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Abstract

Fibromyalgia (FM) is a complex syndrome characterized by chronic widespread pain, 

hyperalgesia, and other disabling symptoms. Although the brain response to experimental pain in 

FM patients has been the object of intense investigation, the biological underpinnings of painful 

after-sensations (PAS), and their relation to negative affect have received little attention. In this 

cross-sectional cohort study, subjects with FM (n = 53) and healthy controls (n = 17) were 

assessed for PAS using exposure to a sustained, moderately painful cuff stimulus to the leg, 

individually calibrated to a target pain intensity of 40 of 100. Despite requiring lower cuff 

pressures to achieve the target pain level, FM patients reported more pronounced PAS 15 seconds 

after the end of cuff stimulation, which correlated positively with clinical pain scores. Functional 

magnetic resonance imaging revealed reduced deactivation of the medial temporal lobe (MTL; 

amygdala, hippocampus, parahippocampal gyrus) in FM patients, during pain stimulation, as well 

as in the ensuing poststimulation period, when PAS are experienced. Moreover, the functional 

magnetic resonance imaging signal measured during the poststimulation period in the MTL, as 

well as in the insular and anterior middle cingulate and medial prefrontal cortices, correlated with 

the severity of reported PAS by FM patients. These results suggest that the MTL plays a role in 

PAS in FM patients.
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Perspective—PAS are more common and severe in FM, and are associated with clinical pain 

and catastrophizing. PAS severity is also associated with less MTL deactivation, suggesting that 

the MTL, a core node of the default mode network, may be important in the prolongation of pain 

sensation in FM.
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Historically, many in the medical community have viewed fibromyalgia (FM) with 

skepticism. Clear peripheral signs in FM are difficult to discern, and an unfortunate 

consequence that many patients anecdotally report is a lingering tendency of some medical 

practitioners to underestimate their pain. Over the past 2 decades, an improvement in the 

specificity of diagnostic criteria for FM,81 along with the accumulation of evidence of 

objective anatomical, functional, and neurochemical alterations in the central nervous 

system (eg, changes in brain morphometry, functional connectivity, and concentration of 

various neurotransmitters and metabolites),19,20,31,36,37,41,45,49,50,57,79 as well as more 

recent recognition of peripheral changes in at least a subgroup of FM patients,59,77 has 

helped to increase the acceptance of FM as a clinically recognized pain disorder with a 

neurobiological basis. Formal Quantitative Sensory Testing (QST) studies have also shown 

that individuals with FM have greater sensitivity (compared with pain-free control subjects) 

to a broad variety of standardized noxious stimuli, and importantly, have implicated 

alterations in the central nervous system as a possible substrate for differences in pain 

sensitivity between FM and non-FM. Specifically, FM patients exhibit a tendency toward 

greater central sensitization-like processes, such as temporal summation of pain (TSP).
62,69,71 Amplified TSP in FM patients is a phenomenon that has been well studied using a 

variety of stimulus modalities, including repetitive or prolonged75 heat, pressure, or pin 

prick mechanical stimuli.5,71,72

Painful after-sensations (PAS), defined as painful sensations persisting beyond the offset of a 

noxious stimulus, represent a clinically relevant, but less well studied, example of the 

sensitization-related processes that appear to be enhanced in FM. These PAS, which some 

authors have also called ‘windup after-sensations’ or ‘prolonged pain after-

sensations,’2,30,64,65,67,70,72,73 are typically experimentally measured 15 or 30 seconds after 

the removal of a nociceptive stimulus (or train of stimuli) of relatively long duration. PAS 

are enhanced in individuals with neuropathic pain compared with control subjects,30 and are 

more frequent and pronounced in postmastectomy patients with persistent postsurgical pain 

than those without it.67 Importantly, a handful of studies have shown that PAS are more 

pronounced in FM patients than in control subjects.12,62,70,72 Additionally, PAS appear to be 

more closely correlated to pain severity than other QST measures, including indices of 

temporal summation,2,65,73 underlining their potential clinical relevance. Whereas PAS have 

been studied by several groups psychophysically, their associated brain activity has not been 

investigated. Furthermore, although negative cognitive and affective factors such as 

catastrophizing, anxiety, and fear are known to contribute to pain-facilitatory processes,

Schreiber et al. Page 2

J Pain. Author manuscript; available in PMC 2018 August 21.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



24,25,63,66,80 it is unclear from previous work how negative affect relates to the experience of 

PAS.

In the current study, we evaluated the incidence and severity of PAS in FM, hypothesizing 

that PAS would be associated with clinical pain and catastrophizing, as well as differential 

brain activation, assessed using functional magnetic resonance imaging (fMRI), compared 

with control subjects.

Methods

This cross-sectional cohort study included patients suffering from FM, as well as healthy 

control volunteers. Study design and procedures were reviewed and approved by the 

institutional review board. Subjects were recruited through online advertising and flyers 

posted in the Boston community. Patients were eligible if they held a diagnosis of FM 

meeting criteria outlined by Wolfe.81 Exclusion criteria included: 1) history of significant 

neurologic disorder, 2) history of anxiety disorders or significant anxiety symptoms 

interfering with magnetic resonance imaging (MRI) procedures, 3) history of significant 

cardiac events, 4) history of significant head injury, 5) current treatment with opioids, 6) 

current/recent use of recreational drugs, and 7) implanted metallic objects and other typical 

contraindications for MRI, and 8) pregnancy. Patients’ medication regimens included 

gabapentin, a variety of antidepressants, nonsteroidal anti-inflammatory drugs, and 

acetaminophen, and were not altered during the course of this study. Healthy control 

subjects were recruited so as to achieve a balance of age and sex between FM and control 

groups. Subjects attended 2 study visits. The first visit consisted of a behavioral assessment, 

performed in a single, large, urban, university-based pain management center (Brigham and 

Women’s Hospital). The second was a neuroimaging visit, performed at the A.A. Martinos 

Center for Biomedical Imaging at Massachusetts General Hospital, an average of 2 weeks 

later (mean duration between visits ± SD: 15.1 ± 16.2 days).

Behavioral Visit

At the beginning of the visit, all participants provided informed consent. FM patients (n = 

53) and healthy control subjects (n = 17) then rated the severity and extent of their clinical 

pain by using a numeric rating scale (NRS; 0–100, with anchors 0 = no pain, 100 = most 

intense pain imaginable; numbers indicated verbally), the Brief Pain Inventory,76 the 

neuropathic pain questionnaire,13 as well as the Widespread Pain Inventory and the 

Symptom Severity index, which are used in the diagnostic criteria for FM.81 Negative affect 

and cognition were assessed using the Beck Depression Inventory,11 Pain Catastrophizing 

Scale (PCS),74 and an anxiety NRS. Subjects also completed a questionnaire at the end of 

the QST session, the Situational PCS (SPCS),16 which assessed catastrophizing during the 

painful events of the testing session itself, and is distinct from the PCS.17 Clinical pain NRS 

rating was also assessed at several points between QST. Pain scores in response to QST were 

also rated using a NRS (0–100). QST was performed by a single practitioner during the 

study visit for consistency, and the order of tests was kept constant across participants, as 

follows:
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Mechanical pain thresholds were assessed using a digital pressure algometer (Somedic AB, 

Sösdala, Sweden) bilaterally at the trapezius muscle and the metacarpophalangeal joint of 

the thumb.

Cuff pain, temporal summation, and PAS were assessed using a 13.5-cm wide velcro-

adjusted blood pressure cuff placed around the left leg (gastrocnemius muscle belly) and 

connected to a rapid cuff inflator (Hokanson Inc, Bellevue, WA). The cuff was inflated to a 

pressure corresponding to approximately 40 of 100 pain intensity for each patient. After 

determination of this 40 of 100 pressure, the cuff was deflated for a rest period and then 

again inflated to this value and held for a longer duration (2 minutes), after which it was 

rapidly deflated. Patients were asked to rate the pain experienced from this stimulus upon 

initial inflation, at 60 seconds, and at 120 seconds. Temporal summation was measured as 

the difference between pain rating at 120 seconds and initial pain rating. Additionally, the 

patients were asked to rate any ongoing pain at the cuff site 15 seconds after cuff deflation 

(PAS).

MRI Visit

FM patients (n = 43) and healthy control subjects (n = 15) also participated in the imaging 

visit. Of these, 5 subjects with FM were excluded from the analyses: 3 because of 

differences in the fMRI scanning parameters used, 1 because of technical difficulties with 

the scanner, and 1 because of falling asleep during the scan. These exclusions did not 

substantially alter the clinical and demographic profile of participants. In addition, 3 of the 

participants completed only 3 of 4 runs, because either they fell asleep during the scanning 

procedures (n = 1), or their clinical pain was excessive and prevented them from proceeding 

further with the scan (n = 2).

fMRI data were acquired using a 3T Tim Trio MRI System (Siemens Healthcare GmbH, 

Erlangen, Germany), equipped for echoplanar imaging with a 32-channel head coil. During 

4 blood-oxygen level-dependent (BOLD) fMRI runs (time repetition/time echo [TR/TE] = 2 

seconds/30 ms, 37 slices, voxel size = 3.1×3.1×3.6 mm), patients received a total of eight 

75- to 105-second (average ± SD: 90 ± 10 seconds) cuff pain stimuli (2 per run) individually 

calibrated to elicit target intensity ratings of approximately 40 of 100, on the left calf. To 

evaluate the effect of attentional focus on pain processing (an ancillary aim of the original 

study), we varied subjects’ focus of attention across the 4 runs; in 2 runs subjects were 

instructed to keep their eyes open and to look at a fixation cross and in 2 runs subjects were 

instructed to keep their eyes closed and to focus on a pleasant visual image in a 

pseudorandomized order. In an effort to avoid disruption of the imagery task during the 

imaging runs, subjects were asked to keep their eyes closed, and only expressed ‘average’ 

pain intensity (0 = no pain; 100 = the most intense pain imaginable) and unpleasantness 

ratings (0 = not unpleasant at all; 100 = extremely unpleasant) at the end of each run. 

Because mixed factorial analysis of variance (ANOVA; Group × Focus condition × Time) 

revealed that neither the effect of time on these pain ratings was significant (F1,54 = .357, P 
= .553), nor was there a significant Group × Time interaction (F1,52 = .392, P = .534), and 

focus condition did not have any significant differences across groups (Group × Focus 

condition interaction: F1,52 = .395, P = .533), all 4 imaging runs were collapsed into 1 
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average for further analyses, and the effect of attentional focus will not be discussed further. 

We also collected anatomical MRI data, using a multiecho magnetization-prepared rapid 

gradient-echo imaging pulse sequence (TR/TE1/TE2/TE3/TE4 = 2,530/1.64/3.5/5.36/7.22 

ms, flip angle = 7°, voxel size = 1 mm isotropic).

Statistics

Analysis of behavioral data was performed using SPSS (version 22; IBM Corp, Armonk, 

NY). Data for continuous variables are presented as means and SDs, and data for categorical 

variables are presented as percentages. A temporal summation score was computed by 

subtracting a patient’s end pressure pain rating from their initial pressure pain rating during 

the prolonged painful cuff stimulus. To determine significant group differences in reported 

clinical symptoms, psychosocial and psycho-physical variables, independent samples t-test 

or Fisher/χ2 tests were performed. To examine whether pressure pain ratings varied as a 

function of cuff time, or subject group, mixed-model ANOVA was conducted. Additionally, 

a paired samples t-test between initial and final pain ratings was conducted to assess 

temporal summation. To compare PAS ratings between groups, an independent samples t-

test was used. To investigate the inter-relationships between PAS and other variables among 

the subjects with FM, Pearson correlation coefficients were calculated. PAS from the 

behavioral visit were also used in the imaging regression analysis. Significance for all tests 

was set at α = .05.

fMRI data processing was carried out using FMRI Expert Analysis Tool version 6.00, part of 

FMRIB Software Library (FSL; www.fmrib.ox.ac.uk/fsl). Data were first corrected for slice 

timing (slicetimer) and motion (MCFLIRT), and were then skull stripped (BET), realigned 

to a single fMRI volume within-session (FLIRT), grand-mean intensity normalized by a 

single multiplicative factor, high-pass temporal filtered (Gaussian-weighted least-squares 

straight line fitting, with σ = 136 to 164 seconds depending on the run, and estimated using 

FSL’s cutoffcalc tool) and spatially smoothed (full width at half maximum = 5 mm). Time-

series statistical analysis was carried out using FILM with local autocorrelation correction. 

Cortical surface reconstruction was performed using FreeSurfer (http://

surfer.nmr.mgh.harvard.edu) for improved structural-functional coregistration, which was 

carried out using FreeSurfer’s bbregister tool.33 To ensure that any effect observed in the 

fMRI data would not be confounded by differences in head motion, we computed for each 

subject the maximum rotation (in radians [rad]) and the maximum translation (in 

millimeters) along the x, y, and z axes, and compared them across groups. Maximum 

rotation values (mean ± SD) were .023 ± .012, .011 ± .009, and .014 ± .012 rad for controls 

and .028 ± .027, .010 ± .009, and .013 ± .011 rad for FM patients. Maximum translation 

values were .649 ± .489, .353 ± .160, and 1.332 ± .581 for the controls and .704 ± .634, .682 

± .715, and 1.504 ± 1.827 for FM patients. None of the group differences for each of the 6 

motion parameters were statistically significant (Ps = .45, .93, and .53 for the rotations; .76, .

09, and .72 for the translations).

A first-level within-subject general linear model (GLM) analysis was performed by 

modeling the sustained tonic response as a boxcar function (beginning from cuff inflation to 

cuff deflation), and the 15-second period after stimulus offset. The latter regressor was used 
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in our design matrix because our behavioral data (see Results) in this as well as other 

studies67 indicated the presence of PAS during this period. In addition, the stimulus onset 

and offset transients were modeled using stick functions (1 TR each), similar to previous 

investigations.10,44,78 These regressors were included to improve the overall modeling of 

brain activity, because previous work has shown that task/stimulus transitions give rise to 

transient BOLD responses which are, at least in part, spatially separable from the tonic/

sustained brain responses observed throughout the presentation of the task or stimulus.
23,29,44,60,78 Such modeling is arguably more important in the presence of relatively long 

stimulus blocks, as was the case in our study. The inclusion of the offset regressor, in 

particular, improved the separation between brain responses to the discrete act of cuff 

deflation versus the more prolonged 15-second poststimulus period with the noted PAS. A 

canonical double-g hemodynamic response function was convolved with all of the 

mentioned regressors. Finally, 6 head motion parameters (3 translations and 3 rotations), as 

well as a regressor of no interest for each volume deemed to be an outlier in terms of motion 

(as computed using fsl_motions_outliers) were also included in the design matrix to 

minimize the effect of motion in the estimation of our brain responses to our variables of 

interest. The first-level parameter estimate and corresponding variance maps were registered 

to the Montreal Neurological Institute 152 standard space using the FMRIB Nonlinear 

Image Registration Tool for group analyses. Group differences in the 15-second 

poststimulus period, as well as the association between this activity and the behavioral 

ratings of PAS (for subjects with FM), were then assessed in whole-brain voxelwise GLMs, 

using FMRIB Local Analysis of Mixed Effects 112, with automatic outlier detection 

enabled. The resulting statistical map was cluster-corrected for multiple comparisons using 

the FSL default cluster-forming voxelwise threshold of Z > 2.3, and a (corrected) cluster 

significance threshold of P < .05. For illustrative purposes, the average percent signal change 

was extracted from the statistically significant clusters, masked by anatomical labels 

obtained from the Harvard Oxford Atlas (thresholded at the arbitrary value of 30). The 

medial temporal lobe (MTL) label was obtained by fusing the amygdala, hippocampus, and 

parahippocampal gyrus labels from the atlas.

Results

Demographic, Psychosocial, Psychophysical, and Clinical Pain Characteristics of Subjects

Subjects with FM and healthy control subjects were comparable in age, sex, ethnicity, and 

education (Table 1). However, as expected, subjects with FM differed from healthy control 

subjects in their degree of pain and physical symptoms, including pain severity, pain 

interference, fatigue, widespread pain, and symptom severity, according to commonly used 

clinical assessment tools for FM. Additionally, subjects with FM reported a greater degree of 

depressive symptoms, and higher ‘trait’ pain catastrophizing (although not different 

‘situational’ catastrophizing during QST) than control subjects (Table 1). Upon 

psychophysical testing, subjects with FM reported greater pain sensitivity overall, with 

lower pressure pain thresholds at multiple body locations, and higher PAS ratings (Table 2).
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Temporal Summation of Prolonged Cuff Pain in FM and Control Subjects

To assess the degree of TSP in subjects, a prolonged, moderately painful pressure of 

inflatable cuff was applied to the left leg, using an individually-determined pressure to 

produce a 40 of 100 NRS rating for each subject at cuff onset. Consistent with other QST 

studies, significantly less pressure was needed to produce a 40 of 100 level of pain in FM 

subjects than control subjects (Table 2). This pressure was then used in a 2-minute long 

sustained cuff inflation, with patients rating pain at 0, 60, and 120 seconds after stimulation 

onset. Mixed model ANOVA revealed that pain scores significantly increased over time 

(F66,2 = 9.135, P < .001), and that there was a significant effect of group on pain scores 

(F66,1 = 5.303, P = .024), indicating that those with FM had significantly higher pain scores. 

A paired sample t-test showed a significant increase in pain scores from baseline to 120 

seconds in the FM group (t51 = 4.9, P < .001), but not in the control group (t16 = 1.1, P = .30; 

Fig 1A). Notably, there was some variability among individuals within both groups, in terms 

of whether TSP occurred (ie, last score higher than initial score), pain remained the same 

throughout the duration of the cuff stimulus, or habituation occurred (ie, last score lower 

than initial score). Among the FM patients, 69% had temporal summation, 13% had no 

change, and 17% habituated. Among control subjects, 53% had temporal summation, 12% 

reported no change, and 35% habituated. However, these proportions were not statistically 

different between groups (χ2 = 2.46, P = .293; Fig 1B).

PAS in FM and Control Subjects After Prolonged Cuff Stimulus

Subjects were also asked to rate the degree of pain they experienced 15 seconds after the 

deflation of the painful cuff stimulus (PAS). Interestingly, despite experiencing a 

significantly lower cuff pressure over these 2 minutes (mean cuff inflation = approximately 

100 mm Hg for FM subjects, mean cuff inflation = approximately 160 mm Hg for control 

subjects), subjects with FM more frequently reported PAS at 15 seconds (50% of FM vs 

12% of control subjects, χ2 = 7.77, P = .005; Fig 2B). The average severity of PAS was also 

significantly higher in subjects with FM (t67 = 3.5, P = .001; Fig 2A). We then examined the 

relation of PAS severity with other relevant QST parameters including TSP, general and 

more specific measures of clinical pain, and measures of pain catastrophizing, in FM 

patients. PAS severity was correlated with overall cuff pain ratings but not to the degree of 

TSP. PAS severity was also significantly correlated with clinical pain as rated on the Brief 

Pain Inventory, but not to measures of pain catastrophizing (Table 3).

fMRI Response to Pain and PAS

The group difference maps for brain responses to the prolonged painful cuff stimulus, as 

well as to the 15-second poststimulus offset, are shown in Fig 3 (see Table 4 for cluster 

information). Group maps for the various regressors modeled in the GLM are presented in 

Supplementary Fig 1.

Whole-brain voxelwise group comparisons revealed that FM patients demonstrated 

significantly dampened deactivation (less negative BOLD signal) of the MTL (amygdala, 

hippocampus, parahippocampal gyrus, entorhinal cortex) during cuff pain stimulation (Fig 

3A), as well as during the 15-second period after cuff deflation (postoffset period) which 

corresponds to timing of PAS (Fig 3B). This group difference reached statistical significance 
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for the right MTL during the pain stimulation, and bilaterally during the post-offset period. 

Additional regions showing higher BOLD signal in FM patients during the postoffset period 

included the anterior middle cingulate cortex, the medial prefrontal cortex (mPFC), the 

supplementary and presupplementary motor cortices, the ventral striatum/nucleus 

accumbens, the frontal pole, the posterior parietal cortex, and the cerebellum (Fig 3B, Table 

5).

In FM patients, the magnitude of PAS measured at the behavioral visit was correlated with 

brain activity during the corresponding 15-second period after cuff deflation in several 

regions, including the left MTL, the left middle insular and frontoinsular cortex, dorsal 

anterior cingulate cortex (dACC)/mPFC, frontal pole, the putamen, and the occipital cortex 

(Fig 3C, Table 6). Among these regions, the MTL and dACC/mPFC clusters overlapped 

(shown in green) with those observed when comparing groups during the postoffset period.

Discussion

We found that PAS after a perceptually matched, moderately painful mechanical stimulus 

were more intense and of higher incidence in subjects with FM than in healthy controls. 

Similar to previous investigators,2,25,65 we also found that PAS were significantly correlated 

with clinical pain severity in FM (ie, participants with higher ratings of the intensity of PAS 

also reported more severe daily pain). Although PAS and catastrophizing scores were higher 

in subjects with FM, among FM subjects PAS severity was not correlated with trait (PCS) 

and state (SPCS) catastrophizing scores. Interestingly, brain activity during the time period 

when PAS were measured (ie, 15 seconds after prolonged moderately painful cuff stimuli) 

differed between FM and healthy control subjects. Specifically, healthy control subjects, 

who reported lower incidence and severity of PAS and lower catastrophizing, showed greater 

deactivation in the MTL, including amygdala, hippocampus, and parahippocampal gyrus. 

Moreover, the fMRI signal in the MTL and dACC/MPFC correlated with PAS severity. 

These findings may suggest that a relative lack of deactivation in these areas may be 

important to the experience of PAS, and possibly to pain sensitization in the temporal 

dimension (pain prolongation) in FM.

Although most studies of temporal summation in FM have used a cutaneous heat stimulus, 

repeated or sustained pressure stimuli also produce TSP in FM.43,69,72 Furthermore, phasic 

as well as tonic application of a painful stimulus can produce temporal summation,3 and 

both modes of application show a close correlation with psychosocial factors such as 

catastrophizing.32 As in the current study, lower pressures are typically required to produce 

pain in FM patients compared with control subjects.40,52,69 Thus, with similar basal mean 

arterial pressures between FM and control subjects, one would expect that the degree of 

ischemia from cuff inflation would be more pronounced in control subjects (average systolic 

blood pressure 120.31 vs 120.24, t66 = −.019, P = .985). However, we cannot exclude 

differences in peripheral pressure sensitivity and perfusion dynamics as accounting for group 

differences in this paradigm. Our moderately painful (40 of 100) prolonged cuff stimulus 

produced temporal summation in most patients with FM, consistent with previous studies 

that observed a modest increase in temporal summation in FM as a group over control 

subjects with stimulus matching.43,69,72 The duration of the painful cuff stimulus we used 

Schreiber et al. Page 8

J Pain. Author manuscript; available in PMC 2018 August 21.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



was relatively long compared with some other measures of temporal summation,5 for the 

purpose of increasing the likelihood of detecting temporal summation as well as PAS. 

Although there was some variability in the response to a prolonged cuff stimulus in both 

groups, FM patients reported increased incidence and severity of PAS compared with control 

subjects, similar to previous reports.69 TSP and PAS, although collected in tandem in a 

combined psychophysical test, may represent separable psychophysical phenomena,61 and, 

importantly, this study noted no correlation between measurements of an individual’s TSP 

and PAS (Table 3). Whereas TSP measures augmentation of pain in terms of increased 

amplitude of pain with a prolonged or repeated stimulus, PAS measures increased duration 

of pain beyond the end of the pain stimulus. To the extent that both tests attempt to assess 

pain plasticity at a central level, it is not surprising that they are both amplified in FM 

patients, because FM is increasingly recognized as a pain disorder with a prominent 

component of central sensitization. Importantly, variability in the degree of TSP and PAS 

measured using QSTcan be observed generally among individuals, as well as between 

groups such as men/women28 or older/younger adults.35 This individual variability has been 

shown to distinguish those who develop postsurgical pain from those who do not,67 and to 

predict risk for opiate misuse in individuals with chronic pain.26

The degree to which psychosocial processes such as catastrophizing influence an 

individual’s experience of pain also varies among individuals. These processes likely exert 

their influence on pain-related outcomes at a variety of central nervous system sites.21 

Interestingly, previous studies have also reported a relationship between measures of pain 

augmentation (such as TSP and PAS), and indices of negative affect, anxiety, and fear of 

pain.25,63,66,80 In the present study, we similarly found a significantly higher report of pain-

related catastrophizing as well as PAS among subjects with FM, whether measured as a 

stable trait with the PCS, or measured “situationally” in reference to experimental pain 

stimulation (SPCS). However, within the FM subject cohort, there was not a significant 

correlation between PAS and measures of catastrophizing (Table 3). Because of the cross-

sectional nature of this study, we are unable to determine the temporal association between 

amplified PAS, and FM-relevant clinical outcomes such as the spatial extent of clinical pain 

and FM symptom severity. However, the incidence of higher PAS as well as catastrophizing 

in subjects with FM, together with a concurrent decreased activation in MTL during the 

period immediately after the offset of a noxious stimulus, suggests at least the possibility 

that altered brain processing in these regions may represent an underlying 

pathophysiological process that contributes to a variety of clinical manifestations of chronic 

pain (eg, amplified pain sensitivity, perceptions of pain that outlast the stimulus, spreading 

pain, elevated pain-related distress, etc).

Whereas PAS have been reported in several chronic pain disorders,27,30,58,69 the neural 

correlates of PAS have not previously been elucidated in the brain, although a recent study 

showed higher dorsal horn spinal activation in FM, who also had higher PAS.12 The present 

study found that PAS, which were prominent in subjects with FM, and more rare in control 

subjects, were associated with differences in MTL response (specifically, deactivation). Of 

note, MTL alterations have been previously reported in FM. For instance, the 

parahippocampus was shown to have significantly reduced gray matter density,46,82 reduced 

cerebral blood flow,34 as well as reduced binding potential to dopamine tracers,83 which 

Schreiber et al. Page 9

J Pain. Author manuscript; available in PMC 2018 August 21.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



correlated with self-reported pain1 in FM patients. Anatomofunctional changes have also 

been reported in patients with chronic pain in the amygdala,22,42,51 including decreases in 

gray matter volume,15,53 increases in fractional anisotropy,53 and alterations of power 

spectral density of low frequency.42 Finally, studies have also reported FM-related changes 

in the hippocampus, including hippocampal atrophy,55 reduced activation during a cognitive 

performance task,54 reduced levels of N-acetyl aspartate, a measure of neuronal integrity,4 as 

well as reduced binding potential for m-opioid receptor ligands.36 Our study further 

uncovers a link between altered functional response in the MTL in FM patients and their 

experience of PAS. In addition, post-stimulus brain activity in the insula, anterior middle 

cingulate cortex, and MPFC correlated with severity of PAS. Although these brain regions 

have been associated with hyperalgesia in studies evaluating brain response to experimental 

pain administration, to our knowledge their role in PAS has not previously been evaluated.

Interestingly, MTL regions and MPFC are ‘core’ structures of the default-mode network 

(DMN),14 whereas anterior insula and anterior middle cingulate cortex are key nodes of the 

salience network (SN).68 The DMN and SN networks are key subsystems of what has been 

recently labeled the ‘pain connectome,’47 and are thought to dynamically contribute to the 

experience of experimental pain by modulating one’s propensity to attend to a noxious 

stimulus. For instance, when attention is maintained on a nociceptive stimulus, SN regions 

show increased activity and DMN regions show decreased activity. Conversely, when 

attention fluctuates away from a nociceptive stimulus, SN regions show relatively reduced 

activation, and DMN regions show reduced deactivation.46,48 Although this often 

antagonistic interplay between SN and DMN is commonly observed in healthy volunteers, it 

becomes disrupted in the context of chronic pain. For instance, Napadow and colleagues57 

have shown that the insula, a core SN region, becomes abnormally connected to the DMN in 

FM patients, and that the stronger the functional connectivity between insula and DMN, the 

greater the severity of clinical pain reported. Aberrantly increased connectivity between 

DMN regions and the insula has been replicated in patients with other disorders, including 

chronic low back pain, complex regional pain syndromes, and osteoarthritis.9,52 In the 

present study, we showed that alterations in the response of DMN and SN regions are also 

associated with PAS. Whereas additional studies are needed to further characterize this 

association, these findings add to the body of evidence implicating these networks in chronic 

pain disorders, including FM18,56,57 and others.6–8,38,52,75

Limitations

Whereas the presence of PAS and related brain activity may be interpreted as a 

manifestation of central sensitization, it is possible that other factors may contribute the 

group differences in psychophysical and imaging data reported. For instance, it is possible 

that local changes potentially associated with cuff algometry (eg, group differences in the 

latency and magnitude of muscle ischemia) may have a role. However, although we were not 

able to directly measure tissue ischemia, it should be noted that systolic blood pressure was 

similar between groups. Furthermore, because of our percept-matching design, patients with 

FM received significantly lower cuff pressures than control subjects. Nonetheless, future 

studies should assess the role of peripheral mechanisms mediating PAS in FM. Another 

potential limitation of the present study is that the neurobiological substrates of TSP 
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obtained in our study are more uncertain than if we had adopted a more conventional wind-

up like behavioral paradigm (which is more clearly known to be mediated by c-fiber-induced 

wind-up of dorsal horn neurons). Nonetheless, whereas the neurobiological correlates of 

TSP induced by tonic stimuli may not have been as well studied as in the context of wind-up 

paradigms, previous neurophysiological investigations have indeed shown a contribution of 

c-fibers to sensitization in the context of sustained mechanical stimulation.3 It is also 

important to note that control subjects, despite being exposed to a higher pressure cuff 

stimulus to produce moderate pain (40 of 100), did not develop the same degree of TSP over 

the course of the stimulus as did FM subjects as a group, thus potentially confounding the 

interpretation of differences in PAS. Viewing this difference in the propensity to develop 

TSP as a confound, however, rests on the supposition that TSP is necessary to produce the 

experience of PAS, which a recent study suggests.39 Interestingly, however, we did not 

observe a significant correlation between the degree of TSP and PAS within individual 

subjects, thus suggesting that these are at least partially separable phenomena. It should also 

be recognized that, although TSP and PAS have been observed with a variety of stimulus 

modalities (ie, thermal or mechanical), it is as yet unclear whether the same mechanisms 

underlie TSP and PAS in these different behavioral paradigms. Finally, another limitation of 

our study is that the PAS and brain imaging data were collected in separate visits. Although 

collecting ratings in real-time would have allowed a more direct assessment of the 

association between these variables, we decided against this option to reduce interference of 

real-time pain rating with fMRI data collection. Last, although we observed differences 

between FM and control subjects in this study, we cannot claim that the effects observed are 

specific to FM. Future studies including an additional group of patients with a different 

etiology of chronic pain could potentially address the question of whether the observed 

differences are unique to FM.

Conclusions

We observed that PAS after a prolonged pressure pain stimulus were more prevalent as well 

as more severe in subjects with FM. Importantly, we found that these PAS were correlated 

with the degree of clinical symptoms reported in these subjects, consistent with previous 

findings that PAS were the most robust psychophysical predictor of clinical pain in FM.26 

As with TSP, the severity of PAS varied between subjects, and higher PAS severity was 

correlated with higher pain scores. This first study of the neural correlates of PAS found that 

PAS severity corresponded to less deactivation in the MTL, suggesting that altered brain 

processing in these regions may represent an underlying pathophysiological process that 

contributes, at least in part, to pain amplification and prolongation in FM.
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Figure 1. 
Temporal summation to prolonged moderately painful leg cuff in subjects with FM and 

control subjects. A cuff was applied to the left leg and inflated to a pressure corresponding to 

40/100 pain for each subject. This pressure was then held for a 2-minute period and subjects 

asked to rate the pain on an NRS (0–100). (A) Pain ratings at 0, 60, and 120 seconds, 

showing significant increase in cuff scores in FM patients, but not control subjects (mean 

and standard error shown). (B) Variability of response to sustained painful cuff, showing the 

proportion of subjects with increase in score between initiation and end of cuff stimulus 

(TSP), no change (NC), and with decrease in score between initiation and end of cuff 

stimulus (habituation; HAB), although there was no difference in these groupings between 

FM and control participants (χ2 = 2.46, P = .293). *P < .05.

Schreiber et al. Page 17

J Pain. Author manuscript; available in PMC 2018 August 21.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
PAS in subjects with FM and control participants. Fifteen seconds after deflation of the 

painful leg cuff, subjects were asked to rate any ongoing pain in their leg. (A) Subjects with 

FM had a significantly higher rating of PAS than control participants (mean and standard 

error shown). (B) Variability of PAS ratings in subjects with FM (closed triangles) and 

control subjects (open triangles). *P < .05.
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Figure 3. 
Group differences in brain responses during and after painful cuff stimulus. (A) Patients 

showed markedly dampened deactivations during pain stimulation, and (B) in the 15-second 

period after stimulus offset. (C) Brain activity during the postoffset period was statistically 

associated with the reports of PAS measured in the behavioral visit, including in regions 

showing group differences (green). Scatter plots are presented for illustrative purposes. 

Abbreviations: aMCC, anterior middle cingulate cortex; L, left; R, right.
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Table 1

Demographic, Clinical, and Psychosocial Characteristics

Factor Control FM P

Demographic

 Age 44.1 ± 14.8 46.3 ± 11.4 .52

 emale sex 71              87              .15

 Ethnicity (% non-Caucasian) 11.7           20.7           .50

 Education (7-point scale, range = some high school to doctoral degree) 5.0 ± .5 4.4 ± 1.3 .10

Clinical pain characteristics

 Pain severity (BPI; NRS 0–10) .29 ± .51 5.4 ± 2.1 <.001

 Pain interference (BPI; NRS 0–10) .01 ± .05 5.8 ± 2.1 <.001

Fatigue (NRS; 0–100) 15.8 ± 18.4 66.6 ± 21.4 <.001

 Widespread pain index (FM diagnosis ≥7) .4 ± .8 10.9 ± 2.6 <.001

 Symptom severity sum (FM diagnosis ≥5) 1.5 ± 1.7 9.3 ± 1.9 <.001

 Neuropathic Pain Questionnaire (0–10) .09 ± .18 4.2 ± 1.8 <.001

Psychosocial characteristics

 Depression (BDI; 0–63) 3.1 ± 3.8 15.2 ± 8.2 <.001

 Catastrophizing (PCS; 0–56) 5.6 ± 5.8 23.3 ± 13.0 <.001

 Situational catastrophizing score (0–10) 3.3 ± 4.1 4.7 ± 4.9 .28

Abbreviations: BPI, Brief Pain Inventory; BDI, Beck Depression Inventory.

NOTE. Data are presented as mean ± SD or %, except where otherwise stated. Bold indicates statistical significance. FM patients had more 
widespread pain, fatigue, and higher trait, but not situational, catastrophizing or depression scores than control subjects; Fisher exact test, Pearson 

χ2, or independent samples t-test were used for group comparisons, as appropriate.
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Table 2

Psychophysical Characteristics

Quantitative Sensory Test Control FM P

Cuff pressure (mm Hg) producing 40/100 pain intensity 160 ± 74 100 ± 43 .005

Pressure pain threshold thumb (mm Hg) 337 ± 92 258 ± 87 .004

Pressure pain threshold trapezius (mm Hg) 361 ± 131 250 ± 131 .005

PAS rating 15 seconds after cuff deflation (NRS 0–100) 2.1 ± 7.3 13.6 ± 20.4 .001

NOTE. Data are presented as mean ± SD except where otherwise noted. FM patients had lower pain thresholds and higher pain ratings than their 
age- and sex-matched control subjects; independent samples t-test was used for group comparisons.
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Table 3

Correlation of PAS With Psychophysical, Clinical and Psychosocial Characteristics

Variable Correlation with Pas Pearson Correlation Coefficient P

Psychophysical characteristics

 Cuff pressure (mm Hg) producing 40/100 pain intensity −.365  .008

 Average cuff pain over 2-minute inflation .330 .017

 Temporal summation of pain .187 .185

Clinical pain characteristics

 BPI severity .380 .005

 BPI interference .303 .029

 Widespread pain index .199 .171

 Symptom severity sum −.064  .664

Psychosocial characteristics

 Pain catastrophizing (PCS) .202 .151

 Situational pain catastrophizing (SPCS) .204 .146

Abbreviations: BPI, Brief Pain Inventory; PCS, Pain Catastrophizing Scale. NOTE. Bold indicates statistical significance. Painful aftersensations 
were correlated with other psychosocial measures of pain sensitivity, clinical pain and FM symptom measures, as well as a measure of trait and 
state catastrophizing in FM subjects.
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