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Abstract: Objective: To conduct a systematic review (SR) to find evidence for a connection between Crohn’s disease
(CD) and the gut-brain axis (GBA). Methods: This study conducted a systematic review (SR) employing a search strat-
egy and strict inclusion criteria. It was conducted by searching for studies published between 2017 and 2024 in the
following databases: PUBMED, PUBMED PMC, BVS-BIREME, SCOPUS, WEB OF SCIENCE, EMBASE, and COCHRANE.
Results: Fifty original research articles were included. Among these, 20 studies addressed neuroimaging meth-
ods to evaluate CD patients’ functional or structural brain changes. Neurodegenerative diseases were the second
most addressed topic in the studies, with 18 articles related to different diseases such as Parkinson’s disease, Al-
zheimer’s disease, dementia, Amyotrophic Lateral Sclerosis, Multiple Sclerosis, and Multiple System Atrophy. Eight
articles addressed sleep disorders related to CD; two explored Electroencephalography changes; one investigated
Brain-Derived Neurotrophic Factor serum levels and one correlated vagotomy with CD. Conclusion: Interest in the
link between CD and GBA is increasing, but studies remain varied and inconclusive, spanning from epidemiology to
brain imaging and neglecting to investigate a mechanistic relationship. This SR underscores the need for further re-
search to better understand the potential role of GBA in the prognosis and etiology of CD, highlighting its complexity.
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Introduction

Inflammatory Bowel Disease (IBD) is a term
that comprises a group of chronic, idiopathic
inflammatory diseases affecting the gastroin-
testinal tract (GIT), primarily represented by
Crohn’s Disease (CD), Ulcerative Colitis (UC),
and Indeterminate Colitis (IC). In CD, we observe
transmural inflammation, which can affect the
entire gastrointestinal tract, from the mouth to
the anus. This multifaceted condition is be-
lieved to arise from genetic predisposition,
environmental factors, and changes in the
intestinal microbiota. This combination leads to
dysregulation of innate and adaptive immune
responses, resulting in mucosal damage and
impairment of epithelial barrier function [1].

Recent findings indicate that the Gut-Brain Axis
(GBA) could substantially influence the patho-

physiology and presentation of CD. The GBA
represents a sophisticated bidirectional com-
munication network that enables interaction
between intestinal stimuli-like immune respons-
es and metabolites from the gut microbiota. It
also regulates intestinal motor and secretory
functions in conjunction with the central ner-
vous system (CNS) [2, 3].

The GBA's functioning is not yet fully under-
stood, particularly regarding its interaction with
the intestinal microbiota and immune respons-
es. Nonetheless, the interest in the relationship
between the GBA and CD is reflected in the
wide variety of topics addressed in the litera-
ture. These studies encompass a range of neu-
rological alterations or diseases, such as Par-
kinson’s disease (PD), Alzheimer’s disease (AD),
sleep disorders, and the evaluation of neuro-
anatomical changes in CD patients [4-7].
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The GBA, or Microbiota-Gut-Brain Axis, includes
the CNS - comprising the brain and spinal cord,
the autonomic nervous system (ANS), the ent-
eric nervous system (ENS), and the hypotha-
lamic-pituitary-adrenal (HPA) axis [2]. It plays a
crucial role in regulating various intestinal func-
tions, such as motility, hormone secretion, and
control of intestinal permeability, as well as in
regulating brain functions, such as behavior,
sleep regulation, and stress response [8]. The
ENS regulates intestinal functions such as
muscle contraction to propel food, fluid secre-
tion, and nutrient absorption. It also sends sig-
nals to the brain about the state of the gut,
including the presence of food, bacteria, or
inflammatory signals. The vagus nerve is a sig-
nificant communication pathway between the
gut and the brain. It transmits sensory signals
from the gut to the brain and motor signals
from the brain to the gut. These signals can
influence intestinal motility, hormone and neu-
rotransmitter secretion, and even pain percep-
tion [2, 8, 9].

The intestinal microbiota communicates with
the CNS through their products, such as short-
chain fatty acids, secondary bile acids, and
tryptophan metabolites [10, 11]. While some of
these metabolites interact directly with entero-
endocrine cells, enterochromaffin cells, and
the immune system present in the intestinal
mucosa and mucus to transmit ascending sig-
nals, others can cross the intestinal barrier and
enter the systemic circulation, possibly reach-
ing the blood-brain barrier (BBB) [11, 12].
Another possibility is that microbial signals
communicate through neural pathways involv-
ing vagal and spinal afferents [13]. However,
whether these metabolites directly reach spe-
cific brain regions in concentrations sufficient
to affect particular brain circuits remains
unclear.

The HPA axis plays an important role in human
cognitive function. It is one of the main neuro-
endocrine systems that respond to stress by
producing glucocorticoids such as cortisol.
Adequate cortisol concentrations are essential
for neurodevelopment and cognitive processes
such as learning and memory. Evidence sug-
gests that the stress response can impact the
GBA throughj the HPA axis [14].

There is a growing interest in the literature in
intestinal events’ influence on the CNS'’s func-
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tioning. The GBA, in particular, plays a vital role
in the link between gastrointestinal and neuro-
logical diseases. Evidence suggests the influ-
ence of CD on neurological alterations or dis-
eases, just as various neurological events are
associated with alterations in the gastrointesti-
nal ecosystem [15]. The ENS, a key player in
intestinal immunity and inflammatory response,
can have significant bidirectional consequenc-
es for the intestine and the CNS. Its dysfunc-
tion can lead to visceral hypersensitivity and
chronic pain, which are common symptoms in
CD [16, 17]. Furthermore, neuroimmune inter-
actions within the intestine during disease
activity can mediate heightened intestinal per-
meability, resulting in elevated systemic levels
of inflammatory factors. The dysbiosis, increa-
sed intestinal permeability, and translocation
of bacteria and their metabolites in CD are
being studied and recognized as important fac-
tors contributing to structural and functional
alterations in the CNS [15]. This underscores
the urgency and importance of our research, as
chronic intestinal inflammation is associated
with peripheral changes that disrupt CNS
homeostasis, making it a focus of research on
neurological disorders such as sleep disorders
and neurodegenerative diseases. The focus of
this SR was to gather evidence of the interac-
tion between the GBA and CD.

Materials and methods
Study design

This is a systematic literature review. It was
conducted by gathering all literature data that
meet the eligibility criteria and by answering the
question about the “Evidence of interaction
between Crohn’s Disease and the Gut-Brain
Axis”.

Strategies for method development

The study was constructed based on the rec-
ommendations in the “Preferred Reporting It-
ems for SRs and Meta-Analyses (PRISMA)” of
2015 [18]. The PICO methodology was used to
frame the research question to be answered,
which stands for: P: Population; I: Interventions;
C: Comparators; O: Outcome (Table 1).

Inclusion criteria

The following criteria were adopted for the
inclusion of studies in this Systematic Review:

Am J Transl Res 2024;16(10):6029-6040



Gut-brain axis and Crohn’s disease

Table 1. Development of the systematic review’s guiding question using the PICO methodology

Population Patients with Crohn’s disease

Interventions  Studies illustrating cohorts of patients with Crohn’s disease exhibiting signs or neurological disorders

Comparators Studies involving patients without Crohn’s disease presenting signs or neurological disorders

Outcomes Association or lack of association between Crohn’s disease and signs or neurological disorders

1. Studies published in the literature from
January 2017 to March 2024. 2. Studies on
humans: (1) Population with IBD; (2) Adults
(over 18 years old). 3. Studies analyzing signs,
disorders, and neurological diseases in the
presence of a CD diagnosis. 4. Observational
studies (case-control, cohort, and cross-sec-
tional). 5. Intervention studies (randomized
clinical trials).

Systematic review strategy

This study was conducted as a SR, examining
all relevant empirical evidence that met specific
inclusion criteria. The primary aim was to inves-
tigate a specific question: “Evidence of interac-
tion between Crohn’s Disease and the Gut-
Brain Axis”. The process included the following
key steps: formulating the research question,
selecting appropriate databases for compre-
hensive exploration, defining the search time-
frame, developing detailed search terms, sys-
tematically conducting searches across the
selected databases, applying predefined inclu-
sion and exclusion criteria, extracting pertinent
data, selecting relevant studies, evaluating the
quality and relevance of each study, and apply-
ing exclusion criteria as necessary.

On November 22, 2022, a search was conduct-
ed in the PROSPERO database to identify exist-
ing SRs on the topic of interest. PROSPERO is
an international public database of SR proto-
cols maintained by the Centre of Reviews and
Dissemination at the University of York and
funded by the National Institute for Health
Research (NIHR). No records of SRs with the
same focus as the current study were found.
Consequently, the present study was registered
in the PROSPERO system.

Selection of studies for comprehensive analy-
sis

The free software Rayyan (Qatar Computing
Research Institute - QCRI) was used for archi-
ving, organizing, and selecting articles [19]. The
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selection of published articles was conducted
in two stages. In the first stage, reviewers JFS
and WMS independently assessed the titles
and abstracts of the articles for inclusion or
exclusion, with a third reviewer (JDCM) resolv-
ing conflicts. In the second stage, the same two
reviewers independently assessed the full text
of selected articles, with the third reviewer
resolving conflicts as before.

Results

The search was conducted across seven data-
bases for articles published between 2017 and
2024, with the final search conducted on March
8, 2024. A total of 4,513 studies were identi-
fied, and after excluding duplicates, 3,487 arti-
cles remained for analysis. The first phase of
article analysis began with reading abstracts,
selecting 253 studies for the second stage,
which involved full-text reading. Following eligi-
bility criteria, 50 articles were included in the
SR (Figure 1).

Of the 50 reviewed articles, 26 investigated
various neurological disorders such as sleep
disorders or neurodegenerative diseases like
PD, AD, Dementia, Amyotrophic Lateral Scl-
erosis (ALS), Multiple Sclerosis (MS), and
Multiple System Atrophy (MSA). Twenty-three
articles examined the gut-brain interaction in
CD through different methods, including neuro-
imaging analysis (20 articles), electroencepha-
logram (EEG) studies (2 articles), and one study
on the serum level of Brain-derived neurotroph-
ic factor (BDNF) in CD patients. Additionally,
one study on vagotomy in CD patients was
included. The studies exhibited considerable
heterogeneity, even when addressing the same
topic, resulting in occasionally conflicting find-
ings. Tables 2-4 show the studies and topics
covered. Detailed results of the included stud-
ies can be found in Supplementary Tables 1,
2, 3. Figure 2 illustrates the methods used
in the literature for functional or structural
brain analysis in CD patients and neurological
diseases.
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Figure 1. Diagram illustrating the inclusion of articles in the systematic re-
view.
Discussion

Studies that deal with neurological disorders

Neurodegenerative diseases: While the asso-
ciation between PD and CD was particularly
emphasized, the methods and outcomes var-
ied considerably across studies. Among the 50
selected articles, 18 investigated the associa-
tion between CD and neurodegenerative dis-
eases. Of these, ten focused on PD, two on
multiple types of dementia, one on AD, one on
ALS, two on MS, and one on MSA.

Parkinson’s disease and Crohn’s disease: PD is
recognized as the most prevalent neurodegen-
erative motor disorder globally. Emerging evi-
dence suggests a potential link between PD
and chronic low-level intestinal inflammation,
which may trigger the aggregation of abnormal
alpha-synuclein, an essential protein for PD
pathogenesis. This protein could spread to the
brain through the vagus nerve or breach the
blood-brain barrier, whose permeability can be
influenced by chronic intestinal inflammation
[68, 69]. This association has sparked interest
in further exploring the potential link between
these two diseases.
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Record duplicates
removed sis. Camacho-Soto et al. [32]

Records excluded according to

eligibilig criteria

Records excluded according to
research design

CD had a 30% higher overall

Five articles in the SR on
PD explored data from elec-
tronic medical record analy-

showed that PD was inversely
associated with CD. On the
other hand, Park et al. [37]
demonstrated that CD pa-
tients have a 2.2 times higher
chance of developing PD, with
corticosteroid treatment being
a protective factor in these
cases. Llkewise, Weimers [44]
observed that patients with

risk of PD when compared
to healthy patients. However,
Loosen et al. [36] and Wang et
al. [38] did not find a signifi-
cant correlation between the
diseases.

It is important to note that in
the study by Camacho-Soto
and Loosen, there was control
for access and frequency of
medical visits, which may
explain why there was a contrasting result com-
pared to other studies. This is because greater
access to healthcare services can lead to sur-
veillance bias, as there is a higher chance of
diagnosis if the patient visits healthcare ser-
vices more frequently. When Weimers [39]
adjusted the analysis for the number of medical
visits, the increased risk of PD in patients
with CD disappeared, which confirms Loosen’s
findings.

Freuer et al. [33] and Witoelar et al. [40] evalu-
ated the association between PD and CD using
GWAS to assess overlapping genes related to
both diseases. While the former, focusing on
causality analysis, did not show a significant
causal association between PD and CD, the lat-
ter found genetic overlap, albeit associated
with shared susceptibility gene loci.

Other studies on PD have explored the field of
genetics, such as Hui et al. [34] and Kang et al.
[35]. The former study found an association
between the LRRK2 gene and genetic effects
similar in PD and CD through exome sequenc-
ing. In the latter, shared genetic variants were
identified in both diseases, which may indicate
a possible common genetic basis between
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Table 2. Studies about neurological disorders (neurodegenerative diseases and sleep disorders)

Author/Year

Shadrin et al. 2021 [20]

Sand et al. 2022 [21], Zingel et al. 2021 [22]

Bar-Gil Shitrit et al. 2018 [23], Chen et al. 2021 [24], Chrobak et al. 2018 [25],
Georgiana-Emmanuela et al. 2020 [26], Hastaliklari et al. 2019 [27], Iskandar et
al. 2020 [28], Kyle Hoffman et al. 2022 [29], Sofia et al. 2020 [30]

Aggarwal et al. 2020 [31]

Camacho-Soto et al. 2018 [32], Freuer et al. 2022 [33], Hui et al. 2018 [34],
Kang et al. 2022 [35], Loosen et al. 2023 [36], Park et al. 2019 [37], Wang et al.
2024 [38], Weimers et al. 2019 [39], Witoelar et al. 2017 [40], Zheng et al. 2022
[41]

Neurodegenerative Diseases Li et al. 2022 [42]

Amyotrophic Lateral Sclerosis Li et al. 2021 [43]

Multiple Sclerosis Sonnenberg et al. 2023 [44]

Neurological disorder
Multiple System Atrophy
Dementias

Sleep disorders

Alzheimer’s Disease
Parkinson’s Disease

Table 3. Studies employing neuroimaging, electroencephalography, or serum BDNF analysis in
Crohn’s disease
Examination techniques
MRI and variations

Author/Year

Agostini et al. 2023 [46], Bao et al. 2018 [47], Chen et al. 2023 [48], Fan et al.
2020 [49], Hou et al. 2019 [51], Hou et al. 2020 [52], Kong et al. 2022 [54],
Kornelsen et al. 2020 [55], Li et al. 2021 [56], Liu et al. 2018 [57], Nair et al. 2019
[58], Qiu et al. 2022 [59], Thapaliya et al. 2023 [61], Thapaliya et al. 2023 [62],
Thomann et al. 2017 [6], Thomann et al. 2021 [63], Thommann et al. 2017 [64],
Yeske et al. 2024 [65], Zhang et al. 2021 [66]

EEG Hall et al. 2023 [50], Kelleci et al. 2019 [53]
Serum evaluation of BDNF  Sochai et al. 2021 [60]

Table 4. Study about vagotomy and Crohn’s
disease

Neurological disorder
Vagotomy

Author/Year
Liu et al. [67]

them. On the other hand, Zheng et al. [41]
worked with analysis of peripheral blood tran-
scriptomic databases, finding 178 genes differ-
entially expressed in common between the two
diseases (113 genes increased and 65 genes
decreased).

Despite epidemiological studies presenting
conflicting results and limitations, genetic stud-
ies provide data that raise the possibility of
interaction between PD and CD. In this sense,
future studies could focus on more careful
analyses to avoid the biases found in the afore-
mentioned studies.

Alzheimer’s disease, other dementias, and

Crohn’s disease: Sand et al. [21] and Zingel et
al. [22] investigated the potential association
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between CD and the risk of developing various
types of dementia using medical record data
analysis. However, their findings were contra-
dictory. Sand et al. [26] reported an elevated
risk of all-cause dementia among CD patients,
with a particularly heightened risk for fronto-
temporal dementia. In contrast, Zingel et al.
[27] found that CD was not significantly as-
sociated with an increased risk of dementia.

Additionally, Aggarwal et al. [31] explored the
link between AD and CD in a retrospective
study utilizing medical record databases while
excluding other causes of dementia. Their find-
ings indicated that individuals with CD who
were over 65 years old and of Caucasian eth-
nicity had significantly higher odds of develop-
ing AD (P < 0.0001).

Amyotrophic lateral sclerosis, multiple system
atrophy, and multiple sclerosis: There is evi-
dence suggesting that ALS is related to immune
system dysregulation, and it has been associ-
ated with a range of autoimmune or immune-
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Evidence of Gut-Brain Axis and Crohn's Disease

Neurotrophic disfunctions or diseases

Neuroimaging
N=20

* MRI and its variantions
o Resting-State
Functional MRI
o Structural MRI

Dementia

Neurodegenerative Diseases

Parkinson's Disease
Alzheimer's Disease

Amyotrophic Lateral Sclerosis

decreased cognitive capacity,
bladder control, and mobility
limitations [72]. The possibility
of an association between MS
and CD was raised due to their
common epidemiological and
immunological patterns [73].
The first study identified three
shared single nucleotide poly-
morphisms between MS and

: ; (ALS) CD; however, none were signif-
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Figure 2. Summary of methods used in the literature for functional or struc-
tural brain analysis in patients with CD and neurological diseases, along
with the number (N) of related papers: MRI = Magnetic Resonance Imaging;
BDNF = Brain-Derived Neurotrophic Factor. Created using Biorender soft-

ware.

related disorders that could potentially be pre-
cursors to its development [70]. Li et al. [43]
explored the genetic correlation between ALS
and around ten immune-mediated diseases,
including CD. The authors investigated ALS and
CD through GWAS to assess genetic associa-
tions. However, they found minimal and non-
significant genetic association between CD and
ALS.

Another neurodegenerative disease explored
was MSA, which is also associated with abnor-
mal aggregation of alpha-synuclein found in
glial cells in this condition [71]. Through genom-
ic association study data, Shadrin et al. [20]
proposed a shared genetic etiology between
MSA and CD in the C7 gene, indicating that
genetic variability within C7 could modulate the
risks of MSA and CD.

Yang et al. [45] and Sonnenberg et al. [44] stud-
ied MS, which is characterized by an inflamma-
tory disease of the CNS that evolves with
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Vagotomy
N=1

simultaneous diagnosis of CD.

One of the articles [42] of this
SR addressed more than
one neurodegenerative dis-
ease (PD, AD, and ALS) in the
same analysis, using Men-
delian Randomization Analy-
sis. This statistical approach
uses known genetic variants
to investigate causal relation-
ships, in this case, between
CD and other neurodegenera-
tive diseases. This method did
not suggest any causal effect
of CD on PD, ALS, or AD.

Studies on sleep disorders

Eight studies included in the review explored
sleep disorders in CD patients. Four [25-30]
studied data from subjective analyses using
the Pittsburgh Sleep Quality Index (PSQI). Three
studies reported higher sleep disturbance
symptoms and poorer quality in CD patients
compared to healthy adults, correlating worse
outcomes with active disease. However, Has-
taliklaria et al. found no significant differences
in PSQI scores in CD patients and showed a
higher eveningpreference in these patients.
Bar-Gil Shitrit et al. [23] used Ambulatory
Polysomnography in studies examining objec-
tive sleep quality parameters. They found that
CD patients had less REM sleep and lighter
sleep than control subjects. Iskandar et al. [28]
objectively analyzed sleep using an actigraph
and correlated it with the Harvey Bradshaw
clinical scale. The result was surprising, show-
ing that CD patients did not exhibit a significant
alteration in sleep quality compared to control
groups. Chen et al. [24] conducted a genetic
study exploring databases to investigate the
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relationship between CD patients and sleep
characteristics, finding no causal effect
between the studied aspects and the disease.
Meanwhile, Hoffman et al. [29] evaluated the
association between Obstructive Sleep Apnea
(OSA) and CD by investigating medical history
information from over 4 million Americans.
They found an increased risk of CD patients
developing OSA.

Studies that rely solely on questionnaires to
analyze sleep are limited, since they are subjec-
tive regarding the perception of the disease.
Additionally, Iskandar’s study [28] exposes this
limitation by showing that the perception of
sleep by CD patients did not confirm the data
collected by actigraphy. When analyzing the
use of Polysomnography for this purpose, it is
important to note that it does not simulate the
patient’s usual sleep situation, as they are in an
ambulatory environment for the exam, unlike
actigraphy, where data is collected during the
patient’s usual sleep routine. Therefore, it is
not possible to analyze how sleeping in a non-
habitual environment would impact the sleep of
CD patients compared to healthy individuals.
Thus, future studies could compare objective
parameters to clarify any biases.

Studies that employed radiological, blood, and
other exams

Neuroimaging exams: Twenty studies were in-
cluded that used Magnetic Resonance Imaging
(MRI) techniques to study the brains of CD
patients in different ways. The most used was
Resting-state functional MRI (rs-fMRI). Struc-
tural MRI (sMRI), high-resolution MRI (hrMRI),
and mean apparent propagator MRI (MAP-MRI)
were also used. Many findings are purely
descriptive and do not correlate with specific
clinical findings or neuronal functions. The
results most frequently indicate neuronal
changes related to abnormal brain activity and
connectivity in CD patients, suggesting abnor-
mal functionality related to visceral sensation
regulation, pain processing, and neuroimmuni-
ty. Additionally, CD patients showed activation
patterns similar to those found in older healthy
adults, suggesting early brain aging in CD
patients compared to controls without the dis-
ease. Similar to studies on neurodegenerative
diseases, studies that addressed MRI methods
were also heterogeneous and showed varied
results related to changes in different brain
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areas. However, it is essential to note that the
results were unanimous in showing that there
are functional or structural alterations in the
brains of CD patients compared to healthy
adults.

Electroencephalogram and serum BDNF levels:
Kelleci et al. [53] and Hall et al. [50] studied
brain alterations in CD patients using EEG anal-
ysis, demonstrating that EEG abnormalities
were significantly more common in CD patients
and that the diagnosis of this disease is a
determining factor in the risk of developing
altered brain network signatures [50].

On the other hand, Sochal [60] explored the
relationship between serum BDNF levels and
CD. BDNF is a protein involved in several impor-
tant brain functions, such as maintaining and
forming synapses and neuronal connections.
The study showed that CD patients had higher
serum BDNF levels than healthy adults, which
positively correlated with the severity of pain.

Study about vagotomy

Vagotomy is a surgical procedure that partially
interrupts or removes the vagus nerve and is
typically used to treat peptic ulcers. Some au-
thors suggest that this procedure might affect
the intestinal inflammatory response, poten-
tially impacting the development and progres-
sion of CD. In a study by Liu et al. [67], which
analyzed medical records, a positive associa-
tion was found between vagotomy and CD
patients. This suggests that vagotomy could
contribute to immune dysregulation and an
increased risk of CD.

Limitations and challenges of the systematic
review

One of the limiting factors was the prevalence
of studies that addressed IBD in general, group-
ing CD and UC in the same analysis without
specifying data pertaining solely to CD. This
lack of specificity precluded the inclusion of
such studies in this SR. Additionally, the
absence of control groups (without CD) in some
studies was another exclusion criterion, as it
rendered these studies incompatible with the
PICO (Patient, Intervention, Comparison, Out-
come) framework requirements, thereby failing
to address the primary question of this review.
Moreover, most studies identified were obser-
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vational, which inherently limits their ability to
provide conclusions beyond correlative find-
ings.

Another limitation was the lack of studies ex-
ploring the mechanistic pathway and molecular
interaction between the GBA and CD. One rea-
son for this could be our focus on human stud-
ies, a choice made to ensure the relevance of
our findings to clinical practice. Regarding neu-
roimaging research on CD, the studies were
quite descriptive and did not explain the find-
ings in-depth.

These challenges underscore the complexity of
conducting an SR on this topic and highlight the
need for more targeted and methodologically
rigorous studies to draw more definitive conclu-
sions regarding the neurological aspects of CD
and its interaction with the GBA.

Conclusion

There is a growing interest in elucidating the
relationship between CD and the GBA. The
extant literature encompasses diverse studies
with heterogeneous methodologies, ranging
from epidemiological investigations to research
on functional and structural brain alterations.
Despite this diversity, there is no consensus
regarding the precise relationship between CD
and GBA, underscoring the necessity for fur-
ther research. This SR has highlighted the sig-
nificant potential of this field to enhance our
understanding of the prognosis and even the
etiology of CD. Consequently, advancing res-
earch in this area promises to yield valuable
insight that may inform more effective interven-
tions and deepen our comprehension of the
intricate mechanisms linking CD with neurologi-
cal and psychiatric manifestations.
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Supplementary Table 1. Outcomes of studies on neurological disorders (neurodegenerative diseases and sleep disorders)

Author/Year

Neurological disorder

Assessment method

Outcome

Shadrin et al. 2021 [20]

Sand et al. 2022 [21]

Zingel et al. 2021 [22]

Bar-Gil Shitrit et al. 2018 [23]

Chen et al. 2021 [24]

Chrobak et al. 2018 [25]

Georgiana-Emmanuela et al. 2020 [26]

Hastaliklari et al. 2019 [27]

Iskandar et al. 2020 [28]

Multiple System Atrophy

Dementias

Dementias

Sleep disorders

Sleep disorders

Sleep disorders

Sleep disorders

Sleep disorders

Sleep disorders

Genome-Wide Association
Study Data

Analysis of electronic medical
record database

Analysis of electronic medical
record database

Ambulatory Polysomnography

Genome-Wide Association
Study Data
Pittsburg Sleep Quality Index
(PSQI) and Inflammatory
bowel disease questionnaire
(IBDQ)

Clinical (CDAI), biochemical
parameters for disease
activity analysis and use of
the PSQI questionnaire

PSQl and Morningness-
Eveningness Questionnaire

PSQI, Epworth Sleepiness
Scale (ESS), Actigraphy, and
Harvey Bradshaw Index (HBI)

Multiple System Atrophy and CD share a genetic etiology,
highlighting a locus on chromosome 5 at 5p13.1 containing
the C7 gene. This locus exhibited high deleterious and
moderate regulatory scores, suggesting that genetic
variability within C7 could modulate the risks of MSA and CD.

Patients with CD had an increased risk for all-cause dementia
(HR = 1.15 [95% CI: 1.05-1.27]), with a higher risk observed
for frontotemporal dementia (HR = 2.70 [95% Cl: 1.44-5.05]).
CD is not significantly associated with an increased risk of
dementia (HR: 1.17 [95% CI: 0.93-1.47]).

CD patients had less REM sleep (P = 0.03) and less light
sleep (P = 0.05) than control patients.

Results indicated that none of the investigated sleep
characteristics had a significant causal impact on CD.

CD patients had significantly lower total PSQI scores than
controls, indicating a greater tendency for eveningness.
Correlational analysis reveals that in the CD group, PSQI
scores are significantly negatively associated with total IBDQ
score, systemic symptoms, intestinal symptoms, and
emotional and social functions.

Sleep quality was impaired in CD patients compared to
controls (P = 0.00905).

Investigations into differences in chronotype and sleep
quality between individuals with Crohn’s disease (CD)

and controls showed that eveningness (preference for the
afternoon or evening) was more common in CD patients (P <
0.0001). Additionally, there was no significant difference in
CD patients’ PSQI scores.

Sleep disorders were more subjectively self-reported in CD
patients compared to controls (PSQI: 57% vs. 35%, P = 0.02)
and in patients with disease activity compared to patients in
remission (PSQI: 75.8% vs. 33.3%, P < 0.01; ESS: 45.5% vs.
19%, P = 0.03). However, there was no significant change in
objective sleep quality analysis between groups.



Kyle Hoffman et al. 2022 [29]

Sofia et al. 2020 [30]

Aggarwal et al. 2020 [31]

Camacho-Soto et al. 2018 [32]

Freuer et al. 2022 [33]

Hui et al. 2018 [34]

Kang et al. 2022 [35]

Loosen et al. 2023 [36]

Park et al. 2019 [37]

Wang et al. 2024 [38]

Weimers et al. 2019 [39]

Witoelar et al. 2017 [40]

Zheng et al. 2022 [41]

Sleep disorders

Sleep disorders

Alzheimer’s Disease

Parkinson’s Disease

Parkinson’s Disease
Parkinson’s Disease

Parkinson’s Disease

Parkinson’s Disease

Parkinson’s Disease

Parkinson’s Disease

Parkinson’s Disease

Parkinson’s Disease

Parkinson’s Disease

Gut-brain axis and Crohn’s disease

Analysis of electronic medical record
database

PSQI and HBI

Analysis of electronic medical record
database

Analysis of electronic medical record
database

Genome-Wide Association Study Data
Exome sequencing

Genome-Wide Association Study Data

Analysis of electronic medical record
database

Analysis of electronic medical record
database

Analysis of electronic medical record
database

Analysis of electronic medical record
database

Genome-Wide Association Study Data

Peripheral blood
transcriptomic database

Increased risk of developing Obstructive Sleep Apnea in CD
patients compared to control patients (P < 0.0001).

CD patients and controls shared similar PSQI (P = 0.31), and
77% of the CD population had PSQI > 5. The Cox proportional
hazards model for hospitalization or surgery showed that PSQI >
8 predicted surgery or hospitalization (hazard ratio 5.37; 95% CI
1.39-27.54).

CD was associated with higher AD risk (P < 0.0001).

PD was inversely associated with CD (OR = 0.83 [95% CI:
0.74-0.93]).

No causal association between PD and CD (P = 0.48).
Association in the LRRK2 gene with similar genetic effects in
PD and CD. The CD risk allele LRRK2 N2081D is located in the
same kinase domain as G2019S, a mutation that is the leading
genetic cause of familial and sporadic Parkinson’s disease.

Weak but statistically significant genetic correlations were
detected between PD and CD (P = 0.01). Genetic variants and
shared genomic loci were identified in both diseases, indicating
a possible common genetic basis.

There was no significant association between CD and PD in the
total study cohort (patients evaluated were over 40 years old).

CD patients had a 2.2 times higher chance of developing PD
than healthy patients (P = 0.023). The average age of PD
diagnosis in CD was lower than in controls (53.7 vs. 64.9 years;
P =0.014).

Results suggest that CD presence does not influence PD’s
occurrence.

The overall risk of PD was 30% higher in CD patients compared
to reference individuals.

Significant genetic overlap of PD and CD with shared
susceptibility loci.

One hundred seventy-eight commonly differentially expressed
genes (113 increased and 65 decreased) between PD and

CD were found. Functional analysis showed they were related

to immune response and lipid binding. Twelve core genes:
BUB1B, BUB3, DLGAP5, AURKC, CBL, PCNA, RAF1, LYN, RPL39L,
MRPL13, RSL24D1, and MRPS11.
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Lietal. 2022 [42] Neurodegenerative

Diseases

Mendelian Randomization analysis of No causal effect of CD on PD (P = 0.54), AD (P = 0.26), or ALS (P
single nucleotide polymorphisms to

= 0.41) was suggested.

explore causal association between CD
and neurodegenerative diseases

Lietal. 2021 [43] Amyotrophic Lateral

Sclerosis
Sonnenberg et al. 2023 [44] Multiple Sclerosis

Yang et al. 2021 [45] Multiple Sclerosis

Genome-Wide Association Study Data

Analysis of electronic medical record

Genome-Wide Association Study Data

There was a minimal genetic association between ALS and CD;
the strongest signal, rs2076756 (NOD2), in the Manhattan
conjunction plot was identified between ALS and CD. There was
no significant difference in the incidence rate of ALS between
patients with previous CD compared to controls.

Results showed a significant association between multiple
sclerosis and the simultaneous diagnosis of CD.

Three shared single nucleotide polymorphisms between MS and
CD were identified; none genome-wide significant in the
single-trait GWAS.

database

Supplementary Table 2. Results from studies employing neuroimaging, electroencephalography (EEG), or serum BDNF analysis in Crohn’s dis-

ease

Author/Year Assessment method

Outcome

Agostini et al. 2023 [46] Structural Magnetic Resonance

Imaging (MRI) and Resting-State Functional

Magnetic Resonance Imaging (rs-fMRI)

Bao et al. 2018 [47] rs-fMRI
Chen et al. 2023 [48] rs-fMRI
Fan et al. 2020 [49] rs-fMRI

Hall et al. 2023 [50] Electroencephalogram (EEG)

Patients with active CD (CD-A) showed reduced gray matter within the posterior cingulate cortex com-
pared to patients with CD in remission (CD-R). Analysis of resting-state fMRI data revealed the following
patterns: (1) increased connectivity within the left fronto-parietal network (in the superior parietal

lobe) in CD-R patients compared to CD-A patients; (2) decreased connectivity in the motor network (in
parietal and motor areas) in the CD-A group compared to healthy controls (HC); (3) reduced connectiv-
ity in the motor network; and (4) in the language network (in parietal areas and the posterior cingulate
cortex) in CD-R patients compared to HC.

Compared to controls, CD showed higher bilateral Amplitude of Low-Frequency Fluctuations (ALFF) in

the hippocampus and parahippocampal regions, right insula, and prefrontal cortex; decreased Func-

tional Connectivity (FC) in the left inferior cortex, middle cingulate cortex, hippocampus, and fusiform

area; significant ALFF differences in the anterior cingulate cortex, precuneus, insula, precentral gyrus,
medial prefrontal cortex, and secondary somatosensory cortex.

The results showed differences between groups related to the functional connectivity of subregions
of the Periaqueductal Gray (PAG). A decrease in functional connectivity was observed successively in
the order of control patients, patients with CD without abdominal pain, and patients with CD with ab-
dominal pain. This suggests that the intensity of abdominal pain is associated with reduced functional
connectivity between these regions.

Compared to control patients, CD showed altered Functional Connectivity (FC) in the amygdala, insula,
parahippocampal gyrus, anterior cingulate cortex, and middle cingulate cortex. Patients with abdomi-
nal pain showed decreased FC in the insula.

They showed that CD patients presented altered states implicating the default mode network in pa-
rietal and visual regions, reflecting a shift in attentional modes’ predominance. The results demon-
strated that the diagnosis of CD is a determinant factor in the risk of developing altered brain network
signatures.



Hou et al. 2019 [51]

Hou et al. 2020 [52]

Kelleci et al. 2019 [53]

Kong et al. 2022 [54]

Kornelsen et al. 2020 [55]

Li etal. 2021 [56]

Liu et al. 2018 [57]

Nair et al. 2019 [58]
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MRI

MRI

EEG

HBI, Visual Analog Scale (VAS) and rs-fMRI

MRI

rs-fMRI

rs-fMRI

MRI and Verbal Fluency Score

In the Executive Control Network, resting-state FC was increased between the right middle frontal
gyrus and the right inferior parietal lobule in CD compared to HC. In the Default Mode Network (DMN),
resting-state FC showed increased CD patients between the right precuneus and the right posterior
cingulate cortex compared to HC. Thus, the patient group exhibited elevated resting-state FC in both
networks compared to the control group.

Fractional Anisotropy (FA) was significantly reduced in regions of the bilateral cingulate gyrus. Mean
Diffusivity (MD) was significantly increased in areas of the left cingulate, left inferior frontal-occipital
fasciculus, and bilateral superior longitudinal fasciculus. Axial Diffusivity (AD) was increased in regions
of the bilateral cingulate and bilateral superior longitudinal fasciculus. Radial diffusivity values were
significantly increased in areas of the right corticospinal tract, right inferior longitudinal fasciculus, and
left superior longitudinal fasciculus (temporal part).

EEG alterations were significantly more common in CD patients than controls (P = 0.001). Slow wave
abnormalities were the most common EEG abnormality detected in 13 (31%) patients. Epileptiform
abnormalities were detected in 3 (7%) patients in the CD group. 94% (15/16) of EEG abnormalities
were bilateral, and 6% (1/16) were on the right side.

Patients with active CD showed higher spontaneous activity in the left anterior and medial cingulate
cortex and higher levels of Glutamate in the anterior cingulate cortex (P < 0.05).

In patients with CD, region of interest analyses showed increased FC between the frontoparietal
network and salience network, decreased FC within the default mode network, increased FC between
the right lateral prefrontal cortex of the frontoparietal network and the bilateral supramarginal gyrus of
the salience network, decreased FC between the medial prefrontal cortex and the left lateral parietal
node in the default mode network. Independent component analysis revealed cerebellar, visual, and
salience network component alterations.

The CD group showed higher Amplitude of Low-Frequency Fluctuations (ALFF) in the left anterior
cingulate cortex, left superior frontal gyrus, and left supplementary motor cortex, and lower ALFF in the
left hippocampus compared to controls (P < 0.05). They also exhibited higher Regional Homogeneity
(ReHo) values in the left anterior cingulate cortex, bilateral superior frontal gyrus, left supplementary
motor cortex, and left putamen compared to controls. In the FC analysis based on ALFF and ReHo,
there was higher activity in the left precentral gyrus, left middle temporal gyrus, inferior frontal orbital
cortex, middle frontal gyrus, and right rolandic operculum than controls.

Regarding Functional Connectivity (FC) in resting-state networks, the primary visual network showed
decreased functional connectivity in the left calcarine cortex. In contrast, the language network
showed increased functional connectivity in the left middle temporal gyrus (cluster-level P < 0.01).
Significantly increased connectivity was found between the language network and the dorsal Default
Mode Network (DMN) (P < 0.05). In the CD group, the connectivity strength related to the Left Calca-
rine Cortex within the primary network was significantly negatively correlated with disease duration (P
= 0.046).

There was no difference in Verbal Fluency Score between control patients and those with
CD. In brain activation analyzed by MRI, regions activated in healthy controls in the left
hemisphere included the inferior frontal gyrus, supplementary motor area, and fusiform gy-
rus. Right hemisphere activation involved the putamen and cerebellum. In patients with CD,
activated regions in the left hemisphere included the insula, precuneus, angular gyrus, and
supplementary motor area (SMA), and in the right hemisphere, the insula, SMA, cerebel-
lum, and inferior frontal gyrus. Patients with CD in this study demonstrated activation pat-
terns similar to those of older healthy individuals, as previously reported in the literature.



Qiu et al. 2022 [59]

Sochai et al. 2021 [60]

Thapaliya et al. 2023 [61]

Thapaliya et al. 2023 [62]

Thomann et al. 2017 [6]

Thomann et al. 2021 [63]

Thommann et al. 2017 [64]

Yeske et al. 2024 [65]

Zhang et al. 2021 [66]
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Mean Apparent Propagator Magnetic
Resonance Imaging (MAP-MRI) and rs-fMRI

Serum evaluation of BDNF, insomnia
assessment: Athens Insomnia Scale (AIS)
and VAS and Laitinen Pain Scale

rs-fMRI

rs-fMRI

rs-fMRI

MRI and rs-fMRI

High-Resolution Magnetic Resonance
Imaging

MRI

rs-fMRI

The brain regions with different Mean Apparent Propagator (MAP) parameters are bilateral parahippo-
campal gyrus, bilateral thalamus, bilateral insula, left hippocampus, left putamen, left amygdala, left
temporal pole: superior temporal gyrus, left rolandic operculum, left fusiform gyrus, right middle frontal
gyrus, right superior medial frontal gyrus, and right anterior cingulate gyrus and right paracingulate
gyrus. Regarding the FC analysis, they were lower in CD patients than in healthy controls. They were
left thalamus-left parahippocampal gyrus (t =-3.117, P = 0.034), left thalamus-right parahippocampal
gyrus (t =-3.407, P = 0.021), right thalamus-right parahippocampal gyrus (t =-2.959, P = 0.029), and
right thalamus-left parahippocampal gyrus (t = -4.485, P = 0.006).

Patients with CD had a higher serum BDNF level than healthy controls (P = 0.010). No correlation

was found between clinical severity and BDNF. There were positive correlations between BDNF level
and AIS scores (r = 0.253, P = 0.020), pain severity measured using VAS (r = 0.251, P = 0.021), and
Laitinen Pain Scale (r = 0.218, P = 0.047). No differences were observed in BDNF levels before and
after 14 weeks of anti-TNF-« therapy.

They showed a significant reduction in the overall volume of cerebrospinal fluid in participants with CD
compared to controls and a decrease in gray matter volume, white matter volume, and cortical thick-
ness in the left precentral gyrus.

Functional connectivity alterations at rest were documented in patients with CD in the frontoparietal
network, visual networks, cerebellar networks, and attention networks, suggesting a specific neu-

ral phenotype of CD. Higher abdominal pain scores were associated with lower connectivity in the
precuneus (visual network) and parietal operculum and connectivity in the cerebellum. Longer disease
duration was associated with higher connectivity in the middle temporal gyrus and temporal plane
(visual network).

Abnormal connectivity was observed in CD patients only in the subsystems of the DMN (P < 0.05).
Increased connectivity was found in the anterior cingulate, left superior medial frontal gyrus, and the
middle cingulate cortex.

Joint analysis of independent components detected structural alterations in the middle frontal and
temporal regions and functional alterations in the superior frontal gyrus, middle and inferior frontal gy-
rus, inferior temporal gyrus, rectus, and subcallosal gyrus of CD patients compared to control patients.

Transitivity, a measure of global segregation of the neural network, was significantly reduced in pa-
tients with CD (P = 0.003). Regionally, patients showed a reduction in nodal betweenness centrality in
the right insula and cuneus and the left superior frontal cortex and a reduction in nodal degree in the
left hemispheric cingulate, left lateral orbitofrontal cortex, and right medial orbitofrontal cortex.

Patients with CD showed more significant brain similarity with older control patients than their healthy
age-matched peers.

Compared to controls, patients with CD showed gray matter volume in the left dorsal anterior insula
and bilateral posterior insula. The Functional Connectivity (FC) of the parahippocampus/hippocampus
with the left dorsal anterior insula and bilateral posterior insula was negatively correlated with the
Crohn’s Disease Activity Index (CDAI).

Supplementary Table 3. Outcome of the study on vagotomy

Neurological disorder Assessment method Outcome

Vagotomy [67] Analysis of electronic medical
record database

It showed a positive association between vagotomy and CD (HR = 3.63, 95% CI = 1.94-6.80 for truncal vagotomy, HR =
2.06, 95% Cl = 1.49-2.84 for selective vagotomy).




