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      Abstract


      Background


      Prior research has demonstrated that emotional state can influence pain perception. If a noxious stimulus is coupled with a negative emotional stimulus, the perception of the noxious stimulus will be heightened by the aversive associations of the negative emotional stimulus. In contrast, pain ratings decrease with positive emotional influence. The aim of the current study was to characterize the emotional modulation of pain processing in the spinal cord and brainstem using functional MRI.


      Methods


      Twenty-one healthy, right-handed females, aged 18-30 (M age = 21.5) underwent an fMRI scan of the spinal cord and brainstem while completing a heat pain-rating task. Participants received noxious thermal stimulus to the thenar eminence of the right hand while viewing images of varying emotional contexts (Positive, Neutral, or Negative), and provided ratings of pain Intensity and Unpleasantness.


      Results


      Pain ratings reflected a significant effect for emotional context, with the Negative emotional condition eliciting significantly greater pain Intensity (M = 48.74, SD = 10.60) and Unpleasantness (M = 36.60, SD = 11.92) ratings than the Positive Intensity (M = 44.22, SD = 10.75) and Unpleasantness (M = 29.05, SD = 10.09) ratings (p < 0.01). In addition to replicating the well-established effect for emotional modulation of pain perception, BOLD responses in regions of the spinal cord and brainstem that are known to function in pain processing also exhibited an effect for descending emotional modulation of pain processing. These regions included the ipsilateral, dorsal horn of the T1 spinal cord segment (caudal to the segment corresponding to the stimulated dermatome), as well as regions in the brainstem approximating the dorsal reticular nucleus of the caudal medulla and the parabrachial nuclei of the pons (p < 0.001).


      Conclusion


      These findings provide novel insight into the neural correlates of descending emotional modulation of pain processing. Furthermore, this study highlights key areas of focus for future research to examine potential individual-level differences in emotional modulation of pain neural processing in the spinal cord and brainstem.
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      Introduction


      Emotions influence pain perception, however the neural mechanisms involved in this modulatory process are not fully understood. According to Motivational Priming Theory [1], emotional responses elicited by different environmental triggers modulate our reaction to those triggers by activating either an aversive/defensive or appetitive drive [2]. This theory has been studied in the context of priming for motor responses, with results consistently demonstrating that emotional stimuli lead to enhanced preparedness to perform motor actions in response to emotionally-charged stimuli [3-7]. This emotional priming for motor responses parallels similar priming for somatosensory stimuli such as pain. If a noxious stimulus is coupled with a negative emotional stimulus (for example: odors [3], emotional sentences [4], films [5], or pictures [6]), the perception of the noxious stimulus will be heightened by the aversive associations of the negative emotional stimulus [8]. Increased sensitization to the noxious stimulus can therefore facilitate faster withdrawal responses. In contrast, the reverse pattern has been shown for the influence of positive emotion [9].


      To explore this effect more deeply, various physiological measures have been employed, including: Skin conductance responses [6,8], nociceptive flexion reflex (NFR) [1,9,10], brain event related potentials (ERPs) [11], positron emission tomography (PET) [12], and functional magnetic resonance imaging (fMRI) [13-15]. Although several techniques have been applied to study the underlying neural mechanisms in the brain, this provides an incomplete representation of how the central nervous system processes emotional modulation of pain. Subcortical neural mechanisms in both the brainstem and spinal cord play a critical role in descending modulation of pain. Therefore, an investigation of the subcortical neural response involved in emotional modulation of pain is essential to a comprehensive understanding of this phenomenon. The objective of this study is to use functional magnetic resonance imaging (fMRI) to identify the neural correlates of emotional modulation of pain in the brainstem and spinal cord in healthy individuals, comparing between the effects of positive, neutral, and negative affective manipulation. We hypothesize there are significant differences in blood oxygenation-level dependent (BOLD) responses between the three conditions in regions of both the spinal cord and brainstem involved in processing nociception. These differences reflect altered neural processing of nociceptive signals to produce the net pain response.


      Methods


      Participants


      Participants included 21 healthy, right-handed females, aged 18-30 (Mage = 22) who completed all stages of the study. This is out of 32 participants originally recruited, with 11 participants not completing all study stages or failing to discriminate temperature variations. Females were recruited to avoid known sex differences in pain perception [16]. Study participation was limited to the luteal stage of the menstrual cycle (final 2 weeks of the natural cycle), or the final 2 weeks in the cycle of oral contraceptives, in order to eliminate potential variability in pain perception due to fluctuations in the hormone cycle [17]. As a measure of control for psychological state, participants completed questionnaires for depression (BDI-II) [18], anxiety (STAI) [19], social desirability (Crowne-Marlowe Social Desirability Scale) [20], and pain catastrophizing (PCS) [21]. All participants provided written, informed consent and this study was reviewed and approved by the institutional ethics board.


      Noxious thermal stimulus


      Noxious thermal stimulation was administered to the thenar eminence of the right hand (corresponding to the 6th cervical dermatome) via an MRI-compatible Medoc TSA-II thermal sensory analyzer (Medoc Ltd, Ramat Yishai, Israel). Stimulation was applied in a block-like design, with 2 baseline innocuous thermal sensory periods separated by a period of noxious (painful) thermal stimulation. The baseline innocuous temperature was set to 8 ℃ below the noxious thermal temperature (determined as outlined in the Study Protocol). The period preceding noxious stimulation was 50 seconds, the post-stimulation period was 75 seconds, and the stimulation period consisted of 10 brief increases in temperature (heat pulses) over the course of 30 seconds (temperature peaks were presented every 3 seconds, 0.33 Hz) (Figure 1). The use of repeated heat pulses produces a more robust stimulation effect and corresponding BOLD responses than a constant stimulus, by avoiding habituation effects of receptors [22-25]. Each pulse consisted of an 8 ℃ increase from baseline over the course of 1.5 seconds, peaking at the pre-determined noxious temperature, followed by a return to baseline temperature over 1.5 seconds. There was a two-minute break between runs to avoid sensitization and allow nociceptors in the skin to recover [26].


      
        Figure 1: Thermal stimulation paradigm, with heat pulses presented at a frequency of 0.33 Hz. Every participant experienced heat pulse with amplitudes that peaked at a temperature that was 8 ℃ higher than baseline. Baseline temperature (shown here as 41 ℃) and the peak temperature (shown here as 49 ℃) were calibrated for each individual's pain sensitivity. View Figure 1

      


      Participants were asked to rate the noxious thermal stimulus using 0-100 pain rating scales for both pain Intensity and pain Unpleasantness [3,15,27]. The pain Intensity scale included verbal descriptors ranging from "no sensation" at 0, to "intolerable pain" at 100, and has been established in previous studies [28,29]. The pain Unpleasantness scale was a modified version of the pain Intensity scale. It similarly ranged from "neutral" at 0 to "intolerably unpleasant" at 100 in terms of numeric ratings.


      Visual affective stimuli


      The emotional stimuli consisted of images (546 total) selected for Positive, Neutral, and Negative valence, mostly from the International Affective Picture System (IAPS) (482 images) [30]. Due to an insufficient number of high arousal positive images in the IAPS, a portion of the positive images (64) were supplemented from the internet as a publicly available source. Supplemented images were rated in terms of both valence and arousal by a separate group of 28 women (aged 18-45) using the Self-Assessment Manikin (SAM). The SAM scale ranged from 1 = "negative" to 9 = "positive" for valence, and from 1 = "calm" to 9 = "excited" for arousal. Only images that rated consistently with those from the IAPS were included in the sample used in the Positive condition and had valence and arousal ratings of 5.70 ± 0.64 and 4.95 ± 0.43 (mean ± s.d.), respectively.


      Positive images were selected to be high in valence, 6.55 ± 1.01, whereas negative images were selected for low valence, 2.28 ± 0.49, and neutral images were of medium valence, 4.94 ± 0.49. The images for the Positive and Negative conditions were both selected to be higher in arousal (Positive: 5.51 ± 0.77; Negative: 5.84 ± 0.76), while the neutral images were low arousal, 3.56 ± 0.63. All images were resized to the same dimensions (1024 × 768 pixels).


      Study protocol


      Training session: phase I


      Prior to the imaging session, all participants underwent a training session in a "sham" MRI environment, to familiarize them with the study procedures and reduce anxiety. Participants were asked to refrain from any drug use for two days prior to the study and confirmed their adherence in a screening form. The participant's overall comfort level was monitored throughout the experiment to ensure that they were not experiencing any incidental pain or discomfort, apart from the experimental stimulus. Training began with an explanation of the rating scales for pain Intensity and Unpleasantness as described by Price and colleagues [30]. Participants were taken through a sequential process of providing Intensity and Unpleasantness ratings first to single and then multiple heat pulses, over a range of temperatures. If a participant was able to accurately discriminate the difference in the temperature of the pulses from trial to trial, they progressed to a 10-pulse trial where they were asked to rate only the 10th pulse in the series, as they felt it occur. The temperature of the 10-pulse trials was adjusted until the participant consistently reported a pain Intensity rating of 50.


      Training session: phase II


      If the participant passed the Phase I, they were positioned supine in the sham MRI complete with a replica head coil and mirror for viewing a rear-projection screen. The participant then experienced the 10-pulse heat pain paradigm in combination with visual affective stimuli which were presented on the screen. Participants were not informed that the noxious heat pulses for all remaining runs (trials) were set at the same temperature, as calibrated in Phase I. Throughout the entire time-course of each run, images of a set valence type (Positive, Neutral, or Negative) were presented on the screen (6 sec/picture, 26 pictures per run, with no image presented more than once). Participants completed three runs of each valence, resulting in nine runs total. The conditions were presented in a pseudo-randomized order across repeated runs with the restriction that a condition-type could not be repeated more than twice in a row. Participants were instructed to watch the images on the screen and to verbally rate the noxious stimulus on the 10th pulse, as they felt it occur, first in terms of pain Intensity, and then pain Unpleasantness. At the end of the run, the pain rating scales were presented on the screen and participants were asked to repeat their pain ratings, with the scale visible as a reference, and their ratings were recorded.


      Functional MRI Session


      Preparation


      Imaging was carried out on a later day to avoid sensitization of the nociceptors in the skin or habituation to the emotional stimuli. Upon arrival for the imaging session, participants were reminded how to use the rating scales. Set-up for the imaging session closely followed that of the sham training. Participants were positioned supine on the bed of the MRI system and the thermode was fixed to the right thenar eminence. The head coil was positioned with a mirror attached to allow participants to view a rear-projection screen. Padding was used to ensure participant comfort and to reduce head/neck motion. Once the bed was moved inside the bore, participants performed several pain-rating practice trials to confirm the calibration of the temperature and to allow for subtle adjustments if needed.


      FMRI Data acquisition


      Imaging took place in a 3 Tesla, whole-body MRI system (Siemens Magnetom Trio; Siemens, Erlangen, Germany), at Queen's University, Kingston Ontario. Data were collected using a spine array-receiver coil and a posterior neck coil, with a body coil used for transmission of radiofrequency (RF) excitation pulses. Initial localizer images were acquired in 3 planes to guide subsequent slice positioning. FMRI data were acquired using a half-Fourier single-shot fast spin-echo (HASTE) for optimal image quality in the brainstem and spinal cord. Images were acquired in nine 2 mm thick contiguous sagittal slices, at a repetition time (TR) of 6.75 seconds per volume (0.75 sec/slice). The echo time (TE) was set at 76 msec for optimal BOLD contrast in this region [31,32]. Each sagitttal slice spanned from the top of the corpus callosum to the T1/T2 intervertebral disc. Data were acquired with a 280 mm × 210 mm FOV and a matrix size of 192 × 144, providing a resolution of 1.5 mm × 1.5 mm × 2 mm. A spatial saturation pulse was applied anterior to the spine to reduce motion artifacts [33]. In total, there were 12 functional runs acquired, with four runs for each condition (Positive, Neutral, and Negative) and 23 volumes per run, resulting in 92 volumes per condition. The order of the conditions was randomized to avoid order effects and habituation to the emotional stimuli.


      The combined pain and emotional modulation paradigm for fMRI runs was nearly identical to that used for "sham" training. Participants again experienced the 10-pulse paradigm, with the emotional images being presented throughout the duration of the run and were required to provide a verbal indication of pain Intensity and pain Unpleasantness rating for the 10th pulse, as they felt it happen. At the end of the run, participants repeated their ratings with the pain rating scales displayed on the screen as a reference. No emotional image was viewed more than once, so the images presented during the fMRI session were not the same as those during the training session, but they were matched in terms of the relative valence and arousal.


      Data Analysis


      Behavioral data


      Pain ratings for each individual were combined across the sham training and the fMRI session. Descriptive statistics were calculated for the Positive, Neutral, and Negative conditions and the means of these conditions were compared using a repeated measures ANOVA, with follow-up pairwise comparisons, Bonferroni corrected for multiple comparisons.


      Functional MRI data: preprocessing


      Data were analyzed using custom-written software in MATLAB (MathWorks, Natick, MA). Data preprocessing included conversion to NifTI format, co-registration to correct for bulk motion, and spatial normalization to a pre-defined anatomical template. The details of the pre-processing methods are provided in Supplementary Online Material and have been extensively validated in previous studies [32,34-36].


      General linear model analysis


      Pre-processed data were then analyzed at the group level by means of a general linear model (GLM) for main effects, between-condition contrast analysis, structural equation modeling (SEM), and Region-of-Interest (ROI) Analysis. The group GLM included a set of basis functions consisting of the predicted BOLD response to the stimulation paradigm, based on the stimulus timing convolved with the hemodynamic response function, a constant function, and models of physiological noise. The details of the GLM analysis are provided in supplementary Online material.


      SEM analysis


      Structural Equation Modeling was performed separately for each condition to identify significant connections, and how they vary with the study conditions. SEM uses a predefined model of known anatomical connections [37] to investigate multiple simultaneous connections between regions. The underlying concept is that BOLD signal fluctuations in a region are most closely related to input signaling from other regions. The results of the SEM analysis are the linear weighting factors (i.e. β-values) that reflect the connectivity between regions. In order to allow for variations in connectivity between regions over time, SEM was applied in a dynamic sense. Connectivity values were calculated using data from all participants within periods spanning roughly 40 seconds within the stimulation paradigm. This was repeated for all periods in a sliding-window manner. The SEM methods have been extensively validated in previous studies, and the details are provided in Supplementary Online Material [38].


      ROI analysis


      A region-of-interest analysis was performed using the sub-regions that were identified during the SEM analyses. ROIs were assessed in terms of the means and standard deviations of their beta-values as determined via the group GLM analysis. These values were used to compare the neural responses between the Positive, Neutral, and Negative conditions via repeated measures ANOVA. Similar to the GLM analysis, the ROI analysis demonstrates consistent features of the responses across groups and conditions.


      Results


      Behavioral results


      Descriptive statistics for Pain Intensity and Unpleasantness ratings are shown in Table 1. A One-way repeated-measures ANOVA revealed significant differences between conditions, supporting the emotional modulation of pain perception for both pain Intensity, F (1, 20) = 16.251, p < 0.01 and Unpleasantness ratings, F (1, 20) = 18.30, p < 0.01. Follow-up pair-wise comparisons revealed that pain Intensity ratings were significantly higher for the Negative condition (M = 48.74, SD = 10.60) than the Positive condition (M = 44.22, SD = 10.75; p < 0.01), and were significantly higher for the Neutral condition (M = 48.40, SD = 11.24) than the Positive condition (p < 0.01) (Figure 2). There was no significant difference between the pain Intensity ratings in the Negative and Neutral conditions.


      
        Table 1: Descriptive Statistics for Pain Intensity and Unpleasantness Ratings. View Table 1

      


      
        Figure 2: Bar Graph of Average Pain Intensity and Unpleasantness Ratings. A significant difference of p < 0.05 is indicated by*. View Figure 2

      


      The One-way repeated-measures ANOVA for Pain Unpleasantness ratings showed significant differences for all three comparisons (Figure 2). Follow-up pair-wise contrasts revealed that pain Unpleasantness ratings were significantly higher in the Negative condition (M = 36.60, SD = 11.92) than in the Positive (M = 29.05, SD = 10.09; p < 0.01) and Neutral (M = 31.85, SD = 10.30; p < 0.01) conditions. Pain ratings in the Neutral condition were also significantly higher than those in the Positive condition (p = 0.04). All follow-up pair-wise contrasts were Bonferroni corrected for multiple comparisons.


      Functional MRI results


      Group-level GLM results revealed the significant effect of noxious thermal stimulation compared to baseline (non-noxious thermal stimulation) separately for each of the affective conditions (Supplementary Table 1). These analyses revealed significant BOLD signal decreases (p < 0.001) in the right dorsal horn of the first thoracic spinal cord segment (T1) in both the Neutral and Positive conditions, but not the Negative condition (Figure 3). There were no significant BOLD signal changes in the C6 dorsal horn (corresponding to the stimulated dermatome) for any of the three affective conditions.


      
        Figure 3: GLM results showing the main effects of the A) Negative, B) Neutral, and C) Positive Conditions. The slices shown are contiguous 1-mm thick axial slices and show the responses from the T1 spinal cord segment. Both the Neutral and Positive conditions reveal significant decreases in BOLD signal in the right dorsal horn of the T1 segment. View Figure 3

      


      The group-level between-condition contrasts demonstrated several regions in the spinal cord and brainstem that exhibited significant differences in BOLD responses (p < 0.001) (Supplementary Table 2). All three contrasts (Negative > Positive, Negative > Neutral, and Neutral > Positive) revealed significant differences in the T1 region of the spinal cord. Consistent with the group GLM results, these contrasts reveal significantly decreased activity in the Positive condition compared to the Neutral and Negative conditions, with decreased responses occurring below the site of stimulation, in the right dorsal horn of the cord at T1, rather than at the level of the stimulated segment (C6) (Figure 4).


      
        Figure 4: Results of the contrast analysis to compare the BOLD signal changes between the Positive, Neutral, and Negative Conditions. Specific contrasts include A) Negative > Positive, B) Negative > Neutral, and C) Neutral > Positive. Axial slices are displayed at 1st thoracic segment of the spinal cord, the caudal medulla, and at the level of the pons. Warm colors indicate BOLD responses that were greater in the primary condition, while cool colors indicate BOLD responses that were greater in the reverse contrast. Key areas with significantly different responses are shown to be the right dorsal region of the T1 segments near the DRt in the medulla, and in the vicinity of the PBN and BPN in the Pons. View Figure 4

      


      
        Table 2: Average BOLD Percent Signal Change and Relative Standard Error of the Mean, Across Sets, from ROI Analysis. View Table 2

      


      At the level of the medulla, there were significantly larger BOLD responses in the Positive condition compared to both the Neutral and Negative conditions in the area of the contralateral DRt. There was no significant difference between the Negative and Neutral conditions in this region. There were also significantly larger BOLD responses for the Neutral condition than both the Negative and Positive conditions at the levels of the Pons in the regions of the parabrachial nucleus (PBN) and basilar pontine nuclei (BPN) of the deep pontine nuclei, with a slightly elevated BOLD response in the region of the BPN for the Positive condition over the Negative condition (Figure 4).


      Structural equation modeling results


      The SEM analysis was conducted separately the Positive, Neutral, and Negative conditions, and dynamic variations in connectivity were also identified. The best fit results are shown in Figure 5, for periods before, during, and after the application of the noxious thermal stimulus.


      
        Figure 5: SEM results for the Positive, Neutral, and Negative conditions, before, during, and after the application of the noxious thermal stimulus. Circles indicate the nucleus of the region and directionality of influence, with influence for the connection originating in the nucleus of the specified ROI. The thickness of the lines indicate the strengths of the path coefficients. Solid lines represent positive path coefficients and dashed lines represent the negative coefficients. C6RD = right dorsal region of the C6 spinal cord segment; PBN = Parabrachial Nucleus; LC = Locus Coeruleus; NRM = Nucleus Raphe Magnus; NTS = Nucleus Tractus Solitarius; NGc = Nucleus Gigantocellularis; DRt = Dorsal Reticular Nucleus; PAG = Periaqueductal Gray Matter; Hyp = Hypothalamus; Thal = Thalamus. View Figure 5

      


      It is of note that for all three conditions, connectivity initially observed (before the application of the stimulus) was maintained for the duration of the acquisition. Additional connectivity between regions occurred once the stimulus was applied and again once the stimulus was removed. For example, connectivity of PAG→PBN and C6RD→Thal was maintained throughout the duration of the Negative condition, with the addition of Thal→PAG, PAG→NGc, PAG→NTS, and NTS→PBN during the period when the noxious stimulus was applied, and with the additional recruitment of PBN→NGc, NGc→C6RD, and NTS→C6RD when the stimulus was removed.


      Similarly, throughout the Neutral condition, the connectivity of Thal→PAG, Hyp→NGc, PBN→NGc, PBN→NTS, and NTS→C6RD was maintained, connectivity of NTS→PAG, PAG→Hyp, and NGc→C6RD occurred during the period of stimulation and was maintained for the duration, while PAG→NRM and NRM→C6RD connectivity occurred after the noxious stimulus was removed.


      Throughout the Positive condition Thal→PAG, NTS→PAG, PBN→NGc, NTS→C6RD, C6RD→NGc, and C6RD→Thal connectivity was observed. Once the stimulus was applied, additional connectivity of Hyp→NRM, PAG→NRM, and PBN→NTS was observed and maintained for the duration of the acquisition. No additional recruitment occurred following the removal of the noxious stimulus during the Positive condition.


      Region-of-interest analysis results


      The repeated measures ANOVA for the BOLD responses in selected ROIs showed that only the NRM exhibited significant differences between conditions (p < 0.05), with the DRt approaching significance at p = 0.0713. There was a linear trend in 7/10 of the ROIs, showing an effect of valence such that the hypothalamus, PAG, LC, NRM, NGC, and the dorsal horn of C6 all exhibited the least increase in BOLD response in the Positive condition and the most in the Negative condition (Table 2), however these differences between conditions only reached significance for the NRM. The DRt showed the opposite trend, with the most increase in BOLD signal occurring for the Positive condition and the least for the Negative, although these differences did not reach significance.


      Discussion


      The results of this study build on previous research by demonstrating that emotional modulation of pain can be observed using fMRI at the level of the brainstem and spinal cord. The group-level GLM revealed an increased caudal spread of BOLD signal decreases in the ipsilateral dorsal horn at the level of T1, several segments below the level of stimulation, for the Positive and Neutral conditions, but not the Negative condition. This may suggest a decrease in input signaling related to descending pain modulation in the Positive and Neutral condition that was absent from the Negative condition. Group-level between-condition contrast analyses revealed significant differences between conditions at T1 as well. Specifically, the BOLD response was greatest in the Negative condition, comparatively weaker in the Neutral condition, and weaker yet in the Positive condition. The observation of greater relative BOLD signal decrease for the Positive condition is consistent with previous work which found greater BOLD signal decreases in the ipsilateral dorsal horn of the cord when noxious stimulation was paired with music [22]. The present findings are in agreement with Motivational Priming Theory in that the Positive condition seems to render the ipsilateral dorsal horn of the cord less responsive to the noxious stimulus compared to the Neutral and Negative conditions.


      Although the noxious thermal stimulus was applied to the thenar eminence, corresponding to innervation of the 6th cervical segment, we did not observe significant group level activations of C6. While unexpected, this outcome may be explained by two different influences: the substantial variability in the overall EMP effect for pain perception, and the significant contributions of descending modulation from higher-level networks. As described in detail in McIver, et al. [25], although emotional modulation of pain perception can be reliably replicated at the group level, strong between-subject variability exists. If the neural response to the noxious stimulus in the ipsilateral dorsal horn of the stimulated segment reflects the variability of EMP perception, this heterogeneity may diminish the main effect of emotion on the BOLD response in this area. Furthermore, it is important to recognize the BOLD response in the dorsal horn reflects a combination of the ascending peripheral input and descending modulation from higher order cortical and subcortical structures. The ipsilateral dorsal horn of C6 was receiving both afferent input from the noxious stimulus as well as descending modulatory input from higher cortical structures. Therefore, although this region of the cord was receiving ample input signaling, it is possible that the net effect of those influences may not have resulted in a significant change in BOLD signal. In contrast, T1 did not receive input from peripheral noxious stimulation, but may have received descending modulatory input from higher cortical structures, such as the DRt and PBN as identified in the between-condition contrasts, resulting in the decrease in neural responsiveness.


      Typically recognized for its role in facilitating nociceptive processing [39], the DRt exhibited significantly increased neural response in the Positive condition relative to both the Neutral and Negative conditions. The increased response in this region could reflect an increase in either excitatory or inhibitory presynaptic input [40]. As such, a possible interpretation is that the stronger response for the DRt in the Positive condition relative to the Neutral and Negative conditions may reflect a greater degree of inhibition of its typically pro-nociceptive influences. This would explain the decreased BOLD response observed in more caudal regions of the cord and would correspond with the decreased Intensity and Unpleasantness of pain perceived for the Positive condition relative to the Negative and Neutral conditions.


      Greater BOLD responses were observed in the PBN and BPN in the Neutral condition relative to the Positive condition. The BPN also exhibited greater responses in both the Neutral and Positive conditions relative to the Negative condition, although the difference between the Positive and Neutral conditions was notably less pronounced. Critically, while the images viewed during the Positive and Negative conditions were matched for high arousal, the images in the Neutral condition had low arousal ratings. As such, we postulate that the PBN and BPN could be involved in the emotional modulation of the neural response to pain, specifically in relation to the level of arousal (rather than valence) of the emotional stimulus. The potential for this preferentially arousal-based function of the PBN and BPN is supported by their connections with the amygdala [41-43], which has been found to mediate emotional modulation of autonomic responses based on the arousal, rather than the valence, of emotional stimuli [44]. The PBN is recognized to play a large role in descending pain modulation and in particular, for antinociception [45]. The BPN, while not typically recognized to play a role in descending pain modulation, does, however, receive afferent input from the amygdala and other regions of the limbic system [46]. Its function in emotional modulation of the neural response to pain is therefore more likely rooted in its role in general emotion and arousal processing as compared to an inherent role in descending modulation of pain.


      Structural equation modeling results further demonstrated the coordinated influences of regions that are known to be involved with descending pain modulation. A Thal→PAG connection was observed throughout the duration of the stimulation paradigm for all three conditions (with the exception of the period before the onset of stimulation in the Negative condition). Given the consistency across all three conditions, this connection may reflect a neural response to an expectation of a painful experience. The C6RD→Thal connection was present in all stages of the Positive and Negative conditions but was absent in the Neutral condition. That the Positive and Negative conditions share this connection, despite differing in their respective valence, suggests that its involvement may be due to differences in arousal between the neutral and emotion-evoking images. Further insight into the neural processes underlying the effect of arousal on EMP may be gleaned from the connections that are weaker during, or unique to, the Neutral condition as compared to the emotion-evoking conditions. For example, although connectivity between the PBN and NTS or NGc was observed in all conditions, the strength of connectivity between these regions is most pronounced in the Neutral condition. The negatively weighted input of Hyp→NGc is observed solely in the Neutral condition. The results suggest a role for these connections in the processing of high-arousal emotional stimuli relative to their effect on emotional modulation of pain.


      Although the two emotion-evoking conditions were found to share SEM commonalities, there were several connections unique to each condition. Of note, during the Positive condition there is Hyp and PAG input to the NRM whereas input to the NRM is absent in the Negative condition, and there is PAG input to the NGc and NTS during the Negative condition that is absent in the Positive condition. NTS input to the spinal cord and PAG is prominent in the Positive, but not Negative, condition. These unique connections for each of the conditions likely reflect the different descending effects of emotional modulation based on the valence of the emotional stimulus. Figure 5 may map the circuitry underlying a continuous component of descending modulation that is modified by emotional cues, and this modulation may influence how people perceive the stimulus when it is applied.


      The results of the ROI analysis revealed that the NRM exhibits significant differences between conditions, with the greatest BOLD signal increase for the Negative condition and the least response in the Positive condition. The NRM has been shown to function in both inhibition and facilitation of nociceptive processing [39,47,48]. Although differences in BOLD response between conditions failed to reach significance in the other ROIs, a similar trend supporting the effect of valence was observed in most regions, with the exception of the DRt ROI that showed the reverse trend such that the Positive condition elicited the greatest neural response and the Negative condition elicited the least. This anomalous trend is consistent with the results of the between-condition contrast maps and would support the possible inhibition of the DRt in the effect of emotional modulation on pain neural processing.


      Despite advancing our understanding of the neural correlates of descending emotional modulation of pain processing, these finding must be considered in light of certain limitations. First, although we intentionally restricted participant recruitment to females to avoid known sex differences in pain perception and to optimize for the chosen noxious stimulus [16], the current study design does not allow for an examination of potential gender differences in the emotional modulation of pain processing. Similarly, the generalizability of these findings to younger or older samples it not currently clear. Furthermore, emotional modulation of pain perception has been shown to be markedly variable across individuals, and potentially associated with psychological characteristics like depression and anxiety [25]. In addition, it has been shown that the BOLD response to noxious thermal stimulation in the spinal cord and brainstem is correlated with individual levels of pain perception [23]. As such, an important avenue for future research will be to test whether the emotional modulation of pain neural processing in the spinal cord and brainstem reflects different individual-level characteristics.


      In conclusion, this study makes significant contributions toward understanding the subcortical neural response involved in emotional modulation of pain. The results demonstrate a pattern of increased descending modulation, specifically corresponding to greater BOLD signal decreases in the ipsilateral dorsal horn of the cord, for Positive compared to Neutral and Negative emotional modulation of pain. This finding is in accordance with Motivational Priming Theory and demonstrates the influence of the appetitive system to inhibit both the perception and neural processing of noxious stimulation when associated with a positive emotional stimulus. In addition, the valence and arousal of the emotional stimuli differentially affect higher brainstem regions to influence the complexity and strength of the neural networks recruited in the response to emotional modulation of pain.
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