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ABSTRACT 39 

 40 

Expectations substantially influence pain perception, but the relationship between positive and 41 

negative expectations remains unclear. Recent evidence indicates that the integration between 42 

pain-related expectations and prediction errors is crucial for pain perception, which suggests that 43 

aversive prediction error-associated regions, such as the anterior insular cortex (aIC) and rostral 44 

anterior cingulate cortex (rACC), may play a pivotal role in expectation-induced pain modulation 45 

and help to delineate the relationship between positive and negative expectations. In a stimulus 46 

expectancy paradigm combining fMRI in healthy volunteers of both sexes, we found that, 47 

although positive and negative expectations respectively engaged the right aIC and right rACC to 48 

modulate pain, their associated activations and pain rating changes were significantly correlated. 49 

When positive and negative expectations modulated pain, the right aIC and rACC exhibited 50 

opposite coupling with periaqueductal gray (PAG), and the mismatch between actual and 51 

expected pain respectively modulated their coupling with PAG and thalamus across individuals. 52 

Participants’ certainty about expectations predicted the extent of pain modulation, with positive 53 

expectations involving connectivity between aIC and hippocampus – a region regulating anxiety 54 

– and negative expectations engaging connectivity between rACC and lateral orbitofrontal cortex 55 

– a region reflecting outcome value and certainty. Interestingly, the strength of these certainty-56 

related connectivities was also significantly associated between positive and negative 57 

expectations. These findings suggest that aversive prediction error-related regions interact with 58 

pain-processing circuits to underlie stimulus expectancy effects on pain, with positive and 59 

negative expectations engaging dissociable but interrelated neural responses that are dependently 60 

regulated by individual certainty about expectations. 61 
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SIGNIFICANCE STATEMENT 63 

 64 

Positive and negative expectations substantially influence pain perception, but their relationship 65 

remains unclear. Using fMRI in a stimulus expectancy paradigm, we found that, although 66 

positive and negative expectations engaged separate brain regions encoding the mismatch 67 

between actual and expected pain and involved opposite functional connectivities with the 68 

descending pain modulatory system, they produced significantly correlated pain rating changes 69 

and brain activation. Moreover, participants’ certainty about expectations predicted the 70 

magnitude of both types of pain modulation, with the underlying functional connectivities 71 

significantly correlated between positive and negative expectations. These findings advance 72 

current understanding about cognitive modulation of pain, suggesting that both types of pain 73 

modulation engage different aversive prediction error signals but are dependently regulated by 74 

individual certainty about expectations.   75 
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INTRODUCTION 76 

 77 

The perception of pain in humans entails complex interactions between cognitive processes and 78 

nociceptive information, with the subjective experience of pain largely shaped by our 79 

expectations (Ploghaus et al., 2001; Koyama et al., 2005; Keltner et al., 2006; Atlas et al., 2010; 80 

Kong et al., 2013). While anticipating a pain stimulus, positive expectations (i.e., expectations of 81 

decreased pain) reduce pain perception (Koyama et al., 2005; Kong et al., 2013), whereas 82 

negative expectations (i.e., expectations of increased pain) have the opposite effect (Ploghaus et 83 

al., 2001; Keltner et al., 2006). Investigations on the relationship between positive and negative 84 

expectations to clarify whether the two cognitive constructs engage dependent or independent 85 

neural mechanisms are of crucial importance in understanding how stimulus expectancies 86 

influence pain experiences. Surprisingly, little attention to date has been paid to address this 87 

issue. 88 

    For both positive and negative expectations, how top-down expectations interact with bottom-89 

up nociceptive inputs to modulate pain perception remains a fundamental question (Wiech, 90 

2016). During pain anticipation, brain regions associated with pain processing, such as the 91 

thalamus, somatosensory cortex, and periaqueductal gray (PAG), have been found to become 92 

activated (Hsieh et al., 1999; Porro et al., 2002; Koyama et al., 2005; Fairhurst et al., 2007; 93 

Yoshida et al., 2013). During painful stimulation, an individual’s certainty (i.e., the confidence in 94 

beliefs) and anxiety about expected pain have also been reported to predict the extent to which 95 

expectations modulate pain perception (Ploghaus et al., 2001; Brown et al., 2008; Gondo et al., 96 

2012). Recently, it has been shown that the integration between expectations and prediction 97 

errors of pain (i.e., the mismatch between ascending nociceptive inputs and expectations), 98 
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particularly the latter, is crucial for pain perception as well as relevant neurophysiological 99 

responses (Buchel et al., 2014; Geuter et al., 2017; Fazeli and Büchel, 2018). This observation 100 

raises the possibility that neural substrates encoding prediction errors for aversive events, such as 101 

the anterior insula (aIC) and rostral anterior cingulate cortex (rACC) (Seymour et al., 2004; 102 

Seymour et al., 2005; Palminteri et al., 2012; Roy et al., 2014), may play a pivotal role in 103 

expectation-induced pain modulation. If this is the case, one would predict that brain regions 104 

reflecting the mismatch between actual and expected pain would interact with pain-processing 105 

circuits to shape the perception of pain during painful stimulation. It is also plausible to 106 

anticipate that these brain regions would collaborate with the neural substrate associated with 107 

subjective certainty and/or anxiety about expectations, such as hippocampus and orbitofrontal 108 

cortex (OFC) (Rogers et al., 1999; Critchley et al., 2001; Ploghaus et al., 2001; Kong et al., 2008; 109 

Wiech et al., 2010; Freeman et al., 2015), to reflect the influence of these psychological factors 110 

on stimulus expectancy effects. 111 

    To investigate these hypotheses and examine whether these proposed mechanisms could 112 

delineate the relationship between positive and negative expectations, we employed pain-113 

predictive cues as stimulus expectancy manipulations to induce expectations about the 114 

magnitude of an upcoming pain stimulus. In a conditioning session, healthy volunteers learned 115 

the contingencies between cues and pain intensities. During the formal experiment, trials with 116 

correctly and incorrectly signaled medium pain stimulus allowed us to examine the impact of 117 

positive versus negative expectations on pain. By using fMRI, we first isolated brain areas 118 

encoding painful stimulus intensity and then examined the mechanisms by which brain regions 119 

reflecting the mismatch between actual and expected pain underlay expectation-induced pain 120 

modulation. We then elucidated how individual certainty and anxiety about predicted pain 121 
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influenced stimulus expectancy effects on pain and examined the relationship between positive 122 

and negative expectations.  123 
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MATERIALS AND METHODS 124 

 125 

Participants. 126 

Twenty-eight healthy, right-handed volunteers who had never participated in pain studies before 127 

consented to participate in this study, which was approved by the Ethics Committee of National 128 

Taiwan University Hospital, Taipei, Taiwan. Five participants were eliminated from analyses: 129 

two reported minimal painful sensation to electrical stimulation, two explicitly stated they had no 130 

expectation when the cue appeared during scanning in the post-scanning debriefing, and one was 131 

unable to differentiate between the three intensities of painful stimulation during the conditioning 132 

session. Consequently, data from 23 participants (10 females; age range: 20-32 years; mean ± SD: 133 

24.1 ± 3.4 years) were analyzed. 134 

 135 

Stimuli. 136 

Each painful electrocutaneous stimulus consisted of 100 ms monophasic rectangular pulses 137 

(pulse width: 2 ms at 20 Hz) generated by a bipolar constant-current stimulator (DS5, Digitimer, 138 

Hertfordshire, UK). Stimuli were delivered to the dorsum of the left hand via a pair of leads 139 

(LEAD108, Biopac Systems Inc., Goleta, CA, USA) and silver chloride surface electrodes (EL-140 

508, Biopac Systems Inc.). All leads and electrodes were MRI-compatible. All stimulus 141 

presentation and data collection were controlled by laptop computers equipped with Presentation 142 

software (Neurobehavioral Systems, San Francisco, CA). 143 

   144 

Behavioral session. 145 



 

 

10 

10 

Before the formal experiment, each participant took part in a behavioral session to determine 146 

three intensities of painful stimulation (designated as P2, P5, and P8) that elicited low, medium, 147 

and high pain [i.e., 2, 5, and 8 on a numerical rating scale from 0 (no pain) to 10 (unbearable 148 

pain)]. In the beginning, the detection threshold for just noticeable sensation was assessed by an 149 

ascending method of limits protocol (start: 0.1 mA; step: 0.2 mA; interstimulus interval: 10 s). 150 

This was followed by two additional series of ascending stimuli (start: detection threshold; step: 151 

0.5 mA; interstimulus interval: 10 s) that allowed a preliminary estimation of P2, P5, and P8. 152 

Subsequently, a calibration procedure was performed to ensure a more precise determination of 153 

P2, P5, and P8. In this procedure, P2, P5, and P8 obtained from the preceding method of limits 154 

procedures were delivered once, and participants were instructed to rate their pain immediately 155 

after the application of each stimulus. For each intensity, if the rating was higher (or lower) than 156 

the target pain score (i.e., 2, 5, and 8, respectively), the intensity would be decreased (or 157 

increased) accordingly by 0.5 mA. Based on this principle, the three intensities would then be 158 

adjusted to complete one round of calibration. In total, six rounds of calibration were 159 

administered. 160 

 161 

Conditioning session. 162 

To establish stimulus expectancy effects on pain perception, a conditioning session identical in 163 

trial structure to the formal fMRI experiment (Fig. 1A) was administered. This session 164 

encompassed three trial types: a low-pain visual cue paired with a P2 stimulus (LL trial), a 165 

medium-pain visual cue paired with a P5 stimulus (MM trial), and a high-pain visual cue paired 166 

with a P8 stimulus (HH trial). Each trial started with a visual cue (1.5 s), which was followed by 167 

a 3-5 s (jitter) anticipation period. An electrical stimulus was then delivered, and, after a 3.9 s 168 
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post-stimulus interval, participants had to rate subjective pain intensity on a 0-10 visual analogue 169 

scale (VAS; 0: no pain; 10: unbearable pain) within 3.5 s. Participants were informed of the 170 

presence of three visual cues but unaware of the stimulus magnitude following each cue. They 171 

were instructed to establish the cue-stimulus relationships during this session. This session also 172 

served to familiarize participants with the experimental procedures during the formal imaging 173 

session. Six repetitions for each trial type were presented in randomized order. 174 

 175 

Experimental design. 176 

The goal of the experimental manipulations in the formal experiment was threefold: (a) to 177 

maintain participants’ beliefs about the expected pain intensity acquired during the conditioning 178 

session, (b) to induce expectations of decreased pain (i.e., positive expectations) and expectations 179 

of increased pain (i.e., negative expectations), and (c) to isolate brain regions tracking pain 180 

intensity without a significant bias (or at least a minimal bias) of specific expectations. To meet 181 

these requirements sequentially, the present cue-based paradigm encompassed 3 types of trials: 182 

(a) 3 correctly signaled trials identical to those used in the conditioning session (i.e., LL, MM, 183 

and HH trials), (b) 2 incorrectly signaled trials with expectations for decreased pain [i.e., LM 184 

trial (a low-pain cue followed by a P5 stimulus)] and expectations for increased pain [i.e., HM 185 

trial (a high-pain cue followed by a P5 stimulus)], and (c) 3 trials without a conditioned visual 186 

cue [i.e., NL, NM, and NH trials (an unlearned visual cue followed by a P2, P5, or P8 stimulus, 187 

respectively); Fig. 1B]. Different from a previous study (Atlas et al., 2010), the inclusion of the 188 

trial with correctly signaled medium pain stimulus (i.e., MM trial) in our paradigm allowed us to 189 

compare the effects between positive and negative expectations. To maintain participants’ beliefs 190 

about the cue-stimulus contingencies, the number of HH and LL trials (each with 8 repetitions 191 
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per session) doubled the number of HM and LM trials (each with 4 repetitions per session). To 192 

elucidate the effect of positive (i.e., LM trial) and negative (i.e., HM trial) expectations on pain, 193 

the total number of LM, HM, and MM trials was equal (each with 4 repetitions per session). To 194 

isolate brain areas encoding pain intensity, each session included the same proportion of the NL, 195 

NM, and NH trials (each with 4 repetitions per session). Since clear effects of stimulus 196 

expectancy on pain had already been observed without any verbal instruction about cue-stimulus 197 

contingencies in a behavioral pilot study, we did not inform participants about contingencies 198 

throughout the entire experimental session, which minimized the potential confounding effects 199 

related to verbal information retrieval. In total, the fMRI session consisted of 3 scanning runs. 200 

Each run contained 40 trials (Fig. 1B), with each trial type presented in randomized order. As 201 

described above, participants were requested to report subjective pain intensity in each trial using 202 

a VAS presented on the monitor during scanning. Trials were interleaved with intertrial intervals 203 

of 4-6 s (jitter). 204 

 205 

Post-scanning rating and behavioral data analysis. 206 

Immediately after scanning, participants were presented with the same pain-predictive cues on a 207 

computer screen and were asked to use a 0-10 VAS to report their average anticipated pain 208 

intensity during the formal experiment (“When you saw this cue, how much pain did you expect?” 209 

0: no pain; 10: unbearable pain). To assess whether positive and negative expectations were 210 

successfully provoked and evaluate the mismatch between actual and expected pain engendered 211 

in each trial types, the anticipated pain intensity elicited by the low-, medium-, and high-pain cue 212 

was compared with the reported pain rating during correctly cued conditions (i.e., LL, MM, and 213 

HH conditions), as well as the reported pain rating during the NL, NM, and NH conditions, in 214 
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which the received pain was not biased (or at least minimally biased) by anticipation of specific 215 

pain intensity. Because participants’ certainty and anxiety about expected pain have been shown 216 

to affect the impact of expectations on pain experiences (Ploghaus et al., 2001; Brown et al., 217 

2008; Gondo et al., 2012), they were also asked to use VASs to rate their average level of 218 

certainty (“Regarding this cue, how certain were you about the relationship between this cue and 219 

the intensity of the subsequent painful stimulus?” 0: very uncertain; 10: very certain) and anxiety 220 

(“When you saw this cue, how anxious were you about the following pain?” 0: not anxious; 10: 221 

very anxious) about their expectations during the formal experiment. To investigate how 222 

subjective certainty and anxiety modulated stimulus expectancy effects on pain, these post-223 

scanning behavioral data were correlated with the extent of pain rating changes as well as the 224 

difference between expected and reported pain intensities (i.e., prediction errors of pain) during 225 

LM trials (for positive expectations) and HM trials (for negative expectations) across individuals. 226 

 227 

Statistical analysis. 228 

Statistical tests were performed with SPSS (Chicago, IL, USA) and GraphPad Prism (GraphPad 229 

Software, San Diego, CA, USA). Paired t-tests were employed to compare reported pain 230 

intensity during the fMRI experiment and psychological measures after scanning. One-way 231 

repeated-measures ANOVA was used to compare pain ratings and the effect of expectations on 232 

pain across the three scanning sessions. Pearson's correlation test was employed to examine the 233 

linear relationship between two continuous variables. Analysis of covariance was used to test 234 

whether slopes of two linear regression lines were significantly different from each other. 235 

 236 

fMRI data acquisition. 237 
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Whole-brain fMRI data were collected using a 3-Tesla Magnetom Prisma system equipped with 238 

a 64-channel head coil (Siemens, Erlangen, Germany). Blood oxygen-level dependent (BOLD) 239 

responses were recorded using a gradient-echo T2*-weighted echo planar imaging (EPI) 240 

sequence, with the following parameters: 37 contiguous axial slices; TR = 2000 ms; TE = 30 ms; 241 

flip angle = 90°; FOV = 224 x 224 mm; a GRAPPA acceleration factor of 2; slice thickness = 3.9 242 

mm; acquisition matrix = 64 x 64; voxel size = 3.5 x 3.5 x 3.9 mm. The initial four EPI volumes 243 

were discarded to allow for the stabilization of the BOLD signal. To correct for magnetic field 244 

inhomogeneity (Hutton et al., 2002), a map of the static magnetic field employing the same slice 245 

geometry as EPI images was acquired using a double gradient-echo sequence (TR = 600 ms, 246 

TE1 = 10.00, TE2 = 12.46 ms). For registration purposes, a high-resolution T1-weighted 247 

magnetization-prepared rapid-acquisition gradient echo image (voxel size 0.88 x 0.88 x 0.89 mm) 248 

and a structural T2-weighted scan coplanar with the functional images but with higher in-plane 249 

resolution (256 × 256) were additionally acquired.   250 

 251 

Imaging data analysis. 252 

Imaging data were analyzed using SPM8 (Wellcome Department of Imaging Neuroscience, 253 

London, UK). All EPI volumes were unwarped using field maps and subsequently corrected for 254 

motion artifacts and differences in the acquisition timing of each slice. The resulting mean EPI 255 

image was co-registered with the participant's T2-weighted structural image, which in turn was 256 

aligned with the T1-weighted image. To improve intersubject registration, the coregistered T1-257 

weighted images were then segmented to gray matter, white matter, and cerebrospinal fluid 258 

according to the ICBM space template for East Asia brains to generate a study-specific template 259 

and individual flow fields using the Diffeomorphic Anatomical Registration Through 260 
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Exponentiated Lie algebra (DARTEL) toolbox. The flow fields contained the deformation 261 

parameters to this study-specific template for each participant and were used to normalize each 262 

participant's realigned and resliced functional images to the standard Montreal Neurological 263 

Institute (MNI) space, with spatial resolution of 2 × 2 × 2 mm. Finally, data were smoothed 264 

using a Gaussian kernel with a full-width-half-maximum of 6 mm. All participants’ T1-weighted 265 

images were averaged for overlay of statistical parametric maps. The time series was high-pass-266 

filtered to 1/128 Hz to remove low-frequency noise.  267 

    The general linear model (GLM) of SPM8 was employed to conduct fMRI data analyses 268 

(Friston et al., 1995). For each participant, a first-level model was constructed as a sequence of 269 

events convolved with the canonical hemodynamic response function. The current study focused 270 

on the stimulation period, during which we set 8 regressors (duration: 0.1 s) to encompass BOLD 271 

signals for the LM, LL, MM, HH, HM, NL, NM, and NH trials (Fig. 1B). The anticipation 272 

period contained 4 regressors for the H, M, L, and N cues (duration: 3-5 s). Other regressors of 273 

no interest included the period of cue (all conditions collapsed to 1 regressor; duration: 1.5 s), the 274 

rating period (all conditions collapsed to 1 regressor; duration: 3.5 s), and the six head-motion 275 

parameters estimated during the realignment procedure (Friston et al., 1997). Each participant’s 276 

first-level t-contrasts were then entered into second-level GLM analyses to investigate contrasts 277 

of interest (Holmes and Friston, 1998). In all activation-related group contrasts analyzed in the 278 

current study, age and gender were included as covariates of no interest to regress out their 279 

potential confounding effects on pain-related activations (Greenspan et al., 2007; Tseng et al., 280 

2013). 281 

    We first confirmed activations within pain-processing brain regions by analyzing the BOLD 282 

signals during NL, NM, and NH trials (i.e., contrasts “NL,” “NM,” and “NH”; Fig. 1B) using 283 
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whole-brain analyses. To assess brain regions encoding pain intensity, we analyzed a linear trend 284 

contrast of [-1 0 1] (i.e., “NL < NM < NH”) with a whole-brain analysis as well as a small-285 

volume correction (SVC) analysis in the right thalamus – the main brain region receiving 286 

ascending nociceptive inputs (Craig, 2003). Second, anticipation-related activations were 287 

identified by examining the BOLD signal during the anticipation period. Another whole-brain 288 

analysis was conducted to check if pain anticipation-associated activation pattern was consistent 289 

with previous neuroimaging studies. Third, to investigate whether stimulus expectancy effects on 290 

pain involved brain areas coding for the mismatch between actual and expected pain intensity, 291 

we compared medium pain-related activations between correctly and incorrectly signaled trials 292 

(i.e., contrasts “LM > MM” and “HM > MM”) and performed SVCs in brain areas implicated in 293 

processing prediction error of pain, including the aIC, rACC, and PAG (described below) 294 

(Seymour et al., 2004; Seymour et al., 2005; Roy et al., 2014). Given that the ventral striatum 295 

(VS) has been well characterized to show reward prediction error coding (Schultz, 1998, 2016), 296 

we performed separate SVCs in this region to clarify whether reward prediction error-related 297 

regions also underlay stimulus expectancy effects on pain. Note that activity within these 298 

prediction error-related regions has been reported to reflect both positive and negative prediction 299 

errors for aversive stimuli (Seymour et al., 2005; Delgado et al., 2008). Since we did not ask 300 

participants to report expected pain intensity before the receipt of pain stimulation in each trial 301 

(Schenk et al., 2017), we could not perform trial-wise analyses to isolate neural prediction error 302 

signals, nor could we examine whether prediction errors updated expectations. Alternatively, we 303 

compared the response profile in identified brain areas associated with expectation-induced pain 304 

modulation (i.e., right aIC and right rACC) across different trial conditions to examine whether 305 

they represented prediction errors of pain in our experiment (Ploghaus et al., 2000). Note that, as 306 
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described above, participants were asked to report their average anticipated pain intensity after 307 

scanning. As such, the term “prediction error” in our experiment refers to the average mismatch 308 

between actual and expected outcomes engendered in each trial type. 309 

 310 

Psychophysiological interaction (PPI) analysis. 311 

A PPI analysis investigates context-dependent differences in functional connectivity (i.e., the 312 

temporal correlation in BOLD signals) with a seed region, which allows an assessment of how 313 

the functional interaction between different brain areas changes with different experimental 314 

conditions (Friston et al., 1997). Because our results revealed that activations in the right aIC and 315 

rACC were respectively associated with positive and negative expectancy effects on pain, we 316 

employed the generalized PPI toolbox in SPM (http://www.nitrc.org/projects/gppi) (McLaren et 317 

al., 2012) and used the right aIC and right rACC as the seed to run separate PPI analyses (Friston 318 

et al., 1997) and test the following two hypotheses. First, we investigated whether expectations 319 

biased pain through affecting the interaction between the right aIC or rACC and the key 320 

structures in ascending and descending pain pathways. In this analysis, we performed SVCs in 321 

the right thalamus to assess the interaction with the ascending pain pathway and in the PAG – the 322 

control center for descending pain modulation (Tracey and Mantyh, 2007) – to examine the 323 

connectivity with the descending pain pathway. Second, we examined whether the modulation of 324 

individual certainty and anxiety about pain expectations was reflected by the interaction between 325 

the right aIC or rACC and brain areas associated with outcome certainty and anxiety to pain, 326 

specifically the OFC and hippocampus (Rogers et al., 1999; Critchley et al., 2001; Ploghaus et al., 327 

2001; Kong et al., 2008; Wiech et al., 2010; Freeman et al., 2015). In this analysis, SVCs were 328 

conducted in these hypothesized regions. 329 
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    To investigate whether functional connectivities associated with stimulus expectancy effects 330 

on pain were modulated by the mismatch between actual and expected pain across subjects, we 331 

examined the relationship between the strength of functional connectivity and the individual 332 

prediction error of pain. Analogous to previous research (Schenk et al., 2017), the prediction 333 

error of pain associated with positive expectations was calculated by subtracting the expected 334 

pain intensity elicited by a low-pain cue from the reported pain rating in LM trials, and the 335 

prediction error of pain related to negative expectations was estimated by subtracting the 336 

expected pain intensity elicited by a high-pain cue from the reported pain rating in HM trials. 337 

Since we found that the response profile in the right aIC might reflect positive prediction errors 338 

of pain (see Results for details), a simple linear regression analysis was performed to examine 339 

whether prediction errors related to the intensity of pain covaried with the strength of aIC-PAG 340 

coupling extracted from the PAG ROI. This analysis was then complemented by a group-level 341 

regression analysis in SPM using the individual prediction error of pain in the LM condition as a 342 

covariate, with SVCs in the PAG. For negative expectations, we carried out a multiple linear 343 

regression analysis using the rACC-thalamus coupling strength extracted from the ROI for the 344 

right thalamus as dependent variable, and pain prediction errors and pain rating during the NH 345 

condition as independent variables, because we found that the response pattern of the right rACC 346 

appeared to consist of an absolute prediction error component and a nociceptive processing 347 

component (see Results for details). This analysis was also complemented by a group-level 348 

multiple linear regression analysis in SPM using the individual prediction error of pain in the 349 

HM condition and pain rating during the NH (as well as HH) condition as covariates, with a SVC 350 

analysis in the right thalamus. In these regression analyses, both signed and absolute prediction 351 

errors of pain were analyzed. 352 
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    For a PPI analysis, we first extracted the deconvolved time courses from the right aIC and 353 

right rACC ROIs (described below) for each participant to create the physiological regressor. 354 

Subsequently, the extracted time courses were multiplied with the different experimental 355 

conditions (i.e., psychological regressor; “LM,” “HM,” and “MM”) to constitute the PPI term. 356 

Each participant’s PPI maps were then entered into a second-level random-effects group analysis. 357 

 358 

Region of interest definition. 359 

To test our hypotheses, we independently defined key brain areas associated with ascending 360 

nociceptive inputs (thalamus), descending pain modulation (PAG), aversive prediction errors 361 

(aIC, rACC, and PAG), and subjective certainty and anxiety to pain (hippocampus and OFC) as 362 

ROIs. Considering pain specificity, the ROI for the right thalamus was built as a 4 mm radius 363 

sphere centered at MNI coordinates (6, -20, 10) as reported in a meta-analysis on pain-related 364 

activations (Duerden and Albanese, 2013). Given that the aim of the current study was to clarify 365 

the role of pain-related prediction error signals, we focused on the right ventrolateral part of the 366 

PAG because (1) the ventrolateral part of the PAG has particularly been implicated in aversive 367 

learning (McNally et al., 2011; Herry and Johansen, 2014), and (2) the right PAG, which 368 

receives most nociceptive information from the left hand (i.e., our pain stimulation site) 369 

(Yezierski, 1988) and the top-down modulation from the cortical areas (i.e., expectations) 370 

(Mantyh, 1982; Floyd et al., 2000), is in good position to compute the difference between 371 

ascending nociceptive inputs and expectations (i.e., prediction errors of pain) to subsequently 372 

modulate pain in bilateral dorsal horns (Morgan et al., 2008). The mask of this PAG subregion 373 

was generated according to connectivity-based segmentation of the PAG in humans (Ezra et al., 374 

2015; Faull and Pattinson, 2017). For the aIC and rACC, we defined 5 mm radius spherical 375 
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masks for the bilateral aIC [centered at (±36, 28, 6)] and rACC [centered at (2, 34, 18) and (-6 42 376 

-12)] based on the coordinates associated with aversive prediction errors reported in a recent 377 

meta-analysis (Garrison et al., 2013). The aversive prediction error-related ROIs (i.e., aIC, rACC, 378 

and PAG) were combined into a single ROI mask to correct for the number of different ROIs 379 

when we performed SVCs to isolate brain regions related to expectation-induced pain 380 

modulation. The ROI mask for the VS encompassed two 5 mm radius spherical masks centered 381 

at (±18, 8, -14) (Garrison et al., 2013). For the ROI associated with subjective certainty about 382 

expectations, we created spherical ROIs for the orbitofrontal cortex [10 mm radius; centered at 383 

(±36, 44, -4)] according to prior work on pain modulation by negative expectations (Freeman et 384 

al., 2015). With regard to pain-related anxiety, we used the automated anatomical labelling ROI 385 

library (Tzourio-Mazoyer et al., 2002) to define the ROI for the bilateral hippocampus. For both 386 

the orbitofrontal cortex and the hippocampus, bilateral ROIs were combined into a single mask 387 

for SVCs. 388 

    In the present study, we adopted a non-parametric permutation-based approach 389 

(SnPM13; http://warwick.ac.uk/snpm) (Nichols and Holmes, 2002), with 5000 permutations and 390 

without variance smoothing, to control for false positives due to multiple testing in group-level 391 

whole-brain analyses (Eklund et al., 2016). Results were considered significant based on a 392 

cluster-level family-wise error rate (FWE) of p < 0.05. For ROI analyses, SVCs were performed 393 

in SPM using a voxel-wise threshold of p < 0.05, FWE corrected. To accurately depict SVC 394 

results, only suprathreshold voxels were illustrated. 395 

  396 
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RESULTS 397 

 398 

Behavioral results 399 

In trials without a conditioned visual cue (i.e., NL, NM, and NH trials), low, medium, and high 400 

pain stimulation produced graded subjective pain ratings (mean ± SD: 1.53 ± 0.71, 4.63 ± 0.95, 401 

and 6.64 ± 0.57; p < 0.0001 for all pairwise comparisons). For each of the three stimulus 402 

intensities, the average pain ratings were not significantly different among the three scanning 403 

sessions (all p > 0.324). Within each session, participant’s pain intensity ratings for the first and 404 

the last painful stimulation were not significantly different for each of the three stimulus 405 

intensities (all p > 0.139), suggesting that no significant habituation or sensitization toward the 406 

repetitive painful stimuli occurred throughout the experiment. 407 

    As expected, while receiving a medium pain stimulation, a low- and high-pain cue 408 

significantly reduced and increased participants’ subjective pain ratings compared with the 409 

medium-pain cue, respectively (mean ± SD: 3.28 ± 1.04, 4.39 ± 0.75, and 5.21 ± 0.91 for the 410 

low-, medium-, and high-pain cue, respectively; both p < 0.0001; Fig. 1C). The effect of 411 

expectations on pain ratings was not significantly different among the three sessions (F(2,44) = 412 

0.906, p = 0.397 for positive expectations; F(2,44) = 1.367, p = 0.265 for negative expectations), 413 

which indicates that the stimulus expectancy effects remained constant across the entire scanning 414 

session. Interestingly, there was a significant positive correlation in the magnitude of pain rating 415 

changes between positive and negative expectations across individuals (r = 0.422, p = 0.045; Fig. 416 

1D).  417 

    For post-scanning cue-related ratings, participants reported a gradual increase in average 418 

predicted pain intensities for the three pain-predictive cues (2.06 ± 0.89, 4.76 ± 1.03, and 7.41 ± 419 
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1.16 for the low-, medium-, and high-pain cue, respectively; p < 0.0001 for all pairwise 420 

comparisons; Fig. 1E), suggesting that participants’ beliefs about cue-stimulus contingencies 421 

remained held at the end of the experiment. Crucially, compared with the reported pain intensity 422 

during the NM condition, the medium-pain cue was associated with a comparable expected pain 423 

intensity (p = 0.642), whereas the low- and high-pain cue evoked a significantly lower and 424 

higher expected pain intensity (both p < 0.0001). Note that the expected pain intensity evoked by 425 

the low- and high-pain cue was significantly higher than the reported pain intensity during the 426 

NL (p = 0.010) and NH (p = 0.005) conditions, respectively. Comparisons between anticipated 427 

pain intensities with the reported pain rating during the LL, MM, and HH conditions yielded 428 

similar results. These findings indicate that positive and negative expectations were successfully 429 

provoked in our experimental paradigm. They also suggest no prediction errors of pain in the 430 

MM condition, positive prediction errors of pain in the LM condition, and negative prediction 431 

errors of pain in the HM, LL, and HH conditions. 432 

    For cue-elicited subjective certainty ratings, there was no significant difference among the 433 

three pain-predictive cues (6.84 ± 2.34, 5.96 ± 2.10, and 6.97 ± 2.04 for the low-, medium-, and 434 

high-pain cue, respectively; p > 0.065 for all pairwise comparisons; Fig. 1F). This is very 435 

important for an unbiased comparison between positive expectation- and negative expectation-436 

induced pain modulation, given the level of certainty potentially confounds brain responses 437 

related to expectancy effects (Yoshida et al., 2013; Seidel et al., 2015). Of note, low- and high-438 

pain cue-related certainty ratings respectively exhibited a significant positive correlation with 439 

pain rating changes associated with positive (i.e., MM-LM; r = 0.477, p = 0.021) and negative 440 

(i.e., HM-MM; r = 0.462; p = 0.027) expectations across subjects, with no significant difference 441 

between both correlations (F(1,42) = 0.241, p = 0.626; Fig. 1G). Participants with a higher level of 442 
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certainty regarding a high-pain cue exhibited a larger difference between expected pain intensity 443 

and reported pain intensity (i.e., a smaller signed prediction error of pain) during the HM 444 

condition (r = -0.532, p = 0.009), but the relationship associated with the low-pain cue failed to 445 

reach statistical significant (r = -0.304, p = 0.159; Fig. 1H). 446 

    With regard to anxiety ratings, the low- and high-pain cue provoked a significantly lower (p = 447 

0.009) and higher (p = 0.001) level of anxiety compared with the medium-pain cue, respectively 448 

(2.44 ± 1.94, 3.75 ± 1.63, and 5.51 ± 2.25 for the low-, medium-, and high-pain cue, respectively; 449 

Fig. 1I). The change in pain ratings associated with positive expectations (i.e., MM-LM) was 450 

negatively correlated with the level of anxiety evoked by a low-pain cue (r = -0.682, p = 0.0003), 451 

but the correlation associated with negative expectations was not significant (r = -0.411, p = 452 

0.052; Fig. 1J). Noteworthily, the correlation associated with positive expectations was 453 

significantly stronger than that with negative expectations (F(1,42) = 5.386, p = 0.025). Indeed, the 454 

low-pain cue-provoked anxiety rating was also inversely correlated with its associated certainty 455 

rating (both with MM-LM; r = -0.652, p = 0.0007), but this relationship for the high-pain cue did 456 

not reach statistical significance (both with HM-MM; r = -0.194, p = 0.376). Together, these 457 

findings suggest that subjective certainty about expected pain comparably influenced the extent 458 

of positive expectation- and negative expectation-induced pain modulation, with anxiety 459 

selectively affecting positive expectation-induced pain modulation. 460 

 461 

Pain- and pain anticipation-related activation 462 

For a validity check, we first performed whole-brain analyses to examine pain- and pain 463 

anticipation-related activations. Consistent with previous reports, a conjunction analysis testing 464 

for the activation common to the three painful stimulus intensities (i.e., contrasts “NL”, “NM”, 465 



 

 

24 

24 

and “NH”) revealed significant responses within typical pain-processing brain regions (Apkarian 466 

et al., 2005; Duerden and Albanese, 2013), including the bilateral secondary somatosensory 467 

cortex (SII), bilateral insula, and left middle cingulate cortex, as well as the left supplementary 468 

motor area and bilateral posterior parietal cortex (whole-brain correction; Table 1). The whole-469 

brain analysis on the contrast “NL < NM < NH” showed significant activations within the right 470 

primary somatosensory cortex, bilateral SII, right posterior IC, and bilateral cerebellum (Fig. 2A 471 

and Table 1). Consistent with the role of the thalamus in receiving ascending nociceptive inputs 472 

(Craig, 2003), activations in the right thalamus also increased linearly with increasing pain 473 

intensity [peak MNI coordinates x/y/z = 8/-22/2, t(1,20) = 2.82, p = 0.041 and x/y/z = 8/-18/-2, t(1,20) 474 

= 2.78, p = 0.044; SVCs, FWE-corrected; Fig. 2B]. 475 

    As for pain anticipation-related activations, a whole-brain analysis during the anticipation of a 476 

high pain revealed activations in the prefrontal and motor-related regions, including the right 477 

middle cingulate cortex, right superior frontal gyrus, right inferior frontal gyrus, bilateral 478 

supplementary motor area, and bilateral pre-motor area (Table 1). In line with previous 479 

neuroimaging studies (Ploghaus et al., 2001; Koyama et al., 2005; Keltner et al., 2006), for trials 480 

with high pain stimulation, a conjunction analysis revealed that anticipation-related (i.e., contrast 481 

“H”) and pain-related (i.e., contrast “NH”) activations overlapped in the right middle cingulate 482 

cortex, right inferior frontal gyrus, and bilateral supplementary motor area. Whole-brain analyses 483 

during the anticipation of low and medium pain stimulation did not reveal any suprathreshold 484 

activations. 485 

 486 

Activation associated with stimulus expectancy effects on pain 487 
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Having confirmed that pain- and pain anticipation-related activation patterns were consistent 488 

with previous studies, we then explored the neural substrates underlying stimulus expectancy 489 

effects on pain by comparing the BOLD signal associated with positive expectations (i.e., LM 490 

condition) and negative expectations (i.e., HM condition) versus that during the MM condition. 491 

We first analyzed the contrast “(LM + HM) > 2MM” to search for brain regions modulated by 492 

expectations irrespective of the valence, but this analysis did not produce any significant clusters. 493 

We then examined brain regions respectively modulated by positive (contrast “LM > MM”) and 494 

negative (contrast “HM > MM”) expectations. We found that positive expectations entailed a 495 

significant increase in activation in the right aIC [peak MNI coordinates x/y/z = 34/26/10, t(1,20) = 496 

5.91, p = 0.001; SVC, FWE-corrected; Fig. 3A] and were not associated with significant 497 

activation or deactivation in rACC, PAG or VS. In a whole-brain analysis, only a cluster in the 498 

right aIC survived a whole-brain correction for multiple comparisons [cluster size = 177 voxels, 499 

peak MNI coordinates x/y/z = 36/24/12, t(1,20) = 6.36, p = 0.047; FWE-corrected]. Right aIC 500 

activation remained significant when we directly compared the BOLD signals between positive 501 

and negative expectations [i.e., contrast “LM > HM”: peak MNI coordinates x/y/z = 32/30/8, t(1,20) 502 

= 5.17, p = 0.004; SVC, FWE-corrected]. By contrast, negative expectations produced a 503 

significant increase in the right rACC [peak MNI coordinates x/y/z = 0/34/22, t(1,20) = 3.92, p = 504 

0.039; SVC, FWE-corrected; Fig. 4A] and were not associated with significantly enhanced or 505 

reduced BOLD signals in aIC, PAG or VS. The conjunction analysis of “LM > MM” and “HM > 506 

MM” contrasts did not produce any significant voxels. Interestingly, consistent with the 507 

behavioral data (Fig. 1D), the BOLD signal in the right aIC associated with positive expectations 508 

was significantly correlated with that in the right rACC related to negative expectations (r = 509 

0.483; p = 0.019; Fig. 5). To examine whether the neural substrate coding pain intensity per se 510 
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contributed to positive expectation- and negative expectation-related pain modulation, we also 511 

used the suprathreshold cluster from the whole-brain analysis of contrast “NL < NM < NH” (Fig. 512 

2A) as a mask to perform SVCs for contrasts “LM > MM” and “HM > MM,” but neither of these 513 

analyses produced significant clusters. 514 

 515 

Functional connectivity with pain-processing circuits 516 

The above findings suggest that positive and negative expectations recruited different neural 517 

substrates to modulate pain. If these regions indeed underlay stimulus expectancy effects on pain, 518 

we would expect functional interactions between these regions and key pain-processing brain 519 

structures. To test this hypothesis, we then performed PPI analyses using the right aIC and right 520 

rACC as seed.  521 

    Notably, we found that the right aIC and right rACC exhibited opposite functional 522 

connectivity with the PAG – a descending pain modulatory control center – as expectations 523 

modulated pain perception. Positive expectations (i.e., contrast “LM > MM”) entailed a 524 

significant increase in the coupling between the right aIC and right PAG [peak MNI coordinates 525 

x/y/z = 4/-28/-6, t(1,22) = 2.53, p = 0.049; SVC, FWE-corrected; Fig. 3B]. A group-level 526 

regression analysis using individual changes in pain ratings (i.e., MM-LM) as a covariate further 527 

revealed that the coupling between right aIC and right PAG [peak MNI coordinates x/y/z = 2/-528 

26/-4, t(1,21) = 2.95, p = 0.022; SVC, FWE-corrected] increased as a linear function of pain rating 529 

changes under positive expectations (Fig. 3C). By contrast, negative expectations (i.e., contrast 530 

“HM > MM”) were accompanied by a significant decrease in the coupling between the right 531 

rACC and right PAG [peak MNI coordinates x/y/z = 2/-30/-10, t(1,22) = 2.96, p = 0.020; SVC, 532 

FWE-corrected; Fig. 4B]. Here the activation peak in the PAG was located ventrally adjacent to 533 



 

 

27 

27 

that observed during positive expectations (i.e., 4/-28/-6; Fig. 3B). By correlating individual 534 

changes in pain ratings during negative expectations (i.e., HM-MM), we found that pain rating 535 

changes covaried significantly with the connectivity from the rACC to the right thalamus [peak 536 

MNI coordinates x/y/z = 6/-16/0, t(1,21) = 2.91, p = 0.037; SVC, FWE-corrected; Fig. 4C], the 537 

relay center in the ascending pain pathway. The peak coordinates of the right thalamus identified 538 

here corresponded closely to those associated with intensity coding described above (i.e., 8/-18/-539 

2). Across subjects, the strength of negative expectation-related connectivities with rACC (i.e., 540 

rACC-PAG and rACC-thalamus connectivities in Fig. 4B and C) did not significantly covary 541 

with that of positive expectation-associated connectivity with aIC (i.e., aIC-PAG connectivity in 542 

Fig. 3B and C; all p > 0.082). 543 

 544 

Prediction error mechanisms underlying stimulus expectancy effects on pain 545 

Previous research has reported that stimulus expectancy-associated brain regions may engage a 546 

variety of cognitive processes to modulate pain (Atlas et al., 2010). Concerning the prediction 547 

error account, both the signed mismatch (Rescorla and Wagner, 1972; Sutton and Barto, 1998) 548 

and absolute (unsigned) mismatch (Pearce and Hall, 1980; Courville et al., 2006) between 549 

received and expected outcome have been proposed to affect expectations, and brain regions 550 

coding signed and absolute prediction errors have been reported in previous neuroimaging 551 

studies in humans (Ploghaus et al., 2000; O'Doherty et al., 2003; Geuter et al., 2017; Fazeli and 552 

Büchel, 2018). Theoretically, compared with the outcome that does not violate expectations (e.g., 553 

MM in our case), brain areas coding signed prediction errors of pain would show an increased 554 

response when receiving a higher-than-expected outcome (e.g., LM) and a decreased response 555 

when receiving a lower-than-expected outcome (e.g., HM, LL, and HH). Brain regions that are 556 
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only sensitive to positive prediction errors (Fig. 6A) (McClure et al., 2003; Kim et al., 2006; 557 

Yacubian et al., 2006; Seymour et al., 2007) would also show an increased response when 558 

receiving a higher-than-expected outcome but would not entail a decreased response when 559 

receiving a lower-than-expected outcome. For those representing absolute prediction errors, the 560 

activation would be higher when the expected pain intensity violates received pain (e.g., LM, 561 

HM, LL and HH) relative to the condition without expectancy violation (e.g., MM; Fig. 6B). 562 

    To investigate whether brain regions underlying stimulus expectancy effects on pain 563 

implemented prediction error processing, we then inspected the response profiles of the right aIC 564 

and right rACC across the five cued conditions in our paradigm. We found that the BOLD signal 565 

within the right aIC (Fig. 3A) during the LM condition was significantly higher than the LL (p = 566 

0.037), HM (p = 0.001), and HH (p = 0.010) conditions, with comparable responses between the 567 

MM and HM conditions (p = 0.581; Fig. 6A). These findings suggest the possibility that a 568 

positive prediction error signal of pain was engendered in the right aIC. As for the right rACC, 569 

its BOLD signal (Fig. 4A) could be described as a combination of absolute prediction errors of 570 

pain – which explained the significant difference in BOLD signals between LM and MM 571 

conditions (p = 0.047) –  and nociceptive processing – which explained the significantly higher 572 

response in the HH condition versus the LL (p < 0.0001), LM (p = 0.041), and MM (p = 0.003) 573 

conditions, as well as the comparable responses between HM and HH conditions (p = 0.152; Fig. 574 

6B). 575 

    If these findings indeed reflect a role of aversive prediction errors in stimulus expectancy 576 

effects on pain, it would be expected that the functional interaction between stimulus 577 

expectancy- and pain processing-related regions (i.e., aIC-PAG coupling for positive 578 

expectations and rACC-thalamus coupling for negative expectations) would show modulation by 579 
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prediction errors. Importantly, we found that, across participants, the prediction error associated 580 

with positive expectations was negatively correlated with the strength of aIC-PAG coupling 581 

under positive expectations (i.e., contrast “LM > MM; signed prediction errors: r = -0.515, p = 582 

0.012; absolute prediction errors: r = -0.492, p = 0.017). Consistent with this finding, the SVC 583 

analysis in a simple linear regression model in SPM also showed that prediction errors of pain 584 

inversely predicted the connectivity from the right aIC to the right PAG (signed prediction errors: 585 

peak MNI coordinates x/y/z = 2/-26/-6, t(1,22) = 2.95, p = 0.022, Fig. 3D; absolute prediction 586 

errors: peak MNI coordinates x/y/z = 2/-26/-6, t(1,22) = 2.77, p = 0.031; SVC, FWE-corrected). 587 

Regarding negative expectations, we tested whether the absolute prediction errors of pain in the 588 

HM condition and the reported pain rating for the NH condition together influenced rACC-589 

thalamus coupling, given that the response pattern in the right rACC appeared to be the 590 

combination of absolute prediction errors and nociceptive processing (Fig. 6B). The multiple 591 

linear regression analysis showed that both the absolute prediction errors of pain (  = -0.465, t = 592 

-2.565, p = 0.018) and the reported pain rating (  = -0.467, t = -2.576, p = 0.018) significantly 593 

predicted the strength of rACC-thalamus coupling (F(2,20) = 5.668, r2 = 0.362, p = 0.011). In a 594 

multiple linear regression model in SPM, the prediction error of pain significantly and inversely 595 

predicted the magnitude of connectivity from the rACC to the right thalamus (absolute prediction 596 

errors: peak MNI coordinates x/y/z = 8/-22/2, t(1,22) = 3.06, p = 0.030; SVC, FWE-corrected; Fig. 597 

4D) after regressing out the effect of reported pain rating. Analyses using reported pain ratings 598 

for the HH condition produced similar results. 599 

 600 

Effect of between-subject differences in subjective certainty about expectations 601 
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Finally, since participants’ self-reported certainty (Fig. 1G) and anxiety (Fig. 1J) about predicted 602 

pain intensity influenced the modulation of stimulus expectancies on pain, we explored the 603 

neural streams underlying the impact of these psychological factors on pain expectations. If the 604 

identified brain regions [i.e., right aIC (Fig. 3A) and rACC (Fig. 4A)] did contribute to the 605 

modulatory effect of expectations, we predicted that these regions would collaborate with the 606 

hippocampus – a brain region implicated in pain-related anxiety (Ploghaus et al., 2001; Kong et 607 

al., 2008; Gondo et al., 2012; Freeman et al., 2015) – to reflect the influence of pain anticipation-608 

related anxiety on expectation-induced pain modulation, especially during positive expectations 609 

(Fig. 1J). We also anticipated that brain regions subserving stimulus expectancy effects on pain 610 

would interact with the lateral OFC – a brain structure associated with the outcome value and 611 

certainty (Rogers et al., 1999; Critchley et al., 2001; Padoa-Schioppa and Assad, 2006; Rudebeck 612 

and Murray, 2014; Winston et al., 2014) – to represent the impact of anticipation-related 613 

certainty on stimulus expectancy effects on pain. Moreover, we tested whether the revealed 614 

mechanisms were interrelated between positive and negative expectations. 615 

    Consistent with our hypothesis, the strength of the functional connectivity from the right aIC 616 

to the right hippocampus [contrast “LM > MM”: peak MNI coordinates x/y/z = 34/-6/-24, t(1,21) = 617 

4.71, p = 0.049; SVC, FWE-corrected; Fig. 3E] was found to be inversely correlated with 618 

participants’ certainty ratings under positive expectations. As for negative expectations, the right 619 

rACC coupled with the right lateral OFC [contrast “HM > MM”: peak MNI coordinates x/y/z = 620 

40/42/2, t(1,21) = 5.00, p = 0.013; SVC, FWE-corrected; Fig. 4E] to reflect the modulation of 621 

certainty across subjects. Importantly, the strength of the aIC-hippocampus connectivity under 622 

positive expectations showed a significant negative correlation with that of rACC-OFC 623 

connectivity under negative expectations (r = -0.417; p = 0.048; Fig. 7). 624 



 

 

31 

31 

  625 



 

 

32 

32 

DISCUSSION 626 

 627 

Here, we demonstrated that positive and negative expectations entailed separate activations in 628 

aversive prediction error-related regions. These pain modulation effects covaried with 629 

participants’ certainty about expectations, which involved the functional connectivities between 630 

aversive prediction error-related regions and brain regions implicated in outcome certainty and 631 

anxiety. Intriguingly, these certainty-associated functional connectivities, pain rating changes, 632 

and brain activation associated with stimulus expectancy effects on pain all showed a linear 633 

relationship between positive and negative expectations. These results suggest that different but 634 

interrelated aversive prediction error signals underlie positive and negative expectancy effects on 635 

pain, and individual certainty about expectations dependently regulate both types of pain 636 

modulation. 637 

 638 

Aversive prediction error signals in stimulus expectancy effects on pain 639 

Despite a considerable amount of research on reward prediction errors (Schultz et al., 1997; 640 

Schultz, 2016), relatively little is known about the functional significance of aversive prediction 641 

error signals. The finding that the VS did not reflect prediction errors of pain during both 642 

positive and negative expectations echoes a recent study showing that prediction error processing 643 

in the VS would become dysfunctional when participants’ perception to pain was strongly 644 

modulated by expectations (Schenk et al., 2017). Intriguingly, we revealed that brain regions 645 

implicated in aversive prediction errors, specifically the aIC and rACC, participated in cue-based 646 

stimulus expectancy effects on pain and differentiated positive from negative expectations. 647 

Consistent with previous research (Seymour et al., 2004; Seymour et al., 2005), we found that 648 
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the aIC involved in positive expectation-induced pain modulation represented the positive 649 

prediction error of pain. By contrast, the rACC that underlay the effect of negative expectations 650 

reflected the absolute prediction error of pain, which is consistent with previous observation that 651 

receiving a lower-than-expected pain entails rACC activation (Leknes et al., 2011; Navratilova et 652 

al., 2015). These findings thus extend the role of prediction error in pain processing, indicating 653 

that pain-related prediction error signals not only underlie pain perception (Geuter et al., 2017) 654 

and placebo hypoalgesia (Schenk et al., 2017) but subserve stimulus expectancy effects on pain. 655 

Since the trial-by-trial prediction error was not collected in our paradigm, future studies 656 

investigating trial-wise neural fluctuations in prediction error coding would help to clarify 657 

whether the sustained pain modulation effect by stimulus expectancy observed in the current 658 

study stems from impaired updating of future expectations for pain. 659 

 660 

Pain modulation mechanisms associated with positive and negative expectations 661 

The PPI finding that the aIC and rACC coupled with the PAG and thalamus not only indicates 662 

that stimulus expectancy effects on pain arise from the interaction between brain regions 663 

representing neuronal error signals for pain and pain-processing circuits, but fits well with the 664 

perspective that the modulation of expectations on pain is implemented in a hierarchical system 665 

encompassing ascending and descending pain pathways (Buchel et al., 2014). Interestingly, 666 

positive and negative expectations exhibited opposite coupling with PAG, with an increased aIC-667 

PAG coupling under positive expectations but a decreased rACC-PAG coupling under negative 668 

expectations. The coupling from the right aIC and right rACC to the right PAG is in good 669 

accordance with the predominantly ipsilateral descending projections from both aIC and rACC to 670 

PAG (Mantyh, 1982; Floyd et al., 2000). Following this finding, we observed that the aIC-PAG 671 
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coupling further reflected the degree to which positive expectations biased pain perception, 672 

whereas the rACC coactivated with the right thalamus to reflect the impact of negative 673 

expectations. Of note, both aIC-PAG and rACC-thalamus connectivities covaried with the 674 

prediction error of pain. Given that the PAG influences descending pain modulation (Tracey and 675 

Mantyh, 2007) and has recently been demonstrated to represent prediction errors of pain (Roy et 676 

al., 2014), these findings reinforce the notion that aversive prediction error signals underlie 677 

stimulus expectancy effects on pain. Anatomically, fibers from aIC and rACC project to the PAG 678 

to subserve top-down cognitive modulation of pain (Tracey and Mantyh, 2007), and rACC 679 

receives bottom-up thalamic afferents to process the affective aspects of pain (Price, 2000). As 680 

such, our data provide direct evidence that positive expectations reduce pain by enhancing the 681 

interaction between the neural system encoding aversive prediction errors and descending pain 682 

inhibitory system. By contrast, negative expectations appear to non-linearly increase pain by 683 

reducing this interaction. Since negative expectations enhanced pain perception, the revealed 684 

augmented rACC-thalamus coupling may reflect the increased pain aversiveness during this 685 

process. 686 

 687 

Modulatory effect of subjective certainty about expectations 688 

Consistent with the modulatory effect of participants’ certainty about expectations on pain 689 

perception, further analyses revealed that pain prediction error-related regions collaborated with 690 

the neural substrate related to outcome certainty and anxiety to modulate stimulus expectancy 691 

effects on pain. As a low-pain cue emerged, participants reporting a higher level of certainty 692 

about their predictions – which was accompanied by a lower anxiety level – exhibited a weaker 693 

aIC-hippocampus coupling and a greater amount of pain reduction during painful stimulation. 694 
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aIC has anatomical connections with hippocampus (Augustine, 1996; Cerliani et al., 2012), and 695 

both aIC and hippocampus have been implicated in the modulatory effect of certainty on pain 696 

(Brown et al., 2008). Hippocampus has long been thought to regulate anxiety (Bannerman et al., 697 

2014), including pain-related anxiety (Ploghaus et al., 2001; Gondo et al., 2012; Freeman et al., 698 

2015). Combined with a selective pain modulatory effect of anxiety during positive expectations 699 

in our behavioral data, we posit that the increased certainty (and hence lowered anxiety) about 700 

positive expectations downregulates the functional interaction between the aIC and hippocampus, 701 

thereby generating an anxiolytic effect and thus dampening the amplification of pain signaling in 702 

hippocampus (Gray and McNaughton, 2000; Hasler et al., 2007). 703 

    With regard to negative expectations, we observed that, as a high-pain cue emerged, 704 

participants reporting a higher level of certainty about their predictions showed a stronger rACC-705 

OFC coupling during painful stimulation, which was accompanied by a greater extent of pain 706 

increase as well as a larger difference between expected and reported pain intensities. The rACC 707 

has been assumed to underlie the effect of certainty on pain (Brown et al., 2008), and both the 708 

rACC and lateral OFC have been demonstrated to reflect anticipation-related outcome certainty 709 

(Rogers et al., 1999; Critchley et al., 2001). The lateral OFC has also been linked to the 710 

processing of the threat value of an incoming stimulation (Wiech et al., 2010) and effects of 711 

negative expectations on pain (Freeman et al., 2015). As a convergence center that receives 712 

afferents from both the somatosensory and limbic association areas including the rACC 713 

(Morecraft et al., 1992), neurons within the lateral OFC have been shown to assign subjective 714 

value to external stimuli including pain (Padoa-Schioppa and Assad, 2006; Rudebeck and 715 

Murray, 2014; Winston et al., 2014). Given that a high-pain cue was followed by either a high or 716 

a medium pain stimulation in our paradigm and that a painful stimulus would be perceived as 717 



 

 

36 

36 

pleasant if its intensity is relatively low in the context (Leknes et al., 2013), we speculate that 718 

subjective certainty under negative expectations regulates the conversion of a painful stimulus 719 

into a positive hedonic value (i.e., the pleasant sensation arising from the receipt of a relatively 720 

low intensity of pain stimulation). The higher the subjective certainty about negative 721 

expectations, the lower the reported pain intensity compared to the expected pain intensity and 722 

thus a larger positive hedonic value assigned to this stimulation. 723 

 724 

Relationship between positive and negative expectations 725 

Although it remains unclear whether stimulus expectancy- and treatment expectancy-associated 726 

pain modulation engages convergent mechanisms (Atlas and Wager, 2014), we observed a 727 

significant association in both pain rating changes and cerebral activation between positive and 728 

negative expectations, which is different from a recent study investigating effects of treatment-729 

associated positive versus negative expectations on pain (Freeman et al., 2015). Moreover, we 730 

discovered that subjective certainty about expectations comparably modulated the impact of 731 

positive and negative expectations on pain perception. The finding that these modulations were 732 

subserved by two correlated functional connectivities (i.e., aIC-hippocampus and rACC-OFC 733 

connectivities) suggests that modulation of subjective certainty on positive and negative 734 

expectations is interrelated at the neural level. Together with the common interaction with the 735 

PAG as discussed above, we thus argue that positive and negative expectations are two separate 736 

but interrelated and dependently regulated cognitive constructs, which converge in the 737 

descending pain modulatory system to shape human pain experiences. Based on the notion that 738 

stimulus expectancies are instant predictions about outcomes in the environment (Atlas and 739 

Wager, 2014), we propose that individual certainty may act as a metacognitive process 740 
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implemented in the correlated aIC-hippocampus and rACC-OFC connectivities to enable quick 741 

switching between positive and negative expectations. 742 

    In conclusion, we provide evidence that aversive prediction error signals underlie stimulus 743 

expectancy effects on pain, and positive expectation- and negative expectation-related 744 

modulation mechanisms are different but dependently regulated by subjective certainty. These 745 

mechanisms help to explain why we humans can adapt quickly and appropriately to noxious 746 

stimuli whose intensity deviates from our expectations. Given that electrical stimulation 747 

coactivates non-nociceptive afferents, future studies using different pain modalities as well as 748 

non-painful aversive stimuli will help to clarify the pain specificity of these identified 749 

mechanisms.  750 
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FIGURE LEGENDS 751 

 752 

Figure 1.  Experimental design and behavioral results. (A) Each trial was initiated with a 1.5 753 

s pain-predictive visual cue (a high-pain cue in this example). After a 3-5 s anticipation period, a 754 

0.1 s electrical pain stimulus was applied to the dorsum of the left hand and, after a 3.9 s delay, 755 

participants reported subjective pain intensity on a visual analogue scale (VAS) within 3.5 s. The 756 

intertrial interval was 4-6 s. (B) Cue-stimulus contingencies. The conditioned visual cue was a 757 

compound image consisting of a square and a circle. The lower and upper part of the square 758 

brightened to constitute the low- and high-pain cue, respectively. Brightening of the inner circle 759 

denoted the medium-pain cue. On trials without a conditioned cue, the visual cue consisted of a 760 

question mark. The numbers in parentheses indicate the number of repetitions of each trial type 761 

in a single scanning session (totally 40 trials per session). (C) Compared with a medium-pain cue 762 

and during the receipt of an identical medium pain stimulation, a low- and high-pain cue 763 

significantly reduced and increased subjective pain intensity, respectively (both p < 0.0001). (D) 764 

The change in pain rating caused by a low-pain cue was positively correlated with that caused by 765 

a high-pain cue (p = 0.045). (E) The low- and high-pain cue respectively elicited a significantly 766 

lower and higher expected pain intensity compared with that provoked by a medium-pain cue 767 

(both p < 0.0001). (F) The cue-elicited subjective certainty about expected pain was not 768 

significantly different among the three cues (p > 0.065 for all pairwise comparisons). (G) For 769 

both low- and high-pain cues, subjective certainty ratings were positively correlated with the 770 

extent of pain rating changes (p = 0.021 for the low-pain cue and p = 0.027 for the high-pain cue), 771 

with no significant difference between both correlations (p = 0.626). (H) The subjective certainty 772 

elicited by a high-pain cue exhibited a significant negative correlation with the signed prediction 773 
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error (PE) of pain (i.e., reported pain intensity - expected pain intensity) engendered in the HM 774 

condition (p = 0.009). The correlation associated with a low-pain cue was not significant (p = 775 

0.159). (I) The anxiety level elicited by a low- and high-pain cue was significantly lower (p = 776 

0.009) and higher (p = 0.001) than that provoked by a medium-pain cue. (J) For a low-pain cue, 777 

the level of provoked anxiety was negatively correlated with the corresponding change in pain 778 

rating (p = 0.0003). These relationships did not reach statistical significance for a high-pain cue 779 

(p = 0.052), and the correlation related to a low-pain cue was significantly stronger than that 780 

associated with a high-pain cue (p = 0.025). Error bars in (C), (E), (F), and (I) represent standard 781 

deviations. * p < 0.05. 782 

 783 

Figure 2.  Brain regions reflecting intensity coding of pain. Activations were identified from 784 

the contrast “NL < NM < NH”. (A) A whole-brain analysis revealed significant activations in the 785 

right primary somatosensory cortex (SI), bilateral SII, right posterior insular cortex (pIC), and 786 

cerebellum. (B) Activation within the right thalamus survived small-volume corrections (p < 787 

0.05, family-wise error corrected). Bar graphs depict parameter estimates extracted from the 788 

suprathreshold cluster. Error bars represent standard errors of the mean. (A, B) Activations were 789 

overlapped on an average structural image. The bar on the left side shows the range of t scores 790 

for SPM 8.  791 

 792 

Figure 3.  Neural mechanisms associated with positive expectancy effects on pain. This 793 

figure shows the results of brain activation and psychophysiological interaction (PPI) analyses in 794 

the right anterior insular cortex (aIC) associated with positive expectancy effects on pain. (A) 795 

The right aIC exhibited increased activation as positive expectations reduced subjective pain 796 
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perception. (B) Positive expectations were also accompanied by an increase in functional 797 

connectivity between the right aIC and periaqueductal gray (PAG). (C) Functional connectivity 798 

between the right aIC and PAG predicted the magnitude of pain rating changes caused by 799 

positive expectations. (D) The signed prediction error (PE) of pain engendered in the LM 800 

condition was inversely associated with the aIC-PAG connectivity associated with positive 801 

expectations. (E) Functional connectivity between the right aIC and right hippocampus was 802 

inversely correlated with subjective certainty ratings elicited by a low-pain cue. (A-E) Activation 803 

clusters survived small-volume corrections (p < 0.05, family-wise error corrected) and were 804 

overlapped on an average structural image. The bar on the left side shows the range of t scores 805 

for SPM 8. Bar graphs and scatter plots depict parameter estimates extracted from the 806 

suprathreshold cluster. Error bars in (A) and (B) represent standard errors of the mean. Scatter 807 

plots depict the relationship between behavioral data and the strength of functional connectivity. 808 

 809 

Figure 4.  Neural mechanisms associated with negative expectancy effects on pain. This 810 

figure shows the results of brain activation and psychophysiological interaction (PPI) analyses in 811 

the right rostral anterior cingulate cortex (rACC) associated with negative expectancy effects on 812 

pain. (A) Pain modulation by negative expectations entailed increased activation in the right 813 

rACC. (B) Negative expectations were also accompanied by reduced functional connectivity 814 

between the rACC and periaqueductal gray (PAG). (C) Functional connectivity between the 815 

right rACC and right thalamus predicted the magnitude of pain rating changes provoked by 816 

negative expectations. (D) The absolute prediction error (PE) of pain engendered in the HM 817 

condition was inversely correlated with the rACC-thalamus functional connectivity associated 818 

with negative expectations. (E) Functional connectivity between the right rACC and right lateral 819 
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orbitofrontal cortex (OFC) covaried with subjective certainty ratings elicited by a high-pain cue. 820 

(A-E) Activation clusters survived small-volume corrections (p < 0.05, family-wise error 821 

corrected) and were overlapped on an average structural image. The bar on the left side shows 822 

the range of t scores for SPM 8. Bar graphs and scatter plots depict parameter estimates extracted 823 

from the suprathreshold cluster. Error bars in (A) and (B) represent standard errors of the mean. 824 

Scatter plots depict the relationship between behavioral data and the strength of functional 825 

connectivity. 826 

 827 

Figure 5.  Linear relationship between positive expectation- and negative expectation-828 

associated brain activations. The BOLD signal within the significant cluster in the right 829 

anterior insular cortex (aIC; contrast “LM > MM”) increased monotonically with that in the right 830 

rostral anterior cingulate cortex (rACC; contrast “HM > MM”) across subjects (p = 0.019). Data 831 

in this scatter plot were parameter estimates extracted from the suprathreshold cluster of the 832 

contrast “LM > MM” (Fig. 3A) and “HM > MM” (Fig. 4A). * p < 0.05. 833 

 834 

Figure 6.  Response patterns in key regions underlying stimulus expectancy effects on pain. 835 

Black bars depict theoretical pattern of BOLD signals across different trial types [equal 836 

weighting of both components in (B)]. (A) The right anterior insular cortex (aIC) possibly 837 

engendered a positive prediction error of pain, because its response during the LM condition was 838 

significantly stronger than all the rest four conditions, and there was no significant difference 839 

between the HM and MM conditions. (B) The response profile of the right rostral anterior 840 

cingulate cortex (rACC) could be accounted for by an absolute pain prediction error component 841 

(highest responses in LM and HM, lowest in MM, with LL and HH in the middle) plus a 842 
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nociception component (highest for high-pain stimulation, followed in descending order by 843 

middle- and low-pain stimulation). For the aIC and rACC, the BOLD signals were extracted 844 

from the suprathreshold cluster of the contrast “LM > MM” (Fig. 3A) and “HM > MM” (Fig. 845 

4A), respectively. * p < 0.05. 846 

 847 

Figure 7.  Linear relationship in certainty-related functional connectivities between positive 848 

and negative expectations. Across subjects, positive expectation-associated functional 849 

connectivity between the right anterior insular cortex (aIC) and right hippocampus was inversely 850 

correlated with negative expectation-associated functional connectivity between the right rostral 851 

anterior cingulate cortex (rACC) and right lateral orbitofrontal cortex (p = 0.048). Data in this 852 

scatter plot were parameter estimates extracted from the suprathreshold cluster in Figs. 3E and 853 

4E. * p < 0.05. 854 

  855 
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TABLES 856 

 857 

Table 1.  Whole-brain analyses during anticipation and stimulation periods 858 

  Anticipation  Stimulation        

  H    NL  NM  NH   NL < NM < NH 

Area Side x/y/z t Cluster 

no. 

 x/y/z t Cluster 

no. 

 x/y/z t Cluster 

no. 

 x/y/z t Cluster 

no. 

 x/y/z t Cluster 

no. 

SII R - - -  40/-14/18 7.53 1 (2259)  40/-14/20 9.27 1 (5350)  52/-12/16 9.60 1 (6712)  40/-16/18 6.32 1 (727) 

 L - - -  -40/-8/14 6.34 2 (540)  -38/-18/18 9.29 2 (3558)  -60/-20/20 8.70 2 (5782)  -44/-16/20 6.36 2 (128) 

SI R - - -  - - -  - - -  62/-8/16 9.00 1  42/-18/46 5.66 3 (255) 

 L - - -  -58/-18/22 7.72 3 (444)  -60/-18/22 8.64 2  -58/-18/22 8.32 2     

aIC R - - -  30/14/-18 6.22 1  30/24/-4 7.35 1  38/16/2 8.62 1     

 L - - -  -36/4/-12 6.81 2  -34/16/2 7.29 2  -36/22/0 10.38 2      

pIC R - - -  40/-2/-10 7.29 1  44/-14/12 8.47 1  40/-10/16 12.47 1   42/-14/-2 6.31 1 

 L - - -  -34/-14/18 7.53 2   -40/-10/8 7.90 2  -38/-18/16 9.65 2     

ACC R - - -  - - -  - - -  2/36/12 7.39 3 (2266)     

 L - - -  - - -  -12/32/26 4.76 3 (1510)  -8/26/26 5.51 3     

MCC R 8/8/38 6.66 1 (143)  - - -  12/20/44 6.40 3  6/-22/30 7.09 4 (405)     

 L - - -  -8/16/42 4.40 4 (323)  -12/24/34 4.52 3  -4/-14/32 5.09 4     

PCC R - - -  - - -  8/-36/26 6.29 4 (313)  8/-38/26 4.44 4     

 L - - -  - - -  -4/-38/24 4.13 4  - - -     

Thalamus R - - -  - - -  - - -  14/-14/6 5.50 5 (277)     

 L - - -  - - -  - - -  -10/-18/6 5.74 6 (358)     

SFG R 14/-4/72 5.56 2 (722)  - - -  - - -  - - -     

 L - - -  - - -  -26/0/50 6.87 3  -22/4/50 5.49 7 (221)     

MFG R - - -  - - -  38/14/38 5.03 3  46/32/22 4.25 8 (318)     

 L - - -  - - -  -36/4/58 4.26 3  -42/40/24 4.19 2     

IFG R 56/8/10 5.12 3 (199)   - - -  34/18/26 5.99 1  40/14/26 5.28 8      

 L - - -  - - -  -42/10/28 7.42 2  -32/30/0 10.51 2     

SMA R 8/-6/56 5.89 2   - - -  - - -  0/10/60 6.29 3     

 L -6/-8/66 5.50 2  -10/16/48 6.62 4  -6/12/54 8.64 3   -6/16/48 8.26 3      

PMA R 40/-6/62 5.13 2  - - -  - - -  - - -     

 L 62/8/24 4.74 3  - - -  -32/-4/50 6.02 3  -34/-4/50 6.78 7      

PPC R - - -  64/-18/26 7.24 1  52/-34/28 3.66 1  50/-32/26 5.47 1     

 L - - -  -60/-30/40 4.64 3  -34/-56/36 5.32 5 (160)  -56/-40/38 4.06 2     

Precuneus R - - -  - - -  16/-60/24 6.43 6 (2089)  14/-62/22 7.03 9 (2040)     

 L - - -  - - -  -14/-64/34 7.30 6  -8/-64/44 5.25 10 (303)     

STG R - - -  - - -  42/-22/0 7.44 1  50/-24/10 4.69 1     

 L - - -  - - -  -42/-14/-4 6.73 2   -40/-6/-8 11.64 2      

VC R - - -  - - -  6/-72/8 5.04 6  10/-88/18 5.86 9     

 L - - -  - - -  -12/-72/2 5.88 6  -14/-64/26 7.05 10      

PHG R - - -  - - -  - - -  24/-40/-4 5.68 9     

 L - - -  - - -  - - -  -18/-40/-4 4.58 6     
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Cerebellum R - - -  - - -  32/-76/-50 5.29 7 (311)  0/-66/-26 5.32 11 (394)  2/-52/-36 4.64 4 (215) 

 L - - -  - - -  - - -  -12/-66/-34 6.19 11   -4/-64/-34 5.32 4 

This table shows activated brain areas of whole-brain analyses using SnPM (family-wise error 859 

correction at a cluster-level of p < 0.05) during the anticipation of high pain stimulation (contrast 860 

“H”) and during the stimulation period (contrasts “NL,” “NM,” “NH,” and “NL < NM < NH”). 861 

Activated clusters (with sizes in voxels in parentheses) are numbered, and activation foci 862 

corresponding to different anatomical regions within the clusters are given as MNI coordinates 863 

(mm). ACC, anterior cingulate cortex; aIC, anterior insular cortex; IFG, inferior frontal gyrus; L, 864 

left; MCC, middle cingulate cortex; MFG, middle frontal gyrus; PCC, posterior cingulate cortex; 865 

PHG, parahippocampal gyrus; pIC, posterior insular cortex; PMA, premotor area; PPC, posterior 866 

parietal cortex; R, right; SFG, superior frontal gyrus; SI, primary somatosensory cortex; SII, 867 

secondary somatosensory cortex; SMA, supplementary motor area; STG, superior temporal 868 

gyrus; VC, visual cortex. 869 

  870 
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Table 1.  Whole-brain analyses during anticipation and stimulation periods 

  Anticipation  Stimulation        

  H    NL  NM  NH   NL < NM < NH 

Area Side x/y/z t Cluster 

no. 

 x/y/z t Cluster 

no. 

 x/y/z t Cluster 

no. 

 x/y/z t Cluster 

no. 

 x/y/z t Cluster 

no. 

SII R - - -  40/-14/18 7.53 1 (2259)  40/-14/20 9.27 1 (5350)  52/-12/16 9.60 1 (6712)  40/-16/18 6.32 1 (727) 

 L - - -  -40/-8/14 6.34 2 (540)  -38/-18/18 9.29 2 (3558)  -60/-20/20 8.70 2 (5782)  -44/-16/20 6.36 2 (128) 

SI R - - -  - - -  - - -  62/-8/16 9.00 1  42/-18/46 5.66 3 (255) 

 L - - -  -58/-18/22 7.72 3 (444)  -60/-18/22 8.64 2  -58/-18/22 8.32 2     

aIC R - - -  30/14/-18 6.22 1  30/24/-4 7.35 1  38/16/2 8.62 1     

 L - - -  -36/4/-12 6.81 2  -34/16/2 7.29 2  -36/22/0 10.38 2      

pIC R - - -  40/-2/-10 7.29 1  44/-14/12 8.47 1  40/-10/16 12.47 1   42/-14/-2 6.31 1 

 L - - -  -34/-14/18 7.53 2   -40/-10/8 7.90 2  -38/-18/16 9.65 2     

ACC R - - -  - - -  - - -  2/36/12 7.39 3 (2266)     

 L - - -  - - -  -12/32/26 4.76 3 (1510)  -8/26/26 5.51 3     

MCC R 8/8/38 6.66 1 (143)  - - -  12/20/44 6.40 3  6/-22/30 7.09 4 (405)     

 L - - -  -8/16/42 4.40 4 (323)  -12/24/34 4.52 3  -4/-14/32 5.09 4     

PCC R - - -  - - -  8/-36/26 6.29 4 (313)  8/-38/26 4.44 4     

 L - - -  - - -  -4/-38/24 4.13 4  - - -     

Thalamus R - - -  - - -  - - -  14/-14/6 5.50 5 (277)     

 L - - -  - - -  - - -  -10/-18/6 5.74 6 (358)     

SFG R 14/-4/72 5.56 2 (722)  - - -  - - -  - - -     

 L - - -  - - -  -26/0/50 6.87 3  -22/4/50 5.49 7 (221)     

MFG R - - -  - - -  38/14/38 5.03 3  46/32/22 4.25 8 (318)     

 L - - -  - - -  -36/4/58 4.26 3  -42/40/24 4.19 2     

IFG R 56/8/10 5.12 3 (199)   - - -  34/18/26 5.99 1  40/14/26 5.28 8      

 L - - -  - - -  -42/10/28 7.42 2  -32/30/0 10.51 2     

SMA R 8/-6/56 5.89 2   - - -  - - -  0/10/60 6.29 3     

 L -6/-8/66 5.50 2  -10/16/48 6.62 4  -6/12/54 8.64 3   -6/16/48 8.26 3      

PMA R 40/-6/62 5.13 2  - - -  - - -  - - -     

 L 62/8/24 4.74 3  - - -  -32/-4/50 6.02 3  -34/-4/50 6.78 7      

PPC R - - -  64/-18/26 7.24 1  52/-34/28 3.66 1  50/-32/26 5.47 1     

 L - - -  -60/-30/40 4.64 3  -34/-56/36 5.32 5 (160)  -56/-40/38 4.06 2     

Precuneus R - - -  - - -  16/-60/24 6.43 6 (2089)  14/-62/22 7.03 9 (2040)     

 L - - -  - - -  -14/-64/34 7.30 6  -8/-64/44 5.25 10 (303)     

STG R - - -  - - -  42/-22/0 7.44 1  50/-24/10 4.69 1     

 L - - -  - - -  -42/-14/-4 6.73 2   -40/-6/-8 11.64 2      

VC R - - -  - - -  6/-72/8 5.04 6  10/-88/18 5.86 9     

 L - - -  - - -  -12/-72/2 5.88 6  -14/-64/26 7.05 10      

PHG R - - -  - - -  - - -  24/-40/-4 5.68 9     

 L - - -  - - -  - - -  -18/-40/-4 4.58 6     

Cerebellum R - - -  - - -  32/-76/-50 5.29 7 (311)  0/-66/-26 5.32 11 (394)  2/-52/-36 4.64 4 (215) 

 L - - -  - - -  - - -  -12/-66/-34 6.19 11   -4/-64/-34 5.32 4 



 

 

2 

2 

This table shows activated brain areas of whole-brain analyses using SnPM (family-wise error 

correction at a cluster-level of p < 0.05) during the anticipation of high pain stimulation (contrast 

“H”) and during the stimulation period (contrasts “NL,” “NM,” “NH,” and “NL < NM < NH”). 

Activated clusters (with sizes in voxels in parentheses) are numbered, and activation foci 

corresponding to different anatomical regions within the clusters are given as MNI coordinates 

(mm). ACC, anterior cingulate cortex; aIC, anterior insular cortex; IFG, inferior frontal gyrus; L, 

left; MCC, middle cingulate cortex; MFG, middle frontal gyrus; PCC, posterior cingulate cortex; 

PHG, parahippocampal gyrus; pIC, posterior insular cortex; PMA, premotor area; PPC, posterior 

parietal cortex; R, right; SFG, superior frontal gyrus; SI, primary somatosensory cortex; SII, 

secondary somatosensory cortex; SMA, supplementary motor area; STG, superior temporal 

gyrus; VC, visual cortex. 

 


