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A B S T R A C T   

Purpose: The expected intensity of pain resulting from a noxious stimulus has been observed to have a strong 
influence on the pain that is perceived. The neural basis of pain reduction, as a result of expecting lower pain, 
was investigated using functional magnetic resonance imaging (fMRI) in the brainstem and spinal cord. 
Methods: Functional MRI studies were carried out in a region spanning the brainstem and cervical spinal cord in 
healthy participants. Participants were familiarized with a noxious heat stimulus and study procedures in 
advance, and were informed during each trial that either a heat calibrated to produce moderate pain (Base state), 
or a temperature 1 ◦C lower (Low state), would be applied to their hand. However, the Base temperature was 
applied in every trial. 
Results: Pain ratings were significantly reduced as a result of expecting lower temperatures. FMRI results 
demonstrate blood oxygenation-level dependent (BOLD) signal variations in response to participants being 
informed of the stimulus to expect, in advance of stimulation, and in response to stimulation. Significant co-
ordination of BOLD signals was also detected across specific brainstem and spinal cord regions, with connectivity 
strengths that varied significantly with the study condition, and with individual pain ratings. The results identify 
regions that are known to be involved with arousal and autonomic regulation. 
Conclusions: Expectation-based analgesia is mediated by descending regulation of spinal cord nociceptive re-
sponses. This regulation appears to be related to arousal and autonomic regulation, consistent with the cogni-
tive/affective dimension of pain.   

1. Introduction 

Pain perception is strongly influenced by cognitive factors such as 
the expected severity or intensity of impending pain, or expected 
changes in pain (Villemure and Bushnell, 2002; Rhudy et al., 2006; 
Gollub et al., 2018; Henderson et al., 2020). Expectation effects can also 
have a strong influence on experimentally-induced pain for research 
purposes, and on the effectiveness of pain treatments, such as when 
coupled with an inactive treatment to produce placebo or nocebo effects 
(Ružić et al., 2017; Evers et al., 2018). Behavioral studies have 
demonstrated that expectation of higher pain results in increased pain 
ratings, and expectation of lower pain results in lower pain ratings (De 
Pascalis et al., 2002; Ružić et al., 2017). Recent studies of the neural 

processes underlying expectation influences on pain have employed 
primarily functional magnetic resonance imaging (fMRI) across net-
works of interconnected regions. These studies have consistently iden-
tified the involvement of the insula, anterior cingulate cortex (ACC), 
regions of the frontal cortex, thalamus, and periaqueductal gray matter 
(PAG) in mediating effects of expectation on pain perception (Wager 
et al., 2004; Schenk et al., 2014; Gollub et al., 2018). Differences in 
blood oxygenation-level dependent (BOLD) responses have also been 
identified as a result of placebo and nocebo effects in the dorsal horn of 
the spinal cord (SC) (Eippert et al., 2009; Tinnermann et al., 2017). The 
involvement of the ACC, PAG, and SC are consistently shown across 
studies, and suggest that excitatory and inhibitory input to the SC, pri-
marily from brainstem (BS) regions, to influence SC responses to 
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nociceptive signaling (i.e. descending regulation) may contribute to ef-
fects of expectation (Millan, 2002; Henderson et al., 2020). These results 
also indicate that the three main types of expectancy effects (placebo, 
nocebo, stimulus expectancy) may have features of neural signaling that 
are in common (Atlas and Wager, 2012). 

Effects of expectation, in conjunction with fMRI and connectivity 
analyses, may provide a powerful means of investigating mechanisms of 
descending pain regulation in humans. Prior fMRI studies by our group 
have demonstrated neural processes in the BS and SC that are involved 
with descending pain regulation, and how BOLD responses and con-
nectivity between regions vary with cognitive and emotional influences 
(Powers et al., 2018). Building on these results, we have demonstrated 
that BOLD responses in BS/SC regions include both a reactive compo-
nent, which is the direct response to a stimulus, and a continuous 
component, which appears to be related to cognitive, emotional, and 
possibly autonomic processes that play a role in modulating pain 
(Stroman et al., 2016, 2018). While feed-back control also occurs as a 
reaction to ascending nociceptive signaling, the continuous component 
of descending regulation appears to regulate SC responses to nociceptive 
input in relation to cognitive and emotional states (Stroman et al., 2018; 
Ioachim et al., 2019). For the present study, we therefore hypothesize 
that expectation-based analgesia (i.e. stimulus expectancy) involves 
descending regulation of SC excitability, and involves the continuous 
component of pain regulation. 

2. Materials and methods 

2.1. Participants 

Twenty healthy participants (10 males, 10 females, age 23 ± 3 years) 
were recruited from the local community. Exclusion criteria included 
any history of chronic pain or fatigue, major medical or neurological 
illness, psychological distress, and any contraindications for the MRI 
environment. Informed consent for all study procedures was obtained 
prior to data collection, and all participants were debriefed at the end of 
the study. All procedures were approved by our institutional human 
research ethics board. Eligibility screening was conducted through an 
on-line form on our lab web site. 

Participants completed questionnaires in order to characterize mood, 
pain catastrophizing, and sensory and affective dimensions of pain, 
including the Social Desirability Scale (SDS) (Crowne and Marlowe, 
1960), Beck Depression Inventory-II (BDI-II) (Beck et al., 1996), the 
State/Trait Anxiety Inventory (STAI) (Spielberger, 1970), and the Pain 
Catastrophizing Scale (Sullivan et al., 1995). The SDS assesses the de-
gree to which a participant is concerned with social approval (which 
may bias pain ratings). The BDI-II assesses the affective, motivational, 
cognitive, and somatic symptoms of depression. The STAI measures the 
transient condition of state anxiety and the long standing condition of 
trait anxiety. The Pain Catastrophizing Scale reflects how a person deals 
with pain, such as whether they have a tendency to feel helpless and to 
magnify the threat value of a pain stimulus. 

2.2. Quantitative sensory testing (QST) and sham MRI 

Quantitative sensory testing (QST) and participant training were 
carried out in a “sham” mock-up of our MRI system adjacent to the MRI 
Facility. QST consisted of familiarizing participants with 0–100 nu-
merical pain intensity and unpleasantness rating scales (Vierck et al., 
1997; Staud et al., 2001). The scales ranged from verbal descriptors of 
“no sensation” at 0 to “intolerable pain” or “intolerable unpleasantness” 
at 100. The difference between pain intensity and unpleasantness was 
described to the participants. Heat stimuli were applied to the palm of 
the right hand overlying the thenar eminence (corresponding to the 6th 
cervical dermatome), by means of an MRI-compatible robotic contact- 
heat thermal stimulator (RTS-2). This device consists of a 4 cm square 
aluminum thermode which is retracted into a plastic housing, or is 

advanced to contact the skin. The timing and duration of contacts, and 
the thermode temperature, were under precise control by MATLAB 
software. 

For training, participants experienced repeated contacts of the 
thermode on their hand of 1.5 s duration each, with onsets every 3 s, 
over a range of temperatures to familiarize them with the stimulus, and 
with rating their pain for each contact. Following initial familiarization, 
participants rated the intensity of their sensations to 10 consecutive heat 
contacts at fixed temperatures of 46 ◦C, 50 ◦C, 44 ◦C and 48 ◦C with two 
minutes of rest between sets. This stimulation method has been used in 
our prior studies to evoke temporal summation of second pain, and it 
provides a dynamic and robust BOLD response (Bosma et al., 2015, 
2016; Stroman et al., 2016). Participants were asked to verbally rate the 
pain intensity for each contact, as they felt it. This protocol was used to 
calibrate the temperature needed to elicit moderate pain (rating of 
approximately 50), but an upper limit of 52 ◦C was set to avoid causing 
damage to the skin. The participant was then positioned in a sham MRI 
scanner and one run of the fMRI protocol (including playback of 
recorded MRI sounds) was carried out with the calibrated temperature 
set to evoke moderate pain. During the sham run, participants were 
asked to silently rate each contact as they felt it, and to remember only 
the highest intensity and unpleasantness ratings over the 10 contacts. 
After the run they were asked to report their peak intensity and un-
pleasantness ratings. The participant was then informed that fMRI runs 
would be carried out either with this same temperature (“Base”) for 
some runs, or 1 ◦C lower (“Low”) for other runs. Unbeknownst to the 
participants, the Base temperature was applied in all runs, in order to 
engage the effects of expectation on the perceived pain. 

2.3. Experimental design and statistical analysis 

2.3.1. Magnetic resonance imaging 
Imaging was carried out at 3 T (Siemens Magnetom Trio) with the 

participant positioned supine, with padding and blankets for comfort 
and to reduce movement. Posterior head, neck, and spine receiver coils 
were in place for detecting the MRI signal, and a mirror was positioned 
so that participants could view a rear-projection screen on which the 
intensity and unpleasantness rating scales and instructions were 
displayed. 

After initial localizer scans, functional MRI was carried out in a series 
of ten 4.5-minute long runs with the study conditions (Base or Low) 
varied in randomized order. Functional MRI data were acquired span-
ning the cervical SC and BS using a T2-weighted half-Fourier single-shot 
fast spin-echo (HASTE) sequence. This method enables us to avoid using 
echo-planar imaging (EPI) which causes severe spatial distortions in MR 
images in the vicinity of the bone and airspaces (Hutton et al., 2002). We 
have established optimal methods that provide a combination of BOLD 
contrast and excellent image quality in the BS/SC (Bosma and Stroman, 
2014). Imaging parameters used for this study include an echo time (TE) 
of 76 msec for T2-weighting, 9 sagittal slices (no gap), and a repetition 
time (TR) of 6.75 s per volume, with 1.5 mm × 1.5 mm × 2 mm reso-
lution. Image quality is thus gained at the cost of imaging speed because 
a repetition time of 6.75 s is required to balance image quality and en-
ergy deposition limits. 

2.3.2. Functional MRI paradigm 
During each fMRI run, participants were initially informed that a 

new run was about to begin but they did not know which stimulus 
temperature to expect (Fig. 1). One minute after the start of the acqui-
sition, participants were informed via the visual display whether the 
temperature would be the Base or Low temperature, and the tempera-
ture was also displayed. One minute later, at the 2-minute mark, 10 heat 
contacts were applied (onsets every 3 sec, 1.5 sec duration). Again, the 
thermode temperature was always set to the Base temperature to elicit 
moderate pain, regardless of how the participant was informed. Thus, 
any reduction in pain during the Low temperature state was the result of 
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expecting a lower temperature. After the stimulation period, scanning 
was continued for 2 min, for a total of 4.5 min. After each run, partici-
pants verbally reported their peak intensity and unpleasantness ratings. 

2.4. Data analysis 

2.4.1. Analysis of behavioral data 
Pain intensity and unpleasantness ratings from each participant were 

compared between study conditions, and the correlation was computed 
between the change in pain ratings between conditions (Δpain) and the 
pain ratings in the Base state. Correlations between pain ratings and 
questionnaire scores were also investigated. 

2.4.2. Functional MRI data preprocessing 
Functional images were preprocessed using “spinalfmri9”, a freely- 

shared software toolbox written in MATLAB (The Mathworks Inc., 
Natick, MA) that has been used extensively for SC and BS fMRI studies 
for both image preprocessing and data analysis. Pre-processing steps 
included conversion to NIfTI format, slice-timing correction, co- 
registration (i.e. motion correction) using the Medical Image Registra-
tion Toolbox (MIRT) (Myronenko and Song, 2010), interpolation to 1 
mm3 resolution, and then spatial normalization and removal of physi-
ological noise. Spatial smoothing was not applied. 

Spatial normalization was guided by a combined anatomical refer-
ence image (template) spanning across brain (MNI152 template) and SC 
regions (PAM50 template), as described by De Leener et al. (2018). 
Corresponding anatomical region-of-interest maps have also been 
defined from multiple sources, as described previously (Lang and Bar-
tram, 1982; Talairach and Tournoux, 1988; Millan, 2002; Keren et al., 
2009; Naidich et al., 2009; Whitfield-Gabrieli and Nieto-Castanon, 
2012; Leijnse and D’Herde, 2016; De Leener et al., 2017; Pauli et al., 
2018; Chiang et al., 2019; Liebe et al., 2020; Stroman et al., 2020) 
(https://identifiers.org/neurovault.collection:3145, www.med.harvard 
.edu/AANLIB/). 

Physiological noise was modeled based on peripheral pulse re-
cordings, bulk motion, and global signal variations in white matter, and 
removed from the data. Our methods of removing physiological noise 
have been validated, including comparisons with data from cadavers, 
and are highly effective (Bosma and Stroman, 2014; Harita and Stroman, 
2017). 

Finally, the first two volumes of each run were discarded to avoid 
periods without consistent T1-weighting, and the remaining time-series 
responses for each voxel were converted to a percent signal change from 
the time-series average. 

2.4.3. Functional MRI data analysis 

2.4.3.1. Connectivity analyses: structural equation modeling (SEM). 
Connectivity between BS/SC regions was investigated by means of SEM 
(Kline, 2011; Stroman, 2016). Using a predefined anatomical model, 
BOLD responses in a target region were modelled as a weighted sum of 

BOLD responses in plausible regions providing input signaling (source 
regions). For example, if region A is modeled as receiving input signaling 
from regions B and C, and the BOLD time-series responses in these re-
gions are respectively SA, SB, and SC, then SA = βAB SB + βAC SC + eA, 
where eA is the residual (Stroman, 2016). The linear weighting factors 
(β-values) were computed for one target region at a time (i.e. region “A” 
in the equation above) using a gradient-descent method with L1 regu-
larization to avoid over-fitting (Ruder, 2016). 

The network model used for this analysis is based on subcortical 
anatomical regions and connections that are known to be related to pain 
processing (Millan, 2002) (Fig. 2). The model includes a total of 38 
connections between the thalamus, hypothalamus, PAG, locus coeruleus 
(LC), parabrachial nucleus (PBN), nucleus raphe magnus (NRM), nu-
cleus gigantocellularis (NGc), nucleus tractus solitarius (NTS), dorsal 
reticular nucleus of the caudal medulla (DRt), and the right dorsal 
quadrant of the 6th cervical SC segment (C6RD), corresponding to the 
region of the right hand where the heat stimulus was applied. As shown 
in Fig. 2, each region is modeled as having 2 to 6 sources of input 
signaling. 

As it is not practical to apply the SEM method on a voxel-by-voxel 
basis, it was applied to clusters of voxels within anatomical regions of 
interest. Regions were first identified in spatially normalized data using 
the anatomical reference map described above. Voxels within each re-
gion were then separated into 5 sub-regions based on their signal time- 
course properties. This procedure consisted of extracting voxel data 
from an anatomical region and concatenating the data across all par-
ticipants/runs. This was done with all data from both study conditions. 
A k-means clustering method was then used to divide the voxels into 
clusters with the most similar properties. The resulting cluster defini-
tions were then used to identify the BOLD time-series responses, 

Fig. 1. Stimulation paradigm used for functional MRI studies. Participants 
were informed 1 min after the start of the fMRI acquisition to expect either the 
“Base” temperature which was calibrated to evoke moderate pain, or a tem-
perature that is 1 ◦C lower (“Low”). Participants were familiarized with the 
temperatures and pain rating scales during the training phase. Regardless of the 
expected temperature, stimulation consisted of repeated contacts with the 
thermode at the calibrated “Base” temperature. 

Fig. 2. Connections between regions in the brainstem and spinal cord that may 
be involved with pain processing, and that were included in the model used for 
structural equation modeling (SEM) analyses. The regions included only those 
spanned by our data set; the hypothalamus, thalamus (Thal), periaqueductal 
gray (PAG) region, locus coeruleus (LC), parabrachial nuclei (PBN), nucleus 
raphe magnus (NRM), nucleus gigantocellularis (NGc), nucleus tractus solitar-
ius (NTS), dorsal reticular nucleus of the medulla (DRt), and the right dorsal 
region of the spinal cord in the 6th cervical segment (C6 RD). 
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averaged over the voxels in each sub-region, for each run in each 
participant. 

The SEM procedure was applied to one sub-region of the target re-
gion at a time, with combinations of each of the source sub-regions. This 
method enabled us to identify the combination of sub-regions that 
yielded the best fits to the measured data. For each of the 38 connections 
in the model, there were 25 independent combinations of sub-regions (i. 
e. 5 source sub-regions × 5 target sub-regions for one connection). While 
a given connection was tested multiple times with different source sub- 
regions for other connections to the same target, these are not inde-
pendent comparisons. Statistical characterizations of the resulting 
β-values (described in Section 2.4.3.2) therefore accounted for 950 in-
dependent combinations of network components that were tested. 

SEM was applied separately for each participant, in each study 
condition, in order to enable subsequent analysis of variations in rela-
tion to individual responses. The same sub-region definitions were used 
for all analyses. Analyses were also carried out separately with data 
extracted from time periods preceding stimulation, and during stimu-
lation, in order to allow for dynamic variations. Specifically, the selected 
periods spanned 7 volumes, or 47 s. Across 5 runs of the same type in 
each person, the cluster time-series data thus spanned 35 volumes. These 
were used to compute between 2 and 6 β-values for each network 
component, for one combination of sub-regions at a time. The statistical 
significance of the resulting connectivity values was inferred from the 
consistency, or from the explained variations in relation to pain re-
sponses, across study participants and conditions, as detailed below. 

2.4.3.2. Statistical analysis of SEM results. Variations of SEM β values 
across participants, and between study states, were investigated by 
means of analyses of covariance (ANCOVAs). An ANCOVA was applied 
to the β -values from each participant as the dependent variable, with 
the pain ratings as a continuous independent variable, and the study 
state (Base or Low) as a discrete independent variable. Significance was 
inferred at a family-wise error rate controlled pfwe < 0.05 (i.e. uncor-
rected p < 5.3 × 10− 5), accounting for the 950 independent connections 
that were tested. The results of the ANCOVA analysis identify the sig-
nificance of the main effect of the study state, the unpleasantness or 
intensity ratings, or interactions between the state and ratings. 

Average β-values were also determined for each state, and each 
connection, in order to characterize the consistent network features and 
effects of expectation. The significance was estimated based on Stu-
dent’s T-values, and was inferred at a family-wise error rate corrected, 
pfwe < 0.05, accounting for the 950 connections that were tested. 

2.4.3.3. Analysis of BOLD time-course responses-Bayesian regression. In 
order to investigate details of BOLD responses in specific regions, we 
characterized the variations across participants in relation to pain rat-
ings and stimulation temperatures. The purpose of this analysis was to 
identify the consistent features of BOLD responses in a region. This was 
applied to the time-course responses for each sub-region, for all partic-
ipants, using the data that were prepared for the SEM analysis described 
above. Bayesian regression was applied to each point in the time-series, 
using unpleasantness ratings and temperatures as independent vari-
ables. The ratings and temperatures were first centered so that the 
average values across participants were equal to zero, and scaled so that 
the largest differences from the average were equal to one. The data 
were then fit to approximate the consistent BOLD responses (SBOLD) at 
the average unpleasantness and temperature ratings (S0), plus linear 
estimates of the BOLD variations with unpleasantness ratings (Sp) and 
temperature (St) (Stroman et al., 2018):  

SBOLD = S0 + pain Sp + temperature St                                                    

The fitting process therefore estimated BOLD response patterns (S0) 
independent of individual differences in sensitivity or the stimulation 
temperature used, and demonstrates how the BOLD responses varied 

systematically across participants with different pain responses. 

3. Results 

3.1. Behavioral results 

Participants reported significant reductions in pain when a 1 ◦C 
lower temperature was expected, as compared to the Base temperature. 
Pain intensity ratings decreased from an average of 48.8 ± 10.4 to 42.6 
± 11.8 (mean ± s.d.) (p = 4.7 × 10− 4, paired t-test), between the Base 
and Low states, respectively, even though the same temperature was 
applied in every run. Corresponding ratings of pain unpleasantness 
decreased from 38.0 ± 9.3 to 32.4 ± 10.1 (p = 3.5 × 10− 3, paired t-test) 
between the two states. There was a large degree of individual vari-
ability within each study state, but an overall consistent trend of lower 
pain ratings in the Low state (Fig. 3A, B). There was a significant cor-
relation (R = − 0.59, Z = 2.12, p = 0.017, n = 18) between the change in 
unpleasantness ratings between the Base and Low states, and pain un-
pleasantness ratings in the Base state (Fig. 3C). A weaker correlation (R 
= − 0.30) was also seen between changes in pain intensity ratings be-
tween the Base and Low states, and the intensity ratings in the Base state 
(Fig. 3D). Two participants’ ratings marked in Fig. 3C/D were noted to 
be outliers in the pain ratings (more than two standard deviations from 
the group average), and were excluded from further analysis. Moreover, 
because a stronger correlation was observed with unpleasantness ratings 
than intensity ratings, we focused the subsequent analyses on the un-
pleasantness ratings. 

3.2. Results of questionnaires to assess participant characteristics 

Participants scored within normal ranges on questionnaires assessing 
state and trait anxiety, depression, and pain catastrophizing (Supple-
mentary Table S1). Pain intensity and unpleasantness ratings were also 
compared with questionnaire scores, and none of the values were 
significantly correlated (Supplementary Table S2). 

3.3. Functional MRI results 

Significant connections were observed between a number of BS and 
SC regions in response to the stimulation paradigm, in periods both 
before and during stimulation. Connections with group average values 
that were significantly different than zero (pfwe < 0.05), are listed in 
Table 1. The connections with group average strengths that were 
significantly different than zero include PAG → PBN in the period before 
stimulation, and PBN → NGC, and NRM←→C6RD during stimulation. 
The NTS → C6RD connection strength was also observed to be signifi-
cantly correlated with pain intensity ratings during stimulation. 

Analyses of covariance (ANCOVAs) demonstrated main effects of the 
study condition (i.e. significant differences between the “Base” and 
“Low” expectation conditions), main effects of the pain ratings (i.e. 
significant variations in relation to pain ratings), and significant inter-
action effects (significant relationships between connectivity values and 
pain ratings, which differed between study conditions). Details of the 
ANCOVA results are listed in Table 2, for periods before and during 
stimulation, and are also shown in Fig. 4 for selected connections. These 
results identify primarily descending input to the SC right dorsal region 
(C6RD) from BS regions, although ascending pathways are also shown. 
The areas with connections to the SC before stimulation include the NTS, 
and the NRM, which is part of the rostral ventromedial medulla (RVM). 
During stimulation, connections to the SC (C6RD) were identified from 
the PBN, LC, and DRt. An ascending connection was also identified from 
the SC to the NGc, which is also part of the RVM. A PAG → NRM 
connection is also identified in the period prior to stimulation. The 
connections identified with these analyses are summarized in Fig. 5. 

Bayesian regression results show the consistent features of how 
BOLD responses varied across participants in relation to different pain 
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ratings and stimulation temperatures, as well as the expected BOLD 
timecourse responses at the average unpleasantness rating and tem-
perature. Results for selected regions/sub-regions are shown in Fig. 6. In 
the SC right dorsal region at C6 (C6RD) these results (displayed for two 
separate C6RD sub-regions) show a pattern of responses to the partici-
pants being informed of the type of stimulus to expect, followed by 
increasing BOLD signal in the time leading up to the stimulation period. 
The two sub-regions have different BOLD responses during the 

stimulation period, with one showing increased signal only during the 
“Base” condition, and the other showing increased signal only during the 
“Low” condition. In the NGc, the BOLD responses are initially similar 
during the two conditions, but the response is significantly higher in the 
Base condition just prior to stimulation, during stimulation, and for a 
period of time after stimulation. BOLD responses in the NRM show 
similar trends with signal increases in the period leading up to stimu-
lation, except for a notable increase in signal in the Base condition prior 
to stimulation. BOLD responses in the PBN are somewhat similar to 
those in the NGc, as they are significantly higher in the Base condition 
just prior to stimulation and at the beginning of the stimulation period, 
and also higher for a period after stimulation. In the NTS an increase in 

Fig. 3. The distributions of A) pain unpleasantness ratings, and B) pain intensity ratings, across participants are shown for the two study conditions (Base and Low). 
The values for each participant are joined by a line to demonstrate the paired difference. The difference between pain unpleasantness ratings (C) and pain intensity 
ratings (D) are plotted in relation to the corresponding ratings in the Base condition. The results demonstrate correlations between the change in pain ratings, and the 
ratings in the Base state. Values plotted with “x” symbols indicate outliers from the group. 

Table 1 
Connectivity values identified with structural equation modeling (SEM), with 
group average responses that are significantly different than zero (T-test, pfwe <

0.05), or are correlated with pain intensity or unpleasantness ratings (pfwe <

0.05). β-values are listed as the mean ± standard error, and the corresponding 
statistical values are shown.  

Before 
Stimulation 
Period 

Expecting Moderate Pain (Base condition)   

β (mean 
± s.e.) 

T 

Significantly 
different than 
zero 

PAG → PBN 0.27 ±
0.04 

6.296968     

Expecting Lower Pain (Low condition)  
no significant 
connections        

During 
Stimulation 
Period 

Expecting Moderate Pain (Base condition)   

β (mean 
± s.e.) 

T 

Significantly 
different than 
zero 

PBN → NGC 0.26 ±
0.03 

7.39 

Expecting Lower Pain (Low condition) 

Significantly 
different than 
zero  

β (mean 
± s.e.) 

T 

NRM → C6RD − 0.12 ±
0.02 

− 6.63 

C6RD → NRM − 0.21 ±
0.03 

− 6.26   

R2 Z 
Correlation with 
intensity ratings 

NTS → C6RD 0.67 3.36  

Table 2 
Results of analysis of covariance (ANCOVA) applied to connectivity values to 
investigate dependences on pain unpleasantness and intensity ratings, and study 
conditions (Base vs Low). . Significant results are shown (pfwe < 0.05).   

Connection F- 
value 

p-value (pfwe < 0.05, puncorrected 

< 5.25 × 10− 5) 

Before Stimulation 
Period 

Main effect of Intensity Rating 
NRM → 
C6RD  

26.43 1.32 × 10− 5    

Interaction Group £ Unpleasantness Rating 
NTS → C6RD  24.98 2.00 × 10− 5 

PAG → NRM  21.76 5.25 × 10− 5     

During Stimulation 
Period 

Main effect of Study Condition (Base vs Low) 
PBN → 
C6RD  

22.61 4.07 × 10− 5(based on unp. 
ratings) 

PBN → 
C6RD  

25.09 1.95 × 10− 5(based on int. 
ratings)    

Main effect of Unpleasantness Rating 
LC → C6RD  30.9 3.89 × 10− 6 

DRt → C6RD  22.05 4.79 × 10− 5    

Main effect of Intensity Rating 
C6RD → NGc  23.94 2.69 × 10− 5    

Interaction Group £ Unpleasantness Rating 
PBN → 
C6RD  

34.13 1.70 × 10− 6 

DRt → C6RD  25.92 1.51 × 10− 5 

LC → C6RD  23.71 2.88 × 10− 5  
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signal occurred after the participants were informed of what to expect in 
the Base condition, and the signal was higher during stimulation in the 
Low condition. Finally, BOLD responses in the LC also had increased 
signal when participants were informed of what to expect in both con-
ditions, and the signal is higher during stimulation in the Low condition. 

4. Discussion 

Having participants expect a lower stimulation temperature consis-
tently resulted in lower pain ratings, compared to when the Base tem-
perature was expected. Averaged across the group, the effect was a 
roughly 6-point drop in both pain intensity and unpleasantness ratings, 
or approximately 12–15% of the base ratings. There was a large degree 
of individual variability observed, but the pain rating changes between 
states were correlated with pain ratings in the Base state. This indicates 
that the magnitude of the expectation effect was related to individual 
traits of pain responses. Moreover, the correlation observed with un-
pleasantness ratings may reflect their stronger relationship to the 
cognitive/affective component of pain (Rainville et al., 1999). The 
magnitude of the expectation effect was not correlated with any of the 
questionnaire scores that we obtained, including social desirability, 
anxiety, depression, and pain catastrophizing. Given that the tempera-
ture applied to each participant was actually the same for the two study 
states, the behavioral results confirm that expectation modulation of 
pain was achieved. 

Functional MRI results demonstrated differences in connectivity 
between a number of regions of the lower brain, BS, and SC between 
different states of pain expectation (Base vs Low), and in relation to 
individual pain responses. Moreover, differences in connectivity be-
tween states were observed both before and during stimulation. Almost 
all of the connections identified by means of ANCOVAs as having sig-
nificant dependences on pain ratings and/or the study state (Base vs 

Fig. 4. Details of connectivity variations in relation to study conditions and pain unpleasantness ratings, as identified by ANCOVA analyses. Connectivity values for 
the High temperature condition (expecting moderate pain) are plotted in red, and values for the Low temperature condition (expecting lower pain) are plotted in 
blue. Lines are drawn (gray) between points in the two conditions for each participant to show the individual differences between conditions. The corresponding 
anatomical regions are shown in sagittal and axial views, in slices through the centers of each 3D region (interpolated to 1 mm cubic voxels). The results identify 
known pathways of descending regulation of SC nociceptive responses, via brainstem regions. Connectivity values are shown to vary in relation to pain ratings and 
study conditions, both before and during the stimulation period. (For interpretation of the references to colour in this figure legend, the reader is referred to the web 
version of this article.) 

Fig. 5. Summary of connections that were identified as being significant by any 
of the analysis methods. The results show descending pain regulation pathways 
that vary in relation to the expected stimulus (Base vs Low states), both before 
and during stimulation, even though the same stimulus was applied in every 
fMRI run. 
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Low) involved input signaling to the spinal cord dorsal horn (C6RD). The 
only exceptions were PAG → NRM in the period before stimulation, and 
C6RD → NGc during stimulation. Both the NRM and NGc are within the 
RVM and are known to be involved with descending regulation of SC 
nociceptive responses (Millan, 2002). The connections identified, as 
summarized in Fig. 5, thus identify multiple components of descending 
regulation of the SC that contribute to expectation analgesia. 

BOLD responses in a number of regions that were identified by the 

ANCOVA analysis showed responses to the participants being informed 
of the stimulus to expect and/or possible anticipation of the stimulus. 
Responses to being informed are demonstrated in the C6RD region, and 
appear to be different between the two conditions (Base vs Low), but 
depends on the sub-region of the spinal cord. Responses at this time are 
also demonstrated in the PBN and LC. BOLD increases are also shown in 
the period just prior to stimulation in the SC as well as in the NRM, NGc, 
and PBN. BOLD responses during stimulation were not consistently 
observed in all regions, with C6RD sub-regions showing BOLD increases 
which depended on the study condition, and the NTS and LC showing 
larger responses in the Low condition. The results demonstrate that 
these BS and SC regions responded to the participants being informed of 
what to expect, and to the noxious heat stimulus. The only connection 
with connectivity values with a significant main effect of the study 
condition, was PBN → C6RD, and LC and DRt inputs to the SC showed 
dependences on both the study condition and individual pain responses. 
Given that the same temperature was applied for each participant in 
every run, but pain ratings were significantly different between condi-
tions, we can conclude that the PBN, LC, and DRt modulated nociceptive 
responses in the SC in relation to the pain that was expected. The results 
also further demonstrate the continuous nature of descending regulation 
of the SC, as opposed to responses being only in reaction to nociceptive 
signaling. 

While it is expected that other connections contributed to descending 
modulation of SC responses, and also ascending feed-back from the SC, 
no other connections reached statistical significance after correcting for 
multiple comparisons. It is also possible that individual variability is not 
adequately described by a simple linear relationship between connec-
tivity values and pain ratings. We expect that individual variability is 
more complex, and involves different strategies of coping with pain 
responses, and variations in participants’ attention focus during the 
fMRI runs, as suggested by other studies (Kucyi et al., 2013). The 
contribution of PBN → C6RD signaling to expectation modulation of 
pain is the most prominent in our data, and may have been the most 
consistent across participants. We note that, prior to stimulation, the 
PAG had significant effects of modulating the NRM, and the NTS input to 
the SC varied with pain ratings and study conditions (interaction effect). 
These connections are thus expected to have contributed to variations in 
descending regulation of SC nociceptive responses as well, but it is un-
clear if signaling prior to stimulation influenced the subsequent pain 
response, or if it only reflects the state of pain responsiveness during that 
period. 

During the stimulation period, input signaling to the SC from the LC 
and DRt varied significantly in relation to pain unpleasantness ratings, 
and SC input from the PBN varied in relation to the study condition, 
although all three connections also showed significant interaction ef-
fects between the study condition and pain unpleasantness ratings. It 
appears that the LC and DRt connections are more strongly related to 
individual differences in pain responses whereas the PBN activity is 
more closely linked to the differences in study conditions, but all three of 
these regions appear to have contributed to the observed effect of 
expectation modulation of pain. 

The regions of the RVM contribute to descending pain regulation by 
modulating the excitability of SC neurons to nociceptive input (Millan, 
2002; Ossipov et al., 2010). A number of regions provide input signaling 
to the RVM including the hypothalamus, PAG, LC, and PBN to influence 
descending pain regulation, and the NTS, LC, PBN and DRt can also 
provide direct input signaling to the SC. The present results indicate that 
pain modulation in relation to expectation of lower pain involves NTS, 
LC, PBN, and DRt input to the SC, and that the actions or influences are 
different for each of these regions. The NTS has been shown to be 
involved with autonomic homeostasis (Craig, 2003), and may be an 
interface between autonomic and pain functions (Lewis et al., 1987). 
This region appears to have had a stronger influence in the period prior 
to stimulation. The link between pain regulation and autonomic func-
tion is further reinforced by the role of the PBN, which contributes to 

Fig. 6. Bayesian regions results for selected regions, showing expected BOLD 
responses at the average unpleasantness rating and temperature across the 
group, for each condition. The corresponding anatomical regions are shown in 
sagittal and axial views (interpolated to 1 mm cubic voxels). BOLD responses 
when participants expected moderate pain (Base state) are plotted in red, and 
responses when participants expected the stimulus to be 1 ◦C lower (Low state) 
are plotted in blue. The shaded regions indicate the standard errors of the re-
sponses at each time point. BOLD variations are demonstrated in response to 
participants being informed of what to expect (the time period indicated in 
blue) and in the period shortly after, in each of these regions. Variations are also 
demonstrated in the period leading up to stimulation. The stimulation period is 
indicated in yellow. Significant differences between conditions (p < 10− 4) are 
indicated by an asterisk (*). BOLD signals during stimulation are demonstrated 
in almost every region shown to depend on the study condition. BOLD re-
sponses are also demonstrated in response to the participants before informed 
of the stimulus to expect, and in the period preceding the stimulus. (For 
interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 
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integrating autonomic and somatosensory information (Millan, 2002), 
and this region’s influence was stronger during stimulation. The LC is 
the major producer of noradrenaline in the central nervous system, is 
part of the reticular activating system which regulates stress and arousal, 
and is involved with ascending signaling as well as descending regula-
tion of the SC (Suto et al., 2014; Llorca-Torralba et al., 2016). The DRt 
has been shown to be pro-nociceptive and forms a feed-back loop with 
the spinal cord to regulate pain responses. The connections identified by 
the current study are therefore consistent with known descending 
regulation and suggest that expectation modulation of pain is related to 
the state of arousal and autonomic regulation. 

When a noxious stimulus is applied to the periphery, nociceptive 
signaling is relayed from SC neurons to cortical regions, the thalamus, 
and BS regions (Millan, 2002). Feed-back regulation of SC responses to 
nociceptive input involves the PAG → RVM → cord pathway, which is 
modulated by a number of inputs (as described by the model used for 
SEM analysis, Fig. 2). The resulting complex network of feed-back 
pathways regulates pain and balances the many influential factors. 
The anatomy of the autonomic regulating network and afferent feed- 
back involved with interoception (the sense of the internal state of the 
body) described by Craig (2003) closely parallels the pain regulating 
network in the BS. It includes multiple feed-back loops for somato- 
autonomic reflexes, and includes the NTS and PBN (Sato and Schmidt, 
1973; Craig, 1993, 1995, 2003). Price and Harkins (Price and Harkins, 
1992) summarized the affective dimension of pain as being “the end 
product of multiple contributing processes, including the pain sensation 
itself, arousal, autonomic and somatomotor activation, and finally and 
most critically, cognitive appraisal”. The results of the present study 
therefore describe a specific effect within these integrated networks, and 
demonstrate BS/SC pathways that are involved with the influence of 
expecting a lower stimulus temperature on the level of pain that is 
produced. 

5. Conclusions 

The results provide evidence that expectation elicits modulation of 
nociceptive signaling in the SC, in relation to arousal (via the LC), and in 
relation to autonomic regulation (via the NTS and PBN). We propose 
that the autonomic link may be related to interoception and its influence 
on the cognitive appraisal of pain, as opposed to the effect of pain on 
autonomic responses, because it was observed as input signaling to the 
SC in the dermatome that was stimulated (i.e. PBN → C6RD), and varied 
between expectation conditions. The results provide a previously un-
explored view of human pain regulation in the BS/SC and how expec-
tation can modulate pain, and add to our overall understanding of 
healthy human pain processes. 
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