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ABSTRACT
Purpose Computer simulations are utilized during pharma-
ceutical development in order to design appropriate for-
mulation based on the absorption, distribution, metabolism,
and excretion (ADME) and physicochemical properties of
target compounds, so that adequate prescriptions are of-
fered to patients. Oro-cecal transit time (OCTT) is an
important factor affecting these simulations because the
absorption of drug that administered orally and the resul-
tant pharmacokinetic profile are expressed as a function of
time. Given the large intra- and inter-individual variance in
OCTT, it is unsurprising that an accurate model has not yet
been proposed.
Methods We conducted a meta-analysis using subject-level
data to construct a statistical model that predicted OCTT.
Literature that utilized lactulose to measure OCTT was
identified and analyzed using a mixed-effects model.
Results The OCTTs of fasting healthy subjects were
expressed using a linear model, with the amount of lactu-
lose as the single significant explanatory factor. We found
that this model could statistically distinguish the OCTTs of
subjects with altered physical status from those of healthy
people. Specifically, cystic fibrosis and celiac disease most
significantly affected OCTT.
Conclusion The OCTT models developed herein incor-
porate inter-subject variations and can contribute to pro-
viding more accurate predictions of drug pharmacokinetic
profiles.

KEY WORDS computer simulation . gastrointestinal tract .
lactulose hydrogen breath test . meta-analysis .
oro-cecal transit time

ABBREVIATIONS
ADME absorption, distribution, metabolism and elimination
FDA Food and Drug Administration
GET gastric emptying time
GI gastrointestinal
LHBT lactulose hydrogen breath test
OCTT oro-cecal transit time
PK pharmacokinetics
SITT small intestine transit time

INTRODUCTION

Pharmacokinetics (PK) simulations are a crucial step in con-
structing an effective prescription model for drugs that are
under development. With oral dosage formulations, which
constitute the most convenient and popular drug delivery
method, the drug is designed to be dissolved and absorbed in
an appropriate region of the gastrointestinal (GI) tract. There-
fore, the transit time of a drug along the GI tract should be
closely linked with the drug’s absorption behavior, and it is
important to obtain an accurate estimate of transit time as it is
one of the input values in PK simulations (1). With this aim, Yu
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et al. (2) proposed a mathematical model using several GI
compartments to calculate PK (GastroPLUSTM). They used
an average value (199 min) for the small intestine transit time
(SITT) based on data from more than 400 individuals. Will-
mann et al. (3) constructed a rat model based on the time-
dependent movement of orally administered phenol red
through the GI tract and applied it in a human PK simulation
model (PK-Sim®).

Although these models are promising in terms of PK pre-
dictions, substantial inter-subject variations in GI tract transit
times mean that further research is necessary for more accu-
rate estimations. It is widely known that transit times can be
significantly affected by complex physiological factors such as
the peristaltic motion of the stomach/intestine and the nutri-
tional history. In this context, it is very important that during
the drug development process, PK simulations take into ac-
count the possible impact of disease or altered physical status.
However, the precise prediction of inter-subject variation is
generally considered to be difficult together with complicated
mechanisms of absorption of the tested drug. For example, it is
reasonable to imagine that diarrhea affects transit time, but a
statistical model offering information on the quantitative dif-
ference in OCTT between healthy subjects and those with
diarrhea has not been available. Such a model would be
extremely useful for approximating the drug absorption in
the GI tract for specific diseases. Therefore, new models are
needed to clarify the impact of factors related to disease or
altered physical status on transit time in the GI tract.

In this study we addressed this issue with a meta-analysis
using subject-level data from past medical studies. We iden-
tified OCTT to be one of the most important predictors in
PK modeling in considering absorption window because it
covers the transit time from mouth to cecum, the whole span
of the GI tract in which most drugs are absorbed. Several
methods are available to assess OCTT; we chose the lactu-
lose hydrogen breath test (LHBT) because of its non-
invasiveness and convenience. In addition, the LHBT is
the most frequently used test in studies that have measured
OCTT in the past such as scintigraphic method (4), mag-
netic marker method (5) and another breath test using
doubly-labeled lactose-[13C, 15N]ureide as a substrate (6).
Several important LHBT parameters can potentially affect
OCTT results, including the amount of lactulose, the vol-
ume of water used as a chaser following lactulose ingestion,
and the sensitivity of the method used to detect the hydro-
gen released by decomposed lactulose. Some authors have
provided statistical assessments of this issue using data from
small numbers of subjects (7–9). In this paper, the first step
in our meta-analysis was to address this issue further by
obtaining more reliable statistical evidence with a large
subject-level dataset. The second step of our analysis was
to evaluate the impact of disease-related factors on OCTT
outcomes.

Meta-analysis using subject-level (i.e., individual) data has
been considered the gold standard (10) in terms of bias (11)
and precision (12), since it offers several advantages over the
conventional approach that is based on aggregated data (such
as within-study means of OCTTs). We therefore chose to
systematically collect subject-level data from medical reports
that assessed the OCTTs of 598 adult subjects. For the statis-
tical modeling of OCTT, we employed a mixed model anal-
ysis that incorporated both fixed effects, to evaluate influences
or effects of interest (i.e., those of disease-related factors), as
well as random effects, to take into account unobserved factors
that explain the variation across studies. We then derived a
simple model for predicting OCTT based on disease-related
factors for use as a basic, convenient material that will allow
PK simulations to establish optimal dosage and administra-
tion data for new drugs in the future.

MATERIALS AND METHODS

Data from previous reports were collected using PubMed
(through July 1, 2011), with keywords chosen based on the
recommendations of the PRISMA statement (13). We used
the basic keywords “lactulose” and “clinical,” and limited our
results to English articles only. The following additional words
were used in combination with the basic keywords: “oroc
(a)ecal transit-time” (35 reports found), “oro-c(a)ecal transit-
time” (13 reports), OCTT (17 reports), “oral-c(a)ecal transit-
time” (five reports), “gastrointestinal transit-time” (seven
reports), “hydrogen-breath-test AND transit-time” (32
reports), “mouth-to-c(a)ecum transit-time” (19 reports), and
“MCTT” (one report). Results were then limited to those
pertaining to OCTT in the fasting state, because it is widely
known that food has a significant influence not only on mean
OCTT values but also on OCTT variation (14–16). In the
next phase of our analysis, we found that 31 of 180 studies
included OCTT data. When a report showed only a plot of
individual data (21 reports) instead of stating the OCTT value
in the text (10 reports), a digitizer (Engage Digitizer, ver4.1,
17) was used to extract the data from the figures. As a conse-
quence, we prepared individual OCTT data from 31 reports
(Fig. 1). A summary of these reports is listed in Table I. For
subjects who underwent repeat measurements, we used the
data from the first measurement only for the analysis.

As stated above, the current report focuses on fasting
OCTT only because food significantly affects OCTT.
Results from the analysis of non-fasting subjects will be
reported elsewhere. Researchers have previously investigat-
ed other factors, such as posture during testing or menstrual
cycle phase for female subjects, to determine whether or not
they influence OCTT, but we excluded these factors from
our analysis because the number of reports assessing them is
very limited. Also, we did not include age or sex as
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explanatory factors because these data were unclear in most
of the reports.

The typical procedure for testing OCTT was as follows.
Volunteers were not allowed to take any meals from the night
prior to the test. On the day of the test, subjects rinsed their
mouths with an antibacterial mouthwash, then ingested vary-
ing amounts of lactulose solution followed by a chaser of
water. Exhaled air was sampled periodically and the OCTT
was determined by the time when there was a sustained rise of
the pre-defined hydrogen concentration over basal value.

Our meta-analysis consisted of two stages. In the first stage,
we assessed the impact of the three test variables, amount of
lactulose, volume of chaser water and hydrogen concentration
on OCTT in healthy subjects. In this stage, analyzed data on
healthy adult subjects was collected from 31 reports. The
number of subjects per report ranged from 6 to 32, for an
overall total of 447 individuals.

In the second stage of the analysis we assessed the
impact of disease-related factors on OCTT outcomes.
In addition to the data used in the first stage, additional

Fig. 1 Flow chart depicting the
meta-analysis in this study.
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141 data was cited from the reports follows. Matsumoto
et al. reported the OCTTs of 12 individuals with GI
amyloidosis (18). In the case of celiac disease (19),
patients had both clinical and biochemical evidence of
malabsorption, and all subjects complained of diarrhea,
weight loss, and weakness. Data from obese patients
were obtained from two studies: Basilisco et al. (20)
reported a median weight of 130 kg, with a range of
110–160 kg, while Camboni et al. (21) investigated 10
patients with nondiabetic obesity (weight range 110–
165 kg). For cystic fibrosis, data were obtained from
subjects who had been diagnosed on the basis of dis-
ease history, clinical examination, and elevated sweat
chloride concentrations (22); all patients had a history
of recurrent chest infections and sputum production.
For diabetes, we included data from insulin-dependent
diabetes patients with or without autonomic neuropa-
thy, and our analysis did not distinguish between these
two groups (23). OCTT values for irritable bowel syn-
drome (IBS) were obtained from 16 patients with diar-
rhea due to IBS (24) and 10 patients with a diagnosis of
IBS who were attending a GI clinic (25). In the latter case,
patients complained of diarrhea as their predominant bowel
habit. For 18 patients with lithiasis, Pilotto et al. confirmed the
presence of gallstones using ultrasound (26). Our analysis also
included data from this same report on 14 subjects who had
undergone cholecystectomy for gallstones. OCTT data from
pregnant women were obtained during the late second and
third trimesters (27).

Statistical Analysis

Given that our meta-analysis used subject-level data
obtained from individual studies, we could utilize statistical
models for individual subjects. In our statistical modeling we
assumed linearity (7,9) and normality (28,29) for the OTCC
data, based on previous reports.

The first stage of our meta-analysis of healthy subjects
assessed the impact of three test conditions on OCTT out-
comes: 1) amount of lactulose, 2) volume of chaser water,
and 3) hydrogen concentrations. We assumed the following
mixed linear model:

Yij ¼ μþ aj þ b0xij þ "ij ð1Þ

where Yij is the OCTT outcome and xij is a vector of the
three test conditions for subject i in study j. The model takes
into account two fixed effects—μ, the total mean of Yij, and
β, the effect of the test condition (xij) on Yij—while aj repre-
sents the random effect of study j to incorporate unobserved
factors that explain the variation across studies. εij represents
the measurement error of Yij. We assumed that aj~N(0, τ1

2)
and εij~N(0, σ1

2).88
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The second stage of our meta-analysis assessed the im-
pact of disease-related factors on OCTT outcomes. We
added a fixed effect related to these factors to the model (1):

Yij ¼ μþ aj þ b0xij þ g 0zij þ "ij ð2Þ
where γ is the fixed effect of vector zij (associated with
factors related to altered physical status) on Yij. We
assumed that aj~N(0, τ2

2) and εij~N(0, σ2
2).

We employed a value of 5% in determining statistical
significance of the fixed effects. We conducted sensitivity
analyses using non-parametric regression models (PROC
GAM) to assess possible deviations from linear fixed effects.
In addition, the normality assumption was checked using
residual plots. All analyses were conducted using the SAS
system, release 9.2.

RESULTS

The first stage of the OCTT meta-analysis consisted of a
mixed model analysis of healthy subjects. The second stage
investigated the impact of altered physical status by includ-
ing individuals who suffered from various disorders.

The mixed-effects model in the first stage evaluated data
on 447 people from 31 reports. Some reports lacked data
regarding hydrogen concentrations (23,30) and water vol-
ume (31), and these data were therefore not included for the
corresponding analysis. Of the three candidate explanatory
factors, only the amount of lactulose was identified as a
significant variable (Table II, p<0.05), while volume of
chaser water and hydrogen concentration were not. Next,
the contribution of the lactulose interaction term, as well as
its squared and cubed forms, was investigated in the mixed
model. None of these was found to be statistically significant.
Therefore, we simplified the linear mixed model by removing
all terms other than the primary lactulose term. The resultant
model equation is as follows:

Model equation : OCTT minutesð Þ
¼ 125:2� 3:3� Lactulose gð Þ ð3Þ
Equation (3) indicates that the amount of lactulose has a

significant influence on OCTT, the objective variable, and

that OCTT varies linearly with the lactulose term. Since the
lactulose term can always be derived when obtaining
OCTT values using LHBT, we should be able to estimate
intact OCTT (OCTT without the influence of lactulose)
using only extrapolation. If we assume that lactulose is 0 in
equation (3), we can calculate the estimated OCTT as
125 min. This is the overall OTCC estimate for the healthy
subjects evaluated in this paper.

We applied non-parametric regression models to confirm
the linearity of the correlation between OCTT and the
lactulose term. These demonstrated a significant contribu-
tion of the primary lactulose term, and the plot of OCTT
versus lactulose amount showed clear linearity between
OCTT and lactulose amount (data not shown), which was
consistent with the results of the analysis based on mixed
linear models.

The second stage of the meta-analysis used linear mixed
models to investigate the effects of diseases or physical
changes that could affect OCTT. We identified previous
scientific reports that examined the relationship between
physical status and OCTT and that measured OCTT using
the LBHT method. A number of physical status impair-
ments have been claimed to affect OCTT, and we included
the following (141 people) as candidates: amyloidosis, celiac
disease, obesity, cystic fibrosis, diabetes, IBS, lithiasis, cho-
lecystectomy after lithiasis and pregnancy in addition to
healthy subjects in the first stage analysis.

In the linear mixed-effects model we considered the lactu-
lose and physical status factors to be covariates with fixed
effects, and the studies (reports) to be random effects. The
results are summarized in Table III. The mixed model
showed that in addition to lactulose, most factors were signif-
icant, with the exception of lithiasis. Figure 2 shows the

Table II Results of First-Stage Analysis

Test Conditions (xij) Estimate Standard Error p-value

Intercept 147.0 14.9 <0.0001

Lactulose (g) −4.4 1.1 <0.0001

Chaser (water) volume −0.1 0.1 0.1527

Hydrogen level (ppm) −0.2 0.5 0.6229

Calculations were conducted based on Model 1.

Table III Influence of Disease Factors on OCTT

Test
Conditions (xij)

Disease•Status (zij) Estimate Standard
Error

p-value

Intercept 124.5 8.8 <0.0001

Lactulose −3.2 0.7 <0.0001

Healthy Subjects 0.0 – –

Celiac Disease 135.6 11.1 <0.0001

Obesity 38.7 9.1 <0.0001

Cystic Fibrosis 160.2 15.4 <0.0001

Diabetes 54.3 16.9 0.0014

IBS −33.1 8.4 <0.0001

Lithiasis 19.6 10.2 0.0541

Cholecyctectomy after
Lithiasis

32.5 11.2 0.0037

Pregnancy 24.1 9.5 0.0115

Amyloidosis 79.7 13.1 <0.0001

Calculations were conducted based on Model 2. Healthy volunteers were
configured for the reference group in the mixed model.
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relative OCTT estimates with 90% confidential intervals,
allowing for visual comparison of the effect of each factor on
OCTT. The OCTT estimate for healthy subjects was set as
the default (0 min). A negative effect was observed for IBS.
Cystic fibrosis and celiac disease most significantly affected
OCTT (more than 100 min). In addition, the deviation of the
estimates was especially large for cystic fibrosis, diabetes, and
amyloidosis compared with healthy subjects.

DISCUSSION

We have conducted a meta-analysis using subject-level data
from past medical studies to construct a statistical model
that predicted OCTT. Data variations of OCTT would be
affected by that of GET and SITT. However, the value of
OCTT has an advantage because it covers both of those
parameters. Diggory et al. (9) discussed variations of GET
could contribute to OCTT with less degree than that of
SITT because of the time duration of SITT is longer than
GET based on the data using lactulose solutions with dif-
ferent osmolality that could affect GET. Therefore, we
consider the discussion on OCTT model should be mean-
ingful in PK/PD simulation of drugs apart from GET. Since
understanding of GET variation would be also important
especially in evaluating variation of drug absorption, we are
planning to propose GET model in another report.

The meta-analytic approach has allowed evaluating the
impact of various factors related to disease or altered phys-
ical status on OCTT, not covered by any single studies with
limited factors investigated and small sample sizes, as well as
obtaining more precise estimates regarding the impact of

these factors on OCTT. The validity of meta-analysis is
related to the nature and degree of unobserved inter-study
variation. When comparing with evaluation of effects of
therapeutics on clinical outcomes in randomized clinical
trials, which is the most popular situation for applying the
meta-analytic approach in medical studies, the drug’s ab-
sorption in a local GI tract would be easier to capture and its
procedures are relatively simple and well established. Inter-
estingly, in the second stage meta-analysis, the estimate of
the inter-study variance of OCTT (τ2

2 in the model (2)) was
107.1, which was much less than that of within-study vari-
ance (σ2

2), 1316.3. This would also support the validity of
applying the meta-analytic approach to the current situation
for evaluating the variation of OCTT.

We have proposed a mixed model for OCTT that
includes lactulose as an explanatory variable. The LHBT
method was selected for a meta-analysis of OCTT because
based on the number of previous reports it appeared to be
the most popular clinical diagnostic test for obtaining
OCTT data, most likely because of its convenience and
safety. The limitation of the LHBT is that it is based on
the metabolism of lactulose by bacteria in the colon, and
thus accurate OCTT data cannot be obtained from indi-
viduals with intestinal bacterial overgrowth (32). According
to the Rome Consensus Conference in 2009 (33), obstacles
to evaluating OCTT using the LHBT include large vari-
ance and low reproducibility, especially when lactulose is
administered with a liquid meal. We have shown here that
the LHBT can be a useful diagnostic test in fasting subjects
even it has some degree of variation. The estimates of the
inter-study variance (τ1

2) and within-study variance (σ1
2) of

OCTT were 112.0 and 1252.1 respectively in the first stage

Fig. 2 Effect of physical status on OCTT (90% confidential interval).
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meta-analysis. This is consistent with the conclusion of the
Rome Consensus Conference recommending the LHBT as
a viable and useful option in pharmacological studies.

Diggory et al. investigated the OCTT in relation with the
amount of lactulose and osmolality of the dosing solution (9).
They prepared 500, 1000 and 2000 mOsm/kg solution of
lactulose and compared OCTT with them and did not find
significant change of OCTT (mean and variations) among
the test groups while there was a linear relationship between
lactulose and the mean OCTT of the groups with different
amount of lactulose (5, 10 and 15 g at 1000 mOsm/kg).
They speculated that the osmolality of lactulose solution is
rapidly converted to the optimal tonicity by influx of water
in the upper jejunum. Our result coincides well with their
report in terms of significant linear relation of lactulose/
OCTT as well as the negligible relationship of osmolality/
OCTT that was indicated by the outcome that water
amount did not contribute to the OCTT model significantly.
It would need to be kept in mind, however, that osmolality
of 10 g lactulose in 100 mL water is estimated to be
100 mOsm/kg; therefore, entire ranges of osmolality and
lactulose amount in our study are not covered by their study.

Another report investigated the effect of different criteria
of hydrogen concentrations on OCTT (34). Because OCTT
is determined according to the degree of hydrogen concen-
trations that increase over basal levels, it was speculated that
this factor may affect OCTT measurements. Indeed, the
report concluded that increases in hydrogen concentrations
prolonged OCTT. We revisited this question to determine
whether criteria of hydrogen concentrations also influenced
the linear mixed model, and found that they did not. We
speculated that the magnitude of concentration differences
was not large from a statistical point of view.

Although other factors were considered as candidates for
analysis, namely menstrual cycle, age, gender, country of
residence, nutritional history and author bias, these were not
frequently described in past reports and were not able to
analyze in this model, thus excluded. Contribution of these
factors should be reviewed when enough data is available in
the future.

Many reports have described the effect on OCTT of
conditions marked by altered physical status, such as consti-
pation, diabetes, IBS, cholelithiasis, Crohn’s disease, obesi-
ty, diarrhea, pregnancy, systemic sclerosis and so on. In
cases of altered OCTT, it would be meaningful to know
during drug development whether the ADME profile of a
drug was affected, because PK profiles, bioavailability, and
effective duration of drug treatment could vary, especially
due to the change in absorption rate. We have shown that
OCTT estimation would be available through an OCTT
model with a defined state population. Although no rigor-
ous, statistically based investigations have been conducted in
the past, we were able to estimate the OCTT for fasting

healthy subjects in the first stage of our analysis. In the
second stage, we calculated estimated OCTT values for
populations with various health conditions, although the
statistical power may be low due to the limited number of
subjects available with each condition. It would also be
noted that because the limited number of reports that were
available for our analysis, the generalizability of our results
is restricted. The analysis presented here can perhaps be
used by future investigators as an example based on cur-
rently available information.

The outcome of this report should be useful in simulating
the pharmacokinetics of a compound for specific diseases
and in prospectively designing bioequivalence studies
(35,36). Since the primary interest during development of
oral medications is the absorption of the drug in the GI
tract, our findings would enable pharmaceutical researchers
to design drug formulations by specifying a drug’s physico-
chemical properties and ADME, as well as specific disease
state. If a drug’s solubility or permeability is low and its
absorption window is limited, it would be useful to consider
OCTT when formulating the drug. When a sustained-
release formulation is planned, OCTT could help define
the duration of drug release and help reduce possible vari-
ability in drug action (37). In designing bioequivalence stud-
ies, interactions on subject-by-formulation and subgroup-by
formulation need to be considered. When PK variance is
explained by such interactions through OCTT, it would be
worthwhile to utilize the OCTT variance in calculating
required sample size so that the anticipated clinical study
has enough statistical power (38).

In addition, OCTT should be taken into consideration
when OCTT values are potentially being altered by either a
health condition or the ingestion of a drug that affects
OCTT. The latter case is a topic that is relevant to person-
alized medicine. Hamburg et al. (39) argued that diagnostic
tests are necessary when customizing a drug to an individual
person in the context of pharmacogenetics. If a drug is likely
to affect OCTT based on its mechanism of action, a diag-
nostic test such as LHBT could help determine whether or
not the effect on OCTT is clinically significant. If it is, the
OCTT-related information should be considered when
pursuing a drug’s pharmacologic mechanism. This will pro-
vide decisive benefits in tailoring pharmacokinetics effec-
tively and appropriately to individual patients. For
example, the OCTTs of a population suffering from both
cystic fibrosis and diabetes could be predicted by adding
both distributions of estimates, resulting in a predicted
average OCTT of 338.8 min (124.5+214.3), which is
214.3 min (160.0+54.3) longer than that of healthy sub-
jects, as seen in Table III as the value of intercept of the
model. This type of information would be critical when
planning a dosage formulation anticipated to have
OCTT-dependent absorption, such as a sustained release
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formulations or high dose low permeability compounds.
The variation of each distribution is expressed as standard
error, and thus one would need to consider the sample
numbers as well as covariance among studies.

It would be also important to examine the effects of food on
OCTT, because drugs can be prescribed with or after meals.
With this in mind, the food and drug administration (FDA) is
requesting that pharmaceutical companies conduct clinical
studies investigating the effects of food early during the devel-
opment of new drugs (40). We are currently preparing a
manuscript in which we analyze OCTT using LHBT per-
formed without fasting and will discuss how this data can be
utilized in conjunction with that presented in this report.

CONCLUSION

The developed OCTT models incorporate inter-subject
variations regarding the physical status of subjects and can
contribute to simulating more accurate predictions of phar-
macokinetic profiles for drugs that are under development.
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