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Abstract

Background: A high prevalence of disorders of gut-brain interaction (DGBI) exist in
patients with hypermobile Ehlers-Danlos Syndrome (hEDS) and hypermobility spec-
trum disorders (HSD). However, it is unknown if clusters of hEDS/HSD patients exist
which overlap with different DGBIs and whether this overlap influences presence of
comorbidities and quality of life. We aimed to study these knowledge gaps.
Methods: A prospectively collected hEDS/HSD cohort of 1044 individuals were
studied. We undertook Uniform Manifold Approximation and Projection-enabled
(UMAP) dimension reduction to create a representation of nonlinear interactions be-
tween hEDS/HSD and DGBIs, from which individuals were stratified into clusters.
Somatization, Postural Tachycardia Syndrome (PoTS), autonomic symptoms, psycho-
logical factors and quality of life were statistically compared between clusters.

Key Results: The mean age of patients was 40 + 13.2 years; 87.8% were female. Patients
segregated into three clusters: Cluster O (n=466): hEDS/HSD+ functional foregut dis-
orders (FFD)+irritable bowel syndrome (IBS); Cluster 1 (n=180): hEDS/HSD+ IBS
and Cluster 2 (n=337): hEDS/HSD alone. In cluster O, we demonstrated increased so-
matization (p <0.0001), anxiety (p <0.0001), depression (p <0.0001), PaTS prevalence
(p=0.003), autonomic symptoms (p <0.0001) and reduced quality of life (p <0.0001)
compared to cluster 2. Cluster O had greater comorbidity burden than cluster 1.
Conclusions: Within hEDS/HSD, subgroups exist with a high prevalence of FFD and IBS.
These subgroups have a higher prevalence of psychological disorders, dysautonomia and
poorer quality of life compared with hEDS/HSD alone. Further research should focus on
healthcare utilization, management and prognosis in hEDS/HSD and DGBI overlap.

KEYWORDS

disorders of gut brain interaction, functional dyspepsia, functional gastrointestinal disorders,
hypermobile Ehlers-Danlos syndrome, hypermobility, irritable bowel syndrome, psychological,
quality of life and co-morbidity
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1 | INTRODUCTION

The Ehlers-Danlos syndromes (EDS) refer to a collection of 13 inher-
ited non-inflammatory connective tissue disorders characterized by
skin hyper-extensibility, tissue fragility and joint hypermobility.! The
underlying cause may be attributed to mutations in genes encod-
ing collagen or extracellular matrix proteins, which result in abnor-
malities in collagen structure and function. Currently, hypermobile
Ehlers-Danlos Syndrome (hEDS) is the only EDS subtype where both
the genetic basis and pathophysiology remains unknown,! hEDS is
a multisystemic disorder associated with multiple comorbidities,
including disorders of gut brain interaction (DGBI), postural ortho-
static tachycardia syndrome (PoTS), fibromyalgia, and functional so-
matic syndromes.? Individuals who have been previously diagnosed
with some, but not all of the 2017 criteria for hEDS are currently
labeled as hypermobility spectrum disorder (HSD).

Several studies have shown that hEDS/HSD patients have a
higher prevalence of gastrointestinal (Gl) symptoms®™® than the
general population,4 or patients presenting to general gastro-
enterology clinics without hEDS/HSD.® Disorders of gut-brain
interaction are particularly prevalent in hEDS/HSD, with 98% of
603 individuals found to have one DGBI, and 84% of hEDS/HSD
individuals found to have two or more overlapping DGBI's; most
commonly affecting the bowel, gastroduodenal, esophageal, and
anorectal regions.* The overlap between differing DGBIs is not un-
common, with a 36% overlap of two or more DGBIs demonstrated
in general population studies.”

However, it is not known if clusters of hEDS/HSD and the 24
known DGBIs exist with distinct comorbidities which differen-
tially impact physical/psychological health and quality of life.
Identification of such specific disease clusters may have implications
for understanding pathophysiology and for improving management
of these complex disorders.

Given that both DGBI's and hEDS/HSD are by definition com-
plex disorders governed by multiple interacting factors, any overlap
is plausibly best characterized with mathematical modeling tech-
niques such as machine learning capable of comprehending high-
dimensional and nonlinear features. Thus, we aimed to determine if
(i) Within patients with hEDS/HSD, distinct clusters exist with a high
prevalence of specific DGBI overlap, and (ii) determine differences
in non-Gl comorbidities and quality of life between clusters. We
hypothesize that those with the largest number of DGBIs will have
more non-Gl comorbidities and lower quality of life in comparison

with those with no DGBI overlap.

2 | MATERIALS AND METHODS
2.1 | Study population
In this study, hEDS refers to individuals satisfying the 2017

international classification of hypermobile Ehlers-Danlos
Syndrome® and HSD refers to patients with previous diagnoses of

Key points

e Two specific DGBI clusters exist in the hEDS/HSD co-
hort: those with mainly functional foregut disorders
(FFD) with overlapping irritable bowel syndrome (hEDS/
HSD + FFD + IBS) and those with predominantly IBS
(hEDS/HSD + IBS).

e Both clusters experience higher levels of somatic symp-
toms, health related impairment, autonomic symptoms
and psychopathology compared to hEDS/HSD alone.

e Individuals with hEDS/HSD + FFD+ IBS have increased
levels of anxiety disorder, autonomic symptoms and
PoTS compared to both the hEDS/HSD + IBS cluster
and those with hEDS/HSD alone.

Ehlers-Danlos Syndrome type 3 (EDS I11), Ehlers-Danlos Syndrome
Hypermobility type (EDS-HT) or Joint Hypermobility Syndrome
(JHS) historically made by the Brighton or Villefranche Criteria
and have not been since reassessed using the 2017 criteria9; or to
those patients diagnosed since 2017 who have some but not all
features of hEDS.

Two existing databases of hEDS/HSD patients were used in this
study.>*

Dataset 1 (D1): individuals were recruited from the patient sup-
port organization EDS UK in October 2018 and outcomes from this
data have previously been reported.* The dataset included informa-
tion on age, sex, hEDS/HSD and PoTS diagnosis (previously made by
a medical professional), DGBI diagnoses (ROME IV), non-Gl related
somatization [Patient Health Questionnaire-12 (PHQ-12)],**° qual-
ity of life [Short Form Survey 8 (SF-8)],** anxiety symptoms [General
anxiety disorder questionnaire (GAD-7)]*?
[Patient health questionnaire-9 (PHQ-9).1® Details and interpreta-
tions of the questionnaires used can be found in Supplementary

and depression symptoms

document 1.

Dataset 2 (D2): consisted of individuals recruited from a combina-
tion of: secondary and tertiary care gastroenterology clinics, and from
primary care settings between April 2010 and April 2012. As these
patients were assessed before 2017, they were assessed using the pre-
vious Brighton criteria’ (by AF). Consequently, the patients in this data-
set would meet the current 2017 criteria for HSD, however, as we could
not exclude that some of them would also meet the 2017 criteria for
hEDS if tested again, we called them hEDS/HSD. The dataset included
information on age, sex, HSD diagnosis, DGBI diagnoses (ROME lll),
non-Gl related somatization (PHQ-12),*1° quality of life [Short Form
Survey 36 (SF-36)],* anxiety and depression symptoms [The Symptom
Checklist—90 (SCL-90)]*® and autonomic symptoms (COMPASS ques-
tionnaire).*® Details and interpretations of the questionnaires used can
be found in Supplementary Document 1.

Merged dataset: Data on DGBI diagnosis and hEDS/HSD diagno-
sis from all existing individuals from D1 and D2 were merged to form
one combined dataset. This culminated in a large geographically varied
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sample size acquired from across the United Kingdom, deemed pre-
ferrable as a measure to boost generalizability of any findings. The
disadvantages of this method included the different populations and
the different methods of assessment within the two cohorts. These
disadvantages were addressed and are described in the section below.

2.2 | Machine learning

Python 3.8, a programming language and scikit learn, an open-source
statistical library were used for all machine learning (ML) processes
described within this manuscript.t’

2.2.1 | Identification of dataset as a
confounding factor

As patient data in the merged dataset was compiled via two differ-
ent geographical sources using different methodologies and criteria
to assess for the presence of DGBI and hEDS/HSD, we fitted a lo-
gistic regression to determine if a model could predict which data-
set patients belonged to according to their DGBI status and hEDS/
HSD diagnosis. If such a model achieved only chance accuracy, it
would suggest the pooling of the datasets an appropriate approach,
whereas a model that could delineate the dataset would suggest con-
founding factors exist in this approach. The DGBIs used in this article
are summarized under the heading “included in cluster analysis” in
Table 1. In building this quality control model, 70% of patients were
randomly allocated for the training of our model, reserving the re-
maining 30% for model testing. The performance of the model was
tested by calculation of accuracy, precision, recall, f-value, receiver
operating characteristic curve (ROC) and area under the ROC curve
(AUC). Furthermore, we used the chi-square test to compare sex dis-
tribution and DGBI prevalence between the two datasets, as well as
a t-test to compare age.

2.2.2 | Uniform Manifold Approximation and
Projection enhanced clustering

Uniform Manifold Approximation and Projection (UMAP), a computa-
tional, non-linear, dimension reduction technique was used as a step-
pingstone to identify clusters of patients from the high-dimensional
clinical comorbidity data (Table 1).1%% This approach was akin to
UMAP-enhanced clustering, wherein after reducing data to a two-
dimensional feature space, the features were passed through an unsu-
pervised density-based clustering algorithm; HDBSCAN.2°

2.3 | Downstream conventional statistical analysis

Having identified clusters of hEDS/HSD individuals determined
from DGBI comorbidities, we statistically tested for differences in
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somatization, health related quality of life (HrQol), anxiety, depression,
autonomic symptoms via COMPASS questionnaire, PoTS prevalence
and Beighton scores (which serve as a marker of joint hypermobility)
between the clusters. However, as both datasets 1 and 2 had used
different questionnaires to assess for these parameters, the clusters
formed using UMAP and HDBSCAN were separated back into their

original datasets prior to downstream statistical analysis (D1 and D2).

2.4 | Statistical analysis

All data analysis was conducted using SPSS Statistics 26. Continuous
data was summarized using median and IQR.

The Shapiro-Wilks test was used to test for normality and sub-
sequently a one-way non-parametric ANOVA (Kruskal-Wallis test)
was used for all non-normally distributed data. A value of p<0.05
was considered statistically significant for comparisons. Significance
values were adjusted by the Bonferroni correction for multiple tests.

3 | RESULTS
3.1 | Study population (Table 1)

Dataset 1 consisted of 665 individuals, with hEDS/HSD. 96% (641)
of these were female, and 4% were male. The mean age was
39 +12.8years; age range of 18-75years. The DGBI included in
dataset 1 can be found in Table 1.

Dataset 2 consisted of 379 individuals with HSD of which 73%
(276) were female. The mean age was 41+ 6.8years with an age
range of 18-70years. The DGBI included in dataset 2 can be found
in Table 1. The proportion of patients, demographics and DGBI prev-
alence from primary versus secondary and tertiary care in dataset 2
can be found in Tables S1 and S2.

The combined dataset consisted of 1044 individuals with
hEDS/HSD of which 87.8% (917) were female. The mean age of
patients was 40+ 13.2years; age range 18-75years. The DGBI
included in dataset 1, dataset 2 and the merged dataset can be
found in Table 1.

3.2 | Machine learning

3.2.1 | Determining con-founding factors within the
combined dataset

Whilst significant—univariate-differences in sex, age and DGBI
prevalence were observed between the two datasets (Tables S3
and S4), a multivariate-logistic regression model seeking to predict
the dataset from which patients came from performed entirely by
chance.

That is the model could not detect which dataset the patients be-
longed to based on DGBI and hEDS/HSD status. Consequently, we
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TABLE 1 The presence of DGBI in: Dataset 1 (REDS/HSD, n=665); dataset 2 (hnEDS/HSD, n=379); merged Dataset and included in the

final dataset (hREDS/HSD, n=1044). (%).

Dataset 1 (ROME IV)

Included in cluster

DGBI n, (%) Dataset 2 (ROME lll) n, (%)  Merged Dataset n, (%) analysis n, (%)
IBS v 371(55.8) v 124 (32.7) v 495 (47.4) v 495 (47.4)
IBS-C v 129 (19.4) v 34(9) v 163 (15.6) X

IBS-D v 81(12.2) v 27(71) v 108 (10.3) X

IBS-M v 156 (23.5) v 59 (15.6) v 215(20.6) X

IBS-U v 5(0.8) v 4(1.1) v9(0.9) X
Functional dyspepsia v 382 (57.4) v 113 (29.8)? v 495 (47.4) v 495 (47.4)
Postprandial distress v 332 (49.9) v 74 (19.5) v 406 (38.9) v 406 (38.9)
syndrome

Epigastric pain syndrome v 221(33.2) v 11(2.9) v 232(22.2) v 232(22.2)
Dysphagia v 282 (42.4) v 24 (6.3) v 306 (29.3) v 306 (29.3)
Proctalgia fugax /195 (29.3) v 29(7.7) v 224 (21.4) v 224 (21.4)
Rumination v 198 (29.8) v (0) v 198 (18.9) v 198 (18.9)
Functional heartburn v 123 (18.5) v 3(0.8) v 126 (12.1) v 126 (12.1)
Fecal incontinence v 118 (17.7) v 1(0.3) v 119 (11.4) v 119 (11.4)
Chronic nausea and vomiting v 102 (15.3) v 6(1.6) v 108 (10.3) v 108 (10.3)
Functional chest pain v 84 (12.6) v 16 (4.2) v 100 (9.6) v 100 (9.6)
Functional constipation v 81(12.2) v 5(1.3) v 86(8.2) v 86(8.2)
Belching v 77 (11.6) v 2(0.5) v 79 (7.6) v 79 (7.6)
Cyclic vomiting v 66(9.9) v (0) v 66 (6.3) v 66 (6.3)
Unspecified functional bowel v 62(9.3) v 8(2.1) v 70(6.7) v 70(6.7)
disorder

Functional bloating v 18(2.7) v (0) v 18(1.7) v 18(1.7)
Reflux hypersensitivity v (15.6) X X X

Globus v 11(1.7) v 12(3.2) v 23(2.2) v 23(2.2)
Central abdominal pain v 3(0.5) v 3(0.8) v 6(0.6) v 6(0.6)
syndrome

Functional biliary pain v (1.5) X X X
Cannabinoid hyperemesis v (0.3) X X X
Functional DIARRHEA v 34(5.1) v 10(2.6) v 44 (4.2) v 44 (4.2)
Levator ani syndrome v (18.9) X X X

Opioid induced constipation v (9.2) X X X

*Twenty-eight patients had missing data on postprandial distress syndrome and epigastric pain syndrome status.

concluded that the dataset from which patients were derived did not
confound the data and therefore pooled the datasets to curate the
larger sample size for subsequent cluster analyses. The performance
of the linear logistic regression model is summarized in Figure 1
(AUC: 0.50, accuracy: 0.55, precision: 0.3, recall: 0.02, f-value: 0.04).

3.2.2 | Uniform Manifold Approximation and
Projection enhanced clustering

Application of UMAP and HDBSCAN segregated 983 individuals
(out of our 1044) into three distinct clusters, the demographics of

which can be found in Table 2. The 983 Individuals were clustered
based on their hREDS/HSD status and DGBI diagnosis (Figure 2 and
Table 3). The remaining 61 could not be assigned to a cluster and
were classified as ‘outliers’ and were discarded from downstream
analyses (represented by gray dots in Figure 2). The characteristics
of the 61 individuals classified as ‘noise’, all of whom had an un-
specified functional bowel disorder can be found in Tables S5 and
Sé. Individuals appeared to cluster contingent on the presence of
hEDS/HSD and accumulating burden of comorbid DGBIs. Cluster
0 (n=466) contained a set of patients with hEDS/HSD (100%)
and functional foregut disorders (FFD). The FFD included func-
tional dyspepsia (100%), dysphagia (49.4%), functional heartburn
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Linear Logistic Regression

Accuracy 0.55
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FIGURE 1 Alinear logistic regression model demonstrating that the site of recruitment does not act as a confounding factor.

TABLE 2 Demographics of the three clusters formed.

Clinical setting (n) Age range (years) Sex (n)
Cluster O 18-75 Female (445)
Male (21)
Cluster 1 19-72 Female (167)
Male (13)
Cluster 2 18-75 Female (250)
Male (87)

(21.9%), belching (14.2%), chronic nausea and vomiting (18.7%)
and rumination (30.3%). The FFD were significantly increased in
cluster O compared to the other two clusters as represented in
Table 3 (p<0.001). Additionally, 67.6% of patients in this clus-
ter suffered from IBS. Consequently, this cluster was labeled as
hEDS/HSD + FFD +IBS.

Cluster 1 (n=180) contained a group of patients with hEDS/HSD
(100%) and IBS (100%) and had significantly less FFD than cluster O
[functional dyspepsia (10% vs. 100%), dysphagia (21.7% vs. 49.4%)
functional heartburn (6.1% vs. 21.9%) belching (3.9% vs. 14.2%),
chronic nausea and vomiting (7.2% vs. 18.7%) and rumination (15%
vs. 30.3%), (p<0.001)]. Consequently, this cluster was labeled hEDS/
HSD +1IBS.

Lastly, cluster 2 (n=337) consisted of patients with hEDS/HSD
(100%) and very few DGBI, with the highest prevalence being that
of functional constipation existing in 11.6% of patients. Presence
of functional foregut disorders were significantly less than cluster
0 [functional dyspepsia (3% vs. 100%), dysphagia (8.3% vs. 49.4%)
functional heartburn (2.7% vs. 21.9%) belching (0.9% vs. 14.2%),
chronic nausea and vomiting (2.1% vs. 18.7%) and rumination
(5.9% vs. 30.3%), (p<0.0001)] and the prevalence of IBS was 0%.
Consequently, this cluster was labeled as hREDS/HSD alone.

A flow diagram to illustrate cluster allocations can be found in
Figure 3 and a summary of the proportion of patients in each cluster
with hEDS/HSD and DGBI diagnoses with correlating p-values can
be found in Table 3.

3.3 | Downstream statistical analysis
Clusters derived from the merged dataset (Table 4) were split back

into D1 (Table 5) and D2 (Table 6) for downstream statistical analysis.

3.3.1 | Somatization—PHQ-12 scores (Tables 5 and 6)

Somatization scores were highest in patients with hEDS/
HSD + FFD +1BS. This cluster had significantly higher median PHQ-
12 scores (p <0.0001) and significantly more somatization in all do-
mains (p <0.05) compared to hEDS/HSD alone. Additionally, within
the somatic symptoms, this cohort had significantly more PoTs re-
lated symptoms such as chest pain, dizziness, fainting spells (D1 and
D2), palpitations, and shortness of breath (D1) compared to hEDS/
HSD+IBS (p<0.05).

Patients with overlap hEDS/HSD +IBS had significantly higher
median PHQ-12 scores than hEDS/HSD alone (p <0.01). This cluster
had significantly more fibromyalgia pain type symptoms such as back
pain, pains in the arms/legs/joints and headaches versus hEDS/HSD
alone (p<0.05) (D1 and D2). Additionally, in D2 these patients had
significantly more dizziness, fainting spells, palpitations, shortness
of breath, lethargy, and insomnia versus hEDS/HSD alone (p<0.05).

3.3.2 | Health related quality of life (Tables 5 and 6)
Health Related Quality of life (HrQolL) was lowest in the hEDS/
HSD+FFD+IBS cluster in all eight SF-8/SF-36 domains (aside
from mental health in D2) compared to hEDS/HSD alone (p <0.05).
The hEDS/HSD +FFD +1BS cluster in D1 also had a worse HrQol
compared to hEDS/HSD +1BS in the physical functioning, physical
health, bodily pain, general health, social functioning, and emo-
tional domains (p <0.05). In general, HrQoL in hEDS/HSD +IBS was
lower than hEDS/HSD alone but higher than hEDS/HSD + FFD +BS,
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EDS study FIGURE 2 Clustering by unsupervised
15 UMAP combined with HDBSCAN,
‘. demonstrating the formation of 3 clusters.
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however, this trend was not constantly statistically significant be-
tween datasets in all domains as demonstrated in Tables 5 and 6.

3.3.3 | Depression and anxiety (Tables 5 and 6)

Both the hEDS/HSD +FFD +IBS (p<0.0001) and hEDS/HSD +1BS
(p<0.05) clusters had significantly higher depression scores
than hEDS/HSD alone however, depression scores were high-
est in the hEDS/HSD +FFD+1BS cluster. Additionally, the hEDS/
HSD +FFD +IBS group had significantly higher anxiety scores than
both hEDS/HSD +1BS (p<0.05) and hEDS/HSD alone (p<0.0001).
No differences in anxiety scores were seen between hEDS/
HSD +1BS versus hEDS/HSD alone (D1 and D2).

3.3.4 | PoTS status (D1) and autonomic symptoms
via COMPASS questionnaire (D2) (Tables 5 and 6)

PoTS status and autonomic symptoms were highest in the hEDS/
HSD +FFD +1BS cluster. Specifically, In D1, patients in this cluster
were more likely to have co-morbid PoTS than both the hEDS/HSD
alone (p=0.033) and hEDS/HSD+IBS clusters (p=0.043). There
was no significant difference in PoTS symptoms between hEDS/
HSD +IBS versus hEDS/HSD alone.

PoTs related symptoms (assessed via COMPASS questionnaire) in
D2 were also highest in the hEDS/HSD + FFD +IBS cluster in all do-
mains compared to hEDS/HSD alone (p <0.01). The highest compass
scores in the hEDS/HSD + FFD +IBS cluster were present in the or-
thostatic domain (vs: hREDS/HSD alone, p <0.0001; hEDS/HSD +1BS,
p=0.003), followed by the Gl domains, diarrhea (vs: hEDS/HSD

alone, p<0.0001; hEDS/HSD +IBS, p=0.023) and dyspepsia (vs:
hEDS/HSD alone, p<0.0001; hEDS/HSD +IBS, p <0.0001).

The hEDS/HSD +IBS cluster had more orthostatic (p<0.0001),
Gl (p<0.0001) and urinary symptoms (p<0.0001) compared to
hEDS/HSD alone.

3.4 | Beighton score (D2) (Table 6)

There were no significant differences in mean Beighton score be-

tween any of the three clusters.

4 | DISCUSSION

Our study demonstrates that two main DGBI clusters exist in a
hEDS/HSD cohort: those with mainly functional foregut disorders
(functional dyspepsia, dysphagia, functional heartburn, belching,
chronic nausea and vomiting and rumination) with overlapping IBS
(hEDS/HSD + FFD +1BS; Cluster 0) and, a cluster with predominantly
IBS (hEDS/HSD +1BS; Cluster 1).

The participants in Cluster 2 reflect those without DGBI symp-
toms. This may be likely to several factors. First off, variability in
symptom expression means that hEDS/HSD has a wide range of
clinical presentations. While there is a known association between
hEDS/HSD and gastrointestinal issues, not all individuals with hEDS/
HSD experience these symptoms. This variability may be due to dif-
ferences in genetic, environmental, and physiological factors that
influence how hEDS/HSD manifests in each individual, though this
is yet to be investigated. Furthermore, although hEDS/HSD is asso-
ciated with disorders of gut-brain interaction (DGBI), the link is not
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TABLE 3 Summary of hEDS/HSD and DGBI present in each of the three clusters. m
>
Cluster 0n=466 .
Variable (hEDS/HSD (n, %) hEDS/ Cluster 1 n=180 (n, %) Cluster2n=337 (n, %) p-value (Cluster O vs. Cluster  p-value (Cluster 1 vs. Cluster  p-value (Cluster O vs.
diagnosis and DGBI) HSD + FFD +1BS hEDS/HSD + IBS hEDS/HSD alone 2) 2) Cluster 1)
hEDS/HSD 466 (100) 180 (100) 337 (100) 2 2 2
Functional dyspepsia 466 (100) 18 (10) 10 (3) <0.0001 0.383 <0.0001
Postprandial distress 405 (86.9) 1(0.6) 0
syndrome
Epigastric pain syndrome 232 (49.8) 0(0) 0
Irritable bowel syndrome 315 (67.6) 180 (100) 0 <0.0001 <0.0001 <0.0001
Functional heartburn 102 (21.9) 11 (6.1) 9(2.7) <0.0001 0.160 <0.0001
Functional chest pain 55(11.8) 26 (14.4) 16 (4.7) 0.002 <0.0001 1.000
Globus 15(3.2) 4(2.2) 3(0.9) 2 2 2
Dysphagia 230 (49.4) 39(21.7) 28 (8.3) <0.0001 <0.0001 <0.0001
Belching 66 (14.2) 7(3.9) 3(0.9) <0.0001 0.055 0.001
Rumination 141 (30.3) 27 (15) 20(5.9) <0.0001 0.002 <0.0001
Chronic nausea and 87 (18.7) 13(7.2) 7(2.1) <0.0001 0.012 0.001
vomiting syndrome
Cyclical vomiting 54 (11.6) 6(3.3) 6(1.8) <0.0001 0.792 0.004
Functional constipation 47 (10.1) 0 39 (11.6) 1.0000 <0.0001 <0.0001
Functional diarrhea 12 (2.6) 0 32(9.5) <0.0001 <0.0001 0.089 g
Functional bloating 1(0.2) 0 17 (5) <0.0001 0.007 1.000 %
Unspecified functional 9(1.9) 0 0 0.031 b 0.181 5
bowel disorder =
Central abdominal pain 1(0.2) 0 4(1.2) ¢ ¢ ¢ =
syndrome
Fecal incontinence 96 (20.6) 9 (5) 10 (3) <0.0001 0.726 <0.0001
Proctalgia fugax 139 (29.8) 45 (25) 29 (8.6) <0.0001 <0.0001 0.669

#Multiple comparisons are not performed because the overall test does not show significant differences across samples.
PUnable to compute as all sample medians in this pair are less than or equal to the hypothesised median.
“Multiple comparisons are not performed because the overall test does not show significant differences across samples.
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N = 1,044

Number of patients with hEDS/HSD inputted into clustering algorithm

N =983

Number of hEDS/HSD patients assigned to clusters

N=61

Patients classified as noise and not clustered

Cluster 0 (hEDS/HSD + FFD + IBS)
N =466

v" hEDS/HSD (100%)

v’ Significantly more functional
foregut disorders including
functional dyspepsia (100%),
functional dysphagia (49.4%),
functional heartburn (21.9%),
belching (14.2%), chronic
nausea and vomiting (18.7%),
& rumination (30.3%)
compared to clusters 1 and 2.

Cluster 1 (hEDS/HSD + IBS)
N =180

v" hEDS/HSD (100%)

v IBS (100%)

x Significantly less functional
foregut disorders including
functional dyspepsia (10%),
functional dysphagia (21.7%),
functional heartburn (6.1%),
belching (3.9%), chronic nausea
and vomiting (7.2%) and
rumination (15%) compared to

Cluster 2 (hEDS/HSD alone)
N =337

v hEDS/HSD (100%)

X
X

IBS (0%)

Significantly less functional
foregut disorders including
functional dyspepsia (3%),
functional dysphagia (8.3%),
functional heartburn (2.7%),
belching (0.9%), chronic nausea
and vomiting (2.1%), rumination
(5.9%) compared to cluster 0.

v' IBS (67.6%) cluster 0.

*See Table 3. for significance (p values) of the prevalence of DGBIs across the three clusters

FIGURE 3 lllustration of cluster allocations.

TABLE 4 Clusters derived from the merged dataset, split back
into D1 and D2.°

Dataset 1 (D1) n=612 Dataset 2 (D2)

Cluster n, (%) n=371n, (%)
0 (hEDS/ 382 (62.4)2 84 (22.6)%
HSD+FFD +1BS)

1 (hEDS/ 114 (18.6) 66 (17.8)
HSD +1BS)

2 (hEDS/HSD 116 (19) 221 (59.6)
alone)

*The differences in % in the hEDS/HSD + FFD + IBS cluster between
D1 and D2 may be attributed to the composition of the patient
groups; whilst D1 may predominantly include patients with hEDS, D2
compromises of patients with HSD.

bSixty-one patients were not assigned to clusters as they were
detected as ‘outliers.” These are represented by grey dots in figure 2.
Characteristics of these 61 individuals can be found in supplementary
tables 5 and 6.

universal. The development of DGBI symptoms may depend on addi-
tional factors such as diet, lifestyle, stress levels, coexisting medical
conditions, or even differences in gut microbiota. Unfortunately, we
cannot determine these additional factors from our current study,
but this would prove to be a valuable study for the future.

A key advantage of the clustering approach used to iden-

tify these clusters is the reduced risk of bias. The algorithm used,

autonomously identifies and produces clusters based on underlying
patterns in the data, rather than relying on pre-determined assump-
tions. Consequently, the use of this methodology removes elements
of human bias and allows for a more objective analysis of the rela-
tionships between hEDS/HSD and DGBIs.

We demonstrate that the clusters with DGBI overlap have sig-
nificantly more somatic symptoms, health related impairment, au-
tonomic symptoms, and psychopathology compared to those with
hEDS/HSD alone. Additionally, we demonstrate that anxiety disor-
der, autonomic symptoms and PoTS are considerably increased in
those with hEDS/HSD and predominantly foregut disorders (hnEDS/
HSD+FFD +1BS) when compared to both hEDS/HSD+IBS and
hEDS/HSD alone; this is a novel finding and has not been previously
demonstrated in the literature.

Our findings that IBS and FD present as the two most common
DGBI in hEDS/HSD corroborate with published literature which
shows a prevalence of 23%-48% of IBS in hEDS/HSD*2%%2 and
inversely, a 41.9% prevalence of hEDS/HSD in IBS?; A 28%-68%
prevalence of FD in hEDS/HSD,?%?* and inversely a 55% prevalence
of hEDS/HSD in FD.?

Additionally, similar to our current study where we demon-
strate an overlap of 67.6% between IBS and FD in hEDS/HSD
(Cluster 0), previous studies have also shown a 68% overlap be-
tween IBS and FD in patients attending tertiary care Gl clinics.?
Patients with overlap IBS/FD experience poorer quality of life and

more severe clinical manifestations of disease compared to either
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Variable

PHQ-12 scores

PHQ-12 total
Median, [IQR]

Back Pain (%)

Pain in arms/legs/joints
(%)

Menstrual cramps (%)
Headaches (%)

Chest pain (%)
Dizziness (%)

Fainting spells (%)
Palpitations (%)

SOB (%)

Dyspareunia (%)
Lethargy (%)

Insomnia (%)

Cluster 0 hEDS/
HSD + FFD +1BS
(n=382)

16 [13-18]

68
87.2

35.3
45

18.8
49

13.3
49

31.2
233
91.4
70.4

Quality of Life Scores, Median [IQR]

Physical Func. (PF)
Role physical (RP)
Bodily Pain (BP)
General health (GH)
Vitality (VT)

Social func. (SF)
Role emotional (RE)

Mental health (MH)

31.46 [30.3-40.1]
29.06 [23-28.3]

33.29 [31.5-40.1]
33.4[32.6-38.4]

37.35[35.8-45.1]
33.14 [29.5-40.4]
38.61 [29.3-45.7]
37.62 [31.6-49.6]

Depression, Anxiety, PoTs status, Median [IQR]

Depression score (PHQ9)
Anxiety Score (GAD7)
PoTs frequency (%)

15.76 [11-22]
10.71 [5-16]
45.5

Cluster 2 hEDS/

HSD alone (n=116) p value

11.5 [9-14]

54.3
73.3

241
18.1
6
23.3
3.4
16.4
16.4
9.5
81.9
54.3

36.16 [30.3-40.1]
35.14 [28.3-38.7]
37.27 [31.5-40.1]
38.07 [32.6-44.4]
40.65 [35.8-45.2]
38.62[29.5-49.5]
42.92 [38.1-52.4]
41.85 [31.6-49.6]

10.73 [6-14]
7.39 [3-11]
27.6

(<0.0001)

(0.01)
(0.001)

(0.034)
(<0.0001
(<0.0001
(<0.0001
(<0.0001
(<0.0001
(<0.0001
(0.002)
(0.019)
(0.019)

)
)
)
)
)
)

(<0.0001)
(<0.0001)
(<0.0001)
(<0.0001)
(<0.0001)
(<0.0001)
(<0.0001)
(0.004)

(<0.0001)
(<0.0001)
(0.003)

Cluster 1 hEDS/
HSD +1BS (n=114)

13.5[11.8-15]

75.4
87.7

32.5
34.2
79

29.8
2.6

28.1
18.4
16.7
90.4
60.5

34.81[30.3-40.1]
32.69 [28.3-38.7]
35.14 [31.5-40.1]
36.14 [32.6-38.4]
38.77 [35.8-45.2]
35.90 [29.5-40.4]
41.87 [38.1-45.7]
39.15 [31.6-49.6]

13.03 [9-17]
9.92 [4-13.3]
31.6

Cluster 2 hEDS/

HSD alone (n=116) p-value

11.5 [9-14]

54.3
73.3

241
18.1
6
23.3
3.4
16.4
16.4
9.5
81.9
54.3

36.16 [30.3-40.1]
35.14 [28.3-38.7]
37.27 [31.5-40.1]
38.07 [32.6-44.4]
40.65 [35.8-45.2]
38.62[29.5-49.5]
42.92 [38.1-52.4]
41.85 [31.6-49.6]

10.73 [6-14]
7.39 [3-11]
27.6

(0.005)

(1.000)
(0.566)
(0.238)
(0.387)
(0.396)
(0.287)
(1.000)
(0.363)

(0.035)
(0.418)
(1.000)

Cluster 0 hEDS/
HSD + FFD +IBS
(n=382)

16 [13-18]

68
87.2

35.3
45

18.8
49

13.3
49

31.2
23.3
91.4
70.4

31.46 [30.3-40.1]
29.06 [23-28.3]

33.29 [31.5-40.1]
33.4[32.6-38.4]

37.35 [35.8-45.1]
33.14 [29.5-40.4]
38.61 [29.3-45.7]
37.62 [31.6-49.6]

15.76 [11-22]
10.71 [5-16]
45.5

Note: Significance values have been adjusted by the Bonferroni correction for multiple tests. Statistically significant values were mentioned in bold and italics.

Cluster 1 hEDS/
HSD +1BS (n=114)

13.5[11.8-15]

75.4
87.7

32.5
34.2
7.9

29.8
2.6

28.1
18.4
16.7
90.4
60.5

34.81[30.3-40.1]
32.69 [28.3-38.7]
35.14 [31.5-40.1]
36.14 [32.6-38.4]
38.77 [35.8-45.2]
35.90 [29.5-40.4]
41.87 [38.1-45.7]
39.15 [31.6-49.6]

13.03 [9-17]
9.92 [4-13.3]
31.6

TABLE 5 Presence of bothersome non-Gl somatic symptoms over the past 4 weeks; quality of life scores; depression Scores; anxiety Scores and PoTs status in: HEDS/HSD +FFD +IBS vs.
hEDS/HSD alone; hEDS/HSD +1BS vs. hEDS/HSD alone; hEDS/HSD + FFD +IBS vs. hEDS + IBS in dataset 1 (D1).

p-value

(<0.0001)
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(0.632)
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(<0.0001)
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(0.023)
(0.001)
(0.159)
(0.010)
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TABLE 6 Presence of bothersome non-Gl somatic symptoms over the past 4 weeks; quality of life scores; depression Scores; anxiety Scores, Beighton status and COMPASS scores in: HEDS/
HSD + FFD +1BS versus hEDS/HSD alone; hREDS/HSD +IBS vs. hREDS/HSD alone; hEDS/HSD + FFD +IBS versus hEDS + IBS in dataset 2 (D2).

Cluster 0 hEDS/ Cluster 2 hEDS/ Cluster 2 hEDS/ Cluster 0 hEDS/ Cluster 1 hEDS/
HSD + FFD +IBS HSD alone Cluster 1 hEDS/ HSD alone HSD + FFD +1BS HSD +1BS
Variable (n=84) (n=221) p-value HSD +IBS (n=66) (n=221) p-value (n=84) (n=66) p-value
PHQ-12 scores
PHQ-12 Total 12 [10-15.8] 5[0-8] (<0.0001) 10 [7-14] 5[0-8] (<0.0001) 12 [10-15.8] 10 [7-14] (0.177)
Median, [IQR]
Back Pain (%) 58.3 21.6 (<0.0001) 54.5 21.6 (<0.0001) 58.3 54.5 (1.000)
Pain in arms/legs/joints 65.1 24.3 (<0.0001) 54.5 24.3 (<0.0001) 65.1 54.5 (1.000)
(%)
Menstrual cramps (%) 21.7 9 (<0.0001) 14.3 9 (0.063) 21.7 14.3 (1.000)
Headaches (%) 28.6 8.4 (<0.0001) 54.5 8.4 (<0.0001) 28.6 54.5 (0.674)
Chest Pain (%) 25 5.6 (<0.0001) 121 5.6 (0.148) 25 12.1 (0.024)
Dizziness (%) 39.3 21.4 (<0.0001) 21.2 214 (<0.0001) 39.3 21.2 (0.029)
Fainting spells (%) 12 2.3 (<0.0001) 3 2.3 (0.036) 12 3 (0.039)
Palpitations (%) 229 5.6 (<0.0001) 19.7 5.6 (<0.0001) 229 19.7 (1.000)
SOB (%) 24.1 4.2 (<0.0001) 15.4 4.2 (0.003) 24.1 15.4 (0.228)
Dyspareunia (%) 15.2 3.8 (0.016) 11.5 3.8 (0.469) 15.2 11.5 (1.000)
Lethargy (%) 77.4 279 (<0.0001) 68.2 279 (<0.0001) 774 68.2 (1.000)
Insomnia (%) 56 22.8 (<0.0001) 40.9 22.8 (<0.0001) 56 40.9 (1.000)
Quality of Life Scores, Median [IQR]
Physical Func. (PF) 41.4 [15-75] 71.6 [50-95] (<0.0001) 55.8 [20-82.3] 71.6 [50-95] (0.007) 41.4 [15-75] 55.8 [20-82.3] (0.171)
Role Physical (RP) 21.3[0-43.8] 52.7 [0-100] (<0.0001) 33.5[0-75] 52.7 [0-100] (0.043) 21.3[0-43.8] 33.5[0-75] (0.305)
Bodily Pain (BP) 23 [10-32] 52.2 [24-70] (<0.0001) 37.2[22-57] 52.2 [24-70] (0.005) 23 [10-32] 37.2[22-57] (0.018)
General health (GH) 27.6 [10-40] 46.1[25-65] (<0.0001) 35.9 [15-51.3] 46.1[25-65] (0.034) 27.6 [10-40] 35.9 [15-51.3] (0.321)
Vitality (VT) 30.2 [10-50] 42.7 [25-60] (0.001) 34.8[20-55] 42.7 [25-60] (0.140) 30.2 [10-50] 34.8[20-55] (1.000)
Social func. (SF) 33.9 [12-50] 60.7 [37-87] (<0.0001) 44.7 [25-75] 60.7 [37-871] (0.004) 33.9 [12-50] 44.7 [25-75] (0.304)
Role emotional (RE) 47.7 [0-100] 62.3 [0-100] (0.045) 65 [33-100] 62.3 [0-100] (1.000) 47.7 [0-100] 65 [33-100] (0.091)
Mental health (MH) 60 [45-76] 62.6 [48-80] a 62.6 [48-80] 62.6 [48-80] a 60 [45-76] 62.6 [48-80] 7
Depression, Anxiety, PoTs status, Median [IQR]
Depression score (scl-90)  1.5[0.7-2.3] 0.9 [0-1.3] (<0.0001) 1.1[0.3-1.8] 0.9 [0-1.3] (0.021) 1.5[0.7-2.3] 1.1[0.3-1.8] (0.087)
Anxiety Score (scl-90) 1.2[0.5-1.9] 0.6 [0-0.8] (<0.0001) 0.8[0.2-1.1] 0.6 [0-0.8] (0.055) 1.2[0.5-1.9] 0.8[0.2-1.1] (0.05) Q
Beighton (Mean) 4[2-6] 3.3[2-5] 2 3.6 [2-5] 3.3[2-5] 2 4[2-6] 3.6 [2-5] 7 8
F
%
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IBS or FD alone.?® We demonstrate that this is also the case within
our hEDS/HSD cohort, whereby patients with overlapping hEDS/
HSD + FFD +IBS present with a more severe clinical phenotype,
with a poorer quality of life, increased somatization, dysautono-
mia, PoTS and an increased psychological burden when compared
to hEDS/HSD +1BS and hEDS/HSD alone. This is a unique finding
as existing research on hEDS/HSD has primarily categorized pa-
tient groups into hEDS/HSD + DGBI in a general sense, without
further differentiating the impact of specific overlapping DGBI's
on the clinical presentation.

Our study raised a number of clinically significant themes that
warrant further explanation, particularly as neurogastroenterology
and gastroenterology clinics are progressively seeing an increase in
the number of patients with hEDS/HSD.%2” We demonstrated that
overall, non-Gl related somatization in hEDS/HSD is greater in those
with IBS, and further amplified by the additional presence of FFD.
Based on previous studies one could hypothesize that this amplifica-
tion may be due to the process of viscero-somatic hypersensitivity?®
due to central sensitisation of spinal dorsal horn neurons where vis-
ceral and somatic afferents converge, due to repetitive nociceptive
involvement resulting from recurring injuryzg'30 to visceral or so-
matic tissues. However, this may not fully explain the somatization
seen in these patients as viscerosomatic convergence usually occurs
over the somatic areas of the abdomen such as the skin and mus-
cles of the abdominal wall.3*%2 Therefore, the occurrence of wide-
spread pain and fibromyalgia-like symptoms which we demonstrate
in our study cannot be explained by viscero-somatic hypersensitiv-
ity alone. Another plausible explanation for these symptoms may be
the heightened psychological comorbidity and hypervigilance that is
commonly observed in patients with DGBI.333# Studies have shown
that patients with psychological comorbidity may exhibit reduced
descending pain pathway inhibition of the spinal dorsal horn neu-
rons.>> Consequently, in patients with DGBI and associated psycho-
logical morbidity, it is possible that the descending pain inhibition
pathway is less effective in suppressing incoming nociceptive signals
hence leading to widespread pain including back pain and pain in the
limbs. This hypothesis should be tested in future studies.

Dysregulation of the autonomic nervous system (ANS) in patients
with overlap DGBI and hEDS/HSD is described in the form of para-
sympathetic withdrawal. Kolacz et al. demonstrated that patients
with overlap hEDS/HSD and functional abdominal pain disorders
(FAPD) have lower vagal efficiency, and suboptimal heart periods
and ventral vagal parasympathetic tone when supine, compared to
those with FAPD without hEDS/HSD and healthy controls.3® We
demonstrated an increase in PoTS in the FFD +IBS cluster and gen-
erally higher COMPASS questionnaire based autonomic scores and
symptoms compared to hEDS/HSD alone and the overlap hEDS/
HSD +1BS clusters. This finding may have two possible explanations.
Firstly, autonomic nervous system dysfunction with sympathetic
nervous activation and parasympathetic nervous system withdrawal
has been described in functional dyspepsia37 and therefore this may
be a primary problem of functional dyspepsia rather than hEDS/
HSD; or inversely, it may be that autonomic symptoms in the hEDS/
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HSD +FFD +1BS cluster result in gut disorders such as functional
dyspepsia. Previous studies have demonstrated that the vagus nerve
has a greater innervation for the foregut versus hindgut38 and there-
fore parasympathetic nervous system dysautonomia is more likely
to be associated with FFD symptoms such as functional dyspepsia
compared to IBS. Furthermore, FD and other FFD are more com-
mon than lower Gl symptoms in patients with PoTS overlap versus
no overlap.?? Studies have also demonstrated that in PoTS there is
increased sympathetic activity and reduced parasympathetic ac-
tivity.36 Whilst the sympathetic nervous system is stimulatory for
the heart, its splanchnic division is inhibitory for gut motor function
while spinal visceral afferents are involved in nociception. This pat-
tern of dysautonomia may contribute to the development of delayed
gastric emptying and visceral hypersensitivity, which are observed
in functional dyspepsia.

There are existing reports of ANS dysfunction in the functional
foregut disorders functional dyspepsia, chronic unexplained nausea
and vomiting, gastroesophageal reflux disease and in 1BS.3737-4
Plausibly, our hEDS/HSD + FFD +IBS cluster is picking up a group
of individuals who have autonomic dysfunction as the underlying
pathophysiology. Therefore, treatment of PoTS and dysautonomia
could have therapeutic potential for FFD and IBS which should be
explored in future studies. A potential therapeutic target that war-
rants investigation for this overlapping cohort is pyridostigmine.

Pyridostigmine, a cholinesterase antagonist, has been reported
to increase gastrointestinal motility resulting in improvement in
symptoms of chronic constipation42 as well as increasing gas-
tric contractions in autoimmune gastrointestinal dysmotility.*>*
Administration of pyridostigmine has also been associated with a re-
duction in orthostatic tachycardia symptoms*>#%: consequently, this
could be explored in those with overlap hEDS/HSD + FFD +IBS and
associated ANS dysfunction. This hypothesis should be rigorously
tested in future clinical trials.

Evaluation of psychopathology in our study demonstrated
that only those with FFD and IBS overlap had an increase in
anxiety symptoms when compared to hEDS/HSD alone. It is in-
teresting that this group also experienced PoTS/autonomic
symptoms. As described above, patients with PoTS can have in-
creased sympathetic activity and parasympathetic withdrawal®¢;
a pattern of autonomic dysfunction also associated with anxiety
disorders.*” Thus, it is feasible that anxiety in patients with hEDS/
HSD + FFD + IBS is mediated by the dysautonomia due to a labile
heart rate response to physical or psychological stressors, al-
though the higher symptom burden compared to other sub-groups
may also be a contributory factor.

Our data demonstrates that depression scores in hEDS/HSD
were significantly increased in IBS patients, and further amplified
by the presence of both IBS and FFD. Previous studies have demon-
strated that those with overlap of IBS and functional dyspepsia
presenting to gastroenterology clinics have a greater prevalence of
depression than the non-overlap patients.48 This may be a conse-
quence of increased symptom burden and poorer quality of life in
these comorbid patients*® which may explain why in our study, the

hEDS/HSD patients with IBS and FFD overlap present as the most
depressed group.

Finally, quality of life was decreased in hEDS/HSD with overlap
IBS and further decreased in the presence of FFD in both datasets.
The deterioration of quality of life in these groups could be explained
by the increasing co-morbidity including somatization, psychopa-
thology and dysautonomia in the hEDS/HSD +1BS + FFD group.

The study does have its limitations, with the first pertaining to
the use of retrospective datasets which may have led to the exclu-
sion of valuable information. Furthermore, the collection of data
from two different study cohorts, dataset 2 which used the ROME
Il criteria for a diagnosis of IBS whilst dataset 1 used the more strin-
gent ROME IV, may have resulted in both selection and response
bias. Additionally, upon statistical analysis, differences in sex, age
and more specifically, DGBI prevalence were observed between the
two datasets. This may have been due to dataset 1's origin from a
patient support organization, which may inherently select for a more
symptomatic population. We aimed to determine the extent of the
mentioned issues by applying a logistic regression analysis prior to
clustering to ensure that the study dataset used did not con-found
our clustering results. Our regression analysis demonstrated that
when DGBI and hEDS/HSD diagnoses were mixed from both co-
horts, the regression model was unable to determine which cohort
patients came from based upon their DGBl and hEDS/HSD diagnosis.
However, nevertheless, the differences between the two separate
cohorts once again became apparent upon downstream statisti-
cal analysis, hence demonstrating differences in patient profiles in
those presenting to clinics and attending patient support groups.
Future studies should look to only recruit from one source to avoid
discrepancies between datasets. Another limitation arises from uti-
lizing questionnaires in studies as patients may unconsciously or
consciously inflate their symptoms on a questionnaire. However, this
limitation is applicable to all datasets involving questionnaires and
is a phenomenon which may also manifest in face-to-face consul-
tations.*’ Lastly, a validated method for assessing autonomic symp-
toms/PoTs such as the tilt table test would be helpful to draw more
valuable conclusions.

Despite these limitations, this study demonstrates that within
the wider hEDS/HSD population two main clusters with coexisting
DGBI exist. Those with predominantly IBS who have high somatiza-
tion, depression, poor quality of life and those with predominantly
foregut disorders with a high prevalence of overlap DGBIs, and sig-
nificantly more anxiety, PoTs, autonomic symptoms, somatization
and worse quality of life. It can be speculated that treatment of PoTS
in the FFD +IBS cluster may have a beneficial effect on some of the
foregut and IBS symptoms. Furthermore, hEDS/HSD groups with
overlapping DGBI would benefit from a multidisciplinary approach
with input from healthcare professionals such as psychiatrists,
pain management specialists as well as cardiologists and neurolo-
gists. Currently, there is no multidisciplinary commissioned service
available for such patients and this requires urgent consideration
by healthcare commissioners. Finally, our study provides ideas for
future research to explore the pathophysiological factors that link
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DGBI and hEDS/HSD such as altered descending pain inhibitory
pathways, dysautonomia and benefits of multidisciplinary approach
to treatment which have the potential to improve the management

of these complex patients.

AUTHOR CONTRIBUTIONS

QA conceived the study concept. AC, AF, JKR and QA conceived
the study design. AF, IA, and OP collected the study data. JKR and
KT trained AC to conduct analysis of data. AC analyzed the data and
wrote the manuscript. All authors edited the manuscript and ap-
proved the final version.

CONFLICT OF INTEREST STATEMENT

Anisa Choudhary—No conflict of interest. Asma Fikree—No con-
flict of interest. James K. Ruffle—No conflict of interest. Kazuya
Takahashi—No conflict of interest. Olafur S. Palsson—No con-
flict of interest. Imran Aziz—No conflict of interest. Qasim Aziz—
Takeda pharmaceuticals: received funding for commercial clinical
trial, Clasado BioSciences: received funding for commercial clinical
trial, Falk Pharma: received funding for commercial clinical trial,

Bromatech: honorarium for lecture.

DATA AVAILABILITY STATEMENT
Research data are not shared.

ORCID
Anisa Choudhary " https://orcid.org/0000-0003-3694-9798
James K. Ruffle " https://orcid.org/0000-0001-6248-7203

Imran Aziz "= https://orcid.org/0000-0003-3833-2302

REFERENCES

1. Malfait F, Francomano C, Byers P, et al. The 2017 international clas-
sification of the Ehlers-Danlos syndromes. Am J Med Genet C Semin
Med Genet. 2017;175:8-26.

2. Tinkle B, Castori M, Berglund B, et al. Hypermobile Ehlers-Danlos
syndrome (a.k.a. Ehlers-Danlos syndrome type Ill and Ehlers-
Danlos syndrome hypermobility type): clinical description and nat-
ural history. Am J Med Genet C Semin Med Genet. 2017;175:48-69.

3. Fikree A, Grahame R, Aktar R, et al. A prospective evaluation of
undiagnosed joint hypermobility syndrome in patients with gastro-
intestinal symptoms. Clin Gastroenterol Hepatol. 2014;12:1680.

4. Lam CY, Palsson OS, Whitehead WE, et al. Rome IV functional
gastrointestinal disorders and health impairment in subjects with
hypermobility Spectrum disorders or hypermobile Ehlers-Danlos
syndrome. Clin Gastroenterol Hepatol. 2021;19:277-287.e3.

5. Nelson AD, Mouchli MA, Valentin N, et al. Ehlers Danlos syndrome
and gastrointestinal manifestations: a 20-year experience at mayo
clinic. Neurogastroenterol Motil. 2015;27:1657-1666.

6. Zeitoun JD, Lefévre JH, de Parades V, et al. Functional digestive
symptoms and quality of life in patients with Ehlers-Danlos syn-
dromes: results of a national cohort study on 134 patients. PLoS
One. 2013;8:e80321.

7. Aziz |, Palsson OS, Tornblom H, et al. The prevalence and impact
of overlapping Rome IV-diagnosed functional gastrointestinal dis-
orders on somatization, quality of life, and healthcare utilization: a
cross-sectional general population study in three countries. Am J
Gastroenterol. 2018;113:86-96.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

13 of 14
T 1 £y

Malfait F, Francomano C, Byers P, et al. The 2017 international
classification of the Ehlers-Danlos syndromes. American Journal of
Medical Genetics Part C: Seminars in Medical Genetics. Wiley Online
Library; 2017.

Beighton P, De Paepe A, Steinmann B, et al. Ehlers-Danlos National
Foundation (USA) and Ehlers-Danlos Support Group (UK). Am J Med
Genet. 1997;1998(77):31-37.

Spiller RC, Humes DJ, Campbell E, et al. The patient health ques-
tionnaire 12 somatic symptom scale as a predictor of symptom
severity and consulting behaviour in patients with irritable bowel
syndrome and symptomatic diverticular disease. Aliment Pharmacol
Ther. 2010;32:811-820.

Ware JE, Kosinski M, Dewey JE, et al. How to score and interpret
single-item health status measures: a manual for users of the SF-8
health survey. Lincoln, RI: Qual Metric Inc. 2001;15:5.

Spitzer RL, Kroenke K, Williams JB, et al. A brief measure for as-
sessing generalized anxiety disorder: the GAD-7. Arch Intern Med.
2006;166:1092-1097.

Kroenke K, Spitzer RL, Williams JB. The PHQ-9: validity of a brief
depression severity measure. J Gen Intern Med. 2001;16:606-613.
McHorney CA, Ware JE Jr, Raczek AE. The MOS 36-item short-
form health survey (SF-36): Il. Psychometric and clinical tests of
validity in measuring physical and mental health constructs. Med
Care. 1993;31:247-263.

Derogatis LR, Rickels K, Rock AF. The SCL-90 and the MMPI: a
step in the validation of a new self-report scale. Br J Psychiatry.
1976;128:280-289.

Sletten DM, Suarez GA, Low PA, Mandrekar J, Singer W. COMPASS
31: a refined and abbreviated composite autonomic symptom
score. Mayo Clinic Proceedings. Vol 87. Elsevier; 2012:1196-1201.
Ruffle JK, Farmer AD, Aziz Q. Artificial intelligence-assisted
gastroenterology—promises and pitfalls. Am J Gastroenterol.
2019;114:422-428.

Becht E, Mclnnes L, Healy J, et al. Dimensionality reduction for vi-
sualizing single-cell data using UMAP. Nat Biotechnol. 2018;37:38.
Mcinnes L, Healy J, Melville J. Umap: Uniform manifold approxi-
mation and projection for dimension reduction. arXiv preprint
arXiv:1802.03426 2018.

Melvin RL, Xiao J, Godwin RC, Berenhaut KS, Salsbury FR Jr.
Visualizing correlated motion with HDBSCAN clustering. Protein
Sci. 2018;27:62-75.

Inayet N, Hayat JO, Kaul A, Tome M, Child A, Poullis A.
Gastrointestinal symptoms in Marfan syndrome and hyper-
mobile Ehlers-Danlos syndrome. Gastroenterol Res Pract.
2018;2018:4854701.

Tai FWD, Palsson OS, Lam CY, et al. Functional gastrointestinal
disorders are increased in joint hypermobility-related disorders
with concomitant postural orthostatic tachycardia syndrome.
Neurogastroenterol Motil. 2020;32:€13975.

Zweig A, Schindler V, Becker AS, van Maren A, Pohl D. Higher prev-
alence of joint hypermobility in constipation predominant irritable
bowel syndrome. Neurogastroenterol Motil. 2018;30:e13353.
Castori M, Camerota F, Celletti C, et al. Natural history and man-
ifestations of the hypermobility type Ehlers-Danlos syndrome: a
pilot study on 21 patients. Am J Med Genet A. 2010;152A:556-564.
Carbone F, Fikree A, Aziz Q, Tack J. Joint hypermobility syndrome
in patients with functional dyspepsia. Clin Transl Gastroenterol.
2020;11:e00220.

von Wulffen M, Talley NJ, Hammer J, et al. Overlap of irritable
bowel syndrome and functional dyspepsia in the clinical setting:
prevalence and risk factors. Dig Dis Sci. 2019;64:480-486.

Fikree A, Aktar R, Grahame R, et al. Functional gastrointestinal
disorders are associated with the joint hypermobility syndrome
in secondary care: a case-control study. Neurogastroenterol Motil.
2015;27:569-579.

oq ‘0 ‘T86TSIET

:sdny woiy papeoy

IpUOD) pue SWIdY, 3 23§ “[$Z0T/T1/61] U0 Areiqr auruQ AT ‘A THIAAHHS 4O ALISYHAINN Aq LS6 T OWU/[ T T°0/10p/wod A[iav Areiqraur

:sdny)

L19)/W0d" KIM 4.

P!

AsUL0IT suowwio)) aanear) a[qesrjdde ayy £q pauIaA0S are 3[ONIE Y tAsN JO SN 10§ AIRIQIT 2UIUQ AS[IA\ UO (SUONIPUS



14 of 14
1o | \WiLE Y- [

28.

29.
30.
31

32.

33.
34.
35.
36.
37.
38.
39.
40.

41.

CHOUDHARY ET AL.

Verne GN, Price DD, Callam CS, Zhang B, Peck J, Zhou QQ.
Viscerosomatic facilitation in a subset of IBS patients, an ef-
fect mediated by N-methyl-D-aspartate receptors. J Pain.
2012;13:901-909.

Zhou Z, Rewari A, Shanthanna H. Management of chronic pain in
Ehlers-Danlos syndrome: two case reports and a review of litera-
ture. Medicine (Baltimore). 2018;97:e13115.

Di Stefano G, Celletti C, Baron R, et al. Central sensitization
as the mechanism underlying pain in joint hypermobility syn-
drome/Ehlers-Danlos syndrome, hypermobility type. Eur J Pain.
2016;20:1319-1325.

Sikandar S, Dickenson AH. Visceral pain: the ins and outs, the ups
and downs. Curr Opin Support Palliat Care. 2012;6:17-26.

Hardy JD, Wolff HG, Goodell H. Experimental evidence on the na-
ture of cutaneous hyperalgesia. J Clin Invest. 1950;29:115-140.
Hausteiner-Wiehle C, Henningsen P. Irritable bowel syndrome: re-
lations with functional, mental, and somatoform disorders. World J
Gastroenterol. 2014;20:6024-6030.

Tillisch K, Labus JS. Advances in imaging the brain-gut axis: func-
tional gastrointestinal disorders. Gastroenterology. 2011;140(407-
411):407-411.el.

Latremoliere A, Woolf CJ. Central sensitization: a genera-
tor of pain hypersensitivity by central neural plasticity. J Pain.
2009;10:895-926.

Kolacz J, Kovacic K, Lewis GF, et al. Cardiac autonomic regulation
and joint hypermobility in adolescents with functional abdominal
pain disorders. Neurogastroenterol Motil. 2021;33:e14165.

Lorena SL, Figueiredo MJ, Almeida JR, et al. Autonomic function in
patients with functional dyspepsia assessed by 24-hour heart rate
variability. Dig Dis Sci. 2002;47:27-31.

Benarroch EE. Enteric nervous system: functional organization and
neurologic implications. Neurology. 2007;69:1953-1957.

Nguyen L, Wilson LA, Miriel L, et al. Autonomic function in gas-
troparesis and chronic unexplained nausea and vomiting: rela-
tionship with etiology, gastric emptying, and symptom severity.
Neurogastroenterol Motil. 2020;32:€13810.

Milovanovic B, Filipovic B, Mutavdzin S, et al. Cardiac autonomic
dysfunction in patients with gastroesophageal reflux disease.
World J Gastroenterol. 2015;21:6982-6989.

Ali MK, Chen JDZ. Roles of heart rate variability in assessing au-
tonomic nervous system in functional gastrointestinal disorders: a
systematic review. Diagnostics (Basel). 2023;13:293.

42.

43.

44,

45.

46.

47.

48.

49.

Soufi-Afshar |, Moghadamnia A, Bijani A, Kazemi S, Shokri-Shirvani
J. Comparison of pyridostigmine and bisacodyl in the treatment of
refractory chronic constipation. Caspian J Intern Med. 2016;7:19-24.
Waseem S, Moshiree B, Draganov PV. Gastroparesis: current di-
agnostic challenges and management considerations. World J
Gastroenterol. 2009;15:25-37.

Pasha SF, Lunsford TN, Lennon VA. Autoimmune gastroin-
testinal dysmotility treated successfully with pyridostigmine.
Gastroenterology. 2006;131:1592-1596.

Cutsforth-Gregory JK. Postural tachycardia syndrome and Neurally
mediated syncope. Continuum (Minneap Minn). 2020;26:93-115.
Kanjwal K, Karabin B, Sheikh M, et al. Pyridostigmine in the treat-
ment of postural orthostatic tachycardia: a single-center experi-
ence. Pacing Clin Electrophysiol. 2011;34:750-755.

Roth WT, Doberenz S, Dietel A, et al. Sympathetic activation
in broadly defined generalized anxiety disorder. J Psychiatr Res.
2008;42:205-212.

Choi YJ, Kim N, Yoon H, et al. Overlap between irritable bowel
syndrome and functional dyspepsia including subtype analyses. J
Gastroenterol Hepatol. 2017;32:1553-1561.

Sarwar F, Crijns T, Ramtin S, Ring D, Reichel L, Fatehi A. Patient
symptom exaggeration is associated with communication effec-
tiveness and trust. PEC Innovation. 2022;1:100050.

SUPPORTING INFORMATION
Additional supporting information can be found online in the

Supporting Information section at the end of this article.

How to cite this article: Choudhary A, Fikree A, Ruffle JK,
et al. A machine learning approach to stratify patients with
hypermobile Ehlers-Danlos syndrome/hypermobility
spectrum disorders according to disorders of gut brain
interaction, comorbidities and quality of life.
Neurogastroenterology & Motility. 2024;00:€14957.
doi:10.1111/nmo.14957

oq ‘0 ‘T86TSIET

:sdny woiy papeoy

IpUOD) pue SWIdY, 3 23§ “[$Z0T/T1/61] U0 Areiqr auruQ AT ‘A THIAAHHS 4O ALISYHAINN Aq LS6 T OWU/[ T T°0/10p/wod A[iav Areiqraur

:sdny)

L19)/W0d" KIM 4.

P!

AsUL0IT suowwio)) aanear) a[qesrjdde ayy £q pauIaA0S are 3[ONIE Y tAsN JO SN 10§ AIRIQIT 2UIUQ AS[IA\ UO (SUONIPUS



	A machine learning approach to stratify patients with hypermobile Ehlers-Danlos syndrome/hypermobility spectrum disorders according to disorders of gut brain interaction, comorbidities and quality of life
	Abstract
	1  |  INTRODUCTION
	2  |  MATERIALS AND METHODS
	2.1  |  Study population
	2.2  |  Machine learning
	2.2.1  |  Identification of dataset as a confounding factor
	2.2.2  |  Uniform Manifold Approximation and Projection enhanced clustering

	2.3  |  Downstream conventional statistical analysis
	2.4  |  Statistical analysis

	3  |  RESULTS
	3.1  |  Study population (Table 1)
	3.2  |  Machine learning
	3.2.1  |  Determining con-founding factors within the combined dataset
	3.2.2  |  Uniform Manifold Approximation and Projection enhanced clustering

	3.3  |  Downstream statistical analysis
	3.3.1  |  Somatization—PHQ-12 scores (Tables 5 and 6)
	3.3.2  |  Health related quality of life (Tables 5 and 6)
	3.3.3  |  Depression and anxiety (Tables 5 and 6)
	3.3.4  |  PoTS status (D1) and autonomic symptoms via COMPASS questionnaire (D2) (Tables 5 and 6)

	3.4  |  Beighton score (D2) (Table 6)

	4  |  DISCUSSION
	AUTHOR CONTRIBUTIONS
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT
	ORCID
	REFERENCES


