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Abstract

Crohn's disease and ulcerative colitis are 2 subtypes of Inflammatory Bowel Disease (IBD). The chronic, alternating periods of relapsing, and
remitting inflammation of the gastrointestinal tract that underlie these diseases trigger a range of gut-related symptoms, in addition to being
related to burdensome psychological and cognitive comorbidities. With advancing knowledge of the brain—gut axis and its dysregulation in
diseases such as IBD, understanding IBD-related brain changes is an important focus for current research in this area. “Resting state” function
refers to the spontaneous fluctuations in neural activity when a person is awake and resting—not focussing attention on a task or stimulus.
The recent surge in human resting-state functional magnetic resonance imaging (rs-fMRI) studies suggest that resting function is altered in
IBD, representing a potential neural biomarker to target in the development of novel interventions. There are, however, multiple factors that
contribute to the approach of these studies, including factors related to participant sample characteristics (IBD subtype and incorporation of
disease activity in group definition and comparison), application of different resting-state metrics to assess resting brain activity (via regional
homogeneity or amplitude of low-frequency fluctuations) or functional connectivity (via independent component analysis, region-of-interest,
seed-to-voxel, or graph theory analyses) and incorporation of additional, multimodal variables of interest. The present review provides a summary
of current approaches to studying resting-state brain function in IBD, the most commonly identified brain regions/networks to exhibit aberrant
function, and avenues for advancement that forthcoming research in this field can strive to address.

Key words: inflammatory bowel disease; Crohn’s disease; ulcerative colitis; resting state functional magnetic resonance imaging; functional connectivity;
regional homogeneity; amplitude of low frequency fluctuations.

Introduction

Inflammatory bowel disease

Crohn’s disease (CD) and ulcerative colitis (UC) are
2 subtypes of chronic, immune-mediated inflamma-
tory conditions that collectively represent Inflammatory
Bowel Disease (IBD).! While chronic, alternating
periods of remitting, and relapsing inflammation of the
gastrointestinal tract are common to both CD and UC,
the 2 subtypes differ in their site of inflammation and
some symptomology.? Collectively, IBD is associated with
numerous psychological comorbidities (predominantly
depression and anxiety),>” cognitive difficulties,® and fa-
tigue.” IBD and its associated psychological comorbidities
have a detrimental impact on quality of life.* Advancing
knowledge of the pathophysiology underlying IBD is there-
fore an important focus for ongoing IBD research. The
prevalence and impact of psychological and cognitive
comorbidities in IBD further highlight the necessity to study
brain changes in relation to the dysregulation of the brain—
gut axis in IBD.

Human brain imaging in IBD

Research employing MRI of the human brain can assess mor-
phological differences related to grey matter®!'® and cortical
complexity measures!' and white matter integrity'? as well as
changes in brain function inferred from measures of blood
oxygenation-level dependent (BOLD) signal fluctuations.
Functional MRI (fMRI) can be applied in combination with
a specific task/stimulus delivery or recorded over periods of
wakeful rest (rs-fMRI). Whereas task-based fMRI supports
inferences about what areas of the brain are involved in the
execution of a given task or processing of delivered stimuli,
rs-fMRI offers insight into changes to brain function unre-
stricted by an assigned task, attentional focus, or delivery of
stimuli. Resting-state fMRI studies have identified differences
for a broad range of clinical populations, including in dif-
ferent immune-mediated inflammatory diseases.!>!* Research
in some clinical populations has linked changes in resting-state
function to the efficacy of treatments and interventions.!5!¢
Thus, while there is much to gain from understanding the
long-lasting implications for alterations in brain structure
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Figure 1. Chart presenting the percentage of studies considered within the present review that formed participant groups including people with Crohn's

disease, ulcerative colitis, or both.

associated with IBD, identifying changes in brain function
may provide a more accessible target for clinical intervention.

Resting-state approaches

Studying resting-state function can include consideration of
temporal synchronicity of brain signal fluctuations across an-
atomically distinct brain regions (ie, resting-state functional
connectivity (rsFC)) as well as variations in the low-frequency
spontaneous neural activity within a given brain region (e,
resting-state activity)."”” Common functional connectivity
approaches applied in the study of IBD include independent
component analysis (ICA), region of interest (ROI)-to-ROI,
ROI seed-to-voxel, and graph theory. Common approaches
for assessing resting-state activity include regional homoge-
neity (ReHo) and amplitude of low-frequency fluctuations
(ALFF). ICA is a data-driven approach where voxel-wise data
are reduced into separate components that represent patterns
of functional connectivity in a hierarchy of descending
similarities from which the components isolating distinct
neural networks can be selected. In contrast, ROI-to-ROI and
seed (ROI)-to-voxel are 2 seed-based functional connectivity
measures, where temporal patterns of signal fluctuation are
compared between pairs of predefined ROIs or between a
single ROI and voxels across the brain, respectively.'® Graph
theoretical approaches measure the topological properties
of the brain to reveal network organization and efficiency."”
Relative to measures of resting-state activity, ReHo is a metric
for the synchronization of signal fluctuation among adja-
cent voxels used to make inferences about activity in a given
region.”’ In contrast, ALFF measures the intensity of sponta-
neous BOLD signal fluctuations to provide information about
the intensity of regional activity.?!

For application in IBD, resting-state functional MRI can be
used to compare different populations of interest, comparing
groups of participants with IBD to healthy controls, or
more specifically comparing groups of participants with CD
or UC to healthy controls, and/or to one another. Similar

group-based comparisons can be used to contrast participants
with IBD in an active disease state to those in remission,
those with a given comorbidity to those without, or the same
group before and after a given intervention. Beyond group
comparisons, regression models can be applied to study con-
tinuous variables and assess factors in relation to individual
variability. Furthermore, a combination of these approaches
can be applied to assess whether groups differ in the rela-
tionship that they exhibit between a resting-state metric (eg,
functional connectivity) and another continuous variable (eg,
depression scores). The capability to combine various resting-
state metrics with different participant samples and the incor-
poration of additional variables highlights the versatility of
studying resting-state function in IBD.

The approach to studying resting-state functional neural
correlates of IBD can therefore include a variety of iterations,
with central considerations including (1) IBD subtype speci-
ficity (CD, UC, or a combination of both), (2) restriction or re-
porting of IBD participant disease activity (active vs remitted),
(3) Resting-state metric employed (assessing resting activity
and/or functional connectivity), and (4) inclusion of addi-
tional variables of interest (eg, psychological comorbidities,
disease duration, inflammatory markers, etc.). The intent of
this review is to provide a summary of the extent to which
these methodological considerations have been employed in
the study of IBD-related rs-fMRI research and identify the
most consistent findings from these different approaches, and
areas for future research.

Research on rs-fMRI in IBD to date
IBD subtype specificity

Across the literature, studies exploring resting state changes
in IBD have focussed prominently on CD (Figure 1). Roughly
two-thirds of the studies considered in this review focus
on participants with CD,!%722-37 most often compared to
healthy controls. This represents roughly 6x as many studies
as those focussing on UC.3#° Studies with samples including
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Table 1. Sample characteristics of participants across rs-fMRI studies.

Authors Year  Participant groups and sample sizes

State of disease activity for
IBD participants

Active  Remitted/Inactive
Crohn’s disease
Huang et al. 2024  CD active (62), CD remitted (59), HC (91) Yes Yes
Sun et al. 2024  CD with anxiety or depression (33), CD without anxiety or depression (31), HC (29)  No Yes
Thapaliya et al. 2023  CD (25),HC (25) Yes No
Chen et al. 2023  CD with pain (24), CD without pain (24), HC (28) No Yes
Agostini et al. 2023  CD active (19), CD remitted (14), HC (18) Yes Yes
Lietal. 2022  CD (20), HC (22) Yes INA
Qiu et al. 2022 CD (22), HC (22) Yes "Yes
Zhang et al. 2022  CD (45), HC (40) No Yes
Huang et al. 2022 CD active (58), CD inactive (57), HC (91) Yes Yes
Kong et al. 2022  CD (34),HC (20) Yes Yes
Lietal. 2021  CD (15), HC (26) No Yes
Kornelsen et al. 2020  CD (35),HC (21) Yes Yes
Fan et al. 2020  CD (42),HC (35) No Yes
Hou et al. 2019  CD (18),HC (18) No Yes
Bao at al. 2018  CD (60), HC (40) No Yes
Liu et al. 2018 CD (43), HC (37) No Yes
Thomann et al. 2017  CD (15),HC (14) No Yes
Bao et al. 2016 CD Wlth pain (25), CD without pain (25), HC (32) No Yes
Ulcerative colitis
Wang et al. 2022 UG, IBS, and HC, 7=74 each) Yes Yes
Kornelsen et al. 2021  UC (76), HC (74) 2Yes Yes
Fan et al. 2019  UC (41), HC (42) Yes No
IBD combined
Wang et al. 2023  IBD (combined; subtype not specified: 37), HC (32) Yes No
Deng et al. 2023  IBD (combined; subtype not specified: 27), HC (29) No Yes
Goodyear et al. 2023 IBD (26 CD |9 UC), HC (32) Yes Yes
Kornelsen et al. 2022 IBD (CD 35,UC 76), HC (74) Yes Yes
Prub et al. 2022  IBD patients with chronic abdominal pain (32; CD 26 | UC 6), HC (32) Yes Yes
Thomann et al. 2021  IBD patients (31; CD 19 | UC 12), HC (13) No Yes

Studies comparing resting-state pre—post intervention are not listed above.

*Assumed inclusion in a sample based on the presentation of means and standard deviations of continuous variables for assessing disease activity.
Abbreviations: CD = Crohn’s disease; HC = healthy controls; UC = ulcerative colitis.

both CD and UC in their IBD participants are the next most
common, with 2x as many studies as those focussing on UC.
Of the research which includes a combination of CD and UC
participants, half of those studies performed at least a prelim-
inary, direct, statistical comparison between CD and UC.%*#
Those that do not directly contrast the 2 subtypes referred
to limited sample size as an obstacle to proceeding with sub-
group comparisons.*-* Notably, among the few studies that
directly compare CD to UC, it does not appear common
for the subtype groups to be of equal sample size (Table 1),
highlighting a potential challenge for statistical comparison
between the 2 subtypes across the literature. Sample size also
presents an issue relative to incorporating disease activity
status into statistical analysis.

IBD participant disease activity

Disease activity can be assessed in a variety of ways, including
via subjective, patient-reported measures of symptoms or via

objective, physical testing for markers of inflammation (eg,
CD endoscopic index of severity, serum C-reactive protein
(CRP), erythrocyte sedimentation rate, or faecal calprotectin).
Among the most common patient-report measures for deter-
mining disease activity are the Harvey-Bradshaw Inventory*
for CD and the Powell Tuck Inventory for UC.*” Given that
rs-fMRI has more commonly been explored in relation to
CD than UC, the next most common metrics for assessing
disease severity have been the Crohn’s disease activity index
(CDAI*) and the Inflammatory Bowel Disease Questionnaire
as a measure of the impact of IBD on quality of life.* Data
on disease activity are widely reported across the literature,
however, it is not consistently, directly, incorporated into
resting-state statistical analyses. In most cases, the original
recruitment is limited to those in either stable remission OR
active disease state (Table 1), with few studies including a mix
of participants with varying disease activity. Across studies
that focus on CD, less than half include separate groups to
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directly compare those in remission to those in active dis-
ease state in the resting-state analysis. Others who recruited
a mix of participants in varying disease states report data
on disease activity but lack sufficient sample size to effec-
tively integrate an additional grouping variable into the anal-
ysis approach. None of the studies that focus on UC directly
incorporate data on disease activity into their resting-state
analysis. Only 1 study of the 6 that includes both CD and UC
included disease activity data in their resting-state analysis.
Studies incorporating disease activity directly as a variable
of interest in resting-state analysis have mostly arisen in the
last 2 years.

Resting-state metric employed

Resting-state functional connectivity between different brain
regions (as measured by ICA, ROI-to-ROI, ROI seed-to-
voxel, and graph theory) is more commonly assessed than
resting-state activity within a given region (as measured by
ReHo and ALFF approaches) (Table 2). This prevalence rate
can be observed across studies in CD, UC, and combined IBD
groups. Employment of ReHo or ALFF in combination with
a measure of inter-region functional connectivity is, in fact,
more common than the independent application of either
ReHo or ALFE

Relative to resting-state metrics for activity within a given
brain region, ALFF has been more commonly employed than
ReHo. Of the metrics for functional connectivity between
different brain regions/networks, studies employing ICA and
ROI seed-to-voxel analysis outnumber those that apply ROI-
to-ROI or graph theory. Graph theory is the least common
approach for studying functional connectivity across different
brain regions in studies of CD. Among the studies in UC and
combined IBD, however, there is a more equal representation
of functional connectivity approaches (Table 2).

Structural metrics are also sometimes employed in com-
bination with functional connectivity metrics. For example,
combinations of functional connectivity with VBM,*? white
matter microstructure,”® and magnetic resonance spectros-
copy®® have been assessed. Multimodal approaches such as
these are gaining in popularity, given their ability to integrate
different kinds of data to provide a more comprehensive un-
derstanding of neural biomarkers in IBD.

Incorporation of additional variables of interest

The most common approach to assessing relationships be-
tween resting-state function and additional disease-specific,
psychological, or cognitive measures has been to perform the
central group contrasts (eg, CD or UC vs HC), extract the
relevant parameter estimates from the resting-state data for
the given (set of) ROIL, and then separately assess the rela-
tionship between those variables using additional analyses
(often, simply Pearson Correlation analysis), sometimes
in separate statistical software. Of the additional variables
considered, disease duration, depression, and anxiety emerge
as the most prevalently examined across the literature. The
hospital anxiety and depression scale (HADS®) is widely
employed to assess anxiety and depression via separate
subscales. These measures are most commonly assessed via
correlation analyses. Abdominal pain is measured in some
studies (via visual analogue scale), however, there are varied

approaches taken to incorporate this variable. For example,
Chen et al. and Bao et al. formed participant groups based on
the presence or absence of abdominal pain in CD to directly
contrast groups based on this symptom.?**” Thapaliya et al.
directly incorporated abdominal pain scores as a continuous
variable into resting-state analysis to assess which brain re-
gions exhibited a significant relationship between functional
connectivity and abdominal pain. Others report but do not
directly integrate pain scores into resting-state analysis. Less
frequently, serum C-reactive protein, erythrocyte sedimen-
tation rate, and faecal calprotectin (Calpro) have been re-
ported among some studies that included participants with
CD.22:28.33344 \With the exception of Goodyear et al., how-
ever, these variables have generally not been integrated di-
rectly into resting-state analysis.

In addition, there is a smaller subset of research on resting-
state changes in IBD associated with different interventions.
The impact of electro-acupuncture and moxibustion on
brain resting-state activity’! and functional connectivity
before and after treatment among those with CD have
been explored. Additionally, Neeb et al. studied the impact
of transcranial direct current stimulation on pain reduction
and associated functional connectivity in a mixed sample of
participants with CD or UC with varying disease activity.*’
Critically, while the vast majority of research on rs-fMRI
in IBD has been cross-sectional, these intervention-focussed
studies offer repeated measures of neuroimaging (and other
relevant variables) over time.

Broad overview of findings

Drawing general conclusions about IBD-related differences
in brain resting-state function is complicated by the varied
methodological approaches in the area. The disparity in the
sheer volume of research focussed on CD as opposed to UC
or mixed subtypes simultaneously confers a more advanced
and complex perspective on resting-state differences in CD.
Repeated comparison of subgroups categorized by disease
activity across studies in CD suggest differences for both ac-
tive and inactive CD states compared with HC, in addition
to differences between the 2 disease states. While the na-
ture of differences between CD disease states (active vs re-
mission) varies across studies based on resting-state metric
employed, there are several brain regions that emerge more
broadly across the CD-focussed literature. These include the
cingulate cortex (anterior, middle, and posterior aspects), the
precuneus, the hippocampus, the parahippocampal gyrus,
the superior frontal gyrus, the supplementary motor area,
the supramarginal gyrus, and the superior parietal lobes. The
differences associated with these regions represent differences
across various established resting-state networks—most
prominently, the default mode network, fronto-parietal net-
work, and salience network, although CD has been found
to exhibit differences relative to both visual and language
networks as well.

While the present review offers a brief summary of brain
regions commonly associated with differences in resting state
for CD (collapsing across assessments of localized sponta-
neous activity and functional connectivity as well as active/
remission disease state), a more thorough review of resting-
state results for UC as well as CD should be performed in
the context of resting-state activity as well as functional
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Table 2. The use of resting-state activity and functional connectivity metric organized by study.

Study by author  ReHo  ALFF ICA  ROI- ROI seed-  Graph theory Combined assessment of activity
and year to-ROI  to-voxel and functional connectivity

Crohn’s disease

Huang et al. No Yes No No Yes No Yes
(2024)

Sun et al. No No No No Yes No

(2024)

Thapaliya et al. No No Yes No No No

(2023)

Chen et al. No No No No Yes No

(2023)

Agostini et al. No No Yes No No No

(2023)

Lietal. (2022) No No Yes No No No

Qiu et al. No No No Yes No No

(2022)

Zhang et al. No No No No Yes No

(2022)

Huang et al. Yes No No No No No

(2022)

Kong et al. No Yes No No No No

(2022)

Liet al. (2021) Yes Yes No No Yes No Yes
Kornelsen et al. No No Yes Yes No No

(2020)

Fan et al. No No No No Yes No

(2020)

Hou et al. No No No Yes No No

(2019)

Bao et al. No Yes No No Yes No Yes
(2018)

Liu et al. No No Yes No No Yes

(2018)

Thomann et al. No No Yes No No No

(2017)

Bao et al. Yes No No No No No

(2016)

Ulcerative

colitis

Wang et al. No No No No No Yes + dynamic functional analysis

(2022)

Kornelsen et al. No No Yes Yes No No

(2021)

Fan et al. No Yes No No Yes No Yes
(2019)

IBD combined

Wang et al. No No No No Yes No

(2023)

Deng et al. No No No No No Yes

(2023)

Goodyear et al. No Yes No Yes No No Yes
(2023)

Kornelsen et al. No No Yes Yes No No

(2022)

Prub et al. No No Yes No No No

(2022)

Thomann et al. Yes Yes Yes No No No No
(2021)

Studies comparing resting-state pre—post intervention are not listed above.
ALFF = amplitude of low-frequency fluctuations; ICA = independent component analysis; ReHo = regional homogeneity; ROI = region of interest.
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connectivity. Armed with stronger conclusions regarding
the specificity of the resting-state differences in CD and UC,
further comparisons can be made to determine whether the
observed differences are unique to IBD or more generalizable
to other immune-mediated inflammatory diseases like rheu-
matoid arthritis.

Of the few studies that directly contrast CD to UC, those
that report a significant difference between the groups suggest
greater resting activity and functional connectivity for UC,
spanning regions in frontal, parietal, and occipital cortices.”*?
While Fan et al. did limit UC participants to those in an active
state,* research on resting state in UC has yet to otherwise es-
tablish a distinction between disease activity states.

Beyond these most essential differentiations in the research
outcomes (and the scope of the present review), one can also
consider outcomes related to the multitude of psychological
and cognitive covariates that have been explored. Indeed,
some studies have found that differences in resting-state
function for participants with IBD are correlated (either neg-
atively or positively) with self-report measures of pain??%37
or psychological or cognitive assessment scores.??%353The
reproducibility of these findings would be strengthened by
continuing research in the area, as the nature of the relation-
ship and brain regions identified in these findings are not
consistent across all studies that include these measures as
additional variables of interest.

Future directions

A widespread limitation and area for improvement is the lim-
ited sample size that hampers the incorporation of additional
variables of interest directly into the rs-fMRI data analysis.
While many studies include the collection and reporting of
variables like disease activity/severity scores, these measures
are included as a group contrast variable/predictor variable
in the resting-state analysis of less than half of CD-focussed
papers, and none of the UC-focussed papers. The sample
sizes across the literature considered in this review have been
sufficient for the main group comparisons performed (most
commonly: CD vs HC, UC vs HC, IBD vs HC), but further
assessment of categorical groupings defined by both IBD sub-
type and disease activity have less commonly been employed
due to lower group sample sizes. Differences between active
and inactive disease states have been found among the studies
that have focussed on statistically comparing the resting-state
correlates of disease activity in IBD, highlighting a need for
further research to explore how disease state may interact
with the relationship between resting-state difference and
participants’ experience of comorbidities including depres-
sion, anxiety, fatigue, and cognitive performance.

Greater sample size would also more strongly support
the direct integration of additional continuous variables
as predictors in resting-state functional analysis. While
extracting the relevant resting-state analysis output and per-
forming separate statistical analyses to test for associations
with additional variables facilitates an assessment of the re-
lationship between additional variables and output from
ROIs identified by initial group contrasts (ex: CD vs HC),
this approach omits examination of the main effect of those
variables in relation to other brain regions among those with
IBD, or potential interactions involving the grouping variable
and resting-state metrics from across the brain.

Another stark finding is the lack of longitudinal research
designs examining resting-state activity or functional connec-
tivity in IBD. With the exception of the handful of studies
that assessed the efficacy of interventions to restore resting-
state function in IBD to that observed in HC, the research on
resting-state alterations in IBD is exclusively cross-sectional.
Pursuing longitudinal research designs would provide invalu-
able insight into changes in brain function and structure over
time. Such data could be used to advance our understanding
of causal mechanisms in the pathophysiology of IBD and its
psychological and cognitive comorbidities and provide cru-
cial insight into developmental and age-related progression of
changes to brain resting-state function in [IBD—an area that
has yet to be extensively explored.

Finally, as initially acknowledged, there is potential for
implications from rs-fMRI research to translate into clin-
ical applications in IBD, including guiding the development
of future interventions. For example, the identification of
brain imaging biomarkers of depression in IBD would be
advantageous for tailoring pharmacological or non-invasive
brain stimulation (e.g., transcranial direct current stimula-
tion) treatments for those experiencing depression in IBD.
Incorporation of multimodal data collection and integrative
analysis approaches can be employed to provide knowl-
edge on the relationship between varied measures including
structural and functional magnetic resonance imaging, psy-
chological and cognitive measures, inflammatory markers,
genetics, and more. The Canadian Biomarker Integration
Network in Depression reported that the multimodal com-
bination of clinical, neuroimaging, and molecular data
decreased the misclassification of individuals’ response to
treatment to 37.4% compared to the 46.9% obtained by
single modality measures.’* The synthesis of multimodal
neuroimaging data has already shown a clinically useful
82% efficacy in predicting remission of depression fol-
lowing electroconvulsive therapy.’® Insight from rs-fMRI
research could further be incorporated into interventions
that use neurofeedback with the help of real-time fMRI*® to
target cortical or subcortical regions identified by rs-fMRI
research. Regardless of the direction that future clinical re-
search may take in building on the resting state changes in
IBD, there is fundamental value in advancing our under-
standing of the functioning of the brain-gut axis and the
mechanisms by which it is altered in IBD.

Conclusion

Across the literature examining differences in resting-state
function in IBD, there is marked variability in the meth-
odology applied in relation to sample participant charac-
teristics, analysis approaches, and variables of interest. Far
more studies have focussed on CD than on UC or mixed
IBD subtype participant samples, and CD has rarely been
directly statistically compared to UC (a clear gap in the
literature to be addressed moving forward). To continue in
the remarkable progress that research in this area has made
in recent years, future research should seek to increase
sample sizes to afford more comprehensive analyses and
integration of multimodal approaches as well as employing
more longitudinal research designs to address research
questions related to causal mechanisms in the pathophysi-
ology of IBD.
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