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Abstract

Objective—Central nervous system pathways involving pain modulation shape the pain 

experience in patients with chronic pain. Our objectives were to understand the mechanisms 

underlying pain in rheumatoid arthritis (RA) and identify brain signals that may serve as imaging 

markers for developing targeted treatments for RA pain.

Methods—Subjects with RA and matched controls underwent functional magnetic resonance 

imaging, using pulsed arterial spin labeling (pASL). The imaging conditions included: 1) resting 

state, 2) low intensity stimulus and 3) high intensity stimulus. Stimuli consisted of mechanical 

pressure applied to metacarpophalangeal (MCP) joints with an automated cuff inflator. The low 

intensity stimulus was 30 mmHg. The high intensity stimulus was the amount of pressure required 

to achieve 40/100 pain intensity for each RA patient, with the same amount of pressure given to 

the matched control.

Results—Among RA patients, regional cerebral blood flow (rCBF) in medial frontal cortex 

(MFC) and dorsolateral prefrontal cortex increased during both low and high pressure stimuli. No 

rCBF changes were noted for pain-free controls. In region of interest analyses among RA patients, 

baseline rCBF in MFC was negatively correlated with pressure required for the high intensity 

stimulus (p<0.01) and positively correlated with pain induced by the low intensity stimulus 

(p<0.05). Baseline rCBF also marginally correlated with disease activity (p=0.05). rCBF during 

high pain was positively correlated with pain severity and interference (p’s<0.05).

Conclusion—In response to clinically-relevant joint pain evoked by MCP pressure, neural 

processing in MFC increases and is directly associated with clinical pain in RA.

Pain is the main reason patients seek rheumatologic care, but little is known about the 

mechanisms of pain in rheumatoid arthritis (RA). Most rheumatologists conceptualize pain 
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primarily in the context of inflammation at joint sites (1). However, even with treatment of 

inflammation, average pain levels often do not return to general population norms (2, 3). The 

imperfect association between inflammation and pain intensity may be due to many factors, 

including differences in central nervous system (CNS) processing and modulation of joint-

specific pain perception.

Historically, the need for invasive techniques to assess CNS pain mechanisms limited this 

area of study in humans, but the development of advanced functional magnetic resonance 

imaging (fMRI) techniques has enabled the non-invasive visualization of brain responses. 

Arterial spin labeling (ASL) is an fMRI technique that uses water in arterial blood as a 

freely diffusible endogenous tracer to measure blood perfusion in the brain, an indirect 

marker of neural activity, noninvasively (4). Using ASL, a quantifiable measurement of 

regional cerebral blood flow (rCBF) can be obtained by comparing images taken with and 

without application of the tagging magnetic pulse, that inverts the natural magnetization of 

water in arterial blood (5).

Several studies have applied ASL to the study of experimental pain in healthy humans (6–8). 

More recently, ASL has also been applied to the investigation of the neural correlates of 

clinical pain. For instance, in individuals with chronic low back pain, acute pain 

exacerbations were associated with increases in rCBF in several brain regions, including the 

insular and medial prefrontal cortices (9). Another study showed rCBF changes in the 

insular and medial prefrontal cortices, related to clinical pain from carpometacarpal 

osteoarthritis (10). Both studies were able to capture brain responses to ongoing pain, a 

signal that evolves slowly (typically over minutes or hours) and, importantly, is not easily 

detected by traditional blood oxygen level-dependent (BOLD) fMRI in block or event-

related designs, which require multiple, brief alternations between epochs of pain and no-

pain. These observations suggest that ASL imaging has the potential to be an important 

biomarker for pain in clinical studies. To our knowledge, no study has used ASL to measure 

rCBF changes associated with clinically-relevant pain in RA patients.

In this study, we used pulsed ASL (pASL) to identify changes in rCBF associated with pain 

provocations at the metacarpophalangeal (MCP) joints in RA patients and pain-free controls. 

Using a similar experimental stimulus, Schweinhardt et al. showed that brief, two second, 

pressure provocation of hand joint pain resulted in increases in BOLD brain signal in 

portions of the medial prefrontal cortex (MPFC) and pregenual anterior cingulate cortex 

(pgACC) (11). Because brief pain stimuli are likely to be particularly salient, we designed 

our study to use longer (six minute), tonic stimuli to minimize the effect of attentional 

reallocation associated with rapid perceptual changes. We were particularly interested in 

minimizing attentional responses because previous studies have reported that the startle 

response is altered in individuals with chronic illnesses associated with pain (12–15). As 

pASL is better equipped to assess brain activity for low-frequency stimuli (16), our 

hypothesis was that pASL would identify changes in rCBF associated with clinical, tonic 

exacerbations of RA pain. This finding could have an important impact by furthering our 

understanding of the brain mechanisms mediating RA pain, and by paving the way for the 

use of imaging markers to objectively assess pain in clinical trials, thereby decreasing 

heterogeneity and increasing the power to detect medication effects.
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PATIENTS AND METHODS

Participants

RA patients were recruited from the outpatient rheumatology clinics of a single academic 

institution. Inclusion criteria for RA patients were: 1) age between 25 and 70 years old, 2) 

diagnosis of RA by a board-certified rheumatologist, 3) chronic pain ≥ 3 months with an 

average of ≥ 3/10 in intensity at the left MCPs, and 4) no or minimal corticosteroid use (≤ 

equivalent of prednisone 10 mg daily). Exclusion criteria were: 1) history of surgery at the 

left MCPs, 2) current opioid and/or benzodiazepine use, and 3) contraindications for MRI 

screening (e.g., metal in the body, cardiac pacemaker, claustrophobia, pregnancy). Age and 

sex-matched pain-free controls were recruited through advertisements in Craigslist and a 

registry of individuals interested in clinical research. Exclusion criteria for controls were the 

same as those for the RA group. Additional exclusion criteria for pain-free controls were: 1) 

history of RA and/or other systemic rheumatic diseases, 2) history of chronic pain 

conditions, and 3) acute pain at the time of the screening visit. All participants provided 

written informed consent. The Partners Institutional Review Board approved this study.

Study overview

Subjects participated in two sessions: a behavioral training visit and an imaging visit. The 

objectives of the training session were to: 1) familiarize participants with pressure-induced 

pain and rating procedures, and 2) identify the approximate pressure needed for the high 

intensity stimulus during the imaging session. The objective of the imaging visit was to 

obtain the questionnaire and neuroimaging data for analyses.

Training session

Participants were instructed to lie on an examining table, and a Velcro-adjusted vascular cuff 

was secured around the left MCP joints. The cuff was connected to a rapid cuff inflator 

(Hokanson, USA) that increases pressure to a target level over approximately two seconds. 

This type of cuff pressure stimulus preferentially targets deep tissue nociceptors (17) and has 

been used in other neuroimaging studies of chronic pain (18, 19). Testing began by inflating 

the cuff to 60 mmHg and increasing the pressure by 20-30 mmHg until a pain intensity 

rating of 70 on a 100-point scale was obtained. Pressure was then decreased by 20-30 mmHg 

every 15 seconds, until the participant did not feel any pain. Two trials were performed, with 

a six-minute rest period between trials. The average pressure required to achieve a pain 

intensity rating of 40 out of 100 was then applied to the left MCPs for six minutes, to 

simulate what the participants would experience in the MRI scanner during the imaging 

session.

Imaging session

The imaging session occurred within two weeks of the training session and included a 

physical examination, blood work, questionnaires, and MRI scanning at rest and during 

application of pressure stimuli.

Physical examination, blood work and questionnaires—A trained assessor 

performed a standardized 28-joint count on all participants to assess tenderness and 
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swelling, and blood was obtained to assess C-reactive protein (CRP) levels. The swollen-to-

tender joint count ratio was calculated as a measure of widespread, non-inflammatory pain 

(20). All participants completed the following questionnaires: the Brief Pain Inventory 

(BPI), the Hospital Anxiety and Depression Scale (HADS), the Pain Catastrophizing Scale 

(PCS) and the Medical Outcomes Study (MOS) Sleep Scale. The BPI is a validated, 9-

question survey that assesses the sensory and reactive aspects of clinical pain (21). The 

HADS is a validated, 12-item questionnaire that assesses anxiety and depression in 

chronically ill patients (22). The MOS Sleep Scale is a validated, 12-item questionnaire 

developed to assess sleep quality and quantity in people with chronic illnesses (23). The 

PCS is a validated, 13-item questionnaire that examines catastrophic thinking about pain in 

people with chronic pain.

MRI scans—Using a 3T Siemens MAGNETOM Skyra, with a 32-channel head coil, six-

minute pASL scans (TR/TE/TI1/TI2 = 3000/17/700/1700 ms, voxel size = 4×4×5mm, 

number of slices = 17) were collected with the PICORE-Q2TIPS MRI labeling method (24). 

Tag images were acquired by labeling a thick inversion slab (110 mm) proximal to the 

imaging slices (gap = 21.1. mm). Tag and control images were acquired in an interleaved 

pattern. At the beginning of each pASL scan, a calibration M0 scan was acquired for rCBF 

quantification purposes. A high-resolution anatomical volume (MPRAGE) was also 

collected (TR/TE = 2300/2.95 ms, voxel size = 1.1×1.1×1.2 mm, number of slices = 176) for 

anatomical localization purposes (9).

pASL scans were collected under three conditions: 1) baseline, 2) low intensity pressure 

stimulus, and 3) high intensity pressure stimulus. During all three conditions, participants 

were instructed to remain still with their eyes open. During the baseline scan, the vascular 

cuff was wrapped around the left MCPs, but no pressure stimulus was provided. During the 

low intensity pressure scan, the vascular cuff was inflated around the left MCPs to 30 mmHg 

for six minutes. The pressures used for the high intensity pressure scan were individualized 

to achieve a 40 out of 100 pain intensity rating for each RA patient. The required pressure 

was recalibrated immediately before the scan, using pressure values from the training 

session as the starting point. Each RA patient was age and sex-matched to a pain-free 

control, and the pressures used for the control subject were the same pressures used for the 

RA patient, with whom they were matched, as has been done in previous studies (25). The 

rationale behind using stimulus-matched conditions was to demonstrate that patients are 

hypersensitive to pressure stimuli (e.g., they exhibit hyperalgesia or allodynia), and to 

identify brain patterns that might contribute to explain such hypersensitivity. The order of 

the high intensity and low intensity pain provocation scans was randomized to minimize 

order effects. The high intensity and low intensity pain provocation scans were separated by 

at least 10 minutes to allow subjects to recover between pain provocations.

Data analysis

To characterize the RA patients and age and sex-matched controls, means and frequencies 

were calculated. Wilcoxon signed rank tests were used to compare responses to the pressure 

stimuli between RA patients and controls.
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Imaging data analysis was performed using a combination of analysis packages, including 

FSL v.5.0.7 (FMRIB’s Software Library, www.fmrib.ox.ac.uk/fsl; (26)), Freesurfer v.5.3.0 

(https://surfer.nmr.mgh.harvard.edu) (27), and the ASLtbx (https://cfn.upenn.edu/~zewang/

ASLtbx.php) (28, 29). pASL time series were motion-corrected (by realigning tag and 

control images separately), co-registered to the M0 scan, spatially smoothed (FWHM = 

6mm) and converted into rCBF maps in absolute values (ml/100 g of tissue/min) (30), using 

ASLtbx. This preliminary spatial smoothing, prior to rCBF calculation, was performed to 

prevent noise propagation, as recommended by the ASLtbx documentation. rCBF maps were 

then brain extracted using BET, registered to high resolution anatomic images using 

Freesurfer’s boundary-based registration tool (BBregister) (31) and spatially normalized to 

the MNI152 standard template. To avoid differences in brain coverage (e.g., due to 

difference in head size or slice placement during acquisition) that may confound group 

imaging results, all MNI-normalized rCBF maps were masked by an ‘intersection volume’, 

so that only voxels imaged in all participants were included in all analyses. The rCBF maps 

were then intensity-normalized by dividing each voxel by the global rCBF, computed within 

the intersection volume, as commonly done in ASL or PET perfusion studies (32, 33), to 

improve sensitivity to regional changes. Normalized rCBF maps were smoothed using a 

Gaussian kernel (FWHM = 8 mm) to improve between-subjects co-registration, signal-to-

noise ratio and validity of statistical tests. Group differences in baseline rCBF maps, as well 

as the effect of stimulation (low/high intensity vs. baseline), and its group interaction were 

assessed using general linear models (GLM). The group level analyses were performed 

using a mixed-effects analysis, and corrected for multiple comparisons with a voxel-wise 

cluster forming threshold of Z = 2.3 and a corrected cluster significance threshold of P = 

0.05. Because no subcortical effects were detected, and for ease of visualization, imaging 

results were visualized on the brain surface (FreeSurfer’s fsaverage).

In exploratory analyses, the cluster demonstrating significantly elevated rCBF in RA patients 

in the ‘high-intensity stimulation vs. baseline’ contrast was used as a region-of-interest 

(ROI) to probe group differences in the mean rCBF signal using GLM. To assess the 

relationship between rCBF in this cluster and clinical measures, Pearson’s correlations were 

used. ROI analyses were performed with Statistica 10.0 (StatSoft INC, Tulsa, OK), using an 

alpha level of .05.

RESULTS

Participant characteristics

We enrolled 16 RA patients and 16-pain free controls. One male RA patient was excluded 

from analysis because his large head size would excessively limit brain coverage for the 

pASL scans. One female RA patient was excluded from analysis because she fell asleep 

during the scan. The final analytic cohort included 14 RA patients and 16 pain-free controls 

(Table 1). Mean (±SD) age was 44.8 (±9.3) years for RA patients and 47.1 (±11.4) years for 

controls. RA patients differed significantly from controls in terms of average pain intensity, 

pain interference, depression, anxiety, pain catastrophizing and sleep problems. Among RA 

patients, the mean disease duration was 11.4 (±9.9) years, and the mean Disease Activity 

Score in 28 joints (DAS28) was 3.8 (±1.0). Of the nine (64.3%) RA patients who were 
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taking disease-modifying antirheumatic drugs (DMARDs), three (33.3%) were taking a 

synthetic DMARD only; four (44.4%) were taking a biologic DMARD only; and two 

(22.2%) were taking both synthetic and biologic DMARDs. Eight (57.1%) RA patients were 

taking a non-steroidal anti-inflammatory drug (NSAID), and two (14.3%) RA patients were 

taking prednisone.

Pressure pain induction in RA patients and controls

During the high intensity pain stimulus, all RA patients and 11 (68.8%) controls reported 

pain. Mean pain severity in response to the high intensity pain stimulus was significantly 

higher among RA patients compared to controls (51.6 ± 24.4 vs. 14.8 ± 22.3; P = 0.0006) 

(Figure 1). During the low intensity stimulus, ten (71.4%) RA patients and two (13.5%) 

controls reported pain. Mean pain severity in response to the low intensity pain stimulus was 

significantly higher among RA patients compared to controls (24.6 ± 30.1 vs. 0.6 ± 1.7; P = 

0.0005). We also examined the effect of the order of high vs. low intensity pain provocation 

scans on patient-reported pain. While there was no order effect for patient-reported pain in 

response to the high intensity pain provocation, there was a significant order effect for the 

low intensity pain provocation. Specifically, RA patients perceived the low intensity 

provocation as significantly more painful when it was preceded by the high stimulus than 

when the low intensity provocation was given first (43.4 ± 37.7 vs. 10.6 ±14.0, P = 0.02). 

This observation is suggestive of sensitization after the high intensity provocation.

Imaging results – Group differences

At baseline, resting state whole-brain voxel-wise comparisons revealed no statistically 

significant differences in rCBF between RA patients and pain-free controls. In RA patients, 

low intensity stimulation (which was perceived as mildly painful, on average) was 

accompanied by a statistically significant rCBF increase in the posterior medial frontal 

cortex (MFC) (34); including anterior midcingulate cortex (aMCC), and supplementary and 

pre-supplementary motor areas (SMA/pre-SMA), as well as in the precentral gyrus, the 

dorsolateral prefrontal cortex (dLPFC) and underlying white matter, compared to baseline 

(Figure 2A; Table 2). In RA patients, high intensity stimulation (which was moderately 

painful on average) led to similar rCBF increases as low intensity stimulation in the 

posterior MFC, with the additional recruitment of more rostral portions of the MFC, 

expanding into the pgACC, and of the dLPFC, expanding into the frontal pole, compared to 

baseline. (Figure 2B; Table 2). In healthy participants (for whom cuff stimulation was only 

mildly painful, or not painful at all), these effects were absent. The only statistically 

significant effect detected was a rCBF reduction in the dorsomedial (dMPFC) and 

dorsolateral prefrontal cortices (dLPFC) and frontal pole for the low-intensity stimulation.

A direct comparison of high and low-intensity stimulation scans, or any group interactions, 

did not yield results surviving statistical thresholding in voxel-wise analyses. A follow-up 

ROI-based analysis confirmed the response of an effect of stimulus (levels: baseline, low 

intensity, high intensity) on the average rCBF extracted from the significant cluster 

identified in the ‘high intensity vs baseline’ contrast in RA patients (F(2,54)=9.455, P 
<0.001). No statistically significant condition*group interaction was observed 

(F(2,54)=1.689, P =0.19). However, an exploratory post-hoc decomposition of the 
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interaction using Tukey HSD tests revealed that, while, in patients, the high stimulation vs 

baseline comparison was significant (replicating the result of the voxelwise analyses; P 
<0.01) and the low stimulation vs baseline comparison trended towards significance (P 
=0.053), these comparisons did not yield statistically significant results in controls 

(P’s>0.53).

Imaging results – Correlations with clinical measures

In patients, baseline normalized rCBF in the MFC was negatively correlated with the 

amount of pressure required for the high intensity pain stimulus (r = −0.76, P < 0.01). It also 

positively correlated with pain ratings in response to the low intensity pain stimulus (r = 

0.56, P < 0.05) and with the DAS-28 score (with borderline statistical significance; r=0.53, P 
= 0.05) (Figure 3). In other words, the higher the rCBF in the MFC at baseline, the higher 

the disease activity and the sensitivity to experimental pain, as assessed in terms of both 

lower intensity of stimulation needed to achieve the target percept, and higher pain ratings in 

response to a fixed, low-intensity stimulus. Furthermore, normalized rCBF during the high 

intensity stimulation was significantly correlated with both BPI average pain (r = 0.53, P < 

0.05) and BPI pain interference ratings (r = 0.60, P < 0.05) (Figure 4). No statistically 

significant associations were observed with rCBF at baseline or during the high intensity 

stimulation and measures of depression, anxiety, catastrophizing, sleep problems and 

widespread, non-inflammatory pain (swollen to tender joint count ratio).

DISCUSSION

Using pASL, we identified the MFC as a key area involved in the sensation and/or regulation 

of tonic, clinically-relevant joint pain in RA. Joint pain exacerbation was associated with 

increases in rCBF in the MFC, and rCBF in the MFC was significantly associated with 

measures of experimental pain sensitivity and clinical pain severity and interference. 

Moreover, the MFC was not found to be involved in pain induction for our sample of healthy 

controls. Based on these observations, we interpret rCBF response in MFC to represent 

neural processing of tonic, clinically-relevant pain in RA.

The MFC, including the medial prefrontal cortex (MPFC), aMCC and supplementary motor 

complex (SMA/pre-SMA) (35, 36), is consistently activated in response to pain (37) and is 

part of a group of regions in which activity reliably predicts experimental pain (38). 

Activation of the posterior region of the rostral MFC (prMFC) is thought to be associated 

with cognitive endeavors, such as attending and monitoring actions, whereas activation of 

the anterior region of the rostral MFC (arMFC) is associated with emotional undertakings, 

such as evaluating emotions in reaction to positive and negative images (35). Additionally, 

the aMCC, also referred to as dorsal anterior cingulate cortex, has been suggested to mediate 

the affective component of pain (39). In our study, both low- and high-intensity stimuli 

activated a posterior component of the MFC, but only the high-intensity stimulation 

significantly activated a more anterior component, possibly indicating the engagement of 

attentional resources in both conditions, and the recruitment of additional emotional 

processing in the latter (40). Furthermore, the activation of the pgACC by the high-intensity 

stimulation might reflect activity of the descending pain modulatory system, as this region 
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has been extensively associated with antinociceptive functions (41–43), likely exerted 

through its descending projections to the periaqueductal gray matter (44).

In addition, the MFC is also a component of the default mode network, a group of brain 

regions associated with self-referential cognitive processing (45), which our group and 

others have shown to exhibit alterations in chronic pain (46–53). Using the same imaging 

technique employed in the present study, pASL, our group demonstrated elevations in the 

MFC (including the dorsomedial prefrontal cortex and pre-supplementary motor complex) in 

chronic low back pain patients after the experimental exacerbation of their clinical pain (9). 

The recruitment of the MFC across different pain disorders supports a central role for this 

region in chronic pain perception.

During both low and high intensity stimuli the patients also demonstrated the activation of 

the dLPFC, another region commonly seen activated in response to noxious stimulation (54). 

Interestingly, the dLPFC activation appeared stronger on the right side. A possible 

explanation for this finding is that the right dLPFC might be more implicated than the left 

side in the processing of fear and negative emotions (55), although this hypothesis would 

needs to be further evaluated.

In contrast to the statistically significant rCBF elevations detected in the patients in MPF and 

DLPFC, two sets of negative results are particularly noteworthy. First, several regions 

commonly observed as activated in acute pain imaging studies (e.g., primary somatosensory, 

insula, thalamus) (56) did not show a statistically significant elevation in rCBF in our study. 

We speculate that this may be due to the fact that we used tonic stimuli, whereas prior 

studies employed mostly brief, phasic stimuli.

Second, as opposed to the patients, the controls did not demonstrate any significant rCBF 

elevations, in response to either high or low stimuli. While the exact cause for this negative 

result remains uncertain, it is possible that the pain levels experienced by the controls, and/or 

the signal-to-noise ratio in our dataset, were simply too low to yield a measurable change in 

rCBF in our control sample, particularly in the context of a tonic stimulation. Despite these 

negative results, the observed patterns of stimulus-related brain changes in patients, and their 

relationship with clinical variables, suggests that pASL might be a promising tool to identify 

perfusion changes that are related to clinically-relevant pain.

Prior to this study, few studies have used fMRI to examine associations between brain 

function and pain in RA (11, 57). Most recently, Basu et al. examined functional 

connectivity between the default mode network, which includes the MPFC, and the insula 

among 54 RA patients with clinically significant fatigue (58). This study revealed that 

functional connectivity between the default mode network and insula was directly correlated 

with modified American College of Rheumatology Preliminary Diagnostic Criteria scores 

for fibromyalgia (59), suggesting that connectivity between the default mode network and 

insula may serve as an imaging marker for pain centralization. Because this study was cross-

sectional, however, it could not provide information on causality.

Interestingly, a small longitudinal study (N = 5) reported that treatment with a infliximab, a 

monoclonal tumor necrosis factor-alpha (TNF-α) inhibitor, was associated with decreases in 
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BOLD signal in the ACC, MPFC, and other brain areas involved in pain perception (e.g., 

thalamus, secondary somatosensory cortex, insula) within 24 hours (57). These changes 

were accompanied by significant decreases in pain intensity, whereas measures of 

inflammation (e.g., CRP, IL-6, swollen joint count, DAS28) were slower to change, with no 

statistically significant or clinically meaningful changes after 24 hours. These observations 

suggest that TNF-α may mediate nociception, independent of inflammation, among 

individuals with RA. Future studies with longitudinal data on psychosocial factors are 

needed to determine whether depression may mediate the association between TNF-α 
inhibition and changes in rCBF and clinical pain intensity.

In addition to fMRI, Positron Emission Tomography (PET), an invasive technique involving 

ionizing radiation, has also been used to assess rCBF in RA. Using PET, Jones and 

Derbyshire also identified the MPFC and ACC as regions in which rCBF differed in 

response to noxious stimuli in six RA patients vs. six age and sex-matched controls (60). In 

contrast to our study, which showed increases in rCBF in these areas, they noted dampened 

responses in the MPFC and ACC. The authors postulated that the dampened responses may 

reflect cognitive coping strategies, which are more developed (and thus more effective) 

among RA patients who experience pain on a regular basis. Responses, however, may differ 

depending on the type of noxious stimulus (61, 62). In the Jones and Derbyshire study, the 

noxious stimulus was thermal heat applied to the back of the hand, whereas, in our study, the 

noxious stimulus was a pressure cuff wrapped around the MCPs. RA patients may be better 

able to cope with an experimental noxious stimulus applied to an area not typically affected 

by RA. In contrast, pressure on the MCPs, which are actively inflamed due to RA, may elicit 

maladaptive cognitive responses, resulting in the increases in rCBF in the MPFC and ACC 

observed in this study.

Strengths of this study are: 1) the inclusion of age and sex-matched controls, 2) detailed 

clinical data on pain, disease activity and psychosocial factors, and 3) the pASL technique, 

which includes a 6-min continuous stimulus that minimizes contributions from attentional, 

salience and orienting responses.

The main limitations are the small sample size and the absence of a higher intensity pain 

stimulus that was universally painful for the control group. Due to the small sample size, we 

may not have been powered to detect modest differences between RA patients and healthy, 

pain-free controls. Because the study design did not include a higher intensity pain stimulus 

that was specifically constructed to be painful for the control group, nearly one third of 

controls did not find the high intensity pain stimulus to be painful. Thus, the lack of 

differences in rCBF in the control group may reflect that the controls did not find either the 

high intensity or low intensity stimulus to be significantly painful. As a result of these two 

limitations, ambiguity remains regarding the interpretation of our results. It is possible that 

the lack of significant group interaction effects in rCBF may be due to: 1) the small sample 

size, 2) lack of painful responses in the controls, or 3) no differences in the way noxious 

pressure is processed centrally. In addition, this study is inherently limited by the assumption 

that data from acute experimental stimuli, even directed at the peripheral source for clinical 

pain as in our study, accurately reflect chronic pain processing. This assumption is universal 
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to all neuroimaging studies that require an acute on/off stimulus, but it neglects the many 

nuances that differ between acute and chronic pain (63).

In conclusion, our results highlight the roles of the MFC in the sensation and regulation of 

pain in RA. By identifying the CNS regions involved in the experience of pain, our findings 

contribute important information regarding the pathophysiology of pain in systemic 

inflammatory conditions. In addition, this information may represent an early step towards 

the use of imaging markers to objectively assess pain in research studies. However, before 

imaging markers can be used in clinical trials to assess the efficacy of interventions to treat 

pain, further studies are necessary to evaluate the clinical utility of these markers and to 

determine the populations and scenarios in which imaging marker assessment is appropriate.
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SIGNIFICANCE AND INNOVATION

• This study is the first to identify the medial frontal cortex (MFC) as a key area 

involved in the sensation and/or regulation of tonic, clinically-relevant joint 

pain in rheumatoid arthritis (RA).

• Joint pain exacerbation was associated with increases in regional cerebral 

blood flow (rCBF) in the MFC, and rCBF in the MFC was significantly 

associated with pain severity and interference.

• The results from this study will inform the development of targeted 

pharmacologic and non-pharmacologic interventions for pain in systemic 

inflammatory conditions, such as RA.
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Figure 1. 
Mean pain ratings in response to the high intensity (40-418 mmHg) and low intensity (30 

mmHg) stimuli at the MCP joints in rheumatoid arthritis (RA) patients vs. controls. Bars 

represent the standard error of the mean.
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Figure 2. 
A) Regional cerebral blood flow (rCBF) in response to a low intensity pressure stimulus at 

the metacarpophalangeal (MCP) joints in rheumatoid arthritis (RA) patients and pain-free 

controls. B) rCBF in response to a high intensity pressure stimulus at the MCP joints in RA 

patients and pain-free controls. C) The high intensity MCP stimulus led to significant 

increases in rCBF in the medial frontal cortex among RA patients but not among healthy 

controls. Bars represent the standard error of the mean.
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Figure 3. 
Region of interest analyses in the medial frontal cortex and associations with pain sensitivity 

and RA disease activity. A) The pressure required for the high intensity 

metacarpophalangeal (MCP) joint stimulus negatively correlated with resting regional 

cerebral blood flow (rCBF). B) The pain evoked by the low intensity metacarpophalangeal 

MCP stimulus positively correlated with resting rCBF. C) Disease Activity Score in 28 

Joints (DAS28) positively correlated with resting rCBF.
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Figure 4. 
Region of interest analyses in the medial frontal cortex and associations with clinical pain 

measures. A) Brief Pain Inventory short form (BPI-sf) average pain level was positively 

correlated with regional cerebral blood flow (rCBF) in response to pain induced by a cuff 

wrapped around the metacarpophalangeal (MCP) joints. B) BPI-sf pain interference score 

was positively correlated with rCBF in response to pain induced by a cuff wrapped around 

the MCP joints.
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Table 1

Demographic and clinical data on study subjects1

Characteristics RA patients
(n = 14)

Controls
(n = 16)

P-value2

Age, years 44.8 (9.3) 47.1 (11.4) 0.55

% Female 100% 93.8% 0.34

% Seropositive 78.6% - -

Disease duration, years 11.4 (9.9) - -

DAS28 3.8 (1.0) - -

% Corticosteroid use 14.3% - -

% DMARD use 57.1%

 % Synthetic DMARD use 35.7%

 % Biologic DMARD use 42.9% - -

BPI

 Pain average pain, 0-10 4.6 (1.9) 0.6 (1.3) <0.01

 Pain interference, 0-10 3.9 (2.1) 0.1 (0.4) <0.01

HADS Depression, 0-21 5.4 (3.6) 0.7 (1.6) <0.01

HADS Anxiety, 0-21 7.0 (2.6) 2.1 (3.1) <0.01

PCS, 0-52 16.8 (10.5) 6.2 (6.7) <0.01

MOS Sleep Problems II, 0-100 45.8 (17.7) 16.6 (15.1) <0.01

1
Except where indicated otherwise, values are the mean (SD). RA = rheumatoid arthritis; DAS28 = Disease Activity Score in 28 Joints; DMARD = 

disease-modifying antirheumatic drug; BPI = Brief Pain Inventory; HADS = Hospital Anxiety and Depression Scale; PCS = Pain Catastrophizing 
Scale; MOS = Medical Outcomes Study

2
P-values from two-sample t-tests for continuous variables and from Chi-Square test for categorical variables.
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