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Stable individual differences in habituation and sensitization to prolonged 

painful stimulation are underpinned by activity in the hippocampus, 

amygdala and sensorimotor cortices 

Abstract 

Acute pain serves to warn an organism of potential damage. Two plausible theoretical response 

scenarios for prolonged painful stimulation could be hypothesised: If the organism does not sense 

potential harm an individual may habituate. Whereas, if harm is possible, pain sensitization maybe 

more probable. Examining how an individual adapts to prolonged stimulation will provide unique 

insight to the mechanisms underlying pain habituation and sensitisation and, potentially, a valuable 

perspective on the development of chronic pain. However, currently little is known about the 

stability of these individual differences or their underlying neural mechanisms. To address this, 

eighty-five participants completed an MRI session, involving a noxious stimulation task and a 

resting-state scan. Habituation/sensitization was operationalized as the slope of change in pain 

ratings across the task. Habituation was associated with increasing activity in the anterior 

hippocampus and amygdala over time, with sensitization associated with increasing activity in the 

sensorimotor cortices. These regions were then used as seeds for a resting-state functional 

connectivity analysis, which revealed that habituation was associated with higher connectivity 

between the hippocampus and ventromedial prefrontal cortex(vmPFC), and higher connectivity 

between sensorimotor regions and the hippocampus, amygdala and insula cortex. We have shown 

that habituation/sensitization to pain is a stable trait underpinned by differential activity in brain 

regions supporting sensory processing and appraisal. The perspective of these stable phenotypical 

patterns could have clinical applications and potential for improving our understanding of the 

development of chronic pain.  

. 
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Introduction 

Acute pain serves as a warning of potential harm or damage. In response to repetitive and 

consistent nociceptive stimulation, it may be theorised that two opposing adaptive responses are 

possible: Pain sensitization might occur if the source of persistent injury is perceived as a risk of 

damage[44]. Alternatively, when experiencing unavoidable but non-harmful repetitive stimuli, the 

preservation of resources expended on defensive behaviour is adaptive, thus facilitating pain 

habituation[68].  

 

Experimentally, it is frequently reported that individuals habituate to 

pain[18,27,29,31,33,46,61,80,82,85]. However, multiple studies demonstrate the 

opposite(sensitization)[24,28,40,56,62]. Most studies employ group-level analyses only, simply 

reporting descriptives of the sample[12,45,70,85,88], or only include incomplete individual 

data[18,28,33,40,56,61,91]. Sample composition varies, from predominantly sensitizers[45] or 

habituators[33,80] to near equal splits[12,37,70,88]. This heterogeneity may merely represent 

differences in experimental paradigms, alternatively, the proclivity to habituation/sensitization may 

vary within samples systematically. Findings suggest the proportion of habituators in a sample may 

be stable over time[11], although these stem from a small study(n=10).  

 

Pro- and anti-nociceptive modulatory mechanisms have been well documented[1,13,67,93], and 

phenotypic nociceptive profiles[99] are at the core of research investigating biomarkers of pain 

sensitivity and pain chronicity[26,35,65,100]. Many studies adopt single-session quantitative 

sensory testing(QST) techniques such as temporal summation(TS), to quantify pain 

sensitization[44]. Whereas other studies quantify habituation/sensitization more broadly via 

changes in pain sensitivity over multiple blocks of nociceptive stimulation[18,29,31,37]. 

Psychological characteristics, such as depression, anxiety, mindfulness and neuroticism have also 

been associated with pain sensitivity[36,79,81,92] and identified as phenotypic profiles for chronic 

pain and treatment response[19,54,58,69,85,90]. To better understand these markers, 

habituation/sensitization patterns need to be investigated over multiple sessions.  
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The neural underpinnings of acute pain perception involve a combination of higher-order cortical 

processes, alongside sensorimotor processing[66,67]. Prefrontal regions play an active role in pain 

modulation, with direct projections to opioidergic brainstem regions, such as the periaqueductal 

gray(PAG) and rostral ventromedial medulla(RVM)[21,73]. Additionally, regions such as the 

cingulate and ventromedial prefrontal cortices(vmPFC) interact with subcortical brain regions, 

including the hippocampus and amygdala, to implement threat-based learning, update 

expectations, and appraise nociceptive stimulation[48,75,104], suggesting involvement in context-

dependent adaptation of responses to repetitive nociceptive stimulation. 

 

Repetitive stimulation has been associated with decreasing activity in sensory-discriminative 

regions, such as the somatosensory cortex, anterior insula and supplementary motor 

area[12,61,70], as well as increasing activity in medial prefrontal regions[11,12]. These may 

represent appraisal-based modulatory processes, alongside decreases in sensory-discriminative 

processing. However, these studies quantified habituation by comparing brain activation during 

nociceptive stimulation in early vs late MRI blocks[61,70] or across days of stimulation[12]. As pain 

ratings were not included in their analyses, these findings may simply represent adaptation to 

nociception, rather than to the holistic and subjective experience of pain. 

 

This study will examine the stability of individual differences in habituation/sensitization to repetitive 

nociceptive stimulation across multiple days. We further test the extent to which these individual 

differences reflect engagement of distinct somatosensory and cortical networks, and with well-

established psychometric and sensory pain indices. The combined approaches will enhance our 

understanding of phenotypical profiles of pain habituation/sensitization, and mechanisms that may 

underlie resilience or vulnerability to persistent pain.  
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2. Methods 

2.1 Sample 

We tested ninety-five participants between the ages of 18 and 45 years. Over the course of the 

experiment, 10 participants were excluded from analysis due to excessive head-movement during 

MRI data acquisition(n=2), malfunction of the thermal stimulator(n=7) and data corruption during 

data transfer(n=1). This, therefore, left a final sample of eighty-five participants(44 females, 

Mage=23.45, SD=4.48y). All participants were included in all analyses unless otherwise specified. 

Demographics are provided via supplementary A. The study was advertised via opportunistic 

sampling and the use of posters, email lists and social media advertisements across the University 

and local community. Participants were recruited to take part in 13-sessions. The focus of this 

current study is on data from the first 5 sessions. The following 8 sessions consisted of 

psychological interventions and participants were allocated to one of two groups, one focusing on 

pain management strategies, or a control group focusing on interpersonal relationships. The 

findings from the intervention portion of the study are not described in this manuscript. Neither 

participants, nor experimenters, were aware of their group allocation until the commencement of 

the 6th session, and as such, are not anticipated to have any influence on the data presented 

below. This description is included to provide an accurate overview of participant burden across the 

study[50]. The a-priori sample size of 90 participants was calculated, based on the delivery of this 

between-groups intervention.  

 

All participants were right-handed, and reported no historical or current chronic pain diagnoses, 

neurological disorders or neuropathic conditions. Participants were asked to abstain from pain 

medication on the day of a session, were all right-handed and had no MRI counterindications. The 

study was approved by the ethics committee of the University of Reading(UREC14/04). All 

participants provided fully informed written consent and received reimbursement(£10/hour) for their 

participation.  
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2.2 Materials 

2.2.1. Equipment 

Thermal nociceptive stimulation was administered using a Medoc Pathway ATS device[9]. The 

thermode was a 30x30mm Peltier thermode.  

For use in the MRI, the Medoc Pathway system was fitted with an MR-filter, to reduce the influence 

of extraneous noise within the MR environment. Experimental stimuli in the scanner were delivered 

using E-Prime 3 (Psychology Software Tools, Pittsburgh, PA), where responses were provided via 

a fibre-optic, 4-button response pad.  

2.2.2. Questionnaires 

To investigate the psychological features of pain habituation/sensitization profiles, participants 

completed the Big Five Inventory (BFI;[34]), Beck‘s Depression Inventory (BDI;[9]), State-Trait 

Anxiety Inventory (STAI;[87]) and Five Factor Mindfulness Questionnaire (FFMQ;[7]), which were 

collected during sessions 3 (BFI & BDI) & 4 (FFMQ). The BFI is a 44-item inventory which captures 

extraversion (vs introversion), agreeableness (vs antagonism), conscientiousness (vs lack of 

direction), neuroticism (vs emotional stability) and openness (vs closedness to experience). The 

resulting score is subdivided across these five subscales. The BDI is a 21-item scale that 

measures symptoms of depression. A high score on the BDI represents higher symptoms of 

depression. The STAI is a 20-item scale measuring situational symptoms of anxiety. A high score 

on the STAI represents higher anxiety symptoms. Lastly, the FFMQ is a 39-item questionnaire 

based on a factor analysis of 5 independently developed mindfulness questionnaires. This 

measure provides a total score for trait mindfulness (higher scores represent higher mindfulness) 

across five subscales: openness, description, acceptance, non-judgementalness and non-

reactivity. For the purposes of accurately describing participant burden, participants also completed 

the Pittsburgh Sleep Quality Index (PSQI), the BEM Sex Inventory Role (BSRI), Behavioural 

Activation and Behavioural Inhibition Scale (BIS-BAS), Pain Catastrophising Scale (PCS), 

Emotional Regulation Questionnaire (ERQ) and COPE Inventory. However, these questionnaires 

were not included in any of these current analyses. Within this sample, the BDI (α=.84), STAI 

(α=.87) and FFMQ (α=.87) demonstrated high stability and consistency. This was also the case for 
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each of the five subscales of the BFI, extraversion (α=.85), agreeableness (α=.74), consciousness 

(α=.83), neuroticism (α=.85) and openness (α=.75).  

Pain ratings were provided on an 11-point numerical rating scale (NRS), ranging from 0(no pain) to 

10(extremely painful). Participants were instructed that, regardless of whether they can feel heat or 

not, if they do not consider the stimulus to be painful, they should provide a 0. Participants were 

also informed that they could provide ratings in intervals of 0.5 along this scale.  

2.2.3. MRI Acquisition 

Brain images were acquired using a 3-Tesla Siemens Magnetom Prisma (Siemens, Erlangen, 

Germany) and all images were acquired using a 64-channel head and neck coil. The narrow size of 

the coil restricted head movement, although in the instance of smaller head sizes, additional foam 

padding was used to restrict movement. The scanning protocol consisted of anatomical and 

functional imaging, all of which utilised an interleaved spatial order acquisition. A T1-weighted 

inversion recovery fast gradient echo-high resolution anatomical scan (TR=2.3s, TE=2.29ms, FA= 

8°, voxel size=0.9x.0.9x0.9mm, 256x256x192 matrix), T2*-weighted gradient echo planar 

imaging(EPI) resting-state sequence( TR=2.29s, TE=36.4ms, FA=84°, volumes=210, multiband 

acceleration factor=2, voxel size= 2.1x2.1x2.1mm, slice thickness=2.1mm, matrix=84x84x58) and 

four EPI pain stimulation blocks(TR=2.29s, TE=36.4ms, FA=84°, volumes=168, multiband 

acceleration factor=2, voxel size=2.1x2.1x2.1mm, slice thickness=2.1mm, matrix=84x84x58) were 

collected for each participant. For the purposes of creating field maps, two spin-echo (SE) EPI 

scans in opposite encoding directions (PA;AP) were completed prior to the four pain EPI blocks. 

 

2.3 Procedure 

2.3.1. Baseline Assessment (Session 1) 

All participants attended an initial baseline session, wherein they were briefed on the study 

timeline, provided informed consent, and completed a quantitative sensory testing (QST) battery. 

Prior to the initiation of QST, participants were given an overview of the Medoc Pathway system 

(Medoc Medical Systems, Ramat Yishai, Israel), to reduce situational anxiety towards the 

equipment. Participants were also given a description of the NRS that they would be using to 
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provide pain ratings when prompted. The thermode was placed in a custom-made wooden leg rest 

and placed next to the participant’s chair. The mid-point between ankle and knee, on the underside 

of the leg, was then measured by the experimenter, and participants then positioned this point over 

the stimulus. To ensure constant pressure, as well as that exerted by the weight of the leg, 

weighted beanbags were placed on the leg to keep it in position and to alert the experimenter to 

any movement via the sound of the beanbags being moved. Participants were instructed to keep 

their leg flat against the thermode, and to inform the experimenter if they lifted or moved their leg at 

any point. 

Firstly, participants completed a pair of tasks to determine their pain threshold, quantified by 

averaging the results of 1) a staircase/method of levels experiment and 2) a method of limits 

experiment. This threshold was not used at any point within data analysis and was simply used as 

a starting point for further stimulus calibration. As such, description of this procedure can be found 

in full in previous publications[36] and are not repeated here. Based on the results of piloting, for 

stimulus calibration, the initial destination temperature was set as threshold+0.5°C. This calibration 

procedure consisted of a single 20s ramp and hold stimulus, with ramp and return rates of 8°C/s. 

After the administration of the stimulus (post-ramp down), the participant provided a pain intensity 

rating using the 11-point NRS. To reduce the risk of ceiling (intolerably painful) or floor (non-painful) 

effects, the optimal temperature rating was set at 5/10 (+/- 1). Therefore, if the participant rated the 

stimulus between 4-6, the temperature was formalised as their test temperature. If the participant 

rated outside of this range, the temperature was altered +/- 0.5°C, and the test was repeated until a 

rating between 4-6 was provided.  

The participant then completed experiments to quantify temporal summation (TS), as well as 

conditioned pain modulation and intrinsic attention to pain tasks (not reported here). For TS, a 

phasic design was used, which consisted of a 120s ramp and hold stimulus, using the calibrated 

test temperature, with ramp and return rates of 8°C/s. This methodology was selected following 

recommendations for the use of tonic heat paradigms for the quantification of TS[89]. Participants 

were asked to provide pain intensity ratings, when prompted, at 10s intervals, with the first rating 

provided once the thermode reached destination temperature. This ultimately provided a total of 12 

ratings. Importantly, TS is distinct from the habituation/sensitization slopes, which are the primary 
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focus of the study (see paragraph below for more detail). TS is retained as an auxiliary variable to 

explain variance across the group in the habituation/sensitization slopes over time. 

Lastly, the stimulus for the repetitive nociception paradigm for pain habituation/sensitization slopes 

(described below), was calibrated. A higher intensity of 6-8 was targeted, to allow a greater 

potential movement for decreasing ratings related to pain habituation, which are considered to be 

unlikely within the quantification of TS[89]. The calibration consisted of three 20s stimuli, with a 

destination temperature of threshold + 1°C. Participants provided a pain intensity rating at the end 

of each of the stimuli. If all three ratings were between 6-8, the habituation stimulus was set. If they 

rated outside of this range, the temperature was altered by +/-0.5°C, and the test was repeated 

until acceptable ratings were received.  

2.3.2. MRI Imaging Session (Session 2) 

Participants attended an MRI session shortly after completing their baseline assessment 

(Mean=2.4 days, range= 1-11 days). Participants were instructed to keep their body and, 

specifically, their head still. They were also instructed to keep their eyes open and to focus on a 

fixation cross projected via a monitor and mirror attached to the head coil. After an initial localiser 

scan, structural images were acquired using a 5min 21s T1 anatomical scan, which was followed 

by an 8min 10sec resting-state scan. Participants then received the task instructions a second time 

and were given a test stimulus to their left leg, using the calibrated temperature for pain 

habituation/sensitization quantification, from the baseline assessment, to recheck tolerability (which 

all participants confirmed). The pain habituation/sensitization task (Fig.1) was divided across four 

EPI scans. Each block consisted of 11 stimuli based on the intensity calibrated in the previous 

session (6-8 NRS), with a duration of 8s, ramp and return rates of 8°C/s and an interstimulus 

interval (ISI) of 20s. At the end of each block, participants were asked to provide an average pain 

rating of the preceding stimuli, using a 4-button response pad. Participants were instructed to tap 

the furthest left-hand button to move the rating slide to the left, and vice versa for the far-right 

button. The two spin-echo field maps were then collected to finish the scanning session.  
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Figure 1 | Experiment Design | Each block(top) consisted of 11 thermal stimuli. After the stimuli 
were administered, participants were asked to provide an average pain intensity rating for the 
stimuli that preceded. After four blocks, a linear regression equation was fitted to the points and an 
angle of slope was calculated. The quantification of pain habituation/sensitization was based on 
this slope, with a negative value representing habituation(bottom-left), and a positive value for 
sensitization(bottom-right). Data presented in these graphs is hypothetical for explanatory 
purposes, with block number on the x-axis, and with the provided pain rating for each block on the 
y-axis. 

 

2.3.3. Pain Stimulation Sessions (Sessions 3-5) 

The following three sessions were completed following the imaging session (Mean=3.9 days, 

range= 1-9 days). These pain stimulation sessions consisted of psychometric assessment, wherein 

participants completed questionnaires at the beginning of each session. After this, participants 

completed the same task as they received in the MRI scanner (Fig.1), with the thermode applied to 

their left calf. As such, each participant received four blocks of a series of 11-stimuli, providing an 

average pain intensity rating at the end of each block. The stimulus temperature used for 

nociceptive stimulation was kept stable across the MRI and these three behavioural sessions. 

2.4 Data Reduction and Analysis 

2.4.1 Behavioural Data Analysis 

2.4.1.1 Quantification of Habituation/Sensitization Slope and Temporal Summation 

Previous studies have identified weaknesses in simply characterising habituators and sensitizers 

via dichotomous splits, as this approach forces participants with very little change into a distinct 

30s x11 

b<0 = Habituation 
b>0 = Sensitization 

8s Pain 
Rating(0-10) 

X4 
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bipolar comparison[57,88]. Therefore, in this study, habituation/sensitization was quantified as a 

continuous variable. For each participant, we calculated the slope of a linear fit across the pain 

ratings provided at the end of each of the four blocks of pain stimulation. The design, timings and 

stimulus intensity were identical across the four sessions (Fig.1). For the calculation of the slope, 

the four pain ratings were plotted alongside an absolute linear pattern (1,2,3,4), facilitating the 

plotting of a regression line. As can be seen in Figure 1, this entails that if pain ratings increase 

over the runs, a positive slope value would be returned, representing sensitization. Whereas 

ratings decreasing over time would produce a negative slope value indicating habituation. 

Therefore, this process produced a separate habituation/sensitization slope for sessions 2, 3, 4 and 

5 for every participant. In line with this approach, TS was also calculated as a slope value using the 

same approach as with habituation/sensitization slopes. 

2.4.4.2 Behavioural Data Analysis 

To ascertain that the habituation/sensitization slopes across all sessions represented a stable 

measure of individual differences, the intraclass correlation(ICC) of the slopes across sessions 2, 

3, 4 and 5 were calculated. Further, to evaluate the influence of contextual experimental effects 

(MRI vs lab-based assessments of pain habituation), ICCs were also calculated for sessions 3-5, 

which were all completed in the same lab. In the instance that ICCs indicated stability of slopes, an 

average slope was calculated, to evaluate correlations across baseline assessment variables and 

to evaluate the predictability of MRI pain rating behaviour. In line with recommendations for the 

implementation of multiple comparisons correction for neuropsychological data, the Hochberg’s 

modified Bonferroni method was applied[15]. All data were analysed using SPSS27(IBM Corp., 

Armonk, NY). Lastly, to investigate temporal sensitivity in pain across the course of the whole 

experiment, intrasession pain ratings were averaged and repeated measures ANOVAs were 

completed to statistically evaluate the extent of change over time. In the case of statistically 

significant effects, post-hoc paired comparisons were completed to ascertain the localisation of 

effect in time.   
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2.4.2 MRI Data Analysis 

2.4.2.1. Pre-processing 

FSL6.0[39] was used for all MRI analyses, including pre-processing, adhering to the protocol 

described by the CompCor[10]. Skull-stripping was performed using the Brain Extraction Tool 

(BET;[86]). Data were spatially smoothed using a 5mm FWHM Gaussian kernel, and interleaved 

slice timing correction was applied. To correct for B0 inhomogeneities in the data, the SE EPI 

acquisitions with opposite encoding directions were used to calculate a field map via TopUp[4] and 

applied to data. Functional data were registered to each subject’s anatomical space via Boundary-

based registration (BBR) and registered to standard MNI space using 12-DOF non-linear 

transformation. 

Using FAST[102], anatomical images were then segmented into grey matter, white matter (WM) 

and cerebrospinal fluid (CSF) masks. Masks were thresholded at .99, residuals were bandpass 

filtered (0.1/0.01Hz), normalised and time series for WM and CSF were generated. Using 

MCFLIRT[38], motion correction was applied, and this time-series was entered into a ‘nuisance 

removal’ GLM alongside WM and CSF time-series. 

2.4.2.2. Functional MRI Pain Task 

The pre-processed single-subject data were modelled using pain stimulation events as explanatory 

variables, and then each of the four blocks of the pain task were concatenated using a fixed effects 

model as the second step. To capture changes in neural processes over time, alongside univariate 

concatenation (1,1,1,1), the data were also parametrically modulated in this second level analysis, 

to generate contrast maps for linear increases (-1.5, -0.5,0.5,1.5) or decreases (1.5,0.5, -0.5, -1.5) 

in activity across the blocks. All FEAT directories were entered into a third-level mixed effect 

FLAME1+2 analysis, wherein group mean, and habituation/sensitization slope (within the MRI task) 

were entered as explanatory variables. In addition to these variables, to ensure that the variation in 

stimulus temperature is appropriately controlled for, mean-centered stimulus temperatures were 

also added to the model. Parameter estimates of significant clusters were extracted using 

FeatQuery. For post-hoc analyses, when large clusters encompassed multiple regions, probabilistic 

anatomical masks were thresholded at 50% probability, and used to extract values within the 

cluster specific to an anatomical region. Temporal dynamics in activity over the four runs were 
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quantified by calculating the slope angle of parameter estimates over time. These neural slopes 

were then entered into separate linear regression models to predict single-session temporal 

summation scores as well as pain rating slopes calculated across the pain ratings obtained in 

sessions 3, 4 and 5. Lastly, these neural slopes were correlated with the auxiliary psychosocial 

variables, to better conceptualise the processes that may be associated activation changes in 

these brain regions. Raw MRI co-ordinates within MNI space and statistical values at cluster peaks 

are provided in supplementary D , and the graphical representation of parametric modulation 

analyses can be found in supplementary E and G 

2.4.2.3. Resting-state MRI 

In order to examine the connectivity patterns that might support regions associated with individual 

differences in habituation/sensitization to pain, clusters originating from the analysis of the 

functional pain task were used as ROIs in a resting-state psychophysiological interaction (PPI) 

analysis. Using the same cluster masking procedure employed for parameter extraction in the 

previous analysis, larger clusters which encompass multiple regions were masked with anatomical 

ROIs, to assess functional specificity of distinct anatomical regions within these large clusters. 

Psychophysiological interactions were investigated by extracting mean time series for regions-of-

interest (significant clusters from the fMRI pain task), which were included as predictors in a whole-

brain connectivity analysis. Contrast maps were then entered into a higher-level analysis with 

demeaned habituation/sensitization slopes, derived from MRI task pain ratings, as between-

subjects regressors. This resulted in regions whose connectivity with the seed region was 

significantly correlated with pain habituation/sensitization. Analyses were corrected for multiple 

comparisons using Gaussian random field theory (z>2.3, p<.05). Using FeatQuery, parameter 

estimates were extracted from clusters showing individual differences in functional connectivity with 

each ROI as a function of habituation/sensitization slopes. To restrict the extracted data to grey 

matter regions, each cluster was multiplied using masks within the Harvard-Oxford anatomical 

atlases, using a 25% probabilistic threshold. To ascertain the psychological relevance of these 

brain areas, correlations were completed between entire clusters, and their anatomical 

subdivisions, and the psychosocial variables described in the behavioural analysis. Raw MRI co-

ordinates within MNI space and statistical values at cluster peaks are provided in supplementary D. 
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3.1 Results 

3.1.1 Pain Habituation/Sensitization 

Across the sample, 37.6% (n=32) of participants demonstrated overall habituation to painful 

stimulation during the MRI task, as opposed to 57.6%(n=49) who sensitized, and 4.7% (n=4) who 

showed no change(Fig.1a;raw values in supplementary A). The average temperature of stimulus 

temperature within the pain adaptation task was 41.2°C (s.d=1.29,41.2°C-49°C), with the average 

temporal summation temperature 45.1°C (s.d=1.88,38.4°C-48.9°C). Pain rating slopes were stable 

across all four sessions (ICC(2,1)=.47(.36-.58), p<.001; Fig.2). The data indicated the presence of 

context effects on reported pain over time, represented by higher stability when excluding the MRI 

session (ICC(2,1)=.64(.57-.74),p<.001). As the slopes across sessions 3-5 were shown to be 

stable, a single average behavioural slope value was calculated and correlated with relevant 

variables obtained during the baseline sessions. Pain habituation/sensitization during the MRI task 

was significantly correlated with average slope in the following sessions (r(85)=.32,p=.003). 

Following multiple comparisons correction, those with higher predisposition to sensitization showed 

higher temporal summation (r(85)=.34,p=.001), neuroticism (r(84)=.35,p=.001), depression 

(r(85)=.27,p=.012) and anxiety scores (r(85)=.21,p=.049) (Fig.2b).. The Hochberg’s descending 

correction approach utilises a diminishing critical p-value correction from smallest-to-largest p-

value. Therefore, despite not being the largest p-value, the correlation between mindfulness did not 

survive multiple comparisons correction (r(85)=-.23,p=.038). Habituation/sensitization slope was 

also correlated with the stimulation temperature itself (r(85)=.23,p=.034), potential indicating the 

influence of perceived risk of danger to the participant in their adaptation behaviour. Average 

intrasession pain ratings decreased over the four sessions (Supplementary B), and demonstrated a 

statistically significant effect (F(2.46,209)=25.16, p<.0001). Post-hoc paired comparisons identified 

the only significant reduction between sequential sessions was between sessions 2 and 3 (4.9 vs 

4.0; p<.0001). Otherwise, significant effects were identified between sessions 1 and 3 (5.3 vs 4.0; 

p<.0001, sessions 1 and 4 (5.3 vs 3.8, p<.0001) and sessions 2 and 4 (4.9 vs 3.8, p<.0001).  
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Figure 2a (top) | Number of participants within each session that habituated, sensitized, or showed 
no change to repetitive painful stimulation. Figure 2b (bottom) | Correlations between average pain 
habituation/sensitization slope across all four sessions (higher value; predisposition to 
sensitization), and baseline psychobehavioural variables. 
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3.1.2 fMRI Pain Task 

3.1.2.1. Main Effects of Pain Stimulation  

Pain stimulation activated brain areas frequently associated with pain, including bilateral insula, 

secondary somatosensory, premotor, and cingulate cortices, as well as the thalamus, bilateral 

amygdala, and brainstem. Parametric modulation analysis identified regions that demonstrated 

significant linear increases or decreases in activation during pain stimulation over the four blocks. 

Significant increases in activation were identified in the primary somatosensory and motor cortices, 

as well as in the parietal lobe and V1. Although, significant decreases in activation were identified 

in the right secondary somatosensory cortices, extending into the parietal operculum and Broca’s 

area, these did not survive correction following non-parametric permutation testing.  

3.1.2.2. Dynamic Mechanisms of Pain Habituation and Sensitization 

Pain habituation/sensitization was associated with activity in the right anterior hippocampus and 

amygdala and right premotor cortex, bilateral primary somatosensory, and motor cortices across 

the four blocks (Fig.3). Such that, habituation was associated with increasing activity in the 

hippocampus and amygdala, and decreased activity in sensorimotor regions (Supplementary G). 

Parameter estimates were extracted from each cluster, and masked using probabilistic atlases 

(amygdala, hippocampus, somatosensory cortices and motor cortices). Activity change in the 

hippocampus over the four runs was significantly correlated with pain habituation/sensitization in 

the future behavioural sessions (sessions 3, 4 and 5) (r(85)=-.22,p<.05) and temporal summation 

scores (r(85)=-.25,p<.05) (Supplementary E). An increase in activity within the hippocampus was 

also associated with lower depression (r(85)=-23,p=.035) and neuroticism (r(85)=-.23,p=.033). 

Increasing activity change in the amygdala was correlated with lower neuroticism scores only 

(r(85)=-.26,p=.017). No significant correlations with psychosocial variables were identified for 

activity change in the sensorimotor cluster (Supplementary F).  
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Figure 3 | Dynamic mechanisms of pain habituation/sensitization across the scan session |(top) 
Cluster encompassing the right anterior hippocampus and amygdala (Peak Zmax=3.97; x=28,y=-
6,z=-30) where increasing activity is associated with degree of habituation to pain (bottom) Cluster 
encompassing the right premotor cortex and bilateral somatosensory and motor cortices (Peak 
Zmax=4.49; x=6,y=-20,z=66)  where increasing activity is associated with degree of sensitization. 
Numbers denote slice depicted. 

3.1.3. Resting-state MRI 

Seed-based Whole-brain Functional Connectivity 

To investigate the functional specificity of the two adjacent anatomical regions in the cluster 

resulting from the event-related fMRI analysis, connectivity analyses were performed using the 

cluster as a whole and the amygdala and hippocampus sub-clusters separately as seed regions. 

No significant results were identified when applying the amygdala as a seed, however, functional 

connectivity analyses revealed pain habituation/sensitization was associated with variations in 

connectivity between the right anterior hippocampus and ventromedial prefrontal cortex at rest, 
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such that individuals with higher rates of habituation had higher connectivity between these regions 

(Fig.4). Habituation was also associated with higher functional connectivity between the 

sensorimotor cluster from the event-related analysis and a cluster extending across the right 

hippocampus, parahippocampal gyrus, amygdala, and insula cortex. This cluster partially 

overlapped with the cluster derived from the event-related habituation analysis. Resting-state 

analysis therefore yielded two connectivity pairings: Firstly, the hippocampus seed to ventromedial 

prefrontal cortex and, second, the sensorimotor seed to hippocampus. No significant correlations 

were found between the connectivity between either seed/cluster pairing and psychosocial 

variables (Supplementary F). 

 

 

Figure 4 | Functional Connectivity of Habituation |(top) Seed-based functional connectivity of the 
right hippocampus seed(blue) where habituation was associated with higher connectivity to the 
ventromedial prefrontal cortex(cluster A in green; Zmax=3.78; x=-6,y=58,z=-22) |(bottom) Seed-
based functional connectivity of the sensorimotor seed(red) where habituation was associated with 
higher connectivity to the right hippocampus, amygdala, and insula cortex(cluster B in yellow; 
Zmax=4.3; x=30,y=12,z= -12). Numbers denote slice depicted. 
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Discussion 

This study investigated the stability of individual differences in pain habituation/sensitization, and 

their underlying neural mechanisms. We observed substantial individual differences in response to 

repetitive nociceptive stimulation over time. Importantly, these individual patterns of pain 

habituation/sensitization were reliable across sessions, and experimental contexts. 

Habituation/sensitization slopes were also correlated with QST and psychometric variables, such 

that the degree of sensitization was associated with greater temporal summation, higher 

depression and neuroticism, and lower trait mindfulness. Higher levels of habituation were 

associated with increasing activity in the anterior hippocampus and amygdala over time, whereas 

sensitization was associated with increasing activity in the somatosensory, motor and premotor 

cortices. Activity change within the hippocampus over time was significantly correlated with, both, 

pain habituation/sensitization slopes in future behavioural sessions, and with single-session 

temporal summation. At rest, habituation was associated with higher functional connectivity 

between the hippocampus/amygdala and vmPFC, and higher connectivity between the 

sensorimotor cluster and the hippocampus, amygdala, and insula cortex. Collectively, our findings 

demonstrate that habituation or sensitization to pain involves a network of brain regions typically 

associated with the interpretation and evaluation of pain and is not solely a product of variation in 

nociceptive processing. As such, the way in which an individual processes pain is an important 

determinant of sensitization and habituation and, importantly, is a stable phenotypic quality. 

How individuals respond to repetitive nociceptive stimulation is important to understanding 

vulnerability to pain. In circumstances where heightened risk is perceived, pain responses may be 

enhanced(sensitization). If unavoidable noxious stimuli are perceived to pose no threat, pain 

habituation could help preserve resources. When empirically examining group effects, proportions 

of habituators and sensitizers reported varies greatly[24,29,82,31,33,40,46,56,61,62,80]. Our 

finding is the first indicating the propensity for an individual to habituate or sensitize is stable within 

individuals across time and context and, hence, may serve as a valuable phenotypic marker. 

Sensory-discriminative habituation 

Pain habituation was associated with reduced activity in the sensorimotor cortices. Reduced 

sensory-discriminative processing facilitating lower pain intensity is well documented[41,51] and 

this process appears to be disrupted in chronic pain patients[22,53]. Using a similar design,  
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stimulation over 8 separate days was associated with reduced BOLD responses to nociceptive 

stimuli in SII, as well as in the insula, thalamus and putamen[12]. Those data also indicated that 

repeated painful stimulation was associated with increased grey matter density in the 

somatosensory cortex[91], which was maintained at 21-day follow-up. Importantly, most studies 

quantified habituation/sensitization exclusively by examining neural activity during nociceptive 

stimulation, without including pain ratings. Consequently, the neural results predominantly focus on 

sensory-discriminative regions and are likely solely tracking habituation processes related to 

reduced nociceptive processing, rather than higher order cognitive-affective modulatory processes. 

This current study advances our understanding of the subjective experience of pain habituation and 

sensitization by focusing on participant pain ratings, thus focusing on the phenomenological 

experience of pain, alongside the sensory dimension of nociception.  

Hippocampal-Amygdala Circuitry 

Activity in the anterior hippocampus and amygdala was also associated with pain 

habituation/sensitization, with habituation linked to increasing activity over time. The interaction of 

amygdala-hippocampal processes are associated with the interpretation of emotional events and 

representations[76,84]. The anterior hippocampus is associated with pain information 

processing[48], mediation of context-dependent pain expectancy[104] and the integration of 

multiple sources of information to make decisions[101]. Chronic pain is associated with reduced 

bilateral hippocampal volume[103], disrupted hippocampal neurogenesis[25,52] and increased 

neuroinflammation[94]. Mirroring our resting-state findings, coupling between the hippocampus and 

mPFC has been identified as a biomarker for the transition from acute to chronic pain[55], with 

connectivity predicting variations in back pain across the year and likelihood of recovery from 

subacute pain, with persistent pain associated with large decreases in prefrontal-hippocampal 

functional connectivity[55]. Our finding advances this by highlighting that vmPFC-hippocampus 

connectivity in healthy controls predicts pain modulation, which may provide clarification to the 

mechanisms that predispose individuals to chronic pain. The underlying behavioural function of this 

biomarker could be pain habituation, with habituators best positioned for resolution of pain before it 

develops into a chronic condition. The expense of MRI prevents its utilisation in clinical pain 

assessment, making a behavioural proxy for a biomarker an asset. Whether this stimulation 

protocol could be applied to predict transition to pain chronicity requires further investigation. 
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The amygdala is also an important contributor to the emotional component of pain[32]. The latero-

capsular division of the central nucleus of the amygdala, or “nociceptive amygdala”, is associated 

with the integration of external and internal environmental information with nociception[60,98]. 

Intuitively, the direction of this change in neural activity is surprising, given the relationship between 

the amygdala and pain intensity[16] and depressive or anxious states[3,23]. However, the 

amygdala is also involved in regulating moment-by-moment vigilance levels[96] and processing 

emotionally salient stimuli, especially when pertinent for later evaluation[20]. Within our design, 

participants were not informed their stimuli were all the same temperature provided  their average 

pain intensity at the end of a trial. As pain involves an emotional component[77], our results 

suggest that the hippocampus and amygdala are involved in the consolidation of pain across 

repetitive stimulation via emotional appraisal processes. This mechanism may facilitate accurate 

appraisal that stimulation intensity was not increasing or risking physical damage, thus reducing 

threat appraisal and, ultimately, facilitating a beneficial habituatory response. 

Pain Habituation/Sensitization as a Phenotype 

The influence of pain sensitization on pain chronicity is an crucial area of study[6,63], focusing on 

the discrepancy between peripheral drivers of pain, and the perceptual consequences. Pro-

nociceptive phenotypes have long been investigated to identify those at risk of chronification of 

pain or poor treatment response[99]. Psychometrics, such as the central sensitization 

inventory(CSI), may be used for this purpose[59], although it is unclear if CSI actually quantifies its 

namesake construct[2]. Instead, QST is a more appropriate tool for quantifying these 

profiles[1,17,42], with temporal summation frequently cited as a potential tool for prediction 

[8,72,95]. In our data, TS was correlated with habituation/sensitization slopes and hippocampal 

activity dynamics. Taken together, this repetitive pain stimulation protocol may be a useful method 

for quantifying nociceptive phenotypes.  

Habituation may represent an individual appropriately evaluating their environment as posing no 

risk of harm, facilitating the reduction of needlessly expended defensive resources. Sensitization to 

pain elicits the opposite and poses a risk of cognitive drain and increased pain sensitivity. Our data 

indicate that psychosocial features influence an individual’s predisposition towards either 

dimension. Neuroticism is a trait commonly associated with exaggerated threat-appraisal, and 

sensitivity to environmental stress[97]. Neuroticism is consistently associated with the transition 



21 
 

from acute to chronic pain[71], the development of chronic post-surgical pain[30], impaired quality 

of life[78] and is evaluated in chronic pain sufferers as compared to healthy control[43]. Relatedly, 

depression is highly co-morbid with pain[81], and associated with poor clinical outcomes[64,74], 

pain-related interference and disability[47]. Within our data, both neuroticism and depression were 

correlated with habituation/sensitization slopes, with higher scores facilitating sensitization. 

Conversely, mindfulness, which was associated with pain habituation , is characterised as a non-

judgemental present-moment attentional regulation[14], associated with lower pain sensitivity[36] 

and higher functioning in chronic pain patient[49]. While this study lacks of a measure of pure 

peripheral function that could clarify the involvement of peripheral mechanisms (such as nociceptor 

fatigue or sensitisation), the data suggest that pain habituation/sensitization is a process that 

extends beyond only nociceptive sensory pathways, involving higher-order cognitive and emotional 

responses as well. When considering that pain rating slope was correlated with the individualised 

stimulus temperature, this supports the position that heightened perception of threat of harm could 

predispose an individual to a greater risk of sensitisation. Functional connectivity analyses at rest 

further indicate that participants with decreasing sensorimotor activation during the task, who 

habituated to pain, showed increased connectivity with regions of the brain associated with 

emotional responding and learning(hippocampus, amygdala and insula). In turn, these regions 

were increasingly coupled with the vmPFC, a key region for emotional regulation via flexible value 

assignment and the context-dependent inhibition of the amygdala[5,83]. This, not only, expands on 

this habituation/sensitization phenotype, but underscores the importance of emotional regulation in 

pain resilience and, by extension, psychological interventions to correct a pro-nociceptive 

phenotype. 

Summary 

This study is the first to evidence the stability of individual differences in pain 

habituation/sensitization and underscore its utility as a phenotypical variable, potentially suitable for 

clinical use. How a participant rates pain following repetitive nociceptive stimulation in a single 

session can predict similar rates of change in subsequent sessions. Individual differences in 

habituation/sensitization are stable across multiple sessions, and are associated with temporal 

summation, depression, neuroticism, anxiety and mindfulness. Reduced sensory-discriminative 

and increased amygdala-hippocampal activity is associated with pain habituation. Further, it is 
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likely that functional connectivity between the hippocampus and the insula and vmPFC are similarly 

associated with habituation. Our data suggest that how an individual habituates or sensitizes to 

repetitive nociception involves, both, reductions in sensory nociceptive signals and higher order 

evaluative processes, which include the appraisal of pain and the regulation of emotion. Future 

work is needed to explore if these neural mechanisms represent biological markers for vulnerability 

to prolonged nociceptive input or whether a repetitive pain stimulation paradigm can be used as a 

phenotypical assessment to predict pain chronicity.  

  



23 
 

Acknowledgements 

Contributions that do not justify authorship  

None 

 

Technical assistance 

The Centre for Integrative Neuroscience & Neurodynamics Operational Support Team at the 
University of Reading 

 

Financial and material support 

RH:- Medical Research Council MR/R005656/1 

TS:- Medical Research Council MR/R005656/1 

WG:- Leverhulme Early Career Fellowship 

GA:- Medical Research Council MR/R005656/1 

 

Financial support that may represent a conflict of interest  

None 

 

Conflict of interest 

None 

 

Open Access Statement 

For the purpose of open access, the author has applied a Creative Commons Attribution (CC BY) 
licence to any arising Author Accepted Manuscript version 

  



24 
 

References 

[1]  Adams G, Harrison R, Gandhi W, van Reekum CM, Salomons T V. Intrinsic attention to 
pain is associated with a pronociceptive phenotype. PAIN Reports 2021;6:e934. 

[2]  Adams GR, Gandhi W, Harrison R, van Reekum CM, Gilron I, Salomons T V. Do “central 
sensitization” questionnaires reflect measures of nociceptive sensitization or psychological 
constructs? Protocol for a systematic review. Pain reports 2021;6:e962. 
doi:10.1097/PR9.0000000000000962. 

[3]  Anand A, Shekhar A. Brain Imaging Studies in Mood and Anxiety Disorders. Ann N Y Acad 
Sci 2006;985:370–388. doi:10.1111/j.1749-6632.2003.tb07095.x. 

[4]  Andersson JLR, Skare S, Ashburner J. How to correct susceptibility distortions in spin-echo 
echo-planar images: Application to diffusion tensor imaging. Neuroimage 2003;20:870–888. 

[5]  Andrewes DG, Jenkins LM. The Role of the Amygdala and the Ventromedial Prefrontal 
Cortex in Emotional Regulation: Implications for Post-traumatic Stress Disorder. 
Neuropsychol Rev 2019:220–243. 

[6]  Arendt-Nielsen L. Pain sensitisation in osteoarthritis. Clin Exp Rheumatol 2017;35:S68–
S74. 

[7]  Baer RA, Smith G, Lykins E, Button D, Krietemeyer J, Sauer S, Walsh E, Duggan D, 
Williams JMG. Construct validity of the five facet mindfulness questionnaire in meditating 
and nonmeditating samples. Assessment 2008;15:329–42. 
doi:10.1177/1073191107313003. 

[8]  Baeumler PI, Conzen P, Irnich D. High Temporal Summation of Pain Predicts Immediate 
Analgesic Effect of Acupuncture in Chronic Pain Patients—A Prospective Cohort Study. 
Front Neurosci 2019;13. 

[9]  Beck AT. An Inventory for Measuring Depression. Arch Gen Psychiatry 1961;4:561. 
doi:10.1001/archpsyc.1961.01710120031004. 

[10]  Behzadi Y, Restom K, Liau J, Liu TT. A component based noise correction method 
(CompCor) for BOLD and perfusion based fMRI. Neuroimage 2007;37:90–101. Available: 
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2214855/pdf/nihms-27952.pdf. 

[11]  Bingel U, Herken W, Teutsch S, May A. Habituation to painful stimulation involves the 
antinociceptive system - a 1-year follow-up of 10 participants. Pain 2008;140:393–394. 
doi:10.1016/j.pain.2008.09.030. 

[12]  Bingel U, Schoell E, Herken W, Büchel C, May A. Habituation to painful stimulation involves 
the antinociceptive system. Pain 2007;131:21–30. 

[13]  Bingel U, Tracey I. Imaging CNS modulation of pain in humans. Physiology 2008;23:371–
380. 

[14]  Bishop SR, Lau M, Shapiro S, Carlson L, Anderson ND, Carmody J, Segal Z V., Abbey S, 
Speca M, Velting D, Devins G. Mindfulness: A proposed operational definition. Clin Psychol 
Sci Pract 2004;11:230–241. 

[15]  Blakesley RE, Mazumdar S, Dew MA, Houck PR, Tang G, Reynolds CF, Butters MA. 
Comparisons of methods for multiple hypothesis testing in neuropsychological research. 
Neuropsychology 2009;23:255–264. doi:10.1037/a0012850. 

[16]  Bornhövd K, Quante M, Glauche V, Bromm B, Weiller C, Büchel C. Painful stimuli evoke 
different stimulus–response functions in the amygdala, prefrontal, insula and 
somatosensory cortex: a single‐trial fMRI study. Brain 2002;125:1326–1336. 
doi:10.1093/brain/awf137. 

[17]  Bossmann T, Brauner T, Horstmann T. Differences in pain intensity in anti- and pro-
nociceptive pain profile subgroups in patients with knee osteoarthritis. Pain Manag 
2018;8:27–36. doi:10.2217/pmt-2017-0039. 

[18]  Breimhorst M, Hondrich M, Rebhorn C, May A, Birklein F. Sensory and sympathetic 
correlates of heat pain sensitization and habituation in men and women. Eur J Pain 
2012;16:1281–1292. 

[19]  Bulls HW, Lynch MK, Petrov ME, Gossett EW, Owens MA, Terry SC, Wesson-Sides KM, 
Goodin BR. Depressive Symptoms and Sleep Efficiency Sequentially Mediate Racial 
Differences in Temporal Summation of Mechanical Pain. Ann Behav Med 2017;51:673–682. 

[20]  Cahill L, McGaugh JL. Mechanisms of emotional arousal and lasting declarative memory. 
Trends Neurosci 1998;21:294–299. 

[21]  Cheng JC, Erpelding N, Kucyi A, DeSouza DD, Davis KD. Individual Differences in 
Temporal Summation of Pain Reflect Pronociceptive and Antinociceptive Brain Structure 
and Function. J Neurosci 2015;35:9689–9700. doi:10.1523/JNEUROSCI.5039-14.2015. 



25 
 

[22]  Coppola G, Currà A, Di Lorenzo C, Parisi V, Gorini M, Sava SL, Schoenen J, Pierelli F. 
Abnormal cortical responses to somatosensory stimulation in medication-overuse 
headache. BMC Neurol 2010;10. 

[23]  Davidson RJ. Anxiety and Affective Style : Role of Prefrontal Cortex and Amygdala. 2002. 
[24]  Dirkwinkel M, Gralow I, Colak-Ekici R, Wolowski A, Marziniak M, Evers S. The influence of 

repetitive painful stimulation on peripheral and trigeminal pain thresholds. J Neurol Sci 
2008;273:108–111. 

[25]  Duric V, McCarson KE. Persistent Pain Produces Stress-like Alterations in Hippocampal 
Neurogenesis and Gene Expression. J Pain 2006;7:544–555. 

[26]  Edwards RR, Dolman AJ, Martel MO, Finan PH, Lazaridou A, Cornelius M, Wasan AD. 
Variability in conditioned pain modulation predicts response to NSAID treatment in patients 
with knee osteoarthritis. BMC Musculoskelet Disord 2016;17:284. doi:10.1186/s12891-016-
1124-6. 

[27]  Edwards RR, Fillingim RB. Effects of age on temporal summation and habituation of 
thermal pain: Clinical relevance in healthy older and younger adults. J Pain 2001;2:307–
317. 

[28]  Edwards RR, Smith MT, Stonerock G, Haythornthwaite JA. Pain-related catastrophizing in 
healthy women is associated with greater temporal summation of and reduced habituation 
to thermal pain. Clin J Pain 2006;22:730–737. 

[29]  Ernst M, Lee MHM, Dworkin B, Zaretsky HH. Pain perception decrement produced through 
repeated stimulation. Pain 1986;26:221–231. 

[30]  Fregoso G, Wang A, Tseng K, Wang J. Transition from acute to chronic pain: Evaluating 
risk for chronic postsurgical pain. Pain Physician 2019;22:479–488. 

[31]  Gács B, Szolcsányi T, Csathó. Opposite patterns of change in perception of imagined and 
physically induced pain over the course of repeated thermal stimulations. Eur J Pain 
2017;21:1165–1172. 

[32]  Garcia-Larrea L, Peyron R. Pain matrices and neuropathic pain matrices: A review. Pain 
2013;154:S29–S43. doi:10.1016/j.pain.2013.09.001. 

[33]  Ginzburg K, Tsur N, Karmin C, Speizman T, Tourgeman R, Defrin R. Body awareness and 
pain habituation: the role of orientation towards somatic signals. J Behav Med 2015;38:876–
885. 

[34]  Goldberg LR. The Structure of Phenotypic Personality Traits. 1993 p. 
[35]  Grosen K, Fischer IWD, Olesen AE, Drewes AM. Can quantitative sensory testing predict 

responses to analgesic treatment? Eur J Pain 2013;17:1267–1280. 
[36]  Harrison R, Zeidan F, Kitsaras G, Ozcelik D, Salomons T V. Trait Mindfulness Is Associated 

With Lower Pain Reactivity and Connectivity of the Default Mode Network. J Pain 
2019;20:645–654. doi:10.1016/j.jpain.2018.10.011. 

[37]  Hollins M, Harper D, Maixner W. Changes in pain from a repetitive thermal stimulus: The 
roles of adaptation and sensitization. Pain 2011;152:1583–1590. 
doi:10.1016/j.pain.2011.02.049. 

[38]  Jenkinson M. Improved Optimization for the Robust and Accurate Linear Registration and 
Motion Correction of Brain Images. Neuroimage 2002;17:825–841. doi:10.1016/S1053-
8119(02)91132-8. 

[39]  Jenkinson M, Beckmann CF, Behrens TEJ, Woolrich MW, Smith SM. Fsl. Neuroimage 
2012;62:782–790. doi:10.1016/j.neuroimage.2011.09.015. 

[40]  Jepma M, Jones M, Wager TD. The dynamics of pain: Evidence for simultaneous site-
specific habituation and site-nonspecific sensitization in thermal pain. J Pain 2014;15:734–
746. doi:10.1016/j.jpain.2014.02.010. 

[41]  Klingner CM, Nenadic I, Hasler C, Brodoehl S, Witte OW. Habituation within the 
somatosensory processing hierarchy. Behav Brain Res 2011;225:432–436. 
doi:10.1016/j.bbr.2011.07.053. 

[42]  Ten Klooster PM, De Graaf N, Vonkeman HE. Association between pain phenotype and 
disease activity in rheumatoid arthritis patients: A non-interventional, longitudinal cohort 
study. Arthritis Res Ther 2019;21:1–10. 

[43]  Kristoffersen ES, Aaseth K, Grande RB, Lundqvist C, Russell MB. Psychological distress, 
neuroticism and disability associated with secondary chronic headache in the general 
population - The Akershus study of chronic headache. J Headache Pain 2018;19. 

[44]  Latremoliere A, Woolf CJ. Central Sensitization: A Generator of Pain Hypersensitivity by 
Central Neural Plasticity. J Pain 2009;10:895–926. doi:10.1016/j.jpain.2009.06.012. 

[45]  Lautenbacher S, Roscher S, Strian F. Tonic pain evoked by pulsating heat: Temporal 
summation mechanisms and perceptual qualities. Somatosens Mot Res 1995;12:59–70. 

[46]  LeBlanc J, Potvin P. Studies on Habituation to Cold Pain. Can J Physiol Pharmacol 



26 
 

1966;44:287–293. doi:10.1139/y66-033. 
[47]  Lerman SF, Rudich Z, Brill S, Shalev H, Shahar G. Longitudinal associations between 

depression, anxiety, pain, and pain-related disability in chronic pain patients. Psychosom 
Med 2015;77:333–341. 

[48]  Liu MG, Chen J. Roles of the hippocampal formation in pain information processing. 
Neurosci Bull 2009;25:237–266. 

[49]  McCracken LM, Thompson M. Components of mindfulness in patients with chronic pain. J 
Psychopathol Behav Assess 2009;31:75–82. 

[50]  Moayedi M, Salomons T V., Atlas LY. Pain Neuroimaging in Humans: A Primer for 
Beginners and Non-Imagers. J Pain 2018;19:961.e1-961.e21. 
doi:10.1016/j.jpain.2018.03.011. 

[51]  Mobascher A, Brinkmeyer J, Warbrick T, Musso F, Schlemper V, Wittsack HJ, Saleh A, 
Schnitzler A, Winterer G. Brain activation patterns underlying fast habituation to painful 
laser stimuli. Int J Psychophysiol 2010;75:16–24. doi:10.1016/j.ijpsycho.2009.10.008. 

[52]  Mokhtari T, Tu Y, Hu L. Involvement of the hippocampus in chronic pain and depression. 
Brain Sci Adv 2019;5:288–298. 

[53]  Montoya P, Sitges C, García-Herrera M, Rodríguez-Cotes A, Izquierdo R, Truyols M, 
Collado D. Reduced brain habituation to somatosensory stimulation in patients with 
fibromyalgia. Arthritis Rheum 2006;54:1995–2003. 

[54]  Mun CJ, Okun MA, Karoly P. Trait mindfulness and catastrophizing as mediators of the 
association between pain severity and pain-related impairment. Pers Individ Dif 
2014;66:68–73. doi:10.1016/j.paid.2014.03.016. 

[55]  Mutso AA, Petre B, Huang L, Baliki MN, Torbey S, Herrmann KM, Schnitzer TJ, Apkarian 
VA. Reorganization of hippocampal functional connectivity with transition to chronic back 
pain. J Neurophysiol 2014;111:1065–1076. 

[56]  Naert ALG, Kehlet H, Kupers R. Characterization of a novel model of tonic heat pain 
stimulation in healthy volunteers. Pain 2008;138:163–171. 

[57]  Naggara O, Raymond J, Guilbert F, Roy D, Weill A, Altman DG. Analysis by categorizing or 
dichotomizing continuous variables is inadvisable: An example from the natural history of 
unruptured aneurysms. Am J Neuroradiol 2011;32:437–440. 

[58]  Nahman-Averbuch H, Nir RR, Sprecher E, Yarnitsky D. Psychological factors and 
conditioned pain modulation: A meta-analysis. Clin J Pain 2016;32:541–554. 

[59]  Neblett R, Hartzell MM, Cohen H, Mayer TG, Williams M, Choi YH, Gatchel RJ. Ability of the 
central sensitization inventory to identify central sensitivity syndromes in an outpatient 
chronic pain sample. Clin J Pain 2015;31:323–332. 

[60]  Neugebauer V, Li W, Bird GC, Han JS. The amygdala and persistent pain. Neuroscientist 
2004;10:221–234. 

[61]  Nickel FT, Ott S, Möhringer S, Saake M, Dörfler A, Seifert F, Maihöfner C. Brain correlates 
of short-term habituation to repetitive electrical noxious stimulation. Eur J Pain 2014;18:56–
66. 

[62]  Nie HL, Graven-Nielsen T, Arendt-Nielsen L. Spatial and temporal summation of pain 
evoked by mechanical pressure stimulation. Eur J Pain 2009;13:592–599. 
doi:10.1016/j.ejpain.2008.07.013. 

[63]  Nijs J, George SZ, Clauw DJ, Fernández-de-las-Peñas C, Kosek E, Ickmans K, Fernández-
Carnero J, Polli A, Kapreli E, Huysmans E, Cuesta-Vargas AI, Mani R, Lundberg M, Leysen 
L, Rice D, Sterling M, Curatolo M. Central sensitisation in chronic pain conditions: latest 
discoveries and their potential for precision medicine. Lancet Rheumatol 2021;3:e383–
e392. 

[64]  Niraj G, Rowbotham DJ. Persistent postoperative pain: Where are we now? Br J Anaesth 
2011;107:25–29. 

[65]  O’Brien AT, Deitos A, Triñanes Pego Y, Fregni F, Carrillo-de-la-Peña MT. Defective 
Endogenous Pain Modulation in Fibromyalgia: A Meta-Analysis of Temporal Summation 
and Conditioned Pain Modulation Paradigms. J Pain 2018;19:819–836. 
doi:10.1016/j.jpain.2018.01.010. 

[66]  Ossipov MH, Dussor GO, Porreca F. Central modulation of pain. J Clin Invest 
2010;120:3779–3787. doi:10.1172/JCI43766. 

[67]  Ossipov MH, Morimura K, Porreca F. Descending pain modulation and chronification of 
pain. Curr Opin Support Palliat Care 2014;8:143–151. 

[68]  De Paepe AL, Amanda AC, Crombez G. Habituation to pain: A motivational ethological 
perspective. Pain 2019;160:1693–1697. 

[69]  Paine P, Kishor J, Worthen SF, Gregory LJ, Aziz Q. Exploring relationships for visceral and 
somatic pain with autonomic control and personality. Pain 2009;144:236–244. 



27 
 

doi:10.1016/j.pain.2009.02.022. 
[70]  Paul K, Tik M, Hahn A, Sladky R, Geissberger N, Wirth EM, Kranz GS, Pfabigan DM, Kraus 

C, Lanzenberger R, Lamm C, Windischberger C. Give me a pain that I am used to: distinct 
habituation patterns to painful and non-painful stimulation. Sci Rep 2021;11:1–11. 
doi:10.1038/s41598-021-01881-4. 

[71]  Perkins FM, Kehlet H. Chronic pain as an outcome of surgery: A review of predictive 
factors. Anesthesiology 2000;93:1123–1133. 

[72]  Petersen KK, Arendt-Nielsen L, Simonsen O, Wilder-Smith O, Laursen MB. Presurgical 
assessment of temporal summation of pain predicts the development of chronic 
postoperative pain 12 months after total knee replacement. Pain 2015;156:55–61. 

[73]  Petrovic P, Kalso E, Petersson KM, Ingvar M. Placebo and opioid analgesia - Imaging a 
shared neuronal network. Science (80- ) 2002;295:1737–1740. 

[74]  Pinheiro MB, Ferreira ML, Refshauge K, Maher CG, Ordoñana JR, Andrade TB, Tsathas A, 
Ferreira PH. Symptoms of depression as a prognostic factor for low back pain: A systematic 
review. Spine J 2016;16:105–116. doi:10.1016/j.spinee.2015.10.037. 

[75]  Ploghaus A, Tracey I, Clare S, Gati JS, Rawlins JNP, Matthews PM. Learning about pain: 
The neural substrate of the prediction error for aversive events. Proc Natl Acad Sci U S A 
2000;97:9281–9286. 

[76]  Qasim SE, Mohan UR, Stein JM, Jacobs J. Neuronal activity in the human amygdala and 
hippocampus enhances emotional memory encoding. Nat Hum Behav 2023. 

[77]  Raja SN, Carr DB, Cohen M, Finnerup NB, Flor H, Gibson S, Keefe FJ, Mogil JS, Ringkamp 
M, Sluka KA, Song XJ, Stevens B, Sullivan MD, Tutelman PR, Ushida T, Vader K. The 
revised International Association for the Study of Pain definition of pain: concepts, 
challenges, and compromises. Pain 2020;161:1976–1982. 

[78]  Ramírez-Maestre C, Esteve R. Disposition and adjustment to chronic pain topical collection 
on psychiatric management of pain. Curr Pain Headache Rep 2013;17. 

[79]  Ramírez-Maestre C, López Martínez AE, Zarazaga RE. Personality characteristics as 
differential variables of the pain experience. J Behav Med 2004;27:147–165. 

[80]  Rennefeld C, Wiech K, Schoell ED, Lorenz J, Bingel U. Habituation to pain: Further support 
for a central component. Pain 2010;148:503–508. doi:10.1016/j.pain.2009.12.014. 

[81]  Rizvi SJ, Gandhi W, Salomons T. Reward processing as a common diathesis for chronic 
pain and depression. Neurosci Biobehav Rev 2021;127:749–760. 
doi:10.1016/j.neubiorev.2021.04.033. 

[82]  Rodriguez-Raecke R, Doganci B, Breimhorst M, Stankewitz A, Büchel C, Birklein F, May A. 
Insular cortex activity is associated with effects of negative expectation on nociceptive long-
term habituation. J Neurosci 2010;30:11363–11368. 

[83]  Schiller D, Delgado MR. Overlapping neural systems mediating extinction, reversal and 
regulation of fear. Trends Cogn Sci 2010;14:268–276. doi:10.1016/j.tics.2010.04.002. 

[84]  Smith APR, Stephan KE, Rugg MD, Dolan RJ. Task and content modulate amygdala-
hippocampal connectivity in emotional retrieval. Neuron 2006;49:631–638. 

[85]  Smith BW, Tooley EM, Montague EQ, Robinson AE, Cosper CJ, Mullins PG. The Role of 
Resilience and Purpose in Life in Habituation to Heat and Cold Pain. J Pain 2009;10:493–
500. doi:10.1016/j.jpain.2008.11.007. 

[86]  Smith SM. Fast robust automated brain extraction. Hum Brain Mapp 2002;17:143–155. 
[87]  Spielberger CD., Gorsuch RL., Lushene R., Vagg PR., Jacobs GA. Manual for the “State-

Trait Anxiety Inventory.” Consult Psychol Press 1983. 
[88]  Stankewitz A, Valet M, Schulz E, Wöller A, Sprenger T, Vogel D, Zimmer C, Mühlau M, 

Tölle TR. Pain sensitisers exhibit grey matter changes after repetitive pain exposure: A 
longitudinal voxel-based morphometry study. Pain 2013;154:1732–1737. 

[89]  Suzan E, Aviram J, Treister R, Eisenberg E, Pud D. Individually based measurement of 
temporal summation evoked by a noxious tonic heat paradigm. J Pain Res 2015;8:409–415. 

[90]  Terry EL, Kerr KL, Delventura JL, Rhudy JL. Anxiety sensitivity does not enhance pain 
signaling at the spinal level. Clin J Pain 2012;28:505–510. 

[91]  Teutsch S, Herken W, Bingel U, Schoell E, May A. Changes in brain gray matter due to 
repetitive painful stimulation. Neuroimage 2008;42:845–849. 

[92]  Thompson T, Keogh E, French CC, Davis R. Anxiety sensitivity and pain: Generalisability 
across noxious stimuli. Pain 2008;134:187–196. 

[93]  Tracey I, Mantyh PW. The Cerebral Signature for Pain Perception and Its Modulation. 
Neuron 2007;55:377–391. 

[94]  Vasic V, Schmidt MHH. Resilience and vulnerability to pain and inflammation in the 
hippocampus. Int J Mol Sci 2017;18. 

[95]  Weissman-Fogel I, Granovsky Y, Crispel Y, Ben-Nun A, Best LA, Yarnitsky D, Granot M. 



28 
 

Enhanced Presurgical Pain Temporal Summation Response Predicts Post-Thoracotomy 
Pain Intensity During the Acute Postoperative Phase. J Pain 2009;10:628–636. 
doi:10.1016/j.jpain.2008.12.009. 

[96]  Whalen PJ, Shin LM, Somerville LH, McLean AA, Kim H. Functional neuroimaging studies 
of the amygdala in depression. Semin Clin Neuropsychiatry 2002;7:ascnp0070234. 
doi:10.1053/scnp.2002.35219. 

[97]  Widiger TA, Oltmanns JR. Neuroticism is a fundamental domain of personality with 
enormous public health implications. World Psychiatry 2017;16:144–145. 

[98]  Wilson TD, Valdivia S, Khan A, Ahn HS, Adke AP, Gonzalez SM, Sugimura YK, 
Carrasquillo Y. Dual and Opposing Functions of the Central Amygdala in the Modulation of 
Pain. Cell Rep 2019;29:332-346.e5. doi:10.1016/j.celrep.2019.09.011. 

[99]  Yarnitsky D, Granot M, Granovsky Y. Pain modulation profile and pain therapy: Between 
pro- and antinociception. Pain 2014;155:663–665. doi:10.1016/j.pain.2013.11.005. 

[100]  Yarnitsky D, Granot M, Nahman-Averbuch H, Khamaisi M, Granovsky Y. Conditioned pain 
modulation predicts duloxetine efficacy in painful diabetic neuropathy. Pain 2012;153:1193–
1198. doi:10.1016/j.pain.2012.02.021. 

[101]  Zeidman P, Maguire EA. Anterior hippocampus: the anatomy of perception, imagination and 
episodic memory. Nat Rev Neurosci 2016;17:173–182. doi:10.1038/nrn.2015.24. 

[102]  Zhang Y, Brady M, Smith S. Segmentation of brain MR images through a hidden Markov 
random field model and the expectation-maximization algorithm. IEEE Trans Med Imaging 
2001;20:45–57. 

[103]  Zimmerman ME, Pan JW, Hetherington HP, Lipton ML, Baigi K, Lipton RB. Hippocampal 
correlates of pain in healthy elderly adults: A pilot study. Neurology 2009;73:1567–1570. 

[104]  Ziv M, Tomer R, Defrin R, Hendler T. Individual sensitivity to pain expectancy is related to 
differential activation of the hippocampus and amygdala. Hum Brain Mapp 2010;31:326–
338. 

 


