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Abstract

Background—A valid biomarker is “an indicator of normal biologic or pathogenic processes, or
pharmacological responses to a therapeutic intervention”. There is no validated biomarker for
irritable bowel syndrome (IBS).

Aim—To assess ability of three quantitative traits to identify treatable processes to discriminate
between IBS-diarrhea (IBS-D), IBS-constipation (IBS-C) and healthy volunteers (HV).

Methods—In 30 HV, 30 IBS-C and 64 IBS-D patients, we characterized bowel symptoms and
quantitated pathophysiological mechanisms: bile acid (BA) synthesis (serum C4 and FGF19),
fecal BA and fat, colonic transit (CT), and intestinal permeability (IP). We used multiple logistic
regression and receiver-operating characteristic (ROCayc) to appraise 3 factors (fecal BA, CT and
IP) individually and in combination to identify discriminant targets for treatment in IBS.
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Key Results—There were significant associations between the three subgroups and symptoms
reflecting bowel function and the quantitative traits. There were significant associations between
fecal BA and CT at 48h (r=0.43; p<0.001) and between fecal BA and IP (r=0.23; p=0.015).
Individually, fecal BA and CT48 (but not IP) were significant independent predictors for
distinguishing HV from IBS. In combination, they discriminated HV from IBS-D (ROCayc 0.70),
HV from IBS-C (ROCayc 0.73), and IBS-C from IBS-D (ROCayc 0.86). Colonic transit and
fecal BA excretion together discriminate between health and IBS-C or IBS-D, or between the IBS
subgroups with 75-90% specificity at 60% sensitivity.

Conclusion & Inferences—Colonic transit and fecal BA individually and together constitute
useful biomarkers to identify treatable mechanisms in IBS and to differentiate subgroups of IBS.

Keywords
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INTRODUCTION

There is considerable overlap in stool frequency, consistency and ease of passage between
health and irritable bowel syndrome (IBS); symptom-based criteria have reasonable
sensitivity to identify IBS in primary care (1), but they have relatively low specificity (2)
and are enhanced by incorporating basic investigations including erythrocyte sedimentation
rate and blood count in order to exclude organic diseases (3). Existing diagnostic criteria
perform modestly in distinguishing IBS from other diseases not associated with mucosal
pathology such as celiac disease (4,5) or other organic diseases (6).

A number of pathophysiological mechanisms are recognized in IBS (7). A valid biomarker
is defined as “a characteristic that is measured and evaluated as an indicator of normal
biologic processes, pathogenic processes, or pharmacological responses to a therapeutic
intervention (8).” Several potential markers have been proposed based on relatively small
patient cohorts, including symptom responses to nutrient and lactulose challenge (9), breath
methane (10), rectal hypersensitivity by balloon distension (11), circulating lymphocyte-
stimulated expression of cytokines, circulating monocyte-inhibited expression of cytokines
(12), decreased rectal mucosal IL-10 mRNA expression (13), fecal chromogranins and
secretogranins (14), or density of duodenal chromogranin A expressing cells (15).

To date, studies proposing the biomarkers have not been generally replicated or proven
useful to guide treatment. For example, a recent study of 2256 medical records of patients
with 13 IBS-related diagnostic codes suggested that 82.8% of the patients had at least one
abnormal fecal biomarker: quantitative stool culture for beneficial bacteria (Lactobacillus
and Bifidobacterium) showed low growth (suggestive of intestinal dysbiosis) in 73.1%;
abnormally elevated eosinophil protein X (suggestive of food allergy) in 14.3%; elevated
calprotectin (suggestive of inflammation) in 12.1%; detection of parasites in 7.5%; and low
pancreatic elastase (suggestive of exocrine pancreatic insufficiency) in 7.1% (16). These and
other fecal biomarkers have been proposed for the differentiation of IBS from inflammatory
bowel disease (17), though there clearly is overlap as exemplified by the 12.1% of patients
with IBS codes who had elevated fecal calprotectin, and it has been suggested that, even in
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the primary care setting, the cut-off values of fecal calprotectin require revision to enhance
the positive predictive value of the test for diagnosis (18).

Recently, the demonstration of a combination of 34 markers (24 genes demonstrated to have
increased expression in IBS and 10 serological markers from pathways involved in pain,
serotonin metabolism, mast cell activation and inflammation) able to differentiate IBS from
health (ROCac = 0.81) suggests progress towards a diagnostic test for IBS compared with
health, and for discrimination of IBS-C from IBS-D (19). However, both with fecal
biomarkers and the 34-marker panel, there are, as yet, no outcome data from triaging
patients for treatments.

We have extensively studied three quantitative, noninvasive traits that could potentially
fulfill the definition of biomarker: colonic transit by scintigraphy, fecal bile acid excretion
and intestinal permeability. Thus, among 119 patients with IBS, 48% with diarrhea-
predominant IBS (IBS-D) had accelerated and 21% with constipation-predominant IBS
(IBS-C) delayed transit (20), and among 286 patients with lower functional gastrointestinal
disorders, 33.3% of IBS-D/functional diarrhea patients had accelerated colonic transit at 24
hours, and delayed colon transit at 48 hours was detected in 22.9% patients with IBS-C/
functional constipation (21). Inter- and intra-subject variations of colonic transit in IBS-C or
IBS-D have been well characterized. Colonic transit was significantly associated with stool
form, frequency, and ease of stool passage (22), and clinical efficacy of a broad range of
pharmacological agents was correctly predicted by colonic transit measured by scintigraphy
(23).

A meta-analysis showed bile acid malabsorption (BAM) in up to 50% of patients with
chronic functional diarrhea or IBS-D (24). About one-third of patients with IBS-D have
increased and 10% of IBS-C decreased fecal bile acid (BA) excretion (25,26) and hepatic
BA synthesis rates, estimated indirectly by serum 7a-hydroxy-4-cholesten-3-one (C4)
measurements (27). Patients with BAM have excellent responses to BA sequestrants therapy
(24), and bile acid supplementation accelerates colonic transit and improves bowel function
in female patients with IBS-C (28).

Several groups have reported increased intestinal or colonic permeability in patients with
IBS relative to control groups, as summarized elsewhere (29). However, the relationships of
BA malabsorption or BA deficiency in IBS to quantitative traits such as bowel transit and
permeability are unclear, and there are presently no approved treatments aimed at restoring
normal permeability, though there is evidence that gluten withdrawal can restore normal
barrier function in patients with 1BS-D, especially if they are carriers of HLA-DQ2/8 (30).

The aim of our study was to assess the ability of three quantitative traits to identify treatable
processes to discriminate between 1BS-D, IBS-C and healthy volunteers. There were two
sub-aims: first, to characterize symptoms and a range of quantitative traits in IBS-D, IBS-C
and healthy volunteers to prove that the groups of participants were different in these
subjective and objective measures; and second, to develop individual or composite
biomarkers to identify treatable processes in IBS, specifically in IBS-D and IBS-C.
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Participants: Eligibility of Patients with IBS and Healthy Volunteers

From a database of ~1000 patients with functional gastrointestinal diseases who reside
within ~150 miles of Mayo Clinic in Rochester, Minnesota, and healthy volunteers from the
same region, we invited participation and enrolled subjects who volunteered for the study
until the quota required by the protocol was filled (in accordance with NIH DK92179).
Participants completed the validated bowel disease questionnaires corresponding to Rome
criteria [including Somatic Symptom Checklist (31)] and the Hospital Anxiety and
Depression Scale [HAD (32)]. The participants were 30 healthy controls, 30 patients with
IBS-C, and 64 patients with IBS-D [by Rome Il criteria (33)], prospectively studied over
~24 months. The demographics, symptoms, and gastrointestinal and colonic transit
measurements were highly comparable to the data in a previous cohort of patients published
in 2008 (20). The data in the two cohorts are provided in Appendix Table 1, and
demonstrate that the current cohort is representative of IBS at our center.

This study was approved by Mayo Clinic Institutional Review Board.

Measurements of Quantitative Traits

Quantitative traits were measured by extensively validated methods in our laboratory.

A. Scintigraphic Gastrointestinal and Colonic Transit—To measure gastrointestinal
and colonic transit, we used the dual isotope method which has been extensively used and
validated, including studies of 287 patients with lower functional gastrointestinal diseases
(21) and the performance characteristics of the method in health and IBS (22).

B. Bile Acid Malabsorption (BAM) and Synthesis—We used two methods to
document diarrhea related to bile acid:

i. Serum 7a-hydroxy-4-cholesten-3-one (C4) is a measurement of hepatic
cholesterol synthesis and is closely related to the fecal loss of bile acids. Serum C4
is a validated method for BAM. In head-to-head comparisons with the 7>SeHCAT
retention test, increased serum C4 had sensitivity of 90% and specificity of 79% in
diagnosing BAM (34), where shorter retention half-time of 7°SeHCAT is
associated with increased level of C4. Serum C4 also had 98% negative predictive
value and 74% positive predictive value for diagnosis of BAM (35).

We based our serum C4 assay on the method [adapted from Galman et al. (36)]
using HPLC/tandem mass spectrometry (27). Thus, serum C4 was used to screen
for high bile acid synthesis (27).

ii. Fecal bile acid excretion: Using HPLC/tandem mass spectrometry, we have
adapted a method used with serum samples (37) to measure fecal total and
individual bile acids (26) in a 48-hour collection of stools collected while ingesting
a 100g fat per day diet, measured by HPLC/tandem mass spectrometry.
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C. Serum Fibroblast Growth Factor 19 (FGF19)—Serum FGF19, a measure of
feedback regulation of bile acid synthesis (38), was measured by ELISA (FGF19 Quantikine
Enzyme-Linked Immunosorbent Assay Kit, R&D Systems, Minneapolis, MN), as in
previous studies (39).

D. Fecal Fat—Daily fecal fat excretion, while ingesting a 100g fat diet daily, was
measured by nuclear magnetic resonance spectrometry at Mayo Clinic’s Department of
Laboratory Medicine and Pathology.

E. Colonic Permeability by Urinary Excretion of Lactulose and Mannitol after
Oral Ingestion—We used orally administered lactulose and mannitol in aqueous solution
to study intestinal permeability (40). We had previously identified increased small bowel
permeability in IBS-D compared to healthy controls (41). The 0-2 hour urine reflects most
closely small intestinal permeability, and the 8-24 hour urine reflects colonic permeability.
The validated HPLC-tandem mass spectrometric method was used (40).

Statistical Analysis

We used Spearman correlations to explore the associations among total fecal BA, colonic
transit and intestinal permeability.

The Kruskal Wallis test was used to assess univariate associations of quantitative traits
among the three groups. Multiple logistic regression models were used to derive weighting
factors for three primary measurements (total fecal BA, colonic transit at 48 hours, and urine
mannitol excretion 0-2 hours). Receiver-operating characteristic (ROC) curves were plotted,
and the areas under the curves (AUC) were estimated as a measure of the discriminatory
value of the individual or combined traits, with the objective of identifying treatable
biomarkers in IBS. Since small intestinal permeability was not a significant predictor for
discriminating among the groups, ROC curves from the logistic models for two of the
predictor variables (which reflect treatable mechanisms in IBS, that is, colonic transit and
fecal BA excretion), as well as the overall model were used to illustrate the ability to
discriminate between healthy volunteers (HV) and IBS-D, separately IBS-C, and between
IBS-D and IBS-C. Restriction to three factors considered in the models was predicated by 30
participants each in HV and IBS-C groups.

RESULTS

Demographics and Psychosomatic Features of Participants

Demographics were similar in the three groups (Table 1), but there were higher
psychosomatic symptom and depression scores in IBS patients. As previously documented
in other studies of IBS, there was higher BMI among patients with IBS-D.

Prior Abdominal Surgeries in the Three Groups

Among the 30 healthy participants, 2 had undergone cholecystectomy (6.7%) and 6
appendectomy. Among the 30 patients with IBS-C, 3 had undergone cholecystectomy
(10%), 3 appendectomy, and 1 each rectocele repair, enterocele repair, and banding of
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internal hemorrhoids. Among the 64 with IBS-D, 10 had undergone cholecystectomy
(15.6%), 1 sphincterotomy, 10 appendectomy, and 1 each enterocele repair, intra-abdominal
and inguinal hernia repair, and sleeve gastrectomy. Thus, 54 of the patients with IBS-D had
not undergone cholecystectomy.

Quantitative Traits and Relationships of Bile Acid, Colonic Transit and Intestinal
Permeability

Table 1 shows differences in IBS-C, IBS-D and HV groups in number of bowel movements,
stool consistency, colonic transit (GC48h), intestinal permeability, fecal fat, serum FGF19
and C4, and total fecal BA. There were significant associations between total fecal bile acid
and colonic transit at 24 hours (rs=0.25, p=0.008) and at 48 hours (rs =0.43; p<0.001) and
intestinal permeability (rs =0.23; p=0.015).

Discriminating among Healthy and IBS Groups

Using logistic regression analysis, the pre-specified three variables [total fecal BA, colonic
transit at 48 hours, and a measure of small intestinal permeability (Figure 1)] showed: (a)
total fecal BA was a significant predictor for HV vs. IBS-D (p=0.025, ROCayc 0.70), and
IBS-C vs. IBS-D (p=0.024, ROCpc 0.81); (b) colonic transit GC48 was significant
(p=0.03, ROCayc 0.70) in discriminating HV from IBS-C, and IBS-C from IBS-D
(p<0.001, ROCayc=0.78). Small intestinal permeability was not a significant predictor. The
overall model (fecal BA, colonic transit and small intestinal permeability) showed that the
combination had greater AUC (discriminatory value) than each item individually for HV
from IBS-C (ROCpyc=0.73) and for IBS-C from IBS-D (ROCayc=0.86). Moreover,
colonic transit at 24 hours also modestly increased (in the 2-item model with total fecal BA)
the ability of total fecal BA to differentiate health from IBS-D (ROCpyc from 0.72 to 0.73).

Serum C4 and FGF19 measurements did not augment the utility of total fecal bile acids for
discriminating among groups.

Estimated Specificity at Different Levels of Sensitivity

Given the relatively high prevalence of IBS in the community, it is most relevant to achieve
high specificity at reasonable levels of sensitivity. Thus, we estimated the specificity of the
individual traits or models at 60% sensitivity (Table 2) for discriminating between the
groups, with specificity ranging from 75% for IBS-D versus health, to 90% for IBS-D
versus IBS-C.

At 80% sensitivity, the 2-item model had 43% specificity to differentiate IBS-D from HV
(Figure 1, top panel), 57% specificity for IBS-C from HV (Figure 1, lower left), and 81%
specificity to differentiate IBS-C and IBS-D (Figure 1, lower right). For the latter
differentiation, there was also 63% specificity at 90% sensitivity.

Overall, these data show that colonic transit and total fecal BA excretion constitute valid
biomarkers that could be used for identifying treatable mechanisms in patients with IBS-C
or IBS-D.
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DISCUSSION

These data show that valid, noninvasive biomarkers of IBS (that is, colonic transit and total
fecal BA excretion) constitute targets for treatment with available therapies in IBS,
specifically in the IBS-D and IBS-C subgroups.

The objective of biomarkers is not to exclude organic disease, but to corroborate
pathophysiological mechanisms that are amenable to therapy in the disease of interest.
Exclusion of organic diseases remains essential in IBS, since organic disease may mimic
IBS and affect the proposed biomarkers tested in this model. For example, colonic transit
may be altered by colon cancer or inflammatory bowel disease, fecal BA excretion by ileal
Crohn’s disease, and increased intestinal permeability is observed in small intestinal Crohn’s
disease [both in macroscopically normal and abnormal small intestine (42-44)].

These biomarkers were evaluated with rigorously validated techniques for which gender-
matched normal values are established. Therefore, colon transit and total fecal BA excretion
are demonstrated by the analysis to be significant, either as single factors (colonic transit
GC48 and fecal BA excretion for distinguishing health and IBS-C) or as combined factors
validated in regression models (colon transit at 24 hours or 48 hours and total fecal BA
excretion) for discrimination of treatable biological processes (with high specificity and
reasonable sensitivity) in IBS-C from IBS-D, and to a lesser extent for each of the two
subgroups of IBS in comparison to healthy controls.

The biomarkers of colonic transit and fecal bile acid excretion are valid and useful
biomarkers for identifying treatable mechanisms in IBS because they provide quantitative
information with well-established normal values [GC 24 of 1.3-4.4; GC48 1.9-5.0 (45)] for
total fecal BA excretion [130-2337mM/48h (25)] and can be used to select
pathophysiology-directed therapies for IBS. These include 5-HT4 agonists or secretagogues
for delayed colonic transit, 5-HT3 antagonists or opioids for accelerated colonic transit, BA
sequestrants (24) or farnesoid X receptor agonists (46) for BA diarrhea in IBS-D, and
potentially BA supplementation or inhibition of ileal BA transporter for IBS-C associated
with reduced fecal BA excretion (47).

Colonic transit and total fecal BA excretion fulfill criteria as valid biomarkers of the
pathogenic processes and responsiveness to treatment, as required by the definition from the
Biomarkers Definition Working Group (8). This contrasts with other proposed biomarkers,
such as breath methane in IBS-C, fecal calprotectin or fecal granins in IBS-D, that do not
necessarily identify a specific pathophysiology that can be addressed therapeutically.
Though we have used scintigraphic measurements of colonic transit, similar observations of
abnormal transit using radiopaque markers in patients with IBS with diarrhea or constipation
(48) suggest that the latter measurements (that are more widely available) could potentially
substitute for scintigraphic transit. Similarly, the availability in some countries

of °SeHCAT testing (49) or serum FGF19 (50) or C4 measurement for documentation of
bile acid malabsorption suggests that these biomarker measurements may be adapted to suit
the needs in clinical diagnosis (49) and research.
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Potential Limitations

The quantitative traits measured are not completely independent. Thus, fast or slow colonic
transit could contribute to the higher or lower total fecal bile acid excretion documented.
However, they are statistically significant predictors of phenotype and, therefore, enhance
the validity of the biomarkers separately or in combination. Similarly, alterations in transit
(e.g. gastric emptying) may have contributed to the differences in the urinary excretion of
mannitol from 0-2 hours; however, this is unlikely since there were no significant
differences in the rates of gastric emptying or orocecal transit among the three groups.
Moreover, the marker for small bowel permeability did not constitute an independent
biomarker to differentiate the phenotypes of health and the subgroups of IBS, and therefore
it was excluded from the 2-item model used to quantitate the AUC in discriminating health
from IBS subgroups.

A second limitation of the current study is that we have addressed the biomarkers in the
context of IBS-D and IBS-C, but did not study patients with IBS-mixed (IBS-M) in the
current study. We have previously shown, in a prospective study, that IBS-M patients
typically have accelerated colonic transit at 48 hours (20).

In conclusion, colonic transit and fecal BA excretion individually and together constitute
useful IBS biomarkers to identify treatable pathophysiological processes in IBS, particularly
in the subgroups of IBS-D and IBS-C. These data suggest that measuring colonic transit and
fecal BA excretion could enhance the management of patients with IBS-D and IBS-C.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

ROC curves demonstrating ability to differentiate IBS-D and healthy volunteers (top panel)
using both colonic transit measurements at 24 hours and 48 hours. In the lower panel, ROC
curves are based on colonic transit at 48 hours to discriminate IBS-C and healthy volunteers
(left) and IBS-D and IBS-C (right). Urine mannitol (0-2 hours) was not significant in any of
the logistic models. Note that the two factor model is generally superior to the individual
factors, and that colonic transit (GC48h) has a greater influence on the ROC curves in IBS-C
compared to health, and approximately equivalent impact to that of total fecal bile acid
excretion in discriminating IBS-D and health or IBS-D and IBS-C. Colonic transit GC24h
contributes modestly to the discrimination between IBS-D and healthy controls.
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Demographics, Psychosomatic Scores and Quantitative Measurements of the Three

Groups of Participants

Table 1

Kruskal Wallis test was used to assess the associations of quantitative traits in the three groups.

Data: mean + SEM IBS-C Healthy Controls IBS-D p value
N 30 30 64
Gender (F/M) 30/0 228 59/5
Age, y 44611 39.3+21 41915 0.161
BMI, kg/m? 26.6+0.8 25407 29.7+0.9 0.013
Anxiety score (HAD) 2805 21+03 40+05 0.117
Depression score (HAD) 09+0.2 04+0.1 16+0.2 0.0005
Psychosomatic symptom score 0.4 +0.06 0.2+0.04 0.5+0.04 <0.0001
Bowel function
# BM/day 0.85+0.1 1.18+0.1 22601 <0.0001
BM form 2.86+0.2 37701 476 0.1 <0.0001
Quantitative traits
Fecal fat (g/day) 51+0.9 6.6+0.8 9.1+0.9 0.007
Serum C4 (ng/mL) 235+ 4.4 25.3+3.1 34.7+£ 3.6 0.019
Serum FGF-19 (pg/mL) 1349+18.4 171.6 +25.0 118.8 +10.8 0.051
Total Fecal Bile Acid (uM/48h) 579 £ 161 957 + 185 2495 + 382 <0.0001
Mean % fecal LCA/CDCA/DCA/CA 49/1/48/2 39/1/59/1 30/6/53/8 All <0.001, except DCA =0.033
Gastric emptying Ty, min 117.3+5.0 120.0 +5.7 124.7+3.8 0.51
Colonic filling at 6 h, % 55.0+55 54.1+4.3 55.2+34 0.92
Colonic transit GC24 2.34+0.2 241+0.2 285%0.2 0.13
Colonic transit GC48 3.22£0.17 3.86+0.17 4.18+0.12 0.0001
Urine mannitol 0-2h 264.8 +42.9 355.2+49.5 4443 £ 752 0.039
Urine mannitol 8-24h 65.8 +16.1 43.6+4.2 455+5.0 0.708
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BM=bowel movements; LCA=lithocholic acid; CDCA=chenodeoxycholic acid; DCA=deoxycholic acid; CA=cholic acid; ns=not significant
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Specificity (at 60% sensitivity) of Quantitative Traits to Differentiate Subgroups

Table 2

Quantitative Trait(s) Discrimination of | Specificity
Total 48h fecal BA excretion IBS-D and health 75%
Model of fecal BA excretion and colonic transit GC48h 75%
Colonic transit GC48h IBS-C and health 85%
Model of fecal BA excretion and colonic transit GC48h 85%
Total 48h fecal BA excretion IBS-C and IBS-D 85%
Model of fecal BA excretion and colonic transit GC48h 90%
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