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Altered Brain Structure in Chronic Visceral Pain: Specific Differences in Gray Matter Volume and Associations With Visceral Symptoms and Chronic Stress
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Structural brain alterations in chronic pain conditions remain incompletely understood, especially in chronic visceral pain. Patients with chronic-inflammatory or functional bowel disorders experience recurring abdominal pain in concert with other gastrointestinal symptoms, such as altered bowel habits, which are often exacerbated by stress. Despite growing interest in the gut-brain axis and its underlying neural mechanisms in health and disease, abnormal brain morphology and possible associations with visceral symptom severity and chronic stress remain unclear. We accomplished parallelized whole-brain voxel-based morphometry analyses in two patient cohorts with chronic visceral pain, i.e., ulcerative colitis in remission and irritable bowel syndrome, and healthy individuals. In addition to analyzing changes in gray matter volume (GMV) in each patient cohort vs. age-matched healthy controls using analysis of covariance (ANCOVA), multiple regression analyses were conducted to assess correlations between GMV and symptom severity and chronic stress, respectively. ANCOVA revealed reduced GMV in frontal cortex and anterior insula in ulcerative colitis compared to healthy controls, suggesting alterations in the central autonomic and salience networks, which could however not be confirmed in supplemental analyses which rigorously accounted for group differences in the distribution of sex. In irritable bowel syndrome, more widespread differences from healthy controls were observed, comprising both decreased and increased GMV within the sensorimotor, central executive and default mode networks. Associations between visceral symptoms and GMV within frontal regions were altered in both patient groups, supporting a role of the central executive network across visceral pain conditions. Correlations with chronic stress, on the other hand, were only found for irritable bowel syndrome, encompassing numerous brain regions and networks. Together, these findings complement and expand existing brain imaging evidence in chronic visceral pain, supporting partly distinct alterations in brain morphology in patients with chronic-inflammatory and functional bowel disorders despite considerable overlap in symptoms and comorbidities. First evidence pointing to correlations with chronic stress in irritable bowel syndrome inspires future translational studies to elucidate the mechanisms underlying the interconnections of stress, visceral pain and neural mechanisms of the gut-brain axis.
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INTRODUCTION

Despite substantial individual and societal burden, chronic pain is often overlooked and remains incompletely understood, especially with respect to brain mechanisms relevant to pathophysiology, disease course, and treatment. Clinical conditions characterized by chronic visceral or pelvic pain are particularly understudied using brain imaging techniques. Dedicated visceral pain research is warranted not only given the unique clinical presentation of chronic visceral pain. Many afflicted patients do not experience pain arising from the viscera (i.e., inner organs such as the thorax, pelvis or abdomen) in isolation, but rather suffer from recurring episodes of abdominal pain or discomfort in concert with other gastrointestinal (GI) symptoms, such as bowel disturbances. Work in visceral pain is also called for in light of increasing knowledge about the specificity of visceral pain both in terms of psychological as well as central mechanisms. In contrast to somatic pain, visceral pain is perceived as more diffuse and more unpleasant, provokes more pain-related fear, may be more sensitive to stress (1–4), and, importantly, engages partly distinct functional brain responses, at least during acute experimental pain (2, 5). Finally, the clinical relevance of chronic visceral pain is enormous, with a prevalence that likely surpasses even that of chronic low back and neck-shoulder pain. Indeed, intermittent abdominal pain is experienced by 25 % of adults in the general population (6), and also constitutes the most prevalent GI symptom that causes outpatient clinic visits in the United States (7).

Numerous GI conditions are characterized by visceral pain and pain-related symptoms arising from the GI tract, together contributing to substantial psychological distress, functional disability, and healthcare costs (8). The most prominent GI conditions are traditionally classified as either structural diseases with a clear organic pathology, such as chronic-inflammatory bowel diseases (IBD), or as functional disorders lacking a clearly identifiable organic cause, like irritable bowel syndrome (IBS). IBD is a relapsing-remitting disease mainly characterized by chronic intestinal inflammation, with the localization of intestinal inflammation defining the specific diagnosis of ulcerative colitis (UC; primarily affecting the colon) and Crohn's disease (affecting various GI sites) (9). Of note, about 35% of patients with IBD experience abdominal pain and changes in bowel habits not only during active but also in phases of inactive disease, when the clinical presentation can mirror that of IBS (10). IBS is considered a bio-psycho-social disorder of gut-brain interaction, with unclear etiology yet long-standing appreciation for a crucial role of brain mechanisms relevant to visceral hypersensitivity and hypervigilance, interacting with peripheral factors like increased gut permeability and low-grade inflammation (11). Despite differences in etiology and pathophysiology, psychological factors, especially stress, play a major role in both IBD and IBS, in line with evolving concepts of the gut-brain axis (12, 13).

The role of psychological factors in acute and chronic visceral pain has inspired translational research elucidating the complex signaling pathways between the GI system and the brain, both in health and disease. There exist multiple connections between the gut and the central nervous system involving microbial, immunological, metabolic, hormonal, and neural processes (14). Chronic abdominal pain can be conceptualized as a dysregulation in this complex interplay (15). As the brain is a highly dynamic system, this dysregulation conceivably implies not only changes in functional but also structural brain imaging measures, in line with broad evidence of morphological brain alterations in various somatic chronic pain conditions (16–18). A meta-analysis by Cauda and colleagues revealed that different chronic pain conditions share alterations of gray matter volume (GMV) in regions of the default-mode, thalamus-basal ganglia and attention networks, while GMV changes in sensory networks are more variable and depend on the specific chronic pain condition (19). In chronic visceral pain, the presence and putative role of morphological brain changes has been much more extensively studied in IBS than in IBD. For IBS, systematic reviews support structural alterations in regions of the prefrontal, salience, emotional arousal and sensorimotor networks, with GMV decreases in the insular cortex and GMV increases in sensorimotor cortices as most consistent findings (20–22). In IBD, knowledge about altered brain morphology is very limited, especially in UC. Results are inconsistent, and mostly available for cohorts comprising only patients with Crohn's disease (23–27) or mixed samples of Crohn's disease and UC (28, 29). Only a single study focused exclusively on patients with UC (30), despite indications for differences in brain morphology and function between UC and Crohn's disease (29).

Furthermore, efforts to elucidate correlations between structural brain abnormalities and relevant pain-related GI symptoms, as well as with chronic stress as a major psychological factor relevant to the pathophysiology, disease course, and treatment in both IBS and IBD (31, 32), have rarely been accomplished. In IBS, structural alterations have been shown to correlate not only with GI symptoms, but also with psychological variables, including psychiatric comorbidities (33, 34), pain catastrophizing (34), and early trauma (35), but perceived chronic stress as a major factor has not been studied. This research gap also exists for IBD, with only a single existing study testing correlations between brain function (rather than structure) and acute stress (36). Given long-standing knowledge that chronic rather than acute stress is relevant to symptom exacerbation (37, 38) as well as to pain and health-related quality of life in IBD (39), attention to chronic stress in brain imaging studies is urgently called for.

To close research gaps in structural neuroimaging studies focused on patients with chronic visceral pain, we herein present results of parallelized voxel-based morphometry analyses accomplished in patients with UC and patients with IBS, compared to matched healthy control groups. In order to minimize effects of acute inflammation and severe symptoms characterizing phases of active disease, we only included patients in full remission or with very mild and stable disease activity, at the same time minimizing possible effects of medical treatments routinely necessary in these patients, especially during exacerbations. As a first step in the analysis strategy, voxel-based morphometry was accomplished to determine changes in GMV in each patient group compared to healthy controls, using whole-brain analyses given variability of findings and the widespread structural alterations observed in previous studies. Although alterations in GMV compared to controls were expected in both disorders, differences were hypothesized to be more pronounced and widespread in IBS than in UC given differences in the etiology and pathophysiology, especially regarding the presumably more prominent role of central mechanisms along the gut-brain axis in IBS. As a second step, we performed analyses aiming to address associations with symptom severity and chronic stress in each patient cohort compared to controls using multiple regression analyses. Given overlap in symptoms experienced by patients with UC and IBS and evidence for the role of stress in both disorders (12), it was hypothesized that both symptom severity and chronic stress are differentially related to GMV in both patient groups compared to healthy controls. Here, we expected effects in neural networks previously shown to be relevant to symptom intensity and psychological modulation of acute and chronic visceral pain [e.g., sensorimotor and emotional arousal networks; (20)].



METHODS


Overview and Procedures

For the purposes of the present analyses, we used data from a total of N = 96 adult volunteers (N = 31 UC, N = 23 IBS, N = 44 healthy controls), acquired within two comprehensive visceral pain studies conducted by our group between the years 2015 and 2020 at the University Hospital Essen, Germany. Primary studies involved different emotional learning/memory tasks (data will be presented elsewhere), all accomplished subsequent to the acquisition of data analyzed herein. Importantly, all participants underwent sociodemographic, psychological and clinical characterization and structural magnetic resonance imaging (MRI) prior to other experimental manipulations. Highly standardized and parallelized procedures were implemented for recruitment, screening and all other assessments that are part of this report, all accomplished within the same biomedical research setting using the same MR scanner. Work was conducted in accordance with The Declaration of Helsinki, and studies were approved by the local Ethics Committee of the University Hospital Essen (protocol numbers. 10-4493; 16-7237). All volunteers gave written informed consent and received monetary compensation for participation.



Inclusion and Exclusion Criteria

The screening process consisted of a standardized telephone screening, followed by an on-site visit with study staff, and completion of questionnaires (for details on questionnaires, see below). General exclusion criteria for all participants included age <18 or >65 years, body mass index <18 or >30, MRI-specific criteria like claustrophobia, pregnancy or ferromagnetic implants, and any evidence of structural brain abnormalities, verified by a neuroradiologist (author NT). Pregnancy was ruled out using a commercially available pregnancy test on the day of the MRI (Biorepair GmbH, Sinsheim, Germany, sensitivity 10 mIU/ml). For healthy controls, additional exclusion criteria included any known somatic or mental health condition, clinically-relevant anxiety or depression symptoms based on Hospital Anxiety and Depression Scale (HADS), or regular use of medications (except hormonal contraceptives, hormone replacement therapy, thyroid medication, irregular over-the-counter non-prescription drugs). For the UC group, only patients in clinical remission or with very low ongoing disease activity were included to avoid interference of active disease with study-related procedures, and to minimize putative effects of acute inflammation (or medical treatments required during phases of disease exacerbation) on study-related measures of interest acquired herein. Clinical disease activity was assessed based on symptom reports, initially evaluated in a structured screening interview, and then quantified with the Clinical Colitis Activity Index [CAI; (40)]. In addition, levels of fecal calprotectin were quantified, providing a non-invasive marker of intestinal inflammation (41), with an established reliable cut-off value indicating clinical remission below 150 μg (42). Treatment with systemic glucocorticoids within 4 weeks of the study were exclusionary. Other concomitant medications, which were continued as prescribed by the treating physician, were recorded. For IBS, symptom-based confirmation of diagnostic criteria was based on ROME IV criteria (43). Regular prescribed or non-prescribed IBS-related medications including low-dose treatment with antidepressants were not discontinued for the study. While minor and stable (or successfully treated) psychological symptoms, such as mild anxiety or depression symptoms (including elevated HADS scores) were not exclusionary, patients with diagnosed, more severe psychiatric comorbidities were excluded. Note that given frequent reporting of additional extraintestinal pain symptoms in IBS and IBD (44, 45), patients who reported such symptoms in addition to symptoms of their primary GI diagnoses were not excluded, but other types of chronic or recurring pain symptoms and chronic pain diagnoses were recorded. For all patients, an existing and confirmed diagnosis (of the respective GI disorder) established at least 1 year prior to recruitment for this study was required.



Clinical Symptom Questionnaires

In all participants, GI symptoms were quantified with a standardized questionnaire that we routinely use in our group as it is applicable across visceral pain conditions as well as in healthy volunteers [who also experience such symptoms, albeit less frequently or intensely; (46)]. A range of typical GI symptoms (i.e., diarrhea, constipation, vomiting, nausea, lower abdominal pain, upper abdominal pain, heartburn, post-prandial fullness, bloating, loss of appetite) in the previous 3 months is assessed using a Likert-type response scale (0 = experience never, 1 = experience once or twice per month, 2 = experience once or twice per week, 3 = experience more than twice a week). The total sum score was calculated for analyses. Given the specific interest in visceral pain herein, individual responses on the items for upper and lower abdominal pain, respectively, are additionally provided for a more specific characterization of GI symptoms in each group (Table 1). For patients with IBS, current bowel alteration(s) and bowel symptom subtyping (i.e., diarrhea-predominant, constipation-predominant, mixed) were also accomplished based on the GI symptom questionnaire. Patients with UC additionally completed the CAI (40) to assess clinical disease activity. The CAI consists of 6 items capturing a range of typical UC symptoms (i.e., increase in stool frequency, bloody stools, abdominal pain, temperature due to colitis, extraintestinal manifestations, and the investigator's global assessment of symptomatic state) as well as 1 item concerning laboratory results (i.e., erythrocyte sedimentation rate and hemoglobin). Hemoglobin is relevant, as anemia is the most common complication in IBD associated with disease activity, and the erythrocyte sedimentation rate is a biomarker of inflammation. Based on the total sum score, disease activity can be classified into inactive (i.e., remission; ≤ 4), mild activity (5–10), moderate activity (11–17) and high activity (≥18) with a maximum score of 26 (47). However, laboratory assessments were not available for the entire sample of UC patients (missing for N = 13 patients), which is why we provide CAI average scores computed based on 6 items for all patients for consistency. In results, we refer to this measure as symptom-based CAI for clarity.


Table 1. Sociodemographic, clinical, and psychological self-report data.
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Chronic Stress and Psychological Distress

Chronic stress was assessed by the 12-item screening scale of the Trier Inventory of Chronic Stress [TICS-SSCS; (48)]. The scale evaluates individual experiences with chronic stressors in everyday life and provides a reliable global measure of perceived stress during the last 3 months (49). Likert-scale response options are “never” (0), “rarely” (1), “sometimes” (2), “often” (3), and “very often” (4), with a total score ranging from 0 to 48, and higher scores indicating greater perceived presence and frequency of chronic stressors. Note that we chose this questionnaire specifically for its applicability not only to research in clinical populations but also in healthy volunteers, expanding on our early work on the role of chronic stress in the context of visceral pain (50).

In addition, the Hospital Anxiety and Depression Scale [HADS; (51)] was used as screening tool, and to provide a clinically-relevant and widely-used measure suitable for a characterization of patient groups with respect to psychological distress. The HADS consists of two subscales with 7 items measuring anxiety (HADS_A) and depression (HADS_D), respectively. For each subscale, available cut-off values differentiate between non-cases (subscale score <8), potential cases (subscale score 8–10), and probable cases (subscale score ≥11) of anxiety and depression (52). For the purposes of sample characterization, in addition to the two subscale scores, we provide mean total scores (HADS Total), which can range from 0 to 42 with higher scores indicating higher levels of overall psychological distress.

All questionnaire data and other self-report variables were analyzed using IBM SPSS Statistics 27 (IBM Corporation, Armonk, NY). Group comparisons were accomplished using independent-samples t-tests, and data are reported as mean ± standard deviation, unless indicated otherwise.



Magnetic Resonance Imaging and Voxel-Based Morphometry

Structural images were acquired on a 3 Tesla MR scanner using a 32-channel head coil (Skyra, Siemens Healthcare, Erlangen, Germany). All data were acquired on the identical scanner, and used one of two 3D-MPRage T1-weighted sequences with very similar yet not identical acquisition parameters: sequence 1 [repetition time (TR) 1,900 ms, echo time (TE) 2.13 ms, flip angle 9°, field of view (FOV) 239 × 239 mm2, voxel size 0.9 × 0.9 × 0.9 mm3]; sequence 2 [TR 1,770 ms, TE 3.24 ms, flip angle 8°, FOV 256 × 256 mm2, voxel size 1 × 1 × 1 mm3]. All group analyses were accomplished after a matching of healthy controls (based on the entire sample of N = 44) to each individual patient group, providing dedicated control groups for UC and IBS, respectively, referred to subsequently as HCUC and HCIBS. The matching procedure was based on MR scanning sequence and age, accounting for the slightly different acquisition parameters of the two sequences. Note that the data included for analyses of IBS vs. HCIBS were all acquired with sequence 1; analyses of UC vs. HCUC had equal number of patients and healthy controls measured with sequence 1 (N = 13 UC, N = 13 HCUC) and 2 (N = 18 UC, N = 18 HCUC). The acquired images were pre-processed and analyzed with the CAT12 toolbox (Structural Brain Mapping group, Jena University Hospital, Jena, Germany) and SPM12 (Statistical Parametric Mapping, Wellcome Center for Human Neuroimaging, UCL Queen Square Institute of Neurology, London, UK) implemented in Matlab R2020a (MathWorks Inc., Natick, MA, USA). The analysis followed the standard protocol for this toolbox (http://www.neuro.uni-jena.de/cat12/CAT12-Manual.pdf) using default settings and parameters, unless otherwise specified. The main processing steps included the segmentation of voxels into gray matter (GM), white matter (WM) and cerebrospinal fluid (CSF), and normalization using optimized shooting registration. After pre-processing, the homogeneity of the sample was checked by inspecting the correlation between all volumes to ensure data quality. As all images showed high correlation values (>0.86), no images were excluded from further analysis. Modulated normalized GM maps were smoothed with a Gaussian kernel of 8 mm (FWHM). The smoothed images were used for further analysis to test for regional GMV differences between groups. Atlas labeling was based on MRI scans originating from the Open Access Series of Imaging Studies (OASIS) project. The labeled data were provided by Neuromorphometrics under academic subscription (Neuromorphometrics, Inc., Somerville, MA, USA). The total intracranial volume was determined for each subject, as it is an important confounding variable in voxel-based morphometry.

All whole-brain statistical analyses were performed within the CAT12 environment. To increase sensitivity and to avoid the arbitrary choice of an initial cluster-forming threshold, the Threshold Free Cluster Enhancement [TFCE; (53, 54)] toolbox was used for all analyses (Structural Brain Mapping group, Jena University Hospital, Jena, Germany). In a first step, two analyses of covariance (ANCOVA) were run to compare the GMV between each patient group and matched healthy controls with total intracranial volume and age as covariates of no interest. Note that T1-sequence was additionally included as covariate of no interest for the comparison of UC vs. HCUC. For all ANCOVAs, we report significant results corrected for multiple comparisons [using family-wise error (FWE) correction of alpha, set at p < 0.05].

In a second step, four multiple regressions were calculated (i.e., two for each patient group vs. controls) to test for group interactions in the correlation of GMV with GI symptoms and chronic stress, respectively, controlling for total intracranial volume, age (and sequence where appropriate) as covariates of no interest. For these analyses, we report FWE-corrected results as well as results without correction applying an alpha level of p < 0.001. For each cluster identified by multiple regression analysis, the estimated GMV of its peak brain region was extracted and transferred to SPSS. As exploratory analysis, we examined correlations of GMV within brain regions identified by multiple regression analyses and GI symptoms and chronic stress, respectively, within each group using partial correlation analyses. To this end, the extracted tissue volumes within anatomical regions and GI symptoms and chronic stress were regressed based on total intracranial volume, age, and sequence (where appropriate). Correlational analyses were then accomplished and plotted using RStudio (version 1.2.5001, RStudio PBC).

Supplemental analyses were carried out as follows (all results reported within Supplementary Material): Firstly, as sex was not equally distributed in patients with UC and HCUC, all analyses were re-computed in a subsample comprising only women, i.e., after exclusion of 5 male patients and their 5 age-matched female controls. Secondly, to indirectly address whether patterns of GMV alterations in patients with UC and IBS are disease-specific, further data and results are provided (details on approach provided in Supplementary Material). The approach included extracting and plotting GMV of the clusters identified in the comparison of one patient group and matched healthy controls in the other patient group and matched healthy controls, and using these clusters as regions of interest (ROI) in ROI-based analyses.




RESULTS


Sociodemographic, Clinical, and Psychological Characteristics

As per matching of healthy controls to patient group based on age and T1-scanning sequence, the final samples we report upon consisted of N = 31 UC vs. N = 31 HCUC and N = 23 IBS vs. N = 23 HCIBS (with N = 2 healthy controls excluded during matching and an overlap of N = 12 healthy controls in both control groups). As intended by matching and consistent with stringent screening for abnormal BMI, no differences between the patient and control groups were evident in age or BMI (Table 1). In both patient groups, GI symptoms were expectedly significantly increased compared to healthy controls, as were reports of abdominal pain, especially in the lower abdominal region. For the UC patient group, inclusion of patients in remission or with only mild disease activity was successful, as confirmed by a symptom-based average CAI of 1.48 (SD = 1.99), and a median fecal calprotectin concentration of 41.88 μg (IQR = 83.74 μg). IBD-related medications continued as prescribed by the treating physician included aminosalicylates (N = 20), local corticosteroids (N = 2), TNF-α blocker (N = 2), and azathioprine (N = 2). Few patients reported additional extraintestinal pain symptoms (fibromyalgia, N = 2; migraine, N = 2; arthritis, N = 1). Patients with IBS reported different bowel habit disturbances, as is typical for this condition, with diarrhea-predominant (N = 9), constipation-predominant (N = 4), mixed IBS (N = 9), or unspecified (N = 1). IBS-related medications included selective serotonin reuptake inhibitors (N = 1), muscarine receptor antagonists (N = 2), and loop diuretics (N = 1). Extraintestinal pain symptoms were reported by some patients (fibromyalgia, N = 3; migraine, N = 1, arthritis, N = 2). Regarding psychological variables, significantly higher levels of psychological distress based on HADS total score were observed in both patient groups, while only patients with IBS reported significantly more chronic stress when compared to controls (Table 1).



Group Differences in Brain Morphology

For the comparison between patients with UC and healthy controls, the ANCOVA identified two clusters in which GMV was significantly lower in patients with UC (Table 2). These clusters comprised the left middle frontal gyrus and left anterior insula, respectively. In addition to a rendered view (Figure 1A), the two clusters are visualized on axial slices to enable a more precise localization (Supplementary Figure 1). Each cluster's extracted GMV was plotted for patients with UC and matched control groups to provide data on the single-subject level (Supplementary Figure 2). However, it should be kept in mind that these plots cannot visualize the correction for total intracranial volume, age, and sequence that was applied in the ANCOVA. In the reversed contrast, no clusters demonstrating higher GMV in patients with UC compared to healthy controls yielded significance.


Table 2. Results of whole-brain ANCOVAs comparing gray matter volume in the two patient groups to healthy controls.
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FIGURE 1. Regions in which gray matter volume was lower in patients compared to healthy controls are depicted in blue, while regions in which gray matter volume was higher in patients compared to healthy controls are shown in red for patients with (A) ulcerative colitis and (B) irritable bowel syndrome. FWE-correction was applied at the significance level of p < 0.05. Axial slices are provided in Supplementary Figures 1, 3, respectively. For details, see Table 2. AI, anterior insula; IFG, inferior frontal gyrus; IOG, inferior occipital gyrus; ITG, inferior temporal gyrus; LOG, lateral orbital gyrus; MCC, middle cingulate gyrus; MFG, middle frontal gyrus; MTG, middle temporal gyrus; OP, occipital pole; PCG, postcentral gyrus; PCN, precuneus; SFG, superior frontal gyrus; SPL, superior parietal lobule; TP, temporal pole.


For the comparison between patients with IBS and healthy controls, the ANCOVA identified seven clusters with significantly lower GMV in patients with IBS (Table 2). These clusters encompassed the left postcentral gyrus, left precuneus, right lateral orbital gyrus, right inferior temporal gyrus, right middle temporal gyrus, and right inferior occipital gyrus, respectively. Clusters are depicted in a rendered view (Figure 1B, blue color scale) as well as axial slices (Supplementary Figure 3). Again, each cluster's GMV was extracted and plotted for patients with IBS as well as matched controls (Supplementary Figure 4A). In contrast, GMV was significantly higher in patients with IBS compared to healthy controls in 12 clusters including the bilateral temporal pole, bilateral superior frontal gyrus, left middle cingulate gyrus, left middle frontal gyrus, left opercular part of the inferior frontal gyrus, left occipital pole, and right superior parietal lobule, respectively. These results are visualized using a rendered view (Figure 1B, red color scale) and axial slices (Supplementary Figure 3), and GMV of these clusters was extracted and plotted for IBS patients as well as matched controls (Supplementary Figure 4B).



Associations Between Gray Matter Volume and Gastrointestinal Symptoms

Multiple regression analysis testing correlations of GMV and GI symptoms in patients with UC and HCUC revealed a significant interaction effect between group and GI symptoms in two clusters located in the right superior frontal gyrus (Table 3). Supplemental partial correlational analyses between extracted GMV for this region and GI symptoms revealed a negative correlation in UC and a positive correlation in HCUC, suggesting that greater GI symptoms correlated with reduced GMV in superior frontal gyrus only in patients (details and partial correlation plots in Supplementary Figure 8). Note that multiple regression analysis performed without correction for multiple comparisons revealed an interaction effect between group and GI symptoms in nine clusters (at p < 0.001), comprising additional frontal and occipital regions (Figure 2A, Table 3). These results are additionally visualized on axial slices to enable a more precise localization (Supplementary Figure 5).


Table 3. Results of whole-brain multiple regression correlating gray matter volume and gastrointestinal symptoms in patients with UC and patients with IBS compared to healthy controls.
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FIGURE 2. Regions in which gray matter volume was differentially correlated with gastrointestinal symptoms in patients with (A) ulcerative colitis and (B) irritable bowel syndrome compared to healthy controls, and (C) regions in which gray matter volume was differentially correlated with chronic stress in patients with irritable bowel syndrome compared to healthy controls (applying a significance level of p < 0.001, uncorrected for multiple comparisons). Axial slices are provided in Supplementary Figures 5–7. For details, see Tables 3, 4. AI, anterior insula; AG, angular gyrus; BF, basal forebrain; CAU, caudate nucleus; FO, frontal operculum; FP, frontal pole; IFG, inferior frontal gyrus; IOG, inferior occipital gyrus; MCC, middle cingulate gyrus; MFG, middle frontal gyrus; MTG, middle temporal gyrus; OP, occipital pole; PCC, posterior cingulate gyrus; PCG, precentral gyrus; PoCG, postcentral gyrus; SFG, superior frontal gyrus; SOG, superior occipital gyrus; THA, thalamus; TP, temporal pole.


In patients with IBS and controls, multiple regression analysis testing correlations between GMV and GI symptoms resulted in a significant interaction effect between group and GI symptoms in one cluster in the right occipital pole (Table 3). Supplemental partial correlational analyses between extracted GMV for this region and GI symptoms revealed a negative correlation in IBS and a positive correlation in HCIBS, suggesting that greater GI symptoms correlated with reduced GMV in the occipital pole only in patients (details and correlation plots in Supplementary Figure 9). Note that multiple regression analysis performed without correction for multiple comparisons revealed an interaction effect between group and GI-symptoms in seven clusters (at p < 0.001, uncorrected for multiple comparisons), comprising additional frontal and temporal regions as well as the left posterior cingulate gyrus (Figure 2B, Table 3). These results are additionally visualized on axial slices (Supplementary Figure 6).



Associations Between Gray Matter Volume and Chronic Stress

Multiple regression analysis evaluating correlations of GMV with chronic stress did not yield significant interaction effects for the analysis including patients with UC and controls (neither with FWE-correction nor with a more liberal threshold). Conversely, the same analysis in patients with IBS and controls revealed a significant interaction effect between group and chronic stress in a total of 10 clusters, encompassing the bilateral angular gyrus, bilateral temporal pole, left superior frontal gyrus (medial segment), right middle frontal gyrus, right inferior frontal gyrus (triangular part), right postcentral gyrus, right thalamus, and right inferior occipital gyrus (Table 4). Supplemental partial correlational analyses between extracted GMV for regions identified by multiple regression and chronic stress suggested that associations were consistently negative in IBS, supporting that more stress was related to lower GMV, while correlations were overall positive in healthy controls (details and correlation plots in Supplementary Figure 10). Note that multiple regression analysis performed without correction for multiple comparisons resulted in an interaction effect between group and chronic stress in 15 clusters at p < 0.001, comprising additional frontal regions, left middle cingulate gyrus, right anterior insula, left basal forebrain, and left caudate (Figure 2C, Table 4). These results are additionally visualized on axial slices (Supplementary Figure 7).


Table 4. Results of multiple regression correlating gray matter volume and chronic stress in patients with IBS and healthy controls.
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Supplemental Analyses

For details on methods and results, see Supplementary Material (Chapter 2). In sum, the first set of supplemental analyses in the subsample of female UC and controls revealed no significant differences in GMV between patients and controls, but largely unchanged results of multiple regression analyses. For GI symptoms, significant interaction effects were observed in comparable clusters (Supplementary Table 1). For chronic stress, no significant interaction effects were demonstrated (neither with FWE-correction nor with a more liberal threshold), in line with the original analysis. The second set of analyses on GMV plots and results of ROI-based analyses indirectly addressing the question whether the observed GMV alterations are disease-specific are presented in the (Supplementary Figures 11, 12, respectively). Results revealed disease-specific GMV changes, especially for IBS, together with shared GMV alterations for a small subset of brain regions for both disorders.




DISCUSSION

Structural brain alterations in chronic pain conditions remain incompletely understood, especially in chronic visceral pain. We herein included UC as a chronic-inflammatory bowel disease and IBS as a disorder of gut-brain interactions as two distinct and clinically-relevant patient cohorts, together comprising the most prominent clinical conditions associated with chronic visceral pain and other burdening GI symptoms of the gut-brain axis. To elucidate structural brain alterations, we accomplished parallelized whole-brain voxel-based morphometry analyses in UC and IBS, each compared to an age-matched healthy control group. In addition to assessing altered GMV using analysis of covariance, multiple regression analyses were accomplished testing associations with symptom severity and chronic stress as a crucial psychological factor relevant to the pathophysiology and treatment of both conditions.

In our UC patient cohort, we observed decreased GMV in the anterior insula and middle frontal cortex when compared to age-matched healthy controls, in line with findings reported for patients with Crohn's disease (24, 25) and for mixed IBD samples including both UC and Crohn's disease patients (28, 29). Conversely, the only other existing study addressing brain morphology specifically in patients with UC found no alterations in GMV when compared to controls (30). However, while we successfully matched UC patients to controls with respect to age, our recruitment did not control for sex, resulting in an unequal distribution of males and females. A supplemental analysis testing group differences in a smaller subset of data that only included women failed to confirm group differences observed in the larger sample. This could indicate a role of sex/gender, or reflect limited statistical power due to the reduced sample size. Clearly, small sample sizes are a major limitation not only of the present study but also of existing previous work in IBD, precluding more conclusive answers on altered brain morphology in UC in remission, which may be very subtle and/or exist only in specific subsets of patients. A related concern are challenges faced by brain imaging research in IBD produced by the waxing and waning nature of symptoms and underlying inflammatory processes, and large interindividual differences in disease course and treatment, calling for decisions about inclusion and exclusion that are never unequivocal. The only other existing study specifically addressing patients with UC focused on a highly-selected sample of patients (N = 18) without any disease activity for at least 6 months, and with no more than one inflammatory flare since diagnosis (30). While we similarly excluded patients with active disease, the exclusion criteria for our somewhat larger sample (N = 31) were not as restrictive, allowing recruitment of a sample with disease ranging from full remission to low and well-managed disease activity, without restrictions with respect to number of previous flares or medication history. Consistent with this strategy, UC patients in our study reported significantly more GI symptoms, including lower abdominal pain, as well as greater psychological distress, when compared to healthy controls. This clinical presentation is arguable more representative of the typical patient population with UC outside of acute exacerbations, consistent with evidence that patients with IBD often report GI symptoms and a psychological disease impact during remission.

Bearing the critical considerations described above in mind, it is nevertheless interesting to discuss our findings suggesting possibly reduced GMV in the anterior insula and the middle frontal cortex in UC. The anterior insula is part of the salience network, which is highly relevant to pain anticipation and pain modulation in acute and chronic visceral pain [e.g., (4, 20, 23)]. Interestingly, in IBD with and without abdominal pain, resting state functional MRI revealed differences in the insula, and correlations with daily pain scores (55). Furthermore, transcranial direct current stimulation over the motor cortex demonstrably resulted in modified insula connectivity and reduced pain (56), and functional brain imaging revealed altered insula activation in anticipation of painful rectal distensions (57). The anterior insula together with frontal regions is also part of the central autonomic network, with a broad role in diverse GI sensorimotor functions along the gut-brain axis (20), including adaptive responses to the experience of recurring pain (58). This is particularly interesting given evidence supporting specific alterations in autonomic nervous system function in IBD [e.g., (59, 60)], also in relation to stress [reviewed in Labanski et al. (12)].

Our parallelized analyses in a patient cohort with IBS, which we consider an interesting disease control group for UC, revealed largely distinct and much more widespread structural brain alterations when compared to healthy controls. Brain alterations comprised both decreases as well as increases in GMV in multiple regions of the sensorimotor, central executive, and default mode networks, all demonstrably relevant to different facets of chronic visceral pain (20) and largely consistent with published findings in the literature (21, 22). We performed the present analyses with the intention to provide evidence in UC and IBS as the most prominent chronic visceral pain conditions together within one report, complementing our earlier functional brain imaging efforts in this direction (61), here aiming to discern a possible specificity of brain structural alterations to chronic visceral pain condition. While we abstained from direct patient group comparisons for methodological and conceptual reasons, the pattern of alterations in UC and IBS, respectively, when compared to controls appears to be rather dissimilar, in line with our hypothesis and further supported by supplemental ROI-based analyses. Together, these suggest mostly distinct and IBS-specific GMV alterations, with only minor putative overlap in a few subregions in UC. There exist very few neuroimaging studies that applied brain imaging techniques in IBS and IBD within one study, and ours is the first to use VBM to elucidate brain morphology. These studies collectively support disease-specific alterations (61–65), which is intriguing given the ongoing debate on overlapping and distinguishing features of these disorders (66, 67).

For a better understanding of GMV alterations, elucidating their relation with clinical as well as psychological factors is an important step. Associations of GMV changes with symptom severity have previously been demonstrated in patients with IBS and patients with Crohn's disease in terms of disease duration (24, 27, 68), pain duration (34), and daily pain scores (25). As GI symptoms are not only experienced by patients suffering from a bowel disorder, but also (obviously less frequently and/or intensively) by healthy volunteers, the question arises whether differences exist in the way these symptoms relate to GMV in patients. Results of our multiple regression analyses, specifically addressing interaction effects in patient samples and controls, support the hypothesis that the correlation between GI symptoms and brain structure is altered in patients. Differences from healthy controls were mainly observed in frontal brain regions (i.e., within the central executive network) in both patient groups. In addition, in patients with IBS, the relation of symptom severity and GMV, as expected, differed from that in healthy volunteers in regions of the sensorimotor network and default mode network. Thus, the present study confirms and expands previous findings on the relation of symptom severity and GMV in patients suffering from a chronic-inflammatory or functional bowel disorder.

In addition, the present study is the first to investigate whether structural brain measures are related to chronic stress in patients with chronic visceral pain. This question arises given the broad role of stress and stress mediators in normal visceroception (50), visceral pain sensitivity (3), visceral pain modulation (69), and altered brain processing of acute visceral pain in IBS (70). Even more importantly, stress shapes GI symptom experience and disease course both in IBS (71, 72) and IBD (37, 38), and is incorporated in treatment approaches in both conditions (73, 74). Results revealed a differential association of chronic stress with GMV in patients with IBS and healthy volunteers, encompassing numerous brain regions involved in networks relevant to the psychological modulation of visceral pain (20). In addition to regions of the sensorimotor network, central executive network, and default mode network (in which associations with symptom severity were also observed), the relation of chronic stress and GMV in regions of the salience network was significantly altered in patients with IBS, which is interesting given recent evidence indicating the unique salience of pain arising from the visceral modality (4, 5). Supplemental partial correlational analyses accomplished within each group, pointed to consistently negative associations within the group of IBS patients but not the control group, suggesting that higher chronic stress was associated with lower regional brain volumes exclusively within patients. While exploratory, these results are intriguing and may indicate that chronic stress constitutes a vulnerability factor only in patients, which in concert with additional disease-relevant mechanisms contributes to disturbed gut-brain interactions.

The same analysis of patients with UC, on the other hand, unexpectedly yielded no differences in the association of GMV changes and chronic stress. However, this negative result is difficult to interpret given the absence of group differences in chronic stress levels in our UC cohort, indicating essentially normal perceived chronic stress in this sample despite elevated clinical symptoms of anxiety as quantified with the HADS. While sample characteristics of UC were in this respect similar to an earlier study in a different sample of UC that used a comparable recruitment strategy (75), other studies from our own group (76) and other groups [e.g., (63)] reported more psychological impairment in patients, including elevated chronic stress levels. The lack of elevated chronic stress in this UC sample obviously limits the interpretation of these results, although owing to our approach to test the interaction this does not per se exclude an impact but rather a disease-specific differential association compared to controls. Clearly, our data do not provide conclusive answers, and hopefully inspire further study, possibly in selected patient groups presenting with higher stress levels or other impairment in psychological health, as recently accomplished by our group in a treatment trial (75), or in concert with biological measures relevant to neuroendocrine stress mediators and inflammation (76), both accomplished without concurrent brain imaging. Longitudinal studies already elucidated the relation between stress and disease course (37, 38). Including structural MRI as additional non-invasive measure in such studies appears feasible and attractive in order to further advance knowledge about the brain as “central hub” of the gut-brain axis and its interconnections with the central and peripheral stress systems, and its role in different conditions characterized by chronic visceral pain. This would promote translational efforts in the field to advance our understanding of brain measures relevant to perception and pain.



DATA AVAILABILITY STATEMENT

The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found at: Neurovault (https://neurovault.org/collections/EIGBDJQK/).



ETHICS STATEMENT

The studies involving human participants were reviewed and approved by Ethics Committee of the University Hospital Essen. The patients/participants provided their written informed consent to participate in this study.



AUTHOR CONTRIBUTIONS

HÖ and LK: acquired data. SE, HE, JL, and LK: designed the study. HÖ, FL, and NT: analyzed the data. HÖ and SE: wrote the first draft of the paper. SE and HE: acquired funding. All authors contributed to the interpretation of the data, revised the manuscript for critical content, and approved the final version of the manuscript.



FUNDING

This work was supported by funding from the Deutsche Forschungsgemeinschaft (DFG, German Research Foundation; Project Nos. 316803389–SFB 1280 and 422744262—TRR 289). The funding organization was not involved in study design; in collection, analysis, and interpretation of data; in the writing of the report; or in the decision to submit the article for publication.



ACKNOWLEDGMENTS

The authors would like to thank Dr. Marcel Gratz for excellent technical support and Dr. Alexandra Labanski for help with patient recruitment and screening. The authors also thank Sopiko Knuf-Rtveliashvili and Dr. Liubov Petrakova for support in data acquisition.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fneur.2021.733035/full#supplementary-material



REFERENCES

 1. Grundy L, Erickson A, Brierley SM. Visceral pain. Annu Rev Physiol. (2019) 81:261–84. doi: 10.1146/annurev-physiol-020518-114525

 2. Koenen LR, Icenhour A, Forkmann K, Pasler A, Theysohn N, Forsting M, et al. Greater fear of visceral pain contributes to differences between visceral and somatic pain in healthy women. Pain. (2017) 158:1599–608. doi: 10.1097/j.pain.0000000000000924

 3. Benson S, Siebert C, Koenen LR, Engler H, Kleine-Borgmann J, Bingel U, et al. Cortisol affects pain sensitivity and pain-related emotional learning in experimental visceral but not somatic pain: a randomized controlled study in healthy men and women. Pain. (2019) 160:1719–28. doi: 10.1097/j.pain.0000000000001579

 4. Koenen LR, Pawlik RJ, Icenhour A, Petrakova L, Forkmann K, Theysohn N, et al. Associative learning and extinction of conditioned threat predictors across sensory modalities. Commun Bio. (2021) 4:553. doi: 10.1038/s42003-021-02008-1

 5. Van Oudenhove L, Kragel PA, Dupont P, Ly HG, Pazmany E, Enzlin P, et al. Common and distinct neural representations of aversive somatic and visceral stimulation in healthy individuals. Nat Commun. (2020) 11:5939. doi: 10.1038/s41467-020-19688-8

 6. Collett B. Visceral pain: the importance of pain management services. Br J Pain. (2013) 7:6–7. doi: 10.1177/2049463713480138

 7. Peery AF, Dellon ES, Lund J, Crockett SD, McGowan CE, Bulsiewicz WJ, et al. Burden of gastrointestinal disease in the United States: 2012 update. Gastroenterology. (2012) 143:1179–87. doi: 10.1053/j.gastro.2012.08.002

 8. Aziz Q, Giamberardino MA, Barke A, Korwisi B, Baranowski AP, Wesselmann U, et al. The IASP classification of chronic pain for ICD-11: chronic secondary visceral pain. Pain. (2019) 160:69–76. doi: 10.1097/j.pain.0000000000001362

 9. Wehkamp J, Götz M, Herrlinger K, Steurer W, Stange EF. Inflammatory bowel disease: Crohn's disease and ulcerative colitis. Dtsch Arztebl Int. (2016) 113:72–82. doi: 10.3238/arztebl.2016.0072

 10. Halpin SJ, Ford AC. Prevalence of symptoms meeting criteria for irritable bowel syndrome in inflammatory bowel disease: systematic review and meta-analysis. Am J Gastroenterol. (2012) 107:1474–82. doi: 10.1038/ajg.2012.260

 11. Enck P, Aziz Q, Barbara G, Farmer AD, Fukudo S, Mayer EA, et al. Irritable bowel syndrome. Nat Rev Dis Primers. (2016) 2:16014. doi: 10.1038/nrdp.2016.14

 12. Labanski A, Langhorst J, Engler H, Elsenbruch S. Stress and the brain-gut axis in functional and chronic-inflammatory gastrointestinal diseases: a transdisciplinary challenge. Psychoneuroendocrinology. (2020) 111:104501. doi: 10.1016/j.psyneuen.2019.104501

 13. Bernstein CN. The brain-gut axis and stress in inflammatory bowel disease. Gastroenterol Clin North Am. (2017) 46:839–46. doi: 10.1016/j.gtc.2017.08.006

 14. Collins SM. Interrogating the gut-brain axis in the context of inflammatory bowel disease: a translational approach. Inflamm Bowel Dis. (2020) 26:493–501. doi: 10.1093/ibd/izaa004

 15. Mayer EA, Tillisch K. The brain-gut axis in abdominal pain syndromes. Annu Rev Med. (2011) 62:381–96. doi: 10.1146/annurev-med-012309-103958

 16. Kregel J, Meeus M, Malfliet A, Dolphens M, Danneels L, Nijs J, et al. Structural and functional brain abnormalities in chronic low back pain: a systematic review. Semin Arthritis Rheum. (2015) 45:229–37. doi: 10.1016/j.semarthrit.2015.05.002

 17. Jorge LL, Amaro E. Brain imaging in fibromyalgia. Curr Pain Headache Rep. (2012) 16:388–98. doi: 10.1007/s11916-012-0284-9

 18. Chong CD, Schwedt TJ, Dodick DW. Migraine: what imaging reveals. Curr Neurol Neurosci Rep. (2016) 16:19–21. doi: 10.1007/s11910-016-0662-5

 19. Cauda F, Palermo S, Costa T, Torta R, Duca S, Vercelli U, et al. Gray matter alterations in chronic pain: a network-oriented meta-analytic approach. Neuroimage Clin. (2014) 4:676–86. doi: 10.1016/j.nicl.2014.04.007

 20. Mayer EA, Labus J, Aziz Q, Tracey I, Kilpatrick L, Elsenbruch S, et al. Role of brain imaging in disorders of brain-gut interaction: a Rome working team report. Gut. (2019) 68:1701–15. doi: 10.1136/gutjnl-2019-318308

 21. Kano M, Dupont P, Aziz Q, Fukudo S. Understanding neurogastroenterology from neuroimaging perspective: a comprehensive review of functional and structural brain imaging in functional gastrointestinal disorders. J Neurogastroenterol Motil. (2018) 24:512–27. doi: 10.5056/jnm18072

 22. Weaver KR, Sherwin LB, Walitt B, Melkus GDE, Henderson WA. Neuroimaging the brain-gut axis in patients with irritable bowel syndrome. World J Gastrointest Pharmacol Ther. (2016) 7:320. doi: 10.4292/wjgpt.v7.i2.320

 23. Kornelsen J, Wilson A, Labus JS, Witges K, Mayer EA, Bernstein CN. Brain resting-state network alterations associated with Crohn's disease. Front Neurol. (2020) 11:48. doi: 10.3389/fneur.2020.00048

 24. Bao CH, Liu P, Liu HR, Wu LY, Shi Y, Chen WF, et al. Alterations in brain grey matter structures in patients with Crohn's disease and their correlation with psychological distress. J Crohns Colitis. (2015) 9:532–40. doi: 10.1093/ecco-jcc/jjv057

 25. Bao C, Liu P, Shi Y, Wu L, Jin X, Zeng X, et al. Differences in brain gray matter volume in patients with Crohn's disease with and without abdominal pain. Oncotarget. (2017) 8:93624–32. doi: 10.18632/oncotarget.21161

 26. Fan Y, Bao C, Wei Y, Wu J, Zhao Y, Zeng X, et al. Altered functional connectivity of the amygdala in Crohn's disease. Brain Imaging Behav. (2019) 14:2097–106. doi: 10.1007/s11682-019-00159-8

 27. Agostini A, Benuzzi F, Filippini N, Bertani A, Scarcelli A, Farinelli V, et al. New insights into the brain involvement in patients with Crohn's disease: a voxel-based morphometry study. Neurogastroenterol Motil. (2013) 25:147–54. doi: 10.1111/nmo.12017

 28. Zikou AK, Kosmidou M, Astrakas LG, Tzarouchi LC, Tsianos E, Argyropoulou MI. Brain involvement in patients with inflammatory bowel disease: a voxel-based morphometry and diffusion tensor imaging study. Eur Radiol. (2014) 24:2499–506. doi: 10.1007/s00330-014-3242-6

 29. Thomann AK, Schmitgen MM, Kmuche D, Ebert MP, Thomann PA, Szabo K, et al. Exploring joint patterns of brain structure and function in inflammatory bowel diseases using multimodal data fusion. Neurogastroenterol Motil. (2021) 33:e14078. doi: 10.1111/nmo.14078

 30. Agostini A, Campieri M, Bertani A, Scarcelli A, Ballotta D, Calabrese C, et al. Absence of change in the gray matter volume of patients with ulcerative colitis in remission: a voxel based morphometry study. Biopsychosoc Med. (2015) 8:10–3. doi: 10.1186/s13030-014-0028-7

 31. Qin HY, Cheng CW, Tang XD, Bian ZX. Impact of psychological stress on irritable bowel syndrome. World J Gastroentero. (2014) 20:14126–31. doi: 10.3748/wjg.v20.i39.14126

 32. Mawdsley JE, Rampton DS. Psychological stress in IBD: new insights into pathogenic and therapeutic implications. Gut. (2005) 54:1481–91. doi: 10.1136/gut.2005.064261

 33. Seminowicz DA, Labus JS, Bueller JA, Tillisch K, Naliboff BD, Bushnell MC, et al. Regional gray matter density changes in brains of patients with irritable bowel syndrome. Gastroenterology. (2010) 139:48–57. doi: 10.1053/j.gastro.2010.03.049

 34. Blankstein U, Chen J, Diamant NE, Davis KD. Altered brain structure in irritable bowel syndrome: potential contributions of pre-existing and disease-driven factors. Gastroenterology. (2010) 138:1783–9. doi: 10.1053/j.gastro.2009.12.043

 35. Labus JS, Dinov ID, Jiang Z, Ashe-McNalley C, Zamanyan A, Shi Y, et al. Irritable Bowel Syndrome in female patients is associated with alterations in structural brain networks. Pain. (2014) 155:137–49. doi: 10.1016/j.pain.2013.09.020

 36. Agostini A, Ballotta D, Righi S, Moretti M, Bertani A, Scarcelli A, et al. Stress and brain functional changes in patients with Crohn's disease: a functional magnetic resonance imaging study. Neurogastroenterol Motil. (2017) 29:e13108. doi: 10.1111/nmo.13108

 37. Hirten RP, Danieletto M, Scheel R, Shervey M, Ji J, Hu L, et al. Longitudinal autonomic nervous system measures correlate with stress and ulcerative colitis disease activity and predict flare. Inflamm Bowel Dis. (2020). doi: 10.1093/ibd/izaa323 [Epub ahead of print].

 38. Langhorst J, Hofstetter A, Wolfe F, Häuser W. Short-term stress, but not mucosal healing nor depression was predictive for the risk of relapse in patients with ulcerative colitis: a prospective 12-month follow-up study. Inflamm Bowel Dis. (2013) 19:2380–6. doi: 10.1097/MIB.0b013e3182a192ba

 39. Sweeney L, Moss-Morris R, Czuber-Dochan W, Meade L, Chumbley G, Norton C. Systematic review: psychosocial factors associated with pain in inflammatory bowel disease. Aliment Pharmacol Ther. (2018) 47:715–29. doi: 10.1111/apt.14493

 40. Rachmilewitz D. Coated mesalazine (5-aminosalicylic acid) versus sulphasalazine in the treatment of active ulcerative colitis: a randomised trial. BMJ. (1989) 298:82–6. doi: 10.1136/bmj.298.6666.82

 41. Langhorst J, Elsenbruch S, Koelzer J, Rueffer A, Michalsen A, Dobos GJ. Noninvasive markers in the assessment of intestinal inflammation in inflammatory bowel diseases: performance of fecal lactoferrin, calprotectin, and PMN-elastase, CRP, and clinical indices. Am J Gastroenterol. (2008) 103:162–9. doi: 10.1111/j.1572-0241.2007.01556.x

 42. Kucharzik T, Koletzko S, Kannengießer K, Dignaß A. Colitis ulcerosa - diagnostische und therapeutische algorithmen. Dtsch Arztebl Int. (2020) 117:564–73. doi: 10.3238/arztebl.2020.0564

 43. Lacy BE, Mearin F, Chang L, Chey WD, Lembo AJ, Simren M, et al. Bowel disorders. Gastroenterology. (2016) 150:1393–407. doi: 10.1053/j.gastro.2016.02.031

 44. Whitehead WE, Palsson O, Jones KR. Systematic review of the comorbidity of irritable bowel syndrome with other disorders: what are the causes and implications? Gastroenterology. (2002) 122:1140–56. doi: 10.1053/gast.2002.32392

 45. López San Román A, Munoz F. Comorbidity in inflammatory bowel disease. World J Gastroenterol. (2011) 17:2723–33. doi: 10.3748/wjg.v17.i22.2723

 46. Lacourt TE, Houtveen JH, Doornen LJP, Benson S, Grigoleit JS, Cesko E, et al. Biological and psychological predictors of visceral pain sensitivity in healthy premenopausal women. Eur J Pain. (2014) 18:567–74. doi: 10.1002/j.1532-2149.2013.00397.x

 47. Schoepfer AM, Beglinger C, Straumann A, Trummler M, Renzulli P, Seibold F. Ulcerative colitis: correlation of the rachmilewitz endoscopic activity index with fecal calprotectin, clinical activity, C-reactive protein, and blood leukocytes. Inflamm Bowel Dis. (2009) 15:1851–8. doi: 10.1002/ibd.20986

 48. Schulz P, Schlotz W. The trier inventory for the assessment of chronic stress (TICS): scale construction, statistical testing, and validation of the scale work overload. Diagnostica. (1999) 45:8–19. 

 49. Petrowski K, Paul S, Albani C, Brähler E. Factor structure and psychometric properties of the trier inventory for chronic stress (TICS) in a representative German sample. BMC Med Res Methodol. (2012) 12:42. doi: 10.1186/1471-2288-12-42

 50. Icenhour A, Labrenz F, Roderigo T, Benson S, Elsenbruch S. The role of chronic stress in normal visceroception: insights from an experimental visceral pain study in healthy volunteers. Front Psychiatry. (2020) 11:107. doi: 10.3389/fpsyt.2020.00107

 51. Herrmann-Lingen C, Buss U, Snaith RP. Hospital Anxiety and Depression Scale–German Version. Bern: Huber (2005). 

 52. Zigmond AS, Snaith RP. The hospital anxiety and depression scale. Acta Psychiatr Scand. (1983) 67:361–70. doi: 10.1111/j.1600-0447.1983.tb09716.x

 53. Salimi-Khorshidi G, Smith SM, Nichols TE. Adjusting the effect of nonstationarity in cluster-based and TFCE inference. Neuroimage. (2011) 54:2006–19. doi: 10.1016/j.neuroimage.2010.09.088

 54. Smith SM, Nichols TE. Threshold-free cluster enhancement: addressing problems of smoothing, threshold dependence and localisation in cluster inference. Neuroimage. (2009) 44:83–98. doi: 10.1016/j.neuroimage.2008.03.061

 55. Bao CH, Liu P, Liu HR, Wu LY, Jin XM, Wang SY, et al. Differences in regional homogeneity between patients with Crohn's disease with and without abdominal pain revealed by resting-state functional magnetic resonance imaging. Pain. (2016) 157:1037–44. doi: 10.1097/j.pain.0000000000000479

 56. Neeb L, Bayer A, Bayer KE, Farmer A, Fiebach JB, Siegmund B, et al. Transcranial direct current stimulation in inflammatory bowel disease patients modifies resting-state functional connectivity: a RCT. Brain Stimul. (2019) 12:978–80. doi: 10.1016/j.brs.2019.03.001

 57. Rubio A, Pellissier S, Van Oudenhove L, Ly HG, Dupont P, Tack J, et al. Brain responses to uncertainty about upcoming rectal discomfort in quiescent Crohn's disease - a fMRI study. Neurogastroenterol Motil. (2016) 28:1419–32. doi: 10.1111/nmo.12844

 58. Leone M, Proietti Cecchini A, Mea E, Tullo V, Curone M, Bussone G. Neuroimaging and pain: a window on the autonomic nervous system. Neurol Sci. (2006) 27:134–7. doi: 10.1007/s10072-006-0588-9

 59. Pellissier S, Dantzer C, Canini F, Mathieu N, Bonaz B. Psychological adjustment and autonomic disturbances in inflammatory bowel diseases and irritable bowel syndrome. Psychoneuroendocrinology. (2010) 35:653–62. doi: 10.1016/j.psyneuen.2009.10.004

 60. Pellissier S, Dantzer C, Mondillon L, Trocme C, Gauchez AS, Ducros V, et al. Relationship between vagal tone, cortisol, TNF-alpha, epinephrine and negative affects in Crohn's disease and irritable bowel syndrome. PLoS ONE. (2014) 9:e105328. doi: 10.1371/journal.pone.0105328

 61. Schmid J, Langhorst J, Gaß F, Theysohn N, Benson S, Engler H, et al. Placebo analgesia in patients with functional and organic abdominal pain: a fMRI study in IBS, UC and healthy volunteers. Gut. (2015) 64:418–27. doi: 10.1136/gutjnl-2013-306648

 62. Huang JS, Terrones L, Simmons AN, Kaye W, Strigo I. Pilot study of functional magnetic resonance imaging responses to somatic pain stimuli in youth with functional and inflammatory gastrointestinal disease. J Pediatr Gastroenterol Nutr. (2016) 63:500–7. doi: 10.1097/MPG.0000000000001390

 63. Turkiewicz J, Bhatt RR, Wang H, Vora P, Krause B, Sauk JS, et al. Altered brain structural connectivity in patients with longstanding gut inflammation is correlated with psychological symptoms and disease duration. Neuroimage Clinical. (2021) 30:102613. doi: 10.1016/j.nicl.2021.102613

 64. Mayer EA, Berman S, Suyenobu B, Labus J, Mandelkern MA, Naliboff BD, et al. Differences in brain responses to visceral pain between patients with irritable bowel syndrome and ulcerative colitis. Pain. (2005) 115:398–409. doi: 10.1016/j.pain.2005.03.023

 65. Hong JY, Labus JS, Jiang Z, Ashe-Mcnalley C, Dinov I, Gupta A, et al. Regional neuroplastic brain changes in patients with chronic inflammatory and non-inflammatory visceral pain. PLoS ONE. (2014) 9:e84564. doi: 10.1371/journal.pone.0084564

 66. Spiller R, Major G. IBS and IBD—separate entities or on a spectrum? Nat Rev Gastroenterol Hepatol. (2016) 13:613–21. doi: 10.1038/nrgastro.2016.141

 67. Quigley EM. Overlapping irritable bowel syndrome and inflammatory bowel disease: less to this than meets the eye? Ther Adv Gastroenterol. (2016) 9:199–212. doi: 10.1177/1756283X15621230

 68. Li J, Yuan B, Li G, Lu X, Guo Y, Yang Y, et al. Convergent syndromic atrophy of pain and emotional systems in patients with irritable bowel syndrome and depressive symptoms. Neurosci Lett. (2020) 723:134865. doi: 10.1016/j.neulet.2020.134865

 69. Roderigo T, Benson S, Schols M, Hetkamp M, Schedlowski M, Enck P, et al. Effects of acute psychological stress on placebo and nocebo responses in a clinically relevant model of visceroception. Pain. (2017) 158:1489–98. doi: 10.1097/j.pain.0000000000000940

 70. Elsenbruch S, Rosenberger C, Bingel U, Forsting M, Schedlowski M, Gizewski ER. Patients with irritable bowel syndrome have altered emotional modulation of neural responses to visceral stimuli. Gastroenterology. (2010) 139:1310–9. doi: 10.1053/j.gastro.2010.06.054

 71. O'malley D, Quigley EMM, Dinan TG, Cryan JF. Do interactions between stress and immune responses lead to symptom exacerbations in irritable bowel syndrome? Brain Behav Immun. (2011) 25:1333–41. doi: 10.1016/j.bbi.2011.04.009

 72. Moloney RD, O'Mahony SM, Dinan TG, Cryan JF. Stress-induced visceral pain: toward animal models of irritable-bowel syndrome and associated comorbidities. Front Psychiatry. (2015) 6:15. doi: 10.3389/fpsyt.2015.00015

 73. Soares RL. Irritable bowel syndrome: a clinical review. World J Gastroenterol. (2014) 20:12144–60. doi: 10.3748/wjg.v20.i34.12144

 74. McCombie AM, Mulder RT, Gearry RB. Psychotherapy for inflammatory bowel disease: a review and update. J Crohns Colitis. (2013) 7:935–49. doi: 10.1016/j.crohns.2013.02.004

 75. Langhorst J, Schols M, Cinar Z, Eilert R, Kofink K, Paul A, et al. Comprehensive lifestyle-modification in patients with ulcerative colitis-a randomized controlled trial. J Clin Med. (2020) 9:3087. doi: 10.3390/jcm9103087

 76. Engler H, Elsenbruch S, Rebernik L, Köcke J, Cramer H, Schöls M, et al. Stress burden and neuroendocrine regulation of cytokine production in patients with ulcerative colitis in remission. Psychoneuroendocrinology. (2018) 98:101–7. doi: 10.1016/j.psyneuen.2018.08.009

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Publisher's Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2021 Öhlmann, Koenen, Labrenz, Engler, Theysohn, Langhorst and Elsenbruch. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



OPS/images/fneur-12-733035-t003.jpg
Brain region Kk TFCE P* x y z
UC < HCye
Superior 462 185098 0037 12 56 24
frontal gyrus

130 1,338.89 0.039 18 39 35
Middle frontal 726 10787 <0001 -85 2 59
ayrus

113 87100 0001  -47 53 -3
Frontal pole 126 8666 0001 32 65 -8
Superior 178 105101 0001 30 87 20
occipital gyrus
Occipital pole 462 101321 <0001 -18 -95 -5

165 105094 0001 17 9% 9
IBS < HCigs
Occipital pole 130 15382 0038 20 93 6
Middie frontal 328 1,18504 0001  -44 17 41
ayrus

109 11124 0.001 38 62 2
Inferior frontal 35 149026 0001 -42 23 -5
gyrus (orbital
part)
Precentral 860  1,18142 <0001 9  -27 66
ayrus
Middle 151 829 0001 69 42 9
temporal gyrus
Posterior 117 68476 0001 -8 48 15
cingulate gyrus
Inferior 3850 15389 <0001 20 -93 6

occipital gyrus

“P-values from FWE-corrected analyses are underined; all other values indicate results
from uncorrected analyses (interaction group x G symptoms). H, hemisphere; L, left; R,
right; k, cluster size; TFCE, threshold-free cluster enhancement; x, y, 2, MNI coordinates;
UC, uicerative colits; HCue, matched healthy control group for UC group; IBS, iitable
bowel syndrome; HCigs, matched healthy control group for IBS group.
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Brainregion H  k TFCE P x y z

IBS < HCigs

Angulargyus L 2006 25661 0001 -4 50 48
R 5402 21196 0004 44 88 41

Temporalpole L 7.230  1,8364 47 8 14
R 6585 23207 4“8 -2

Superior L 5205 20102 20 51 8

frontal gyrus.

Middile frontal R 428 1,565.7 0.023 36 8 54
gyrus

Inferior fontal R 112 1,341.4 0045 41 82 5
ayrus
(triangular part)
Postcentral R 957 14818 003 44 -5 32
ayrus
Thalamus R 6057 16967 0016 6 -7 -2
proper
Inferior R 430 13624 0042 44 75 -8
occipital gyrus
Superior R 992 20102 <0001 -20 51 8
frontal gyrus
Inferior fontal R 158 1,8235 0001 8 86 0
ayrus (orbital
part)

L 120 12801 <0001 -42 26 2
Anteriororbital L 314 10489 0001 30 41 -6
ayrus
Precentral R 7445 15657 <0001 36 8 54
ayrus
Middle L 642 11924 0001 -9 11 39
cingulate gyrus
Anteriorinsula R 497 15302 0001 36 -11 9
Basalforebrain L 191 14276 <0001 -9 6  —12
Caudate L 118 1310 0001 -14 20 -3

“P-values from FWE-corrected analysis are underiined; all other values indicate results
from uncorrected analysis (interaction group x chronic stress). H, hemisphere; L, left; R,
right; k, cluster size; TFCE, threshold-free cluster enhancement; x, y, z, MNI coordinates;
1BS, iritable bowel syndrome; HCigs, matched healthy control group for IBS group.
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uc (V=31 HCyc (N =31) P 1BS (N = 23) HCpss (N = 23) P

Sex (Females, N) 26F 31F - 23F 23F -
Age, years 41.45 £ 12.82 41.61£11.91 0.959 46.91 = 10.92 43.74 £12.17 0.357
BMI 23.61+3.80 223342563 0.124 23.13 +4.02 2331 +2.72 0.861
Gastrointestinal symptoms (total sum) 8.45 £ 6.47 3.35£268 <0.001 15.00 = 4.88 870 £3.15 <0.001
Lower abdominal pain (1 item) 1.06 £ 1.06 0.32 £ 0.54 0.001 1.87 £ 1.08 0.43 £0.66 0.001
Upper abdominal pain (1 item) 0.48 £ 0.89 0.16 £0.37 0.07 0.78 £0.85 0.13+0.34 0.002
Psychological distress (HADS total) 9.66 + 4.72 6.42 +3.82 0.004 156.09 + 6.09 6.48 +4.38 <0.001
Anxiety symptoms (HADS_A) 6.32 +2.82 377 £232 <0.001 9.00 £3.27 3.61£254 <0.001
Depression symptoms (HADS_D) 332+283 2.66+2.17 0.295 6.00 +3.30 2.87 £247 0.001
Chronic stress (TICS) 19.32 +£8.98 16.32 £9.22 0.199 2517 £8.58 15.04 £9.44 <0.001

“Resits of two-tailed independent-samples t-tests comparing each patient group and the matched control group. Data are shown as men  standard deviation, unless otherwise
specified. UC, ulcerative coltis; HCuc, matched healthy control group for UC groups IBS, iitable bowel syndrome; HCiss, matohed healthy control group for 1BS group; BMI, body
mass index; HADS, hospital anxiety and depression scale; HADS_A, HADS anxiety subscale; HADS_D, HADS depression subscale; TICS, trier inventory of chronic stress.
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UC < HCye
Middle frontal gyrus L 521 32301 0029 —a2 20 45
Anterior insula L 334 273.41 0032 23 23 -9
IBS < HCgs
Postcentral gyrus L 2936 553.22 0.002 —29 -30 72
Precuneus L 2,703 24329 002 2 -75 53
Inferior temporal gyrus R 755 255,01 0018 51 —41 -82
Middle temporal gyrus R 144 155.41 0046 48 —41 -3
Lateral orbital gyrus R 201 170.81 0.04 a7 29 —18
Inferior occipital gyrus R 805 226.23 0023 56 -69 —12
R 264 180.43 0036 a4 -89 5
IBS > HCgs
Superior frontal gyrus L 9,185 644.58 0.001 12 11 72
R 631 208.35 0028 24 5 a7
R 236 189.4 0033 23 35 30
Middle frontal gyrus L 109 176.01 0038 —42 a1 33
L 110 170.45 0.04 -38 23 20
Inferior frontal gyrus (opercular part) L 184 1736 0039 -59 14 21
Terporal pole L 3,005 230 0.022 —24 3 —17
R 383 196.58 0.031 33 26 -39
R 254 17835 0.037 35 -2 -30
Superior parietal lobule R 163 205.23 0.028 9 —54 69
Middle cingulate gyrus L 519 179.19 0.037 11 24 26
Occipital pole L 206 191.12 0032 —14 -9 8

Results are FWE-corrected at p < 0.05 and the total intracranial volume, age, and sequence (where appropriate) were included as covariates of no interest. H, hemisphere; L, left; R,
right; k, cluster size; TFCE, threshold-free cluster enhancement; x, y, z, MNI coordinates; UC, ulcerative colits; HCyc, matched healthy control group for UC group; IBS, iitable bowel
syndrome; HCygs, matched healthy control group for IBS group.
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