stimulus to a visual task or simply by ac-
ive mind-wandering ( Bushnell et al., 2013 ; Kucyi et al., 2013 ). Central
o attentional analgesia is the concept of divided attention, whereby less
ognitive resource is available to be allocated to nociception and pain.
ince noxious stimuli are inherently salient and therefore attention grab-
ing ( Eccleston and Crombez, 1999 ), then any concurrent cognitive task
ust compete for ‘attentional’ resource. Attention is thus cast both as a

ey component of pain behaviour (i.e. attending to pain Crombez et al.,
004 ; Legrain et al., 2009 ; Roelofs et al., 2002 ) as well as a putative
echanism for pain relief. The processes regulating attentional focus is

f importance in the development, maintenance and potentially resolu-
ion of chronic pain states. 

The mechanisms that allow attention to regulate pain are cur-
ently not well understood and there has been ongoing debate about
hether attentional analgesia requires engagement of descending con-

rol to attenuate nociception ( Brooks et al., 2017 ; Bushnell et al., 2013 ;
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orenz et al., 2003 ; Tracey et al., 2002 ; Valet et al., 2004 ). These studies
ave linked several cortical regions to the attentional analgesic effects,
ncluding the anterior cingulate cortex (ACC), dorsolateral prefrontal
ortex (dlPFC) and also components of the descending pain control sys-
em including periaqueductal grey (PAG), rostroventromedial medulla
RVM) and locus coeruleus (LC). An interaction between cortical and
id-brain structures during distraction from pain has been identified

 Lorenz et al., 2003 ; Valet et al., 2004 ), but these previous studies were
nable to examine interactions between the pontomedullary regions
hat are known to be important for the descending control of nocicep-
ion. 

The PAG, RVM and LC are all candidates for mediating attentional
nalgesia given their known anti-nociceptive roles ( Millan, 2002 ). For
xample, multiple animal studies have demonstrated that interactions
etween the PAG and RVM produces endogenous analgesia, mediated
y spinally projecting neurons in the RVM ( Basbaum and Fields, 1979 ;
ields and Basbaum, 1978 ; Heinricher et al., 2009 ). Together with the
CC, these regions form one of the main pain modulatory pathways in-
olved in the bidirectional modulation (i.e. facilitation and inhibition) of
ociception in the spinal cord dorsal horn ( De Felice and Ossipov, 2016 ;
ssipov et al., 2010 ; Quintero, 2013 ). 

Similarly, the LC is another potential candidate region that could
ediate the interaction between attention and pain because of its pro-
mber 2020 
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ections to the spinal cord which release noradrenaline to produce anal-
esia ( Hirschberg et al., 2017 ; Llorca-Torralba et al., 2016 ). Addition-
lly, it has a known role in salience signalling and attention mediated
y ascending projections ( Aston-Jones et al., 1999 ; Sales et al., 2019 ;
ara and Bouret, 2012 ). Despite it being challenging to resolve with
MRI ( Astafiev et al., 2010 ; Liu et al., 2017 ), the LC was recently identi-
ed as the only region whose activity reflected the interaction between
ask and temperature in an attentional analgesia paradigm ( Brooks et al.,
017 ). The LC could therefore contribute to attentional analgesia as
art of the PAG-RVM system, or as a parallel descending modulatory
athway perhaps receiving inputs directly from ACC ( Aston-Jones et al.,
991 ; Bajic and Proudfit, 1999 ). 

Within this framework the ACC is ideally placed to mediate between
ompeting cognitive demands (e.g. between a sustained visual attention
ask and pain) as it is active during conflict resolution ( Braver et al.,
001 ; Kerns, 2006 ; Kim et al., 2011 ), its activity is modulated by at-
ention ( Davis et al., 2000 ) as well as being consistently activated by
ainful stimuli ( Brooks et al., 2017 ; Garcia-Larrea and Peyron, 2013 ;
eyron et al., 2000 ; Wager et al., 2013 ). The ACC is known to code for
ain intensity ( Büchel et al., 2002 ; Coghill et al., 2003 ) and unpleas-
ntness ( Rainville et al., 1997 ), furthermore, sub-divisions (e.g. dorsal
nterior ACC) are involved in high level cognitive appraisal of pain, in-
luding attention ( Büchel et al., 2002 ). Some have proposed a specific
ole for dorsal ACC (dACC) in pain perception ( Lieberman and Eisen-
erger, 2015 ), though this is disputed with other studies suggesting that
ctivity within this structure reflects the multifaceted nature of pain
 Wager et al., 2016 ). Connectivity between the ACC and structures in-
olved in descending pain control e.g. the PAG, has been shown to vary
ith pain perception due to both attentional modulation of pain and
lacebo analgesic responses ( Bantick et al., 2002 ; Eippert et al., 2009 ;
etrovic et al., 2000 ; Valet et al., 2004 ) suggesting a potential role in
ttentional analgesia. 

We hypothesised a top-down pathway mediating attentional analge-
ia where the PAG receives attentional-shift signals from the ACC and/or
C and directs the RVM and/or LC to attenuate nociceptive processing
n the spinal cord. Given the multiplicity of possible pathways and in-
eractions by which activity in the brainstem can generate analgesia, we
nticipated that effective connectivity analyses could resolve the roles
f these regions (identified in our previous investigation ( Brooks et al.,
017 ) during attentional analgesia. To increase the statistical power to
ndertake this connectivity analysis, additional fMRI datasets were ac-
uired using the same paradigm as per Brooks et al. (2017) . Analysis of
hese additional datasets reproduced our previous regional activation re-
ults, and so the three datasets were pooled for the effective connectivity
nalyses and modelling. We tested for psycho-physiological interactions
PPI, Friston et al., 1997 ; McLaren et al., 2012 ; O’Reilly et al., 2012 ) to
xplore whether the connectivity between the PAG, RVM, LC and ACC
ltered during the experimental paradigm. Finally, we used dynamic
ausal modelling (DCM, Friston et al., 2003 ) to test the directionality
nd strength of the connections. 

ethods 

articipants 

Subjects were recruited using poster and email adverts at the Uni-
ersity of Bristol for three different pain imaging studies at the Clinical
esearch and Imaging Centre (CRiCBristol) that used the same experi-
ental paradigm: an initial study on attentional analgesia ( Brooks et al.,
017 ), a study on sleep disruption and a study on fibromyalgia. The
rst two studies were approved by the University Bristol, Faculty of Sci-
nce, Human Research Ethics Committee (reference 280,612,567 and
91,112,606 respectively) and the fibromyalgia study was approved
y NHS South Central Oxford B Research Ethics Committee (reference
3/SC/0617). 
All subjects gave written informed consent after application of stan-
ard inclusion/exclusion criteria for participation in MRI studies. The
resence of significant medical/psychiatric disorders (including depres-
ion) or pregnancy precluded participation. Subjects with a chronic pain
ondition, or those who were regularly taking analgesics or psychoac-
ive medications, as determined by self-report, were also excluded. All
ubjects were right-handed, verified with the Edinburgh handedness in-
entory ( Oldfield, 1971 ). 

The discovery cohort were 20 right-handed healthy subjects (median
ge 25 years, range 18–51 years, 10 females). Subjects attended for two
essions. During the screening visit, written consent was obtained and
oth task difficulty and temperature of the thermal stimulation were
ndividually calibrated. Subsequently the subjects returned for the test
ession where they completed the experiment in the MRI scanner (For
ull details on the discovery cohort see Brooks et al. (2017) . 

The validation cohort composed of control subjects from two sepa-
ate studies: 

Twenty healthy volunteers (median age 23, range 20–33, 10 females)
ere recruited for a study investigating the effects of sleep disturbance
n attentional analgesia. Subjects completed the same experiment pro-
ocol on two occasions; after a habitual and a disturbed night’s sleep
at the sleep laboratory at CRiCBristol). For the present study, only data
btained from the control condition was used, wherein subjects expe-
ienced their habitual sleep regime the night prior to their scan. A sec-
nd group of 20 healthy participants (median age 31.5, range 20–59,
8 females) was recruited from the control group of a study analysing
ttentional analgesia in fibromyalgia patients. 

xperiment 

Thermal stimuli were delivered to the left volar forearm (approxi-
ately C6 dermatome) using a circular contact thermode (CHEPS Path-
ay, MEDOC) and each lasted 30 s. The noxious thermal stimulus
as individually titrated to obtain a 6 out of 10 pain rating (42–45°C
lateau). The innocuous stimulus plateau was set at 36°C. In both cases
rief heat spikes of 2, 3 and 4°C above the plateau temperature were
dded in a random sequence at a frequency of 1 Hz. This heating profile
as used to maintain painful perception, whilst avoiding skin sensitisa-

ion. The baseline thermode temperature was 32°C. 
For the Rapid Serial Visual Presentation task (RSVP, Potter and

evy, 1969 ), subjects identified a visual target (the number “5 ″ ) among
istractors (other letters and numbers), presented using back-projection
o a screen visible to subjects lying in the scanner, responding with a
utton box (Lumina LP-400, Cedrus). Prior to entering the scanner, the
peed of character presentation for the hard RSVP task was individually
alibrated to obtain a 70% task performance. Task performance was as-
essed by calculating d’, a measure of task performance typically used in
ehavioural studies calculated by subtracting the z-transformation of the
alse alarm rate from the z-transformation of the hit rate ( Stanislaw and
odorov, 1999 ). The d’ values were generated for a range of trial RSVP
peeds for each subject and the data was fitted with a sigmoidal func-
ion (commonly used in psychophysics). This best fit model parameters
ere used to estimate each subject’s presentation speed corresponding

o a 70% task performance, which ranged from 32 to 96 ms. The speed
f presentation for the easy RSVP task was either 192 or 256 ms, de-
ending on performance in the hard task (if the “hard ” task interval for
he subject was < 80 ms or > 80 ms, respectively). 

ata acquisition 

In the scanner, participants received noxious or innocuous thermal
timuli (high/low) while simultaneously performing the RSVP task with
wo levels of difficulty (easy/hard). Thus, there were four experimen-
al conditions (in a 2 × 2 factorial experimental design): easy|low,
asy|high, hard|low, hard|high. Each condition was repeated 4 times.
ach experimental epoch started with instructions (5 s), followed by the
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Fig. 1. Pain ratings across experimental conditions for the pooled cohort (N = 57). A 

2-way repeated measures ANOVA on the pain ratings showed the expected main effect 

of temperature (P < 0.0001) and a task x temperature interaction (P < 0.0001). 

The attentional analgesic effect was observed as a decrease in pain scores in the high 

temperature condition during the hard task compared to the easy task (P < 0.0001, 

post-hoc paired t-test). In contrast there was also a small increase in pain scores in 

the low temperature condition during the hard task compared to the easy task (P < 

0.05). The main effect of task was not significant (P = 0.92). Error bars represent 

the standard error of the mean. 
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0 s experimental condition, followed by a 10 s rest period before an 8 s
ating period where subjects rated the perceived pain intensity from 0
o 10 on a visual analogue scale (VAS) (See Fig 1 in Brooks et al., 2017 ).
he post-stimulus interval, between the rating period and subsequent

nstructions, was 17 s. 
The experiment for the validation cohort ( n = 38) was essentially

dentical to that of the discovery cohort. The titrated mean high temper-
ture for the discovery cohort was 44.2°C and for the validation cohort
t was 43 °C (range 42–45 °C). The whole imaging session lasted 26 min
or the discovery cohort and sleep-disruption cohort and was 22 min for
he fibromyalgia cohort. The difference in experiment duration stemmed
rom the removal of a superfluous additional control condition, with no
istraction during high temperature, in the fibromyalgia study as it was
ot required as part of the core 2 × 2 factorial design and had the ad-
itional benefit of reducing the number of noxious stimuli overall de-
ivered to these subjects (and more importantly to the patients in the
atched study group). 

All data were acquired with a 3T Skyra MR system (Siemens Medical
olutions, Erlangen, Germany) and 32-channel receive only-head coil.
n addition to blood oxygenation level dependent (BOLD) functional
ata, T1 weighted structural scans were acquired with an MPRAGE
equence to allow image registration. Functional imaging data were
cquired with TE/TR = 30/3000 ms, GRAPPA acceleration factor = 2,
esolution = 1.5 × 1.5 × 3.5 mm. The slices were angulated perpen-
icularly to the base of the 4th ventricle to better match the orienta-
ion (long axis) of brainstem nuclei. This slice orientation optimised the
bility to discriminate between the small brainstem structures in the
ransverse plane and while allowing the capture of whole brain activ-
ty within 3 s. Fieldmap data were acquired with a gradient echo se-
uence (TE1/TE2/TR = 4.92 / 7.38 / 520 ms, flip angle 60°, resolution
 × 3 × 3 mm). During scanning, a pulse oximeter and a respiratory
ellows (Expression MRI Monitoring System, InVivo, Gainesville, FL)
ere used to monitor cardiac pulse waveform and respiratory move-
ent, recorded using an MP150 data logger (Biopac, Goleta, CA, USA)

or subsequent physiological noise correction ( Brooks et al., 2013 ). 

ehavioural data analysis 

Pain VAS ratings were converted to a 0–100 scale for a repeated
easures ANOVA in SPSS software (after Brooks et al., 2017). Following

stimation of main effects (task, temperature) and interactions, post-hoc
aired t-tests were performed. The presence of attentional analgesia was
re-defined as a significant interaction between task difficulty and high
emperature on pain rating assessed with post-hoc paired t-testing ( p
 0.05). To test for differences between the discovery and validation
ohorts; group membership was added as a between subject factor to the
wo within subject factors (task and temperature). Subsequent analysis
s reported on the pooled cohort. 

maging data analysis 

mage pre-processing 
Functional images were corrected for motion using MCFLIRT

 Jenkinson et al., 2012 ) and co-registered to each subject’s structural
can using brain boundary-based registration ( Greve and Fischl, 2009 )
nd then to the 2 mm template ( “MNI152 ”) brain using a combination
f fieldmap based unwarping using FUGUE ( Jenkinson, 2003 ), linear
ransformation using FLIRT ( Jenkinson and Smith, 2001 ) and non-linear
egistration using FNIRT ( Andersson et al., 2007 ) with 5 mm warp spac-
ng. Functional data were spatially smoothed with a kernel size of 3 mm
FWHM) and high pass temporally filtered with a 90 s cut-off. Two sub-
ects in the validation cohort and one from the discovery cohort were
xcluded from the analyses at this stage because of signal dropout (pri-
arily in the brainstem) in the EPI data, leaving 57 subjects. 

Physiological data (cardiac and respiratory) were visually inspected
nd manually corrected as required. All first level models (block de-
ign and gPPI) included a basis set of regressors for physiological noise
orrection, which included 16 cardiac and respiratory terms (sine and
osine terms up to the 4th harmonics), plus 16 terms that attempt
o capture the interaction between cardiac and respiratory processes
 Brooks et al., 2008 ; Harvey et al., 2008 ). It is important to note that the
elative phases for each slice (e.g. position in the cardiac cycle at time
f acquisition, used to calculate the physiological regressors), were cal-
ulated independently and modelled separately in the GLM. Only one
ut of 57 subjects lacked physiological recordings, due to equipment
ailure – this subject was not excluded as it was considered unlikely
o increase false-positive rate in the final sample. Local autocorrela-
ion correction was performed using FILM ( Woolrich et al., 2001 ) as
art of model estimation, which also attempted to correct for physio-
ogically driven signals (originating from cardiac/respiratory processes)
sing slice-dependent regressors in PNM (FSL). Relative mean motion
as extracted from each subject to look for excessive head movement.
he average motion across subjects was 0.068 mm, ranging from 0.02
o 0.27. Since no subject moved more than half a voxel (i.e. 0.75 mm),
o one was excluded on this basis. 

irst level analyses 
The four conditions (easy|high, hard|high, easy|low, hard|low) and

asks of no interest (cues and rating periods) were modelled using a
emodynamic response function (gamma basis function, 𝜎 = 3 s, mean
ag = 6 s) alongside the physiological regressors within the general lin-
ar model in FEAT ( Jenkinson et al., 2012 ). A separate analysis tested
or an intra-subject parametric relationship between pain ratings (one
er block) and BOLD signal ( Büchel et al., 1998 ). In addition to tasks
f no interest and physiological signal regressors, a constant regressor
or all blocks (weighting = 1) and a regressor weighting the individual
ain ratings for each block were included. None of the regressors were
rthogonalised with respect to any other. 

econd level analyses 
Main effects were specified as positive and negative main effect

f attention (hard versus easy task, and vice versa) and positive and
egative main effect of temperature (high versus low thermal stimu-
us, and vice versa). A task x temperature interaction contrast was also
pecified. The parametric data was assessed using a simple group av-
rage – to examine whether the linear relationship between pain rat-
ngs and brain activity was consistent across the group. Lastly, a paired



V. Oliva, R. Gregory, W.-E. Davies et al. NeuroImage 226 (2021) 117548 

a  

d  

p  

t  

2  

c  

F  

0  

(  

5

B
 

c  

s  

d  

y  

m  

H  

d  

r  

(  

p  

P  

t  

p  

0

P
 

h  

b  

2  

p  

i  

t  

a  

i  

t  

i  

t
 

a  

p  

r  

t  

e  

i  

g  

e  

e  

r  

i  

d  

w  

o  

t  

h

 

D
 

t  

2  

m  

s
 

b

 

W

 

 

 

 

 

 

 

 

e
 

s  

i  

T  

t
h  

t  

P  

t  

a  

c  

2

R

C

 

c  

d  

w  

t  

v  

n  

(  

c  

e
 

a  

i  

t  

t  

d  

i  

t  
nalysis compared activity during the easy|high and hard|high con-
itions - to examine whether the inter-subject difference in average
ain ratings (i.e. easy|high minus hard|high) was linearly related to
he corresponding difference in BOLD signal (similar to Tracey et al.,
002 and Brooks et al., 2017 ). To test for differences between the dis-
overy cohort and the validation cohort, we used an unpaired t-test with
LAME (height threshold z > 3.09, corrected cluster extent threshold p <
.05), in line with guidelines on corrections for familywise error (FWE)
 Eklund et al., 2016 ). Subsequent analyses of the pooled cohort (i.e. all
7 subjects) used the same threshold. 

rainstem-specific analyses 
Detecting activation in the brainstem is non-trivial due to its sus-

eptibility to physiological noise and artefacts ( Brooks et al., 2013 ),
mall size of structures of interest and relative distance from signal
etectors in the head coil. Consequently, a brainstem focussed anal-
sis was performed at the group level using a series of anatomical
asks and statistical inference using permutation testing ( Nichols and
olmes, 2002 ) in RANDOMISE (part of FSL). Analyses utilised pre-
efined regions of interest based on (i) a whole brainstem mask de-
ived from the probabilistic Harvard-Oxford subcortical structural atlas
 Desikan et al., 2006 ) and thresholded at 50% and (ii) previously defined
robabilistic masks of the a priori specified brainstem nuclei (RVM, LC,
AG) from Brooks et al. (2017) . The number of permutations were set
o 10,000 in line with guidelines ( Eklund et al., 2016 ) and results re-
orted using threshold free cluster enhancement (TFCE) corrected p <
.05 ( Smith and Nichols, 2009 ). 

sycho-physiological interactions (PPI) 
Effective connectivity analyses were performed on the pooled co-

ort. We used generalised PPI (gPPI) to detect changes in interactions
etween regions during specific experimental conditions ( O’Reilly et al.,
012 ; McLaren et al., 2012 ; Friston et al., 1997 ). In this technique a
hysiological signal (e.g. the time-course extracted from a seed region)
s convolved with a modelled psychological variable (i.e. each one of
he experimental conditions) to build interaction regressors. All inter-
ction regressors were added to a general linear model (GLM) that also
ncluded the non-convolved experimental conditions and tasks of no in-
erest (e.g. the rating period). Contrasts were built to test for connectiv-
ty differences that could be explained by the main effects of task and
emperature and the task ∗ temperature interaction. 

Four regions identified by the main effect analyses (temperature
nd/or attention) and inter-subject analgesic regression model in the
ooled cohort, were selected as seed-regions for the gPPI analysis: PAG,
ight LC and ACC in the main effect of task and RVM in the main effect of
emperature. For each subject, the physiological BOLD time course was
xtracted from the peak voxel of the pre-processed images (as described
n the section ‘Image Pre-processing’) within each functional mask, and
PPI performed at the first level. Subsequently, group responses were
stimated with permutation testing within the same functional masks
.g. effective connectivity between PAG seed region and the other three
egions (RVM, right LC, ACC). To aid interpretation of significant results
n the task ∗ temperature interaction contrast, we focussed on the con-
itions of interest (i.e. easy|high and hard|high). Parameter estimates
ere extracted by first defining a sphere of radius 2 mm at the voxel
f greatest significance in the group gPPI result, then back-transforming
his mask to subject space and extracting the signal from the voxel with
ighest Z-score. 

In summary, the procedure for gPPI analysis was: 

• Pre-processing of functional data 
• Time series extraction from functional masks 
• Convolution of time-series with experimental condition 
• Contrasts of interest tested using GLM via first level (single subject)

analysis 
• Group analysis permutation testing with functional masks 

• Extraction of parameter estimates from the conditions of interest. o  
ynamic causal modelling (DCM) 
Given the inability of gPPI to resolve the directionality of connec-

ions, we sought to extend our findings by using DCM ( Friston et al.,
003 ). This technique allows the specification of a hypothetical network
odel (based on Eq. (1) ) fitted to the fMRI data to resolve connection

trengths. 
The change in activity of each region in a model with j inputs and n

rain regions is formalized as follows: 

𝑑𝑥 

𝑑𝑡 
= ( 𝑎𝐴 + 

𝑛 ∑

𝑗=1 
𝑢 𝑗 𝑏 𝐵 

𝑗 ) 𝑥 + 𝑐𝐶𝑢 + 𝜔 (1)

here: 

x - neuronal state of a region (i.e. BOLD signal convolved with
haemodynamic response function) 

A - binary vector that defines the connectivity of x is to each of the
other regions in the model, 

a - vector of parameters that define the strengths of such connections,
u - external input to the model, 
B - binary vector that defines whether model connections are mod-

ulated by external input, 
b - vector of parameters that defines the strength of such modulation,
C - binary vector that defines whether x directly receives the external

input, 
c - contains parameters that regulate the strength of the received

input, 
𝜔 - random neuronal noise. 

Note since the model is estimated in a Bayesian framework, param-
ters are not single values but are posterior densities. 

Given the results of the PPI analysis, we specified bi-linear, one
tate, stochastic, input centred DCMs ( Daunizeau et al., 2009 , 2012 )
n SPM 12 (Wellcome Trust Centre for Neuroimaging, London, UK).
he models were estimated on a computer cluster (BlueCrystal) in
he Advanced Computing Research Centre, University of Bristol –
ttp://www.bristol.ac.uk/acrc/ . Random effects Bayesian Model Selec-
ion (BMS) was used to compare the models and Protected Exceedance
robability, the likelihood of a given model in respect to the others
ested, was calculated. Bayesian Omnibus Risk, a measure of the risk of
ll models having the same frequency within the population, was also
omputed ( Rigoux et al., 2014 ). Bayesian model averaging ( Penny et al.,
010 ) was used to extract the parameter estimates of interest. 

esults 

omparison of the discovery cohort and validation cohort 

The behavioural and imaging datasets from the validation and dis-
overy cohort were quantitatively compared as criteria to justify the
ecision to pooling the two together for subsequent analyses. A three-
ay repeated measures ANOVA was carried out on the pain scores using

ask and temperature as within subject factors and the group (discovery
s validation cohort) as between subject factor. This analysis showed
o effect of group on the effects of temperature ( P = 0.481), nor task
 P = 0.833), nor on the task ∗ temperature interaction ( P = 0.481), indi-
ating that the two groups are comparable in terms of the behavioural
ffect. 

An unpaired t -test on the functional image contrasts did not show
ny statistically significant differences between the discovery and val-
dation cohorts for the main effect of temperature (positive and nega-
ive), main effect of task (positive and negative) and interaction con-
rast (positive and negative). Given the lack of demonstrable statistical
ifferences between the two cohorts, we went ahead with our planned
ntention to combine the three datasets and all subsequent results relate
o the pooled cohort comprising 57 subjects. We also note that the use
f strict cluster thresholds for the brain, and of permutation testing for

http://www.bristol.ac.uk/acrc/
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Fig. 2. Whole brain main effect analyses in the pooled cohort (N = 57). Positive (red/yellow) and negative (blue/light-blue). Data was obtained from cluster-based thresholding 

using an initial threshold of Z > 3.09 and FWE corrected p < 0.05, one-sample t-test. (A) Main effect of temperature . Positive activation in the high temperature conditions 

was found in anterior cingulate cortex (ACC), thalamus (THAL), dorsal posterior insula (dpIns), precuneus (Pcu), primary somatosensory cortex (S1) and rostroventromedial 

medulla (RVM). Activation in the negative main effect of temperature (low temperature vs high temperature) was observed in the frontal medial cortex (FMC). (B) Main effect 

of task . Activity in the positive main effect was found in the anterior insula (aIns), lateral occipital cortex (LOC), ACC, superior parietal lobule (SPL). Activity in the negative 

main effect was found in the frontal pole (FP), posterior cingulate cortex (PCC) and Pcu. 
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OI-based analyses in ‘noisy’ brainstem regions, can produce robust and
eproducible results even with a sample size of 20 ( Brooks et al., 2017 ).

ehavioural analysis (Pooled cohort) 

The average high (noxious) temperature in the pooled cohort was
3.4 °C (range 42 °C - 45 °C). Analysis of the pain ratings showed the ex-
ected main effect of temperature on pain scores (F(1, 56) = 252.799,
 < 0.0001, repeated measures ANOVA) but no main effect of task
F(1,56) = 2.935, P = 0.092). There was a clear task x temperature in-
eraction (F(1, 56) = 31.969, P < 0.0001, Fig. 1 ) and post-hoc paired
 -test showed performance of the hard task produced a decrease in pain
cores in the high temperature condition (mean hard|high = 38.1, SD
7.0 vs easy|high = 42.1, SD 16.5, P < 0.0001, Bonferroni corrected),
onsistent with an attentional analgesic effect ( Fig 1 ). 

Additional exploratory analysis did not detect any evidence of an
rder effect in the pain ratings (F(3165) = 0.164, P = 0.92 one-way re-
eated measures ANOVA), meaning that we did not observe a significant
ensitisation or habituation in subjects’ pain ratings. Similarly, there was
o effect of gender on attentional analgesia (F(1,55) = 0.091, P = 0.764),
or on the main effects of temperature (F(1,55) = 1.69, P = 0.198) or task
n pain ratings (F(1,55) = 0.253, P = 0.617, all mixed model ANOVAs). 

hole brain & brainstem-focussed analysis (Pooled cohort) 

Activations were found for the positive main effect of temperature
n a range of regions including the anterior and posterior cingulate cor-
ices, precuneus, cerebellum, post-central gyrus (S1), dorsal posterior
nsula and opercular cortex, in the latter three cases with more promi-
ent clusters contralateral to the side of thermal stimulation ( Fig. 2 A). In
he negative main effect of temperature, significant clusters were found
n the frontal medial cortex and in the subcallosal cortex ( Fig 2 A). We
lso found a cluster of activation in the RVM at this whole brain level.
owever, to improve our ability to resolve activity in hindbrain struc-

ures, we undertook permutation testing using a whole brainstem mask,
hich revealed, among the others, clusters of activation in the positive
ain effect of temperature in the ventral PAG, LC bilaterally as well as
he RVM ( Fig 3 A, p < 0.05, TFCE corrected), identified with anatomical
asks previously defined ( Brooks et al., 2017 , Fig 3 C). These brain-

tem clusters spanned beyond our anatomical masks, with activity orig-
nating from other brainstem nuclei, such as nucleus cuneiformis and
arabrachial nucleus. The latter nuclei were visually identified with the
id of the Duvernoy’s Atlas ( Fig 3 D, Naidich et al., 2009 ). 

Analysis of the positive main effect of task, showed extensive areas
f activation within the lateral occipital cortex, superior parietal lob-
le, anterior cingulate cortex and anterior insula, as well as the PAG
 Fig 2 B). In the negative main effect of task, clusters were located in
he posterior cingulate cortex, frontal medial cortex and in the lateral
ccipital cortex ( Fig 2 B). Permutation tests within the whole brainstem
asque showed multiple clusters of activation, including in the LC bi-

aterally, RVM and PAG, identified with anatomical masks ( Fig 3 B-C, p
 0.05, TFCE corrected). In addition, significant brainstem activity was

dentified in other brainstem nuclei, including dorsal nucleus of raphe,
ucleus cuneiformis, and parabrachial nucleus, identified with the Du-
ernoy’s Atlas ( Fig 3 D, Naidich et al., 2009 )). 

In the interaction contrast between task and temperature no cluster
eached significance either at the whole brain level nor when using the
hole brainstem masked analysis. 

These findings from the pooled cohort showed close similarity to
hose of Brooks et al. (2017) with the same areas found in the main
ffects analysis (Supplementary Table 1 shows all significant clusters).
he additional findings at a whole brain level were that both the RVM
nd the precuneus now appear in the main effect of temperature and
he dorsolateral PAG in the main effect of task (the RVM and PAG were
nly seen in a nucleus specific masked analysis in Brooks et al., 2017 ).
imilarly, activity in the brainstem is now seen in more areas using a
hole brainstem mask rather than only in the nucleus specific masks

e.g. main effect of temperature in RVM alone previously versus RVM,
C and PAG in this pooled analysis). 

Whilst the patterns of activity within the cerebrum were largely non-
verlapping, there were some areas which appeared to be common to
oth the main effect of task and temperature: ACC, FMC and cerebellum.
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Fig. 3. Main effect analyses in the brainstem. Results obtained after permutation testing with a probabilistic whole brainstem mask (p < 0.05, TFCE corrected). (A) Clusters of 

activation in the brainstem corresponding to the main effect of temperature included the ventral and lateral periaqueductal grey (PAG), rostral ventromedial medulla (RVM), 

including nucleus raphe magnus (NRM) and nucleus reticularis gigantocellularis (NRG), bilateral locus coeruleus (LC) which were all localised using the masks in (C) and 

activation was also noted in the region of the dorsal nucleus of raphe (DNR), nucleus reticularis cuneiformis (NCF) and parabrachial nucleus (PB) identified by comparison with 

the Duvernoy brainstem atlas ( Naidich et al., 2009 ). (B) Extensive brainstem activity was observed in the main effect of task , including the PAG, RVM (to a lesser extent than 

for temperature ), bilateral LC (all localised using regional masks), as well as activity in the region of DNR, NCF and PB. (C) Shows the position and extent of the anatomical 

masks defined in (Brooks et al. , 2017) used to confirm the localisation of activity in the PAG (red), LC (blue), RVM (green). (D) shows comparative MR microscopy sections 

from the Duvernoy brainstem atlas (reproduced with permission), modified to highlight activity identified by reference to the atlas (shown in italics). 
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o formally test the degree of overlap, we performed a conjunction anal-
sis ( Friston et al., 1999 ) which revealed that of the hypothesised brain
egions involved in the task, only the ACC was active in both conditions
cluster forming threshold Z > 3.09, FWE corrected p < 0.05). 

inear encoding of pain intensity 

Brain regions whose activity was linearly related to perceived pain
ntensity were identified using an intra-subject parametric regression.
his revealed a network of positively correlated regions (similar to those
een in the main effect of temperature) including primarily the right
contralateral) dorsal posterior insula and S1, the anterior cingulate cor-
ex, frontal lobe and the precuneus ( Fig 4 A). Regions showing a linear
ecrease in activation with pain ratings were restricted to the occipital
ortex bilaterally and ipsilateral primary somatosensory cortex ( Fig 4 A).
ermutation testing in the brainstem (using RVM, PAG and LC masks)
dentified only the RVM as showing a positive correlation with pain
ntensity ( Fig 4 B). No brainstem region showed a negative correlation
ith pain. All these findings were consistent with Brooks et al. (2017),
ith the addition of a cluster identified in the thalamus (Supplementary
able 2). 

egions whose activity correlates with analgesic effect 

An inter-subject whole-brain mixed effects comparison between the
ard|high and easy|high conditions did not identify any region whose
ctivity linearly correlated with the differences in pain ratings (i.e. anal-
esia). A parametric regression showed a linear relationship between
ifference in activity and analgesic effect in only the contralateral (right)
C (i.e. decreased pain ratings were associated with increased BOLD
ifference), after permutation testing with LC, RVM and PAG masks
 Fig. 4 C). A positive relationship was noted between the difference
 “Delta ”) in parameter estimates extracted from the rLC and the atten-
ional analgesic effect on pain scores ( Fig 4 C). 
PPI analysis between neural hubs linked to attentional analgesia 

To determine the changes in neuronal communication associated
ith attentional analgesia, this analysis aimed to identify changes in ef-

ective connectivity associated with task difficulty, temperature and the
ask x temperature interaction. Results from main effects, conjunction
nd parametric analgesia analyses provided the motivation for select-
ng a subset of the activated brain regions, that were subsequently used
or connectivity analysis. Time courses were extracted from functional
asks for gPPI analyses: RVM for the main effect of temperature, and
AG, rLC and ACC for the main effect of task (see Methods). Permuta-
ion testing revealed increased connectivity with the following contrasts
see Fig 5 ): 

• RVM seed - increased connectivity to PAG for the interaction contrast
• ACC seed - increased connectivity with the right (contralateral) LC

in the interaction contrast and with the PAG in the main effect of
task 

• PAG seed - did not show any significant change in effective connec-
tivity 

• rLC seed - did not show any significant change in effective connec-
tivity. 

For all gPPI results, parameter estimates were extracted from the
oxel with greatest significance in each individual to explore the nature
f these interactions ( Fig 5 B). In all cases, the parameter estimates were
reater in the hard|high compared to the easy|high condition, indicat-
ng an increase in coupling in the condition associated with attentional
nalgesia i.e. hard|high. 

CM to determine directionality of pathway interactions 

Dynamic causal modelling was used to resolve the directionality of
he task effect on the connections identified in the gPPI. We systemat-
cally varied the location of the task inputs and modulation, while the
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Fig. 4. A) Pain encoding regions were identified by intra-subject parametric regression with pain ratings across all the experimental conditions, in the whole brain analysis. 

Regions whose activity linearly increased with perceived pain are shown red-yellow and regions whose activity decreased with perceived pain in blue-light blue. (height threshold 

Z > 3.09, corrected cluster extent threshold p < 0.05) B) Brainstem intra-subject parametric regression with pain ratings, using RVM, LC and PAG masks. Only the RVM 

showed a linear increase in activity with the pain scores (p < 0.05, TFCE corrected). C) Brainstem inter-subject regression with magnitude of analgesia ( i.e. difference in pain 

ratings for the two high temperature conditions easy|high minus hard|high ). The right (contralateral) LC was the only region whose activity correlated with the difference in 

pain ratings. Data obtained using an LC mask (p < 0.05, TFCE corrected). 

Fig. 5. (A) Schematic representation of results of the gPPI analysis. Results were obtained with single-region functional masks and permutation testing (P < 0.05, TFCE§

corrected). (B) Parameter estimates extracted from the peak destination voxel from the PPI analysis (see text for details), in the easy|high and hard|high conditions. Note that 

all arrows are double-headed as it is not possible to determine the directionality of connections with gPPI analysis. 
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emperature modulation was kept fixed in all models as a bottom-up
ffect. External inputs were both hard/easy task and high/low tempera-
ure, while modulations were only hard task and high temperature. Five
odels were specified ( Fig 6 A): 

1) No modulation of connections, 
2) Task bottom-up on the ACC-PAG-RVM and on the ACC-LC axis. 
3) Task top-down for both pathways. 
4) Task top-down in the ACC-PAG-RVM axis and bottom-up in the ACC-

LC connection. 
5) Task bottom-up in ACC-PAG-RVM and top-down in ACC-LC. 

Models 3 and 4 were found to best fit the data in BMS, with pro-
ected exceedance probability = 0.45 and 0.55 respectively ( Fig 6 B),
nd Bayesian omnibus risk of zero. In both, the task had a top-down
nfluence on ACC-PAG-RVM, while the ACC-LC connection was top-
own modulated in one model and bottom-up modulated in the other.
ayesian model averaging was used to extract parameter estimates (Sup-
lementary Table 3). 

All connections were also tested with an analgesic covariate, to find
hether one or more consistently differed in participants that showed
n analgesic effect. No connection reached significance in this test. 

iscussion 

The brainstem involvement in attentional analgesia has been in-
estigated in previous studies, demonstrating a mediating role of the
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Fig. 6. (A) Specified network interactions assessed with Dynamic Causal Modelling and result of Bayesian Model Selection. The effect of temperature is always 
bottom-up, while the task could have a bottom-up or top-down effect. The inputs are both easy/hard task and low/high temperature, while the modulations of 
connections are only high temperature and hard task. Model 3 and 4 (outlined with dashed box) have the strongest evidence of reproducing the data, with slightly 
stronger evidence for model 4. (B) Schematic representation of interactions during attentional analgesia, after PPI and DCM. 
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AG and of its interaction with cortical regions ( Brooks et al., 2017 ;
racey et al., 2002 ; Valet et al., 2004 ). However, possibly because of a

ack of statistical power or technical limitations, the neuronal interac-
ions between cortex, PAG and the lower brainstem nuclei in this context
ave never been fully resolved. Reassuringly, in the context of the repro-
ucibility crisis that is afflicting neuroscience, especially in fMRI exper-
ments ( Button et al., 2013 ; Eklund et al., 2016 ), we have recapitulated
he core findings regarding the brainstem hubs involved in attentional
nalgesia ( Brooks et al., 2017 ) and have extended our analysis to deter-
ine how they interact to produce attentional analgesia by functional
etwork analysis. This identifies a top-down pathway from the PAG to
he RVM, engaged by cortical input from the ACC during high cognitive
emand. In addition, there is a parallel bidirectional communication be-
ween ACC and LC during attentional analgesia. 

dentification of brainstem nuclei involved in attentional analgesia 

The higher statistical power provided by 57 subjects, some 3-fold
reater than in Brooks et al. (2017) , yielded stronger findings espe-
ially in the brainstem nuclei. In the main effect of temperature, the
pecificity of the pattern of nociceptive information flow is striking
ith activations confined to discrete territories including ventral PAG,
C and RVM as well as activations in the region of parabrachial nu-
leus, nucleus solitarius, sub nucleus reticularis dorsalis and nucleus
uneiformis. This expands our previous result showing only RVM re-
ponse to high temperature stimulation ( Brooks et al., 2017 ). While
t has long been known from animal studies that these brainstem re-
ions receive nociceptive input from the spinal cord ( Blomqvist and
raig, 1991 ; Cedarbaum and Aghajanian, 1978 ; Keay et al., 1997 ) this
as seldom been clearly demonstrated in human imaging studies. In ad-
ition, an intra-subject linear regression analysis with pain scores re-
ealed that the BOLD signal in the RVM linearly scales with perceived
ain, in agreement with recent studies ( Brooks et al., 2017 ; Horing et al.,
019 ). This clearly demonstrates that this brainstem territory is likely
o be playing an important role in coding nociceptive intensity. It is pos-
ible that the voxels resolved in this analysis are related to the activity
f the pro-nociceptive ON-cells in the RVM. To our knowledge, no other
ingle study has been able to produce such a complete activation map
n the human brainstem in response to noxious stimulation (see review
y Henderson and Keay, 2018 ). 
In the main effect of task, we again detected activity in PAG, RVM
nd LC bilaterally, in addition to a more diffuse activation in the brain-
tem. It is interesting to note that the attentional task recruited the dor-
al and ventral PAG whereas the noxious input produced activation in
he ventral region of the nucleus, perhaps in line with the known be-
avioural specialisation of columns within this crucial integrating nu-
leus ( Linnman et al., 2012 ; Roy et al., 2014 ). 

The magnitude of the analgesic effect showed a correlation with ac-
ivity in the right LC (a finding that we previously noted in Brooks et al.
2017) but was just below formal statistical significance). This was the
nly location in the neuroaxis that showed this relationship, and is the
eason why connectivity analysis focused on the right LC. One intrigu-
ng aspect of this interaction is the lateralised nature of the relationship
etween the right LC (i.e. contralateral to the stimulus) and the anal-
esic effect - a finding that has previously been noted in rodent studies
here noxious stimuli increase the activity in the contralateral LC to a
reater effect ( Cedarbaum and Aghajanian, 1978 ). The LC is well posi-
ioned both anatomically and functionally to mediate a component of
ttentional analgesia, not only because it is responsive to attentional
tates and cognitive task performance ( Aston-Jones and Cohen, 2005 ;
ales et al., 2019 ; Sara, 2009 ; Yu and Dayan, 2005 ) and to nociceptive
nputs ( Cedarbaum and Aghajanian, 1978 ; Howorth et al., 2009 ), but
lso particularly in being able to cause analgesia via its direct spinal
ord projections ( Hirschberg et al., 2017 ; Jones and Gebhart, 1986 ). In-
riguingly, the spinal cord-projecting neurons are located in the caudal
art of the LC in rodents ( Hirschberg et al., 2017 ), as is the LC region
hat we found to correlate with the analgesic effect. Previous studies
ave demonstrated linear relationships between the analgesic effect and
ctivity located in the PAG ( Tracey et al., 2002 , in 9 subjects) and RVM
 Brooks et al., 2017 , in 20 subjects). We note that neither of these find-
ngs were replicated in our current study of 57 subjects. While all three
f these regions have biological plausibility for mediating analgesia, a
arger sample size seems necessary to produce robust results with inter-
ubject regression (especially in small, noisy brainstem nuclei) and this
s likely to be complicated by the known interactions between these re-
ions in nociceptive processing (discussed below). 

arallel cortical-brainstem pathways 

Given the involvement of PAG, RVM and LC in both aspects of
he experiment, and their known involvement in endogenous analge-
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ia ( Ossipov et al., 2010 ), we tested all three nuclei for connectivity
hanges during the attentional analgesia paradigm. 

Cortical regions involved in the endogenous modulation of pain in
umans include the anterior cingulate cortex, the dorsolateral prefrontal
ortex and the ventrolateral prefrontal cortex ( Bushnell et al., 2013 ).
mong these, the ACC was the only frontal cortical area showing ac-

ivity in the conjunction analysis between main effects of task and tem-
erature, and prior evidence showed its interaction with the PAG to
e involved in attentional analgesia ( Valet et al., 2004 ). In light of
he recent discussions around compartmentalisation of the cingulate
 Van Heukelum et al., 2020 ), it should be acknowledged within this
ramework that our results pertain to both MCC (involved in conflict
esolution between competing attentional demands) and ACC (nocicep-
ive, affective processing). The location of the ACC region resolved here
s indeed on the ACC-MCC border, where activity likely reflects a com-
ination of task demand and pain processing. Intriguingly, inputting the
oordinates of the peak attentional activation of the ACC to Neurosynth
 Yarkoni et al., 2011 ) identified four studies where the same region was
nvolved in response to conflict ( Barch et al., 2001 ; Scholl et al., 2017 ;
an Veen and Carter, 2005 ; Wittfoth et al., 2008 ). In addition, volun-
ary control over the activation of this area was shown to result in mod-
lation of pain perception in a neurofeedback study ( deCharms et al.,
005 ). 

To examine the interplay between the cortical and brainstem struc-
ures we hypothesised to be involved in attentional analgesia, we ini-
ially performed a generalised PPI, which determines how connectiv-
ty changes as a result of experimental manipulation (i.e. effective con-
ectivity). We observed altered connectivity between the ACC and con-
ralateral (right) LC during the interaction between task and tempera-
ure. Furthermore, coupling increased between ACC and PAG with task
emand, and between PAG and RVM during the task x temperature in-
eraction. Extraction of parameter estimates revealed that all interac-
ions were enhanced in the hard task/high temperature condition. 

The identified network interactions lacked directionality and could
qually be evidence for an ascending pathway, where the attentional
emand modulates how the nociceptive information reaches the brain,
r a descending pathway, where the cortex recruits brainstem nuclei
o modulate the spinal cord. Therefore, dynamic causal modelling was
mployed to explore these hypotheses by fitting different models to
he data. Bayesian Model Selection validated the results of the gPPI
y excluding, for lack of evidence, a model where no connection was
odulated by task. In addition, BMS resolved a top-down influence

f task on the ACC-PAG and PAG-RVM connections, consistent with a
escending pain modulatory system involved in attentional analgesia
 Sprenger et al., 2012 ). The ACC-LC pathway was however not resolved
s clearly, with similar evidence in BMS for task modulation of the top-
own and bottom-up connection. On examination of the parameter esti-
ates, it was noted that the task modulation had a negative effect on all

onnections that were also modulated by temperature. Conversely, the
CC-PAG connection, only modulated by task, has a positive parameter
stimate. This effect suggests a disinhibitory effect, or a negative feed-
ack loop in the PAG-RVM and ACC-LC connections. Neurobiological
echanisms that could account for these effects are discussed below. 

Effective connectivity changes in these pathways may mediate the
rocess of attentional analgesia. This could be achieved through LC pro-
ections to the ACC increasing the signal-to-noise (or salience) of one in-
ut over another ( Manella et al., 2017 ; Muller et al., 2019 ; Sales et al.,
019 ; Sara, 1985 ; Vazey et al., 2018 ) and/or ACC to spinally projecting
C neurons modulating the activity of dorsal horn neurons (i.e. decreas-
ng nociceptive transmission), both actions potentially giving ’prece-
ence’ to the task. It is possible that the ACC and the LC work in a
eciprocal negative feedback loop during attentional analgesia ( Breton-
rovencher and Sur, 2019 ; Ramos and Arnsten, 2007 ). The reduction
n perceived pain could equally be achieved via ACC recruiting the
AG and RVM to produce antinociception at a spinal level during the
ttention demanding task ( Millan, 2002 ), for example by disinhibi-
ion of the RVM “off-cells ” ( Lau and Vaughan, 2014 ). This conceptu-
lly extends previous studies that have identified the ACC-PAG connec-
ion as being involved in a distraction from pain (attentional analge-
ia) paradigm ( Valet et al., 2004 ), as well as in a placebo analgesia
aradigm ( Petrovic, 2002 ). The PAG-RVM descending control system
as also already been implicated in placebo analgesia ( Eippert et al.,
009 ; Grahl et al., 2018 ) via an opioid-dependent mechanism. The be-
avioural component of attentional analgesia has been reported to be
mpaired by opioid blockade, possibly by disrupting connections be-
ween the ACC-PAG-RVM descending control system ( Sprenger et al.,
012 ). It is also quite conceivable that the parallel ACC-LC and ACC-
AG-RVM systems described here work in concert to cause analgesia.
revious animal studies show that electrical stimulation of the PAG trig-
ers noradrenaline release in the cerebrospinal fluid and the analgesic
ffect of stimulation can be partially blocked with intrathecal alpha2-
ntagonists ( Cui et al., 1999 ; Hammond et al., 1985 ). In addition, it
as demonstrated that mice not able to synthesize noradrenaline were

ess sensitive to the analgesic action of morphine ( Jasmin et al., 2002 ).
hus, it still remains to be demonstrated whether these two pathways
re working in a parallel independent fashion, or are dependent upon
ach other in producing attentional analgesia. 

We propose that the ACC acts to resolve the conflict caused by an
ttention-demanding painful stimulus and the cognitive load of a sus-
ained visual attention task, by sending downstream signals to brainstem
tructures to facilitate optimal behaviour. This interpretation is in accor-
ance with previous hypotheses on the function of the ACC-LC interac-
ion, implicated in re-orienting attentional processes ( Corbetta et al.,
008 ). In addition, recent evidence from a human fMRI study identified
he same connection during conflict resolution in an incongruent Stroop
ask ( Köhler et al., 2016 ). 

We propose that this network could be relevant for mindfulness-
ased analgesic techniques, especially the “focused attention ” type,
here focus on an internal signal (e.g. breathing), can distract subjects

rom pain ( Zeidan et al., 2011 ). While this might be only one of the
echanisms to meditation analgesia, it is worth mentioning that this
rocess is not mediated by endogenous opioids ( Zeidan et al., 2016 ) but
elies on the rACC ( Zeidan et al., 2012 ; Zeidan and Vago, 2016 ), perhaps
y exclusively engaging the ACC-LC pathway. 

We further postulate that this network may be of importance in
hronic pain conditions (e.g. fibromyalgia), where disruption of at-
ention and cognition are co-morbid alongside pain. Pharmacological
herapies that target the noradrenergic system have some benefit in
hronic pain conditions ( Hughes et al., 2015 ; Kremer et al., 2016 ,
018 ), possibly by acting on the LC system ( Hiroki et al., 2017 ). On the
ther hand, evidence for malfunction of endogenous pain modulation
n such pathologies ( Julien et al., 2005 ; Lannersten and Kosek, 2010 ;
taud et al., 2005 ; Vierck et al., 2001 ), together with the evidence of
ow effectiveness of opioid drugs ( Goldenberg et al., 2016 ; Kia and
hoy, 2017 ), might point toward impairments of the PAG-RVM interac-
ion. 

ethodological considerations 

Because of the increased sample size, we were able to detect ac-
ivation in the RVM and PAG in the main effect of temperature and
ask respectively, without the aid of masking. This experimentally val-
dates the results in Brooks et al. (2017) as well as the use of permuta-
ion testing with anatomical masks of a-priori specified ROIs. Notwith-
tanding the difficulty of accurately assigning measured functional ac-
ivity to specific brainstem nuclei ( Betts et al., 2019 ; Keren et al., 2009 ;
ona et al., 2017 ) and the problems faced when trying to image these
tructures ( Brooks et al., 2013 ), the ability to corroborate our earlier
ndings should provide confidence for future studies of the brainstem.
owever, there is still a clear and pressing need for an objectively de-
ned probabilistic brainstem atlas, as exists for other brain structures
 Kurth et al., 2010 ). 
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We used gPPI analysis, a well-established technique in the neu-
oimaging field, for network discovery. The strength of gPPI is the abil-
ty to detect functional changes in the interaction between two regions,
aused by experimental manipulation. This is different from a seed-
ased analysis that detects functional interactions between regions that
emain constant during the whole acquisition period. We then used DCM
ith the singular purpose of resolving the directionality of the connec-

ions (after ( Yoshino et al., 2010 )), . DCM can be used on its own for
etwork discovery, with a larger model space that tests all possible con-
ections and modulations. However, a large model space is likely to
ause a dilution of model evidence, leading to less clear results. In addi-
ion, the complexity (e.g. the number of connections) was kept constant
cross models, to avoid the risk of overfitting. 

We employed stochastic DCM, which allows for modelling of random
euronal noise in the system, to improve network resolution in brain-
tem areas significantly affected by physiological noise ( Brooks et al.,
013 ). This routine was shown to improve the characterization of
etwork structure and parameter inference over deterministic DCM
 Daunizeau et al., 2012 ; Osório et al., 2015 ) and has been widely used in
esting state and task-based fMRI studies since its release ( Kahan et al.,
014 ; Ma et al., 2015 , 2014 ; Ray et al., 2016 ; Zhang et al., 2015 ). 

onclusion 

In this study we have been able to resolve parallel cortical – brain-
tem pathways that form a network that is functionally engaged when
ain perception is attenuated during attentional analgesia. We note
hat the spinal cord BOLD response to nociception has previously been
hown to be modulated by attention ( Sprenger et al., 2012 ). Whether
his spinal modulation of nociception is the product of activation of
he ACC-PAG-RVM and/or the ACC-LC system still needs to be demon-
trated in humans. It is known that both pathways could involve opi-
ids ( Fields, 2004 ) and so previous studies using naloxone do not dis-
riminate between these possibilities. It would be interesting to explore
hether conflict resolution resulting in attentional analgesia is depen-
ent on the ACC-LC interaction or it could be achieved independently
ia the ACC-PAG-RVM path. A connectivity analysis examining the net-
ork activity between cortical territories, brainstem nuclei and dorsal
orn in toto may help to define the key pathway in attentional analgesia.
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