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Abstract

Scintigraphic colonic transit measurement has emerged as a unique disease-related biomarker
pertinent to drug development and personalized therapy. This surrogate offers reproducible and
accurate performance across a spectrum of common colonic motility disorders, linking colonic
transit measurements to biological processes and clinical end points. The pathobiologic validity,
prognostic utility, performance characteristics, evidence-based linkage of therapeutic intervention
with outcome, applicability across distinct pharmacodynamic profiles, and potential for
individualizing patient management are all attributes of this gastrointestinal imaging paradigm.
The cumulative evidence suggests that the integration of colonic transit measurement as a
biomarker would accelerate the development and regulatory approval of therapeutic agents for the
treatment of colonic dysmotility.

BACKGROUND AND DEFINITIONS

As a result of a consensus conference of the US Food and Drug Administration and the
National Institutes of Health, a biomarker was 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.”? A surrogate end point (SEP) was
defined as a biomarker that is intended to be a substitute for a clinical end point; prediction
of clinical benefit is based on epidemiologic, therapeutic, or pathophysiologic evidence.
Although SEPs have been used in oncology, infectious disease, cardiology, and bone
health,2 there have been no such advances in the field of colonic motility and functional
gastrointestinal disorders (FGID). Biomarkers include the following:

Target-engagement, or proximal, biomarkers, which provide information on physical or
biological interactions with the molecular target or mechanism of a drug.

Disease-related, or distal, biomarkers,2 which come into play late in the pathophysiological
cascade and are capable of predicting clinical benefit. These biomarkers qualify as SEPs if
they demonstrate? (i) apparent biologic plausibility, (ii) prognostic value for the outcome of
the disease, and (iii) an association between changes in the SEP and outcome with
therapeutic intervention.

This article reviews the evidence, based on a literature search conducted using PubMed, that
scintigraphic imaging of colonic transit has a role as a disease-related biomarker and should
be considered a valuable tool for drug development because it fulfills all the required
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criteria: known performance characteristics, reproducible and accurate data over a range of
conditions, and evidence of linkage to biological processes and clinical end points. The
combined evidence provides convincing arguments that colonic transit measurement could
be cited as a biomarker in new drug applications pertaining to colonic motility disorders.
Because the biomarker has not been used as the basis for seeking approval of a drug, it
cannot yet be designated an SEP. However, scintigraphic colonic transit has the potential to
fulfill the criteria proposed for SEPs.3

THE METHOD

Procedure

Colonic transit is usually measured as part of a gastrointestinal and colonic transit test using
radioscintigraphy. The method is summarized in Figure 1a.

After an overnight fast, a capsule containing 1111n adsorbed on activated charcoal is
administered. The capsule is coated with methacrylate (Eudragit S-100; Dow Chemical,
Midland, MI) and dissolves in a pH-sensitive manner when it reaches the alkaline terminal
ileum, releasing the radioisotope into the lumen and thereby allowing assessment of colonic
transit. After the capsule has emptied from the stomach, documented by its position relative
to a radioisotope marker placed on the right anterior iliac crest, participants ingest a %MTc-
labeled breakfast (315 kcal; two scrambled eggs, one slice of whole wheat bread, and one
glass of whole milk). The 9™ Tc-sulfur colloid in the breakfast is used to estimate the gastric
emptying and colonic filling profile at specified times; colonic filling at 6 h is a surrogate for
small-bowel transit time.

Using a gamma camera, anterior and posterior abdominal scans, each of 2-min duration, are
carried out immediately after ingestion of the radiolabeled breakfast and at 4, 6, 8, 24, and
48 h after the breakfast to assess small-bowel and colonic transit. Two standard meals (a
462-kcal lunch and a 607-kcal dinner) are ingested at 4 and 8 h, respectively, after

the 99MTc-labeled breakfast. The only definite contraindication for the test is pregnancy.

Data analysis

99MTc counts are quantified within a 140-keV (£20%) window and 11In counts within a
247-keV (x20%) window. Count corrections are made for isotope decay, tissue attenuation,
and downscatter of the 111In in the 9MTc window. A variable region-of-interest program is
used to quantitate counts in each colonic segment: ascending colon (AC), transverse colon
(TC), descending colon (DC), and rectosigmoid (RS), numbered as segments 14,
respectively. Segment 5 refers to the expelled stool.

End points summarizing colonic transit

Two primary end points are used to summarize colonic transit: (i) overall colonic transit,
expressed as geometric center, and (ii) emptying of the ascending colon.

Overall colonic transit is expressed as the geometric center (GC), which is the weighted
average of the isotope distribution within the colon and stool and is calculated as the sum of
the products of the proportion of 111In counts in each segment and its weighting factor:

GC=((%AC X 1)+(%TC X 2)+(%DC x 3)+(%RS x 4)+(%S x 5)/100)

The emptying of the AC is summarized as the ty/, (time for 50% emptying) as calculated by
linear interpolation of values on the AC emptying curve. The delayed-release capsule
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facilitates this measurement by delivering the radiolabeled charcoal to the ileocolonic region
before dissolution of the capsule allows the particles to disperse. Given that the emptying of
the ileum into the colon occurs as bolus movements,* there is relatively clear accumulation
of 11In-charcoal in the AC.

BIOLOGIC PLAUSIBILITY

Whole colonic transit and AC emptying have been reported to be abnormal in several
diseases of colonic motility, including idiopathic constipation, functional diarrhea, carcinoid
diarrhea,® and several subtypes of irritable bowel syndrome (IBS) based on predominant
bowel dysfunction.® It is therefore plausible that colonic transit measurement may serve as a
biological marker of colonic function in disease and as a biomarker in the evaluation of drug
therapy.

For example, in a study of the highly prevalent, multifactorial clinical condition of IBS,8
32% of patients had abnormal colonic transit: 16% of the patients with constipation-
predominant IBS (IBS-C) had slow transit, and 46% of those with diarrhea-predominant IBS
(IBS-D) had fast transit, relative to normal transit duration. In addition, 14% of patients with
IBS with mixed bowel function had fast transit at 48 h. These data from 120 patients® are
summarized in Figure 1b. Colonic transit measurement detects group differences in subtypes
of IBS based on the predominant bowel function as reported by the patients.

These observations were consolidated in a recent analysis’ of 287 patients with lower FGID:
IBS-C or functional constipation (n = 118), IBS-D or functional diarrhea (n = 139), and IBS
with mixed bowel function (n = 30). There were 170 healthy controls.” Overall colonic
transit was estimated at time points of 8, 24, and 48 h. Abnormal colonic transit at 24 h (GC
24 of <1.50 or >3.86) was observed in 29.7% of all patients with lower FGID. There were
significant (P < 0.01 for all) overall associations between colonic transit time and subject
group (healthy controls and FGID subgroups) at the 8-, 24-, and 48-h time points.
Significant associations were particularly evident at the 24- and 48-h time points for patients
with diarrhea or constipation (P < 0.05), and these associations remained significant after
adjusting for age, gender, and body mass index.

PERFORMANCE CHARACTERISTICS

The performance characteristics have been appraised in two publications that involved
healthy participants and patients with IBS.

Cremonini et al. reported on 37 healthy volunteers (mean age 39 + 11 years; 10 women)
who underwent scintigraphic measurement of gastrointestinal and colonic transit over a
period of 48 h.8 Three weeks after the initial evaluation, the scintigraphic transit test was
repeated in 21 of the 37 volunteers (mean age 36 £ 9 years; 8 women), using the same
procedure. Colonic measurements varied by >1 geometric center unit in 37% of the subjects
at 24 h and in 26% of the subjects at 48 h. The interindividual coefficients of variation
(COV) for 21 participants were 37 and 24% at 24 and 48 h, respectively; the intraindividual
COVs were 28 and 14%, respectively. There were no significant effects of age and gender
on these transit summaries in healthy adults, whose ages ranged between 18 and 65 years.

More recently, Deiteren et al.® assessed inter- and intraindividual variations of scintigraphic
colonic transit measurements, after either a short interval (within 3 weeks) or a long interval
(median 2.0 years (range 0.1, 11.0)) in 86 IBS patients and 17 healthy subjects. There was
limited overall intraindividual variation over the short-term period of <3 weeks (COV 31%
at 24 h, 27% at 48 h) and over a median interval of 2.0 years (COV 38% at 24 h, 30% at 48
h) in healthy persons and in those with IBS-C. The COV reflects the physiological variation
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in colonic motor function that also manifests as natural variation in stool frequency and
consistency in IBS-D patients.

Significant intraindividual differences in GC at 24 h were observed only in patients with
IBS-D, in whom the mean differences at 24 and 48 h were —0.35 + 1.19 (SD) and 0.35 +
0.90, respectively. Figure 1c shows the change in GC (expressed as mean and 95%
confidence intervals) over the long term in the various subgroups of patients and healthy
controls. Note that the 95% confidence interval for the IBS-D subgroup does not cross the
zero line, indicating a significant difference in colonic transit time for the IBS-D subgroup
but not for the other groups.

Bland-Altman plots (Figure 2) from the study by Deiteren et al.? show the intraindividual
variation for repeat measurements conducted within 3 weeks or after a median of 2.0 years;
the data suggest that the degree of variation is similar across different mean values of
colonic transit, and the vast majority of individuals have replicate values within one GC unit
of baseline measurement.

In summary, the biomarker is relatively stable at median 3 weeks and at median 2 years, and
the significant difference in the GC at 24 h in patients with IBS-D reflects the higher colonic
transit values at 24 and 48 h and the natural variation in overall bowel function among
patients with chronic diarrheal disorders. The documented COV has to be factored into the
planned size of the sample in each treatment group so as to exclude a type Il error.

CLINICAL TRIAL EVIDENCE: COLONIC TRANSIT BIOMARKER RESPONSE
PREDICTS THERAPEUTIC OUTCOME

The measurements of colonic transit in response to drugs in development have generally
predicted the responses to treatment observed in phase 11B or 111 clinical trials (Table 1, refs.
10-36). For instance, scintigraphic colonic transit has correctly predicted clinical efficacy
with medications targeting a variety of mechanisms, including prokinetics (e.g., 5-HT4
agonists, bisacodyl, and neurotrophin-3), medications that retard transit (5-HT3 antagonists
and CCK; antagonists), and secretagogues (e.g., linaclotide and lubiprostone). Equally
important, there have been clinical trials of IBS in which the measurement of colonic transit
time showed no significant effects of the drug on colonic transit and thereby correctly
predicted lack of efficacy of the medication in ameliorating bowel dysfunction. Examples
include trials with a CRF1-antagonist33-34 and solabegron (a p3-adrenergic agonist3°:36),

USE OF THE BIOMARKER IN PHARMACOGENETIC STUDIES: POTENTIAL
USE IN INDIVIDUALIZED MEDICINE

We have demonstrated that genetic variation in the 5-HTTLPR gene (which encodes the
serotonin transporter protein SLC6A4) influences the effect of the 5-HT3 antagonist
alosetron on colonic transit in patients with IBS-D. The homozygous long genotype, as
compared with the short allele, was associated with a greater retardation of colonic transit by
alosetron.3” This observation suggests that colonic transit may also serve as a biomarker to
select the patients who are likely to respond to medication, a priority for individualized
medicine.

CONCLUSION

In summary, there is overwhelming evidence of scintigraphic colonic transit’s biologic
plausibility, association with the clinical manifestations of the diseases that affect colonic
motility, performance characteristics, correct prediction of positive and negative outcomes
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in therapeutic interventions, and potential use as a marker in support of individualized
medicine. Scintigraphic colonic transit is an important disease-related biomarker, as
demonstrated by the fact that colonic transit at 24 h is abnormal in 29.7% of all patients with
lower FGID and in 46% of those with diarrhea-related lower FGID. In addition, results of
pharmacodynamic studies demonstrate either acceleration of transit (in disorders associated
with diarrhea) or retardation of transit (in disorders associated with constipation); therefore,
the same biomarker serves as a viable biomarker for testing drug efficacy in the wide
spectrum of colonic motility disorders that manifest with abnormal transit.
Pharmacodynamic studies using this relatively simple biomarker correctly predict efficacy
or lack of efficacy (using patients’ symptom-based end points) observed in clinical trials of
medications with diverse mechanisms of action.

The results of scintigraphic transit measurements were included in the new drug applications
for several medications that have been approved by the US Food and Drug Administration
or the European Medicines Agency. These include alosetron, tegaserod, prucalopride, and
lubiprostone. It is therefore appropriate to propose scintigraphic colonic transit as a
biomarker in the appraisal and development of drugs for the treatment of colonic motility
and lower FGID, and to continue validation to fulfill criteria as an SEP.3
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Figure 1.

Colonic transit measurement by scintigraphy in health and subgroups of IBS. (a) Method to
measure colonic transit: radioisotope-labeled activated charcoal particles delivered in a pH-
sensitive methacrylate-coated capsule to the ileocolonic region. Methacrylate dissolves at
pH >6.4, which is achieved in the distal small intestine. The radiolabeled particles traverse
the colon in the stool, and the counts in each of five regions are used to summarize the
location of the weighted average or geometric center at specified times after capsule
ingestion, e.g., at 24 and 48 h. More frequent imaging allows accurate estimation of the
ascending colon emptying time. The ascending colon emptying time is significantly
correlated with stool consistency. (b) Comparison of colonic geometric center at 24 and 48 h
in healthy controls and in IBS patients with different types of bowel dysfunction. #P =
0.078; *P < 0.05; **P = 0.056. Reproduced from ref. 6. (c) Changes in geometric center in
various subgroups expressed as means and 95% confidence intervals. Note that the 95%
confidence interval for the IBS-D subgroup does not cross the zero line, indicating a
significant difference in colonic transit time for the IBS-D subgroup but not for the other
groups. Reproduced from ref. 9. GC, geometric center; HV, healthy volunteers; IBS,
irritable bowel syndrome; IBS-C, constipation-predominant IBS; IBS-D, diarrhea-
predominant IBS; IBS-M, IBS with mixed bowel function.
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Figure 2.

Intrasubject variation in colonic transit over short- and long term. (a) Bland—Altman plots
showing short-term (median 3 weeks) intrasubject variation in colonic transit at 24 and 48 h
in IBS patients with diarrhea or constipation. Plot shows 1 SD as interrupted lines. Note that
most of the data are well within 1 SD, which is ~0.7 GC units (y axis). Reproduced from ref.
9. (b) Bland—Altman plots showing long-term (median 2 years) intrasubject variation in
colonic transit at 24 and 48 h in participants in the various subgroups. The plot shows 1 SD
as interrupted lines. Note that most of the data are well within 1 SD, which is ~0.9 GC units
(y axis). The greatest variation occurs in IBS patients with diarrhea, and the variation is
greater at 24 than at 48 h. Reproduced from ref. 9. GC, geometric center; IBS, irritable
bowel syndrome.
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Drug class

Pharmacodynamics (intestine or
colon)

Clinical efficacy: phase 11B or Il studies

Reference

5-HT3-antagonist, alosetron

1 mg b.i.d. delayed the rapid colonic
transit in IBS-D

11B, 111 studies in thousands of patients with
non-1BS-C or IBS-D showed adequate relief of
pain and discomfort of IBS, bowel dysfunction
(including diarrhea), and urgency

10

5-HT,-agonist, tegaserod

2 mg b.i.d. accelerated SB transit and
colonic transit in healthy persons and
in patients with IBS-C (without
evacuation disorder)

11B, 111 studies in several thousands of patients
with IBS-C and CC showed relief of pain and
discomfort of IBS and bowel dysfunction

11

5-HT-agonist, prucalopride

Increased SB and colon motility and
transit in healthy controls and in
patients with CC

11B and 111 in thousands of patients with CC
showed improvement in BM frequency and
satisfaction with bowel function

12,13

5-HT-agonist, velusetrag

Caused dose-related increases in SB
and colon transit in healthy controls

11B dose-ranging study in 401 patients with CC
showed increased in BM frequency and
proportion, with adequate relief

14,15

Bisacodyl

Accelerated colon transit in healthy
controls

Showed relief of constipation after acute
administration

16,17

Recombinant human neurotrophin
(NT)-3

NT-3 accelerated colonic transit in
patients with CC

NT-3, administered TTW, increased stool
frequency, enhanced colon transit, and
improved symptoms of CC

18,19

C1-C2 channel activator,
lubiprostone

Accelerated SB and colonic transit in
healthy controls

Two phase 11 trials in several hundred patients
with CC and IBS-C: efficacious in relief of pain
and bowel dysfunction

20-24

Guanylate cyclase-C agonist,
linaclotide

Accelerated AC transit and altered
bowel function in 36 female patients
with IBS-C

I1A and 1B studies in patients with CC or IBS-
C showed increased BM frequency and relief
from bloating and abdominal discomfort

25,26

k-Opioid agonist, asimadoline

Showed no significant effect on
colonic transit in healthy volunteers

On-demand dosing not effective in reducing
severity of abdominal pain in 100 patients with
IBS; 11B dose-ranging study on 596 patients
with IBS: post hoc subgroup analysis showed
benefit in average moderate pain in patients
with IBS-D and IBS-Alt

27-29

CCK-antagonist, dexloxiglumide

Showed slower AC emptying with no
effect on overall colonic transit in
patients with IBS-C

Two initial 11 B or I11 trials: not efficacious in
patients with IBS-C; a randomized withdrawal
design trial showed longer time to loss of
therapeutic response, longer for dexloxiglumide

30-32

CRHj-antagonist, pexacerfont

Showed no effect on colonic transit
and bowel function in patients with
IBS-D

One phase 11B study showed that GW876008
showed no significant difference from placebo
in the global improvement scale, daily self-
assessment of IBS pain/discomfort, and
individual lower Gl symptoms

33,34

B3-Adrenergic agonist, solabegron

Showed no significant effect on Gl or
colonic transit

One phase 11B study showed no significant
change in bowel symptoms, although there was
adequate relief of IBS pain and discomfort

35,36

AC, ascending colon; BM, bowel movement; CI-C2, chloride channel type 2; CC, chronic constipation; CCK, cholecystokinin; CRH,

corticotropin-releasing hormone; GI, gastrointestinal; 5-HT, 5-hydroxytryptamine; IBS, irritable bowel syndrome; IBS-Alt, alternating IBS; IBS-C,
constipation-predominant IBS; IBS-D, diarrhea-predominant IBS; SB, small bowel; TTW, three times per week.
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