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Changes in white matter microstructure in the brain of patients with inflammatory bowel disease are associated with abdominal pain
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Introduction: In recent years, interest in the brain-gut axis has increased, and interactions between the brain and the gut may be closely related to recurrent clinical symptoms in patients with inflammatory bowel disease. We aimed to investigate the changes in white matter microstructure in the brain of patients and their relationships with clinical symptoms.

Methods: A total of 96 patients with inflammatory bowel disease and 47 healthy controls were recruited for this study. All participants underwent diffusion tensor imaging of the brain. Tract-based spatial statistics were used to compare differences in brain white matter microstructure between the patients and healthy controls. Partial least squares correlation analysis was conducted to examine the relationships between changes in white matter microstructure in patients and their clinical symptoms.

Results: Compared with healthy controls, patients with inflammatory bowel disease presented decreased mean diffusivity, axial diffusivity, and radial diffusivity in multiple white matter regions (p < 0.05, corrected). Further analysis revealed that patients with ulcerative colitis did not present significant differences in brain white matter microstructure (p > 0.05), whereas patients with Crohn’s disease presented abnormalities in multiple regions, including the corticospinal tracts, corona radiata, and corpus callosum. Multivariate analysis revealed that altered white matter in the brains of patients with inflammatory bowel disease was mainly positively correlated with pain-related negative emotions, such as scores from the fear of pain questionnaire and the pain anxiety symptoms scale.

Conclusions: In patients with inflammatory bowel disease, particularly those with Crohn’s disease, alterations in the white matter microstructure that are primarily involved in pain processing have been observed.
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1 Introduction

Inflammatory bowel disease (IBD) is a chronic inflammatory condition of the gastrointestinal tract that includes Crohn’s disease (CD) and ulcerative colitis (UC). It is typically characterized by recurrent abdominal pain, diarrhea, and blood in the stool (Chang, 2020). In addition, extraintestinal manifestations such as anxiety, depression, and fatigue can also occur, which seriously affects the quality of life of patients (Thomann et al., 2021). Long-term recurrent gastrointestinal and extraintestinal symptoms may lead to increased central noxious inputs, resulting in persistent neuroplastic changes in the brain microstructure of patients with IBD (Turkiewicz et al., 2021). These changes can further contribute to the development of irritable bowel syndrome (IBS)-like symptoms and exacerbate visceral pain (Agostini et al., 2023). However, although previous studies have revealed some associations between intestinal symptoms and extraintestinal manifestations and changes in brain microstructure in patients with IBD (Thapaliya et al., 2023), it is unclear which factor is most closely associated with brain changes.

The inflammatory state of the intestinal tract may mediate WM injury through the brain-gut axis by transmitting inflammatory mediators (Hung et al., 2023). For example, in an animal model, rats with necrotizing small bowel colitis developed brain WM injury associated with increased expression of the proinflammatory chemokines CXCL1 and CXCR2 (Yang et al., 2022). In patients with IBD, up to 42% of patients with CD and 46% of patients with UC show WM changes, whereas this proportion is only 16% in healthy volunteers, suggesting that white matter (WM) changes may be a common extraintestinal manifestation in patients with IBD (Andus et al., 1995). Notably, WM abnormalities in patients with IBD can lead to a decline in attention, memory, and executive function, as well as the development of mood problems such as pain, depression, and anxiety (Andus et al., 1995). Two previous studies (Hou et al., 2020; Zikou et al., 2014) reported that patients with IBD have altered WM fiber tracts, such as the corticospinal tract and superior longitudinal fasciculus, and these changes are associated with patients’ affective (anxiety, depression) and cognitive (verbal fluency language tasks) functioning.

However, previous studies (Chen et al., 2012; Hou et al., 2020) analyzing the associations between WM changes and clinical symptoms in patients with IBD have relied mostly on traditional univariate methods or basic multivariate models. While these methods can partially control for confounding variables, they have limitations with high-dimensional imaging data and complex behavioral indicators. For example, these studies fails to fully account for the interactions and intricate relationships among multiple variables and cannot address collinearity issues. In recent years, multivariate analysis methods have been widely used in neuroimaging research (Zhong et al., 2018). The method aims to find a spatial pattern from brain neuroimaging that can be used to differentiate between subjects’ behavior or grouping labels. Its effectiveness has been demonstrated by multiple studies, which have shown that brain spatial patterns can effectively classify and predict subjects’ brain activity, pain intensity, and cognitive abilities (Zhong et al., 2018; Ziegler et al., 2013). Compared with traditional univariate analysis methods, multivariate analysis methods can examine multiple behavioral and imaging indicators as a whole and can help identify interactions between multiple symptoms of IBD, thus constructing a more accurate and comprehensive correlation model between disease behavior and imaging.

In this study, we selected diffusion tensor imaging (DTI) as the primary neuroimaging technique because of its efficacy in assessing the integrity and alterations of WM microstructure. Specifically, DTI allows for the calculation of multiple metrics, including axial diffusivity (AD), mean diffusivity (MD), radial diffusivity (RD), and fractional anisotropy (FA), which collectively reflect the microstructural status of WM. We hypothesized that patients with IBD may have abnormal WM microstructures in the brain. The present study also aimed to identify key behavioral factors associated with WM changes. To achieve this goal, we compared WM microstructural changes between patients with IBD and healthy controls (HCs). Multiple symptom scales related to negative emotional states were incorporated for multivariate analysis. Additionally, partial least squares correlation (PLSC) analysis was used to examine the relationship between changes in WM and disease behavior in patients with IBD. This integrative approach aims to elucidate the WM neuropathological mechanisms linking WM abnormalities to the clinical manifestations of IBD.



2 Materials and methods


2.1 Participants

Ethical approval for the study was obtained from the Ethics Committee of Chongqing General Hospital (KY S2023-019-01). The committee also waived the requirement for informed consent. Patients with IBD diagnosed through a combination of imaging, endoscopy, pathology, and clinical manifestations were included in the study (Mowat et al., 2011). The inclusion criteria for the patient group were as follows: (1) right-handed patients; (2) complete clinical and imaging data; and (3) disease duration ≥1 year. The inclusion criteria for HCs were as follows: (1) right-handed individuals; (2) age-and sex-matched with the patient group; and (3) no chronic diseases or mental illnesses. Common exclusion criteria were as follows: (1) combined chronic pain disorders (such as fibromyalgia or chronic low back pain) diagnosed by rheumatologists using ICD-11 criteria or neurological/psychiatric disorders assessed by board-certified psychiatrists using the Structured Clinical Interview for DSM-5 (SCID-5, 2) history of brain disease or surgery confirmed by medical records and T1/T2-weighted magnetic resonance imaging (MRI) review; (3) contraindications to MRI such as metal implants and claustrophobia; and (4) pregnancy or breastfeeding.



2.2 Behavioral data acquisition

In this study, demographic and disease-related indicators of patients were collected using questionnaires. The demographic indicators included sex, age, disease duration, and education level. In the data collection process, standardized assessment criteria were used to determine disease activity: a clinical disease activity index (CDAI) ≥ 150 was used to define active CD, whereas a Mayo score ≥3 was used to define active UC. Disease behavioral indicators were mainly related to pain-related negative emotion scales, including the mean visual analog scale (Mean-VAS) and the max visual analog scale (Max-VAS) for the last 2 weeks and the fear of pain questionnaire (FPQ), pain anxiety symptoms scale (PASS), pain catastrophizing scale (PCS), pain sensitivity questionnaire (PSQ), and pain and vigilance awareness questionnaire (PVAQ). The gastrointestinal quality of life index (GIQLI) was used to assess patients’ quality of life comprehensively. In addition, anxiety-and depression-related indicators, including the Beck Depression Inventory (BDI) and State–Trait Anxiety Inventory (STAI), were collected. All questionnaires were completed on the same day that the patients underwent structural brain MRI.



2.3 MRI data acquisition

MRI scanning was performed using a 3.0 T MRI system produced by Siemens AG in Germany (MAGNETOM Skyra 3.0 T) with a 20-channel phased-array surface head coil for data acquisition. Prior to the scan, the patients were informed of the precautions for MRI scanning, such as removing any metal objects they were carrying. During the scanning process, the patients were instructed to close their eyes, remain awake, lie still, and avoid engaging in focused thinking activities. A sponge pad was used to stabilize the head and reduce head motion, and earplugs were used to reduce external noise. After preparation, the experimenters first acquired the patients’ whole-brain axial T1-weighted structural images. The scan sequence parameters were as follows: voxel size = 1 × 1 × 1 mm3, in-plane matrix size = 224 × 224, field of view = 230 mm, flip angle = 8°, number of slices = 144, slice thickness = 1 mm, and TR/TE = 2,200 ms/2.44 ms. Subsequently, the patients’ axial DTI images were acquired. The scan sequence parameters were as follows: voxel size = 2 × 2 × 2 mm3, in-plane matrix size = 104 × 104, field of view = 208 mm, number of slices = 60, slice thickness = 2 mm, TR/TE = 8,100 ms/86 ms.



2.4 DTI analysis

This study used the tract-based spatial statistics (TBSS) method to evaluate the integrity of participants’ brain WM. This method aligns each participant’s DTI image to a standard space and performs statistical analysis on the aligned images to extract microstructural features related to the specific research objective. These features include FA, MD, RD, and AD. TBSS can automatically analyze whole-brain WM without the need for predefined regions of interest and has been widely used in studies of WM (Croall et al., 2020). In this study, FSL (FMRIB Software Library) software was used for data processing and analysis of participants’ DTI images. The main steps included (1) removal of the skull for all patients, followed by removal of potential artifacts caused by magnetic resonance eddy currents and head motion; (2) calculation of DTI metrics such as FA for all patients; (3) alignment of DTI images of the patients to the standard template images; (4) averaging of the aligned images and calculating the whole-brain WM information; and (5) calculation of the FA, MD, RD, and AD of all of the patients on the WM microstructure. Following these computations, DTI parameters were obtained as neuroimaging indicators of WM for each patient.



2.5 Statistical analysis

SPSS 25.0 software was used to compare the demographic data between the IBD patient group and the HCs. For continuous variables that followed a normal distribution, the means ± standard deviations (x¯ ± s) were reported and compared between the groups using t-test. For variables that did not follow a normal distribution, medians (interquartile ranges) were reported and compared using non-parametric tests. Categorical variables are presented as frequencies (percentages) and were compared using chi-square tests. To compare differences in WM between the two groups, a non-parametric randomized permutation test was used to compare DTI-related metrics in standard space, with multiple comparison correction using threshold-free cluster enhancement.

Furthermore, the study implemented PLSC for data integration. This multivariate approach systematically analyzed the relationships between behavioral measures and neuroimaging profiles across patients. Several studies have shown that the PLSC is well suited for multivariate analysis of various modalities in neuroimaging research, effectively extracting the correlations between brain neural structure or activity and behavior (Ziegler et al., 2013). In this study, the singular value decomposition method was used to implement PLSC, and the process consisted of four steps. First, the imaging matrix X and the behavioral matrix Y were standardized, and the covariance matrix R (R = XTY) was calculated. Second, the covariance matrix R underwent singular value decomposition, expressed as R = UTSV. In this decomposition, the left singular matrix U represents the imaging significance matrix, the right singular matrix V denotes the behavioral significance matrix, and the matrix S is the singular value diagonal matrix, which reflects the correlation coefficients of the underlying factors. Next, the brain score matrix was obtained by multiplying the matrix X by U, and the behavior score matrix was derived by multiplying the matrix Y by V. The brain score matrix was correlated with the behavior matrix Y to obtain a behavior correlation coefficient matrix, which was used to characterize the extent to which the behavior variables contributed to the latent factors. Finally, a bootstrap sampling method was used to assess significance by calculating the bootstrap ratio to filter out the behavioral variables and brain regions with significant contributions.




3 Results


3.1 Comparison of general information

A total of 96 patients with IBD diagnosed at Chongqing General Hospital from September 2021 to September 2023 were included in this study. Among these patients, 64 had CD and 32 had UC. Additionally, 47 HCs matched for age and sex were recruited during the same period. Compared with the HCs, the patients with IBD had significantly higher scores on several negative emotion scales (including the Mean-VAS, Max-VAS, PSQ, BDI, and STAI), whereas the GIQLI scores were significantly lower (p < 0.05). The body mass index (BMI) of the patient group was greater than that of the control group (p < 0.05) (Table 1). The demographic, clinical, and psychometric profiles of the CD and UC subtypes were compared. Patients with CD were younger (p = 0.01) and had higher rates of surgical intervention (p < 0.001) and active disease (p = 0.01) than those with UC. In contrast, patients with UC had poorer GIQLI (p = 0.01). No significant differences were observed in pain perception or psychometric measures between the two groups (p > 0.05) (Table 2).


TABLE 1 Comparison of general information between patients with IBD and HCs.


	Variable
	HC (n = 47)
	IBD (n = 96)
	p value

 

 	Male 	18 (38.30) 	52 (54.17) 	0.05


 	Age 	28.57 ± 7.29 	30.73 ± 8.11 	0.13


 	BMI 	21.15 ± 2.57 	20.08 ± 3.20 	0.03


 	Mean-VAS 	0.00 (0.00, 0.00) 	1 (0.00, 3.75) 	<0.001


 	Max-VAS 	0.00 (0.00, 0.00) 	1 (0.00, 4.88) 	<0.001


 	GIQLI 	128.45 ± 11.65 	107.00 ± 24.15 	<0.001


 	FPQ 	78.60 ± 18.57 	76.50 ± 19.91 	0.55


 	PASS 	37.74 ± 15.11 	39.52 ± 17.87 	0.56


 	PCS 	14.49 ± 8.07 	16.04 ± 10.76 	0.34


 	PSQ 	2.38 ± 0.65 	2.73 ± 1.33 	0.04


 	PVAQ 	36.74 ± 8.91 	38.83 ± 14.32 	0.29


 	BDI 	5.70 ± 5.05 	10.52 ± 8.53 	<0.001


 	STAI 	37.17 ± 8.27 	41.20 ± 9.05 	0.01





BMI, body mass index; Mean-VAS, mean visual analog scale; Max-VAS, max visual analog scale; GIQLI, gastrointestinal quality of life index; FPQ, fear of pain questionnaire; PASS, pain anxiety symptoms scale; PCS, pain catastrophizing scale; PSQ, pain sensitivity questionnaire; PVAQ, pain and vigilance awareness questionnaire; BDI, Beck Depression Inventory; STAI, State–Trait Anxiety Inventory. Bold values indicate statistically significant differences (p < 0.05).
 


TABLE 2 Comparison between CD and UC subtypes: demographic, clinical, and psychometric profiles.


	Variable
	CD (n = 64)
	UC (n = 32)
	p value

 

 	Male 	39 (60.94) 	13 (40.63) 	0.06


 	Age 	29.22 ± 7.27 	33.75 ± 8.94 	0.01


 	Disease duration 	5.34 ± 4.78 	4.84 ± 3.16 	0.59


 	Surgery 	38 (59.38) 	0 (0.00) 	<0.001


 	BMI 	19.62 ± 2.86 	21.01 ± 3.68 	0.07


 	Disease activity 	24 (37.50) 	8 (25.00) 	0.01


 	Mean-VAS 	0.00 (0.00, 3.45) 	3.00 (0.00, 4.90) 	0.14


 	Max-VAS 	0.00 (0.00, 4.00) 	3 0.00 (0, 5.83) 	0.18


 	GIQLI 	111.47 ± 22.88 	97.91 ± 24.44 	0.01


 	FPQ 	75.23 ± 21.19 	79.03 ± 17.10 	0.38


 	PASS 	40.61 ± 17.98 	37.34 ± 17.73 	0.40


 	PCS 	16.05 ± 10.86 	16.03 ± 10.72 	0.10


 	PSQ 	2.66 ± 1.29 	2.87 ± 1.40 	0.45


 	PVAQ 	37.61 ± 13.45 	41.28 ± 15.87 	0.24


 	BDI 	9.86 ± 8.23 	11.84 ± 9.09 	0.29


 	STAI 	40.83 ± 8.89 	41.94 ± 9.48 	0.57





BMI, body mass index; Mean-VAS, mean visual analog scale; Max-VAS, max visual analog scale; GIQLI, gastrointestinal quality of life index; FPQ, fear of pain questionnaire; PASS, pain anxiety symptoms scale; PCS, pain catastrophizing scale; PSQ, pain sensitivity questionnaire; PVAQ, pain and vigilance awareness questionnaire; BDI, Beck Depression Inventory; STAI, State–Trait Anxiety Inventory. Bold values indicate statistically significant differences (p < 0.05).
 

Comparison of differences in brain white matter between patients with IBD and healthy controls Compared with HCs, patients with IBD presented decreased MD values in the right corticospinal tract, body of the corpus callosum, posterior limb of the internal capsule, and anterior and posterior corona radiata (p < 0.01 FWE corrected); decreased AD values in the right corticospinal tract (Figure 1); and decreased RD values in the genu and splenium of the corpus callosum, bilateral corticospinal tracts, and left cingulum bundle (p < 0.05). No significant group differences in AD were observed (p > 0.05) (Table 3).

[image: Brain scan images divided into two sections, A and B, displaying regions marked in blue. In section A, annotated areas include "bcc," "acr," and "cst." Section B highlights the "cst" area. A color bar represents statistical significance from 0.99 to 1, with significance marked as p < 0.05, FWE-corrected.]

FIGURE 1
 Altered white matter in patients with IBD compared with HCs. The blue-cyan scale represents negative significance, where color saturation scales with 1 − p values (deeper blues reflect 1 − p → 1, demonstrating higher confidence in decreased diffusion metrics after FWE correction). (A) MD. (B) AD. bcc, body of corpus callosum; acr, anterior corona radiata; cst, corticospinal tract; pcr, posterior corona radiata; FWE, family-wise error.



TABLE 3 Significantly abnormal white matter microstructure in patients with IBD and HCs.


	DTI metrics
	Abnormal white matter microstructure
	p value

 

 	MD 	Right corticospinal tract, body of corpus callosum, posterior limb of internal capsule, anterior and posterior corona radiata 	<0.01


 	AD 	Right corticospinal tract 	<0.01


 	RD 	Genu and splenium of the corpus callosum, bilateral corticospinal tracts, left cingulum bundle 	<0.05


 	FA 	/ 	>0.05





Bold values indicate statistically significant differences (p < 0.05).
 

Compared with HCs, patients with UC presented no significant WM differences (all p > 0.05). Consequently, subsequent analyses focused on CD-specific alterations. Patients with CD displayed (1) increased FA in the splenium of the corpus callosum and left anterior corona radiata; (2) decreased MD/AD/RD in the body of the corpus callosum, bilateral corticospinal tracts, bilateral anterior and posterior corona radiata, and fornix; and (3) decreased MD/RD in the splenium of the corpus callosum, bilateral cingulum bundle, bilateral posterior limbs of the internal capsule, left anterior limb of the internal capsule, and left posterior thalamic radiation (p < 0.05) (Figure 2; Table 4).
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FIGURE 2
 Altered white matter in patients with CD compared with that in the brains of HCs. The red-yellow scale denotes positive significance, with saturation intensity proportional to 1 − p values (darker hues correspond to 1 − p → 1, indicating greater statistical reliability of FA increases following FWE correction). The blue-cyan scale represents negative significance, with saturation intensity proportional to 1 − p values (deeper blues reflect 1 − p → 1, demonstrating higher confidence in decreased diffusion metrics after FWE correction). (A) FA. (B) MD. (C) AD. (D) RD. scc, splenium of the corpus callosum; acr, anterior corona radiata; ptr, posterior thalamic radiation; bcc, body of the corpus callosum; alic, anterior limb of the internal capsule; pcr, posterior corona radiata; cst, corticospinal tract; cc, corpus callosum; cg, cingulum; fx, fornix; FWE, family-wise error.



TABLE 4 Significantly abnormal white matter microstructure in patients with CD and HCs.


	DTI metrics
	Abnormal white matter microstructure
	p value

 

 	FA 	Splenium of the corpus callosum, left anterior corona radiata 	<0.05


 	MD 	Bilateral corticospinal tracts, bilateral anterior and posterior corona radiata, body and splenium of corpus callosum, bilateral cingulum bundle, bilateral posterior limbs of internal capsule, left anterior limb of the internal capsule, left posterior thalamic radiation, fornix 	<0.05


 	AD 	Body of corpus callosum, bilateral corticospinal tracts, bilateral anterior and posterior corona radiata, fornix 	<0.05


 	RD 	Bilateral corticospinal tracts, bilateral anterior and posterior corona radiata, body and splenium of corpus callosum, bilateral cingulum bundle, bilateral posterior limbs of internal capsule, left anterior limb of the internal capsule, left posterior thalamic radiation, fornix 	<0.05





Bold values indicate statistically significant differences (p < 0.05).
 



3.2 PLSC analysis between behavioral and whole-brain white matter microstructure imaging

In the PLSC analysis of behavior and WM in all patients with IBD, the first latent variable (LV1) was a significant main result (r = 0.4472, p < 0.0001), explaining 35% of the correlation between behavior and imaging (Figure 3). The negative emotions related to pain in patients, including the FPQ, PASS, PCS, PSQ, and PVAQ, demonstrated significant positive correlations (p < 0.05). The duration of illness, age, level of education, VAS score, BDI score, STAI score, and severity of IBD showed nonsignificant positive relationships; whereas the GIQLI score exhibited a nonsignificant negative relationship (p > 0.05). As shown in Figure 3C, the significant brain matrix of LV1 in the WM microstructure PLSC was mapped onto the standard brain template image, obtaining images of significant brain regions on the WM skeleton. The significant negative brain regions in patients with IBD were distributed mainly in the right anterior and posterior corona radiata, right corticospinal tract, body, and genu of the corpus callosum.

[image: Graph A shows a positive correlation between brain and behavior scores. Graph B displays correlations between various behavioral variables with error bars; values above zero indicate significant correlations. Image C illustrates brain saliences highlighting specific areas in blue, with acronyms like acr, cst, and pcr labeled. A color scale from three to seven point two accompanies the brain scans, denoting intensity.]

FIGURE 3
 PLSC analysis results of behavioral and white matter structural imaging in patients with IBD. (A) Scatter plot of the behavioral traits correlated with the WM microstructure; (B) Coefficient plot of the behavioral traits correlated with the WM of the brain; (C) Significant brain regions of the WM in the PLSC analysis. The blue-cyan scale represents negative significance, with saturation intensity proportional to 1 − p values (deeper blues reflect 1 − p → 1, demonstrating higher confidence in decreased diffusion metrics after FWE correction). bcc, body of corpus callosum; cst, corticospinal tract; acr, anterior corona radiata; gcc, genu of the corpus callosum; pcr, posterior corona radiata.





4 Discussion

In this study, patients with IBD, especially those with CD, had WM changes in multiple regions, including the corticospinal tract, corona radiata, and corpus callosum, when compared with HCs. These changes suggest that the integrity of the WM fiber tracts in these patients is compromised. Brain WM consists of bundles of axons that connect different regions of the brain and serve as carriers for information transmission during functional brain activities. Therefore, damage to WM may affect the transmission of neurological information, which in turn affects brain function and further contributes to neurological disorders (Zhao et al., 2021). In addition, the multivariate analysis revealed that structural changes in WM were positively correlated with pain-related negative emotion scores (such as the FPQ, PASS, and PCS), suggesting that microstructural changes in WM in patients with IBD may be closely related to pain perception and emotional regulation. This association may be linked to a proposed mechanism that persistent or recurrent pain signals in patients with IBD ascend through vagal afferent fibers and the spinothalamic pathway, activating central sensitization mechanisms and promoting plastic remodeling of brain structures (Latremoliere and Woolf, 2009). Concurrently, circulating inflammatory mediators (such as TNF-α and IL-6) disrupt the blood–brain barrier, activate microglia and astrocytes in the brain, and induce oligodendrocyte apoptosis and excitotoxicity through the release of proinflammatory factors, further contributing to WM microstructural changes. Such structural remodeling of the brain may further increase pain sensitivity and amplify pain perception through emotion–pain interactions, establishing a vicious cycle of pain–neural remodeling–emotional dysfunction (Latremoliere and Woolf, 2009).

Compared with HCs, patients with CD presented increased FA values in the splenium of the corpus callosum and the left anterior corona radiata, alongside decreased MD, AD, and RD values in the corticospinal tract, corona radiata, and corpus callosum. FA quantifies the directionality of water molecule diffusion along WM tracts, serving as a key indicator of microstructural integrity (Leng et al., 2018). Its elevation reflects improved fiber alignment coherence and myelination maturity (Montaser-Kouhsari et al., 2022; Stewart et al., 2023). Previous studies have suggested that increased FA may be associated with neuroplastic changes. For example, Tan et al. (2022) demonstrated that elevated FA in pain-processing regions coincided with increased gray matter density or myelinated axon density, indicating an adaptive response to chronic pathological stimuli. In terms of the diffusion metrics, RD and AD reflect the diffusion rates of water molecules perpendicular and parallel to the axons, respectively, (Xi et al., 2016), whereas MD represents the average diffusion rate in all directions (Maleki et al., 2020). Notably, diffusivity metrics (RD/AD/MD) demonstrate high sensitivity to microstructural disruption (axonal injury and demyelination), and their reduction may indicate occult WM pathology (Liu et al., 2012). Therefore, the observed parameter constellation in this study (increased FA with decreased MD, AD, and RD) suggests compromised neural signal transmission in these regions, potentially associated with microstructural damage or chronic adaptive reorganization of WM. The corpus callosum, which connects the left and right brain hemispheres, plays a key role in interhemispheric communication, particularly the frontal lobe (Roland et al., 2017). Abnormalities in its microstructure could lead to emotional imbalances, favoring negative emotions due to ineffective inhibition of the right frontal lobe by the left frontal lobe. The corona radiata is a radiating WM fiber bundle located between the internal capsule and the cerebral cortex, forming part of the frontal lobe to limbic circuitry and playing an important role in emotion regulation and sensory conduction (Nakajima et al., 2020). One animal study (Liu et al., 2018) showed that certain corticospinal neurons originating in the primary and secondary somatosensory cortex can modulate touch-induced pain by connecting the spinal dorsal horn. Moreover, a recent study (Fan et al., 2024) demonstrated that the establishment and maintenance of pain perception in central poststroke pain depends on the activation of postsynaptic spinal cord targets of corticospinal neurons. In the present study, the, multivariate analysis results indicate that WM changes in the corticospinal tract, corona radiata, and corpus callosum in patients with IBD are positively correlated with pain-related negative emotions, underscoring their potential impact on pain perception and emotional regulation.

In addition, in the PLSC analysis of disease behavior and WM structure in this study, no statistically significant associations were found between WM changes in patients with IBD and anxiety or depression, though a positive correlation trend was still observed. This phenomenon is highly consistent with previous studies regarding mental comorbidities in patients with IBD, where the prevalence of anxiety and depression in patients with IBD (especially those with CD) is significantly greater than that in healthy individuals, and the severity of emotional disorders is positively correlated with disease activity (Barberio et al., 2021; Mikocka-Walus et al., 2016). From a neurobiological perspective, this association may be closely related to chronic abdominal pain in IBD and the remodeling of WM microstructure. Neurofiber injury models have demonstrated that pain can induce anxiety-like behavior in mice, suggesting that neural pathways are shared between pain transmission and emotional regulation (Yamauchi et al., 2022). In contrast, recent animal studies have revealed that specific neural circuits in the anterior paraventricular thalamic nucleus (aPVT) and posterior paraventricular thalamic nucleus (pPVT) mediate visceral pain and anxiety responses, respectively (Li et al., 2025). Notably, the WM alteration regions in patients with IBD (such as the corona radiata, corpus callosum, and posterior thalamic radiation) precisely overlap with key connection nodes of these circuits, suggesting that impaired neural transmission efficiency in the pain–emotion integration network may indirectly promote the onset and progression of psychiatric symptoms.

However, in contrast to the results of the present study, a previous study (Prüß et al., 2022) found no significant abnormalities in brain WM in patients with IBD with chronic abdominal pain compared with HCs. This discrepancy may be attributed to the unclear ratio of the two IBD phenotypes (CD and UC) included in their study, as well as differences in the disease states of the patients. In the present study, no significant differences between patients with UC and HCs were observed, whereas patients with CD presented abnormalities in multiple regions of WM tracts. These findings suggest that the significant differences in brain WM between patients with IBD and HCs are largely attributable to CD. This phenomenon may be related to the higher previous surgery rates and greater disease activity observed in the current cohort of patients with CD. In addition, the findings of the present study are consistent with those of a systematic review regarding psychiatric disorders in patients with IBD, which indicated that patients with CD have a greater prevalence of psychiatric disorders than those with UC (Arp et al., 2022). This difference may reflect the complexity of disease progression and the neurobiological mechanisms involved in the two IBD phenotypes. CD is characterized by chronic transmural segmental inflammation involving the entire intestinal wall (Dolinger et al., 2024), disrupts the intestinal mucosal barrier, increases permeability and facilitates bacterial translocation (such as C. innocuum) to mesenteric adipose tissue. This process stimulates hyperplasia of mesenteric fat, resulting in the formation of CD-specific creeping fat (Ha et al., 2020). Creeping fat serves as a significant source of proinflammatory cytokines (e.g., IL-6 and TNF-α), which exacerbate local and systemic inflammation through NF-κB pathway activation (Takahashi et al., 2017). Furthermore, studies indicate that CD pathogenesis involves the enteric nervous system, where mesenteric nerves—critical components of the gut–brain axis—mediate physiological communication between the central nervous system and gastrointestinal tract (Villanacci et al., 2008). Transmural inflammation directly damages vagal nerve terminals within the intestinal wall and mesenteric plexuses, disrupting gut–brain axis signaling through the inhibition of the α7 nicotinic acetylcholine receptor (α7nAChR)-mediated cholinergic anti-inflammatory pathway (Di Giovangiulio et al., 2016). In contrast, UC primarily affects the colorectum with inflammation confined to the mucosa and submucosa (Le Berre et al., 2023), exerting minimal effects on deep neural structures and systemic immunity. Consequently, the specific alterations in WM structure observed in patients with CD may be due to a multidimensional pathological cascade initiated by transmural inflammation: from barrier disruption-induced bacterial translocation and systemic inflammation to mesenteric neural injury-mediated disruption of gut–brain axis signaling, ultimately driving structural remodeling within the central nervous system. These findings not only substantiate fundamental neuropathological distinctions between CD and UC but also provide critical insights for developing novel therapeutic strategies targeting the gut–brain axis in CD.

The results of the present study suggest that IBD involves not only intestinal symptoms but also complex bidirectional interactions with the central nervous system via the brain–gut axis. In patients with IBD, alterations in WM appear to be correlated with gastrointestinal symptoms mediated through gut-to-brain signaling pathways, clinically manifesting as increased pain sensitivity and reduced pain thresholds. Conversely, persistent chronic abdominal pain may correlate with adaptive neuroplastic changes in a reciprocal manner (Turkiewicz et al., 2021). The brain–gut axis is a bidirectional communication pathway consisting of the autonomic nervous system, neuroendocrine pathways, and gastrointestinal tract (Chakrabarti et al., 2022; Mogilevski et al., 2019; Qiu et al., 2022). Among them, the autonomic nervous system, particularly the vagus nerve, has been shown to regulate neural reflexes in the gut and influence the onset and progression of IBD (Mikami et al., 2022). An intact vagus nerve can exert anti-inflammatory effects by releasing acetylcholine (Mikami et al., 2022). However, dysregulation of the autonomic nervous system can compromise the integrity of the gastrointestinal mucosal barrier (Singh et al., 2016). Additionally, intestinal ischemia–reperfusion can lead to excessive production of nitrates, resulting in elevated levels of Enterobacteriaceae and ultimately causing dysbiosis of the gut microbiota (Xu et al., 2021). Metabolites of the gut microbiota, such as short-chain fatty acids, gamma-aminobutyric acid, and glutamate, can be utilized in the brain via the gut–brain axis (Gilca-Blanariu et al., 2023; Guo et al., 2022) to regulate host behavior, mood, and cognition (Tang et al., 2023). For example, in patients with CD suffering from abdominal pain, there are significant changes in the metabolite status of the bilateral anterior cingulate cortex, which plays a key role in pain processing in patients with CD (Kong et al., 2022). Collectively, these findings indicate that early implementation of gut–brain axis-based anti-inflammatory interventions in patients with IBD represents a promising translational strategy achievable through multiple approaches. At the neuromodulatory level, vagus nerve stimulation may facilitate clinical, biochemical, and endoscopic remission (Bonaz et al., 2016; D'Haens et al., 2023) via acetylcholine-mediated activation of the α7nAChR pathway to suppress TNF-α release (Sundman and Olofsson, 2014). For microbial modulation, fecal microbiota transplantation corrects dysbiosis and restores beneficial microbiota, with two randomized controlled trials regarding CD demonstrating its efficacy in inducing and maintaining clinical remission (Sokol et al., 2020; Yang et al., 2020). Pharmacological agents targeting neurotransmitter receptors also have therapeutic importance, as low-dose antidepressants ameliorate intestinal inflammation by reducing mesenteric afferent nerve activity (Yin et al., 2021). In summary, early intervention targeting the gut–brain axis not only has the potential to overcome conventional therapeutic limitations but also may enable critical modulation of disease pathogenesis. Future research must prioritize elucidating intricate gut–brain interaction mechanisms, identifying key regulatory nodes, and developing personalized strategies to shift IBD management from symptomatic control to a mechanism-targeted cure.

This study has several limitations. First, the restricted sample size precluded subgroup analyses on the disease activity and remission status. Future research should expand cohorts to comprehensively characterize WM microstructural changes across different disease states. Second, the participants were not stratified by their duration of abdominal pain. Subsequent studies may conduct gradient analyses across defined pain chronicity categories—specifically, recent abdominal pain (onset ≤ 4 weeks), intermittent abdominal pain within 1 year (≥3 recurrent episodes within 1 year with symptom-free intervals) and persistent abdominal pain (continuous pain ≥3 months)—to more precisely elucidate the dynamic effects of pain chronicity on the central nervous system. Third, as a cross-sectional design, this study inherently precludes causal inferences regarding abdominal pain and WM alterations. Future longitudinal studies tracking WM dynamics along pain progression, coupled with targeted interventions (such as vagus nerve stimulation), are needed to establish temporal relationships and causality. Finally, the findings may be influenced by confounders (including the use of immunosuppressants or antidepressants) and limited generalizability due to recruitment from a single center. Regional factors such as dietary habits or genetic backgrounds specific to this cohort may restrict the extrapolation of results to broader IBD populations. Future research must incorporate multivariate analyses to control for pharmacological confounders and employ multicenter recruitment strategies to increase external validity.



5 Conclusions

In this study, we investigated the differences in WM microstructure between patients with IBD and HCs using DTI. Through PLSC analysis, an effective method for identifying multivariate relationships, WM alterations in patients were found to be significantly correlated with negative emotional perceptions, particularly pain-related manifestations. Chronic abdominal pain, a prevalent symptom of IBD, substantially compromises quality of life and emotional well-being. Critically, within the gut–brain axis framework, persistent abdominal pain and brain WM changes exhibit bidirectional interdependence, wherein neuroadaptive processes may intensify pain perception while nociceptive signaling potentially facilitates microstructural remodeling. These reciprocal interactions can impair patients’ disease management abilities, reduce treatment adherence, and ultimately influence clinical outcomes (Hasan and Nicolaidis, 2020). Therefore, in the treatment and management of patients with IBD, in addition to addressing the relief of intestinal symptoms, attention should also be given to negative emotional issues related to brain microstructure and function. Furthermore, effectively utilizing the therapeutic potential may have important implications for the future development of IBD treatment strategies.
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