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A B S T R A C T

Absorption rate analysis (ARA) was introduced in 2011 as a no-cost investigative tool for elucidating the
details of drug absorption recorded in individual plasma time–concentration profiles. The method
continues to be refined since its introduction, so that a new article offering more advanced applications of
the method is appropriate. The stomach has been observed to exert considerable influence on the drug
absorption process beyond the usual issues of drug solubility and stability in the gastric environment.
This article is intended to demonstrate how readers can use ARA to reveal common factors affecting drug
absorption. A newly introduced technique is to make observations concerning individual subjects, then
assemble those individual observations to reveal factors not observable on an individual basis. This
technique considerably increases the utility of ARA for revealing potential barriers to drug absorption.

ã 2014 Elsevier B.V. All rights reserved.

1. Introduction

In a previous article (Roush, 2011), absorption rate analysis
(ARA) was introduced as a powerful, no-cost investigative tool for
extracting a detailed description of the drug absorption process as
drug product passes through the gastro-intestinal tract. Initially,
the method’s main use was for elucidating the cause of unexpected
results in pharmacokinetic studies. Over time, the primary focus of
investigations has shifted from answering “what went wrong?” to
how to use the method to develop more effective formulations.
Appropriate formulation decisions are made with greater confi-
dence when pharmaceutical scientists are forearmed with
knowledge of where drug dissolves and absorbs, as well as
unexpected risks or opportunities that may be encountered during
a drug development program.

ARA is intended as a practical tool to be used prior to and in
parallel with drug formulation development. This article is meant
to provide additional guidance concerning the method’s applica-
tion during the early stages of product development, illustrate the
way some common physiological interactions are expressed in
pharmacokinetic data and comment on how use of the method can
add significant value to a drug development program.

As of this writing, ARA has been used to characterize the drug
absorption process for approximately 60 separate phase I clinical
studies. During these investigations, it has been observed that the

activity of the stomach frequently has the largest influence on the
rate and extent of drug absorption. The stomach’s role in drug
absorption has been recognized for many decades (Hunt, 1963;
Prescott, 1974; Heading et al., 1973) and a review of previous
research on the topic is beyond the scope of this article. The
present work is meant to illustrate how to discern factors
influencing absorption using pharmacokinetic data that is already
in hand.

2. Methods

Individual plasma time–concentration data has been decon-
volved and absorption rate profiles were obtained as described in
the article introducing absorption rate analysis (Roush, 2011). All
data presented in this article were collected during human phase I
clinical trials which were carried out in accordance with the Code
of Ethics of the World Medical Association for experiments
involving humans.

Deconvolution of plasma time–concentration data is a two step
process. The unit impulse response (UIR) for each drug discussed in
the article was calculated using the WinNonLin IVIVC toolkit,
version 2.1. For oral drug studies, the regimen with the highest
bioavailability was chosen as the reference dose. All calculated
values for fraction absorbed and absorption rate are relative to the
mean unit impulse response determined for the population that
received the reference dose. Ideally, an oral reference regimen
would be a low dose solution or suspension but some flexibility is
required in making the choice, depending on the regimens that
were actually tested. After determining the UIR, deconvolution of
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the data set was performed using the deconvolution tool provided
in Phoenix WinNonLin, version 6.3. Absorption rate profiles are
generated automatically during deconvolution, since the error
minimization routine employed by WinNonLin software estimates
the absorption rate required between successive time points to
approximate the observed time-concentration profile that is being
deconvolved.

Four specific sites of absorption have been identified, based on
comparison of absorption rate profiles with gamma scintigraphy
images (Roush, 2011). These are the duodenum, ileum, ascending
colon and late colon, which includes both transverse and
descending colon, usually unresolved from each other. Absorption
in the ascending colon is easiest to identify for drugs capable of
absorbing in that site. Duodenum absorption is also readily
identified, since it occurs first. Resolution of duodenum and ileum
absorption peaks depends largely on the gastric emptying process.
Depending on the degree of absorption peak resolution, it is
sometimes challenging to attribute the amount of absorption that
occurred in the ileum. As a general rule, the ileum absorption peak
will occur at about 3 h from the beginning of duodenum
absorption.

Since the present article deals with the influence of gastric
activity on drug absorption, a practical definition of the gastric
emptying time period is required. The reader will appreciate that
absorption rate peaks have a strong resemblance to peaks observed
in chromatography. For convenience, the standard definition for
peak width in chromatography has been adopted. Also, residence
time in the proximal small intestine (duodenum) is a function of
the gastric emptying time period. For practical purposes, duode-
num residence time may be assumed to be identical to the gastric
emptying period. Therefore, the gastric emptying time period is
defined as the width of the duodenum absorption peak at 5% of
peak height (see Fig. 1). This definition is the starting point for
more advanced data interpretation techniques that will be
illustrated further in the text of the article. It should be understood
that any mention of mean absorption rate further in the text of this
article implies that an individual’s gastric emptying time period
has been measured and values shown are the mean absorption rate
during gastric emptying.

3. Results and discussion

In many instances, the rate of drug absorption is limited by the
rate of gastric emptying. However, that recognition leaves the
pharmaceutical scientist with an incomplete concept of the range
of possible effects. How gastric emptying rate affects absorption
may be further divided into instances where intestinal trans-
porters play a role in drug absorption and where they do not.

3.1. Drug absorption is restricted to the duodenum

It frequently occurs that a drug’s gastric solubility is poor and its
absorption is restricted to the duodenum. Assuming that intestinal
transporters are not involved in the absorption process, slow
gastric emptying naturally promotes additional absorption. The
two individuals represented in Fig. 1 were given an identical dose
of a drug that only absorbs in the duodenum. Subject 2114
experienced gastric emptying over a period of 1.3 h while subject
5103 had gastric emptying over 3.8 h. As a result, the drug
administered to subject 5103 had more time to dissolve in the
stomach and more contact time with the site of absorption.
Consequently, subject 5103 absorbed nearly 4 times as much of the
drug as subject 2114. This may have significant implications when
clinical studies are conducted in patients, rather than healthy
volunteers. It is well known that diabetes, as well as some other

disease states contribute to gastro paresis (Stacher, 2001), and
when this condition exists, drug exposure can be significantly
higher than with normal gastric emptying.

3.2. Gastric emptying rate is variable and intestinal transporters play a
role in drug absorption

The effect of gastric emptying rate is more complicated when
intestinal transporters are involved in the absorption process.
Active uptake transporters and efflux transporters operate by
moving drug in opposite directions across intestinal enterocytes.
However, the impact of a change in gastric emptying rate is
expressed in similar ways in absorption rate profiles. Active uptake
transporters move drug very rapidly into systemic circulation, but
only if dissolved drug is presented very rapidly to the intestinal
lumen. If gastric emptying slows even a little, the effect on rate and
extent of absorption can be quite large. The individual illustrated
by Fig. 2 participated in a bioequivalence study in which a three
drug combination was compared to the same three drugs dosed as
separate units. The drug illustrated is known to be absorbed via

Fig. 2. This individual received a rapidly dissolving drug that is absorbed via active
uptake transporters. The gastric emptying period for the test formulation was 8 min,
versus gastric emptying over 25 min for the reference formulation.

Fig. 1. Two subjects received the same dose of a drug that absorbs only in the
duodenum. Subject 5103 experienced a longer gastric emptying period than subject
2114. Prolonged gastric emptying permits the drug more time to dissolve as well as
longer contact with the duodenum. The gastric emptying time period is measured
at 5% of the peak height for duodenum absorption.
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active uptake transporters. When dosed as part of the drug
combination (test formulation), this drug exited the stomach in
only 8 min, compared to a gastric emptying time of about 25 min
when the three drugs were dosed as separate units (reference
formulation). As a consequence, systemic exposure from the test
formulation was 60% higher than from the reference formulation,
for this individual. It is believed that one of the other drugs in the
combination dose is capable of slowing gastric emptying, since this
phenomenon was observed only when that drug appeared in
plasma samples before the drug shown in Fig. 2. This example
illustrates that when designing bioequivalence studies for drug
combinations, it is wise to specify the dose order for separate units.
If a drug is known to slow gastric emptying, it should normally be
administered last in the dosing sequence. Otherwise, the dose
order should be based on relative in vitro dissolution rates. The
fastest dissolving drug would be administered first and the slowest
dissolving drug would be administered last.

Fig. 3 illustrates the action of intestinal efflux transporters in a
population of male and female healthy volunteers. The action of
intestinal efflux transporters cannot be observed in specific
individuals but is easily identified from a population of individuals.
Each symbol represents one subject’s dose normalized AUC for a
single dose of the drug. As the amount of drug dosed increased and/
or gastric emptying rate increased, bioavailability initially increased
rapidly. That is to say, the efficiency of drug elimination via efflux
transporters decreases as the rate of absorption by passive diffusion
increases. It has been observed that eventually, a state of near
equilibrium is reached, so that over a wide range, an additional
increase in rate of absorption does not result in a significant
increase in bioavailability. It can be seen in Fig. 3 that over the
absorption rate range of 300–1000 mg/h dose normalized AUC does
not change significantly. However, when the absorption rate rises
above 1 g/h, exposure rises dramatically. This suggests that the
absorption rate has begun to exceed the efflux transporters’
capacity to eliminate a constant fraction of drug coming into the
enterocytes. This would be of particular concern if the drug has a
narrow therapeutic index.

On the other hand, drugs which are substrates for intestinal
efflux transporters are poor candidates for modified release (MR)
formulations. Any factor that slows rate of drug release can
contribute to more efficient elimination via intestinal efflux
transporters, resulting in sub-therapeutic exposure. This is clearly
illustrated in Fig. 3, where high dose immediate release (IR)
formulations induce high systemic exposure (upper right of graph)
but high dose modified release formulations induce very low
systemic exposure (lower left side of graph). If the action of
intestinal efflux transporters is observed early in a drug develop-
ment program, the effect of MR formulations on drug exposure is
entirely predictable. In such cases, the expense and delay
associated with an MR formulation development should be
avoided. The author has observed the effect of intestinal efflux
transporters in about 10% of the investigations which have
employed ARA, so far.

3.3. The effect of gastric irritation and the migrating motor complex on
drug absorption

One of the many functions of the stomach is the defense of the
small intestine from potentially harmful or irritating substances.
Irritation may take many forms and the specific nature of the
irritation may not be understood. For the purpose of this
discussion, gastric irritation is identified by the stomach’s response
to stimulus, rather than by the nature of the stimulus. Through
application of ARA, the stomach’s defensive role can be seen to
advance through progressive stages which the author has
interpreted as indications of increasing gastric irritation.

Fig. 4a–c, illustrates the progressive steps the stomach employs
to mitigate risk to the rest of the intestinal tract, after a few
individuals received a drug known to have significant gastro-
intestinal related side effects. When a substance is first perceived
as irritating, the initial route of risk mitigation appears to be to
dilute the substance and release it slowly, over several hours
(Fig. 4a). With large doses or after repeated dosing, the degree of
irritation to the stomach lining may make the dilution effort more
difficult. In Fig. 4b, gastric emptying is observed in a series of brief
pulses, suggesting that the stomach has reached a more advanced
stage of irritation. Finally, the dose may be so large or taken so
frequently that adequate dilution becomes impossible. The
individual represented by Fig. 4c received a large dose of the
same drug illustrated by Fig. 4a and b for 20 consecutive days. On
day one, this individual’s stomach resorted to dilution and slow
release of the drug similar to the experience of the individual in
Fig. 4a. By day 20, the dilution and slow release defense
mechanism has failed and the stomach has reverted to sudden
elimination via the migrating motor complex (MMC). No drug
release was observed for 2.5 h, but by 3 h the majority of the dose
had been eliminated from the body.

Drugs that irritate the gastro-intestinal tract often exhibit
large positive increases in exposure when dosed with food. The
peak absorption rate is a function of the concentration of drug
dissolved in the intestinal lumen and typically, the fed state peak
absorption rate differs very little from the peak fasted state
absorption rate. This implies that the presence of food does not
affect drug solubility. However, as the individual represented by
Fig. 4d shows, the presence of food leads to prolonged gastric
emptying. It is likely that drug becomes dispersed throughout the
digesting food matrix, which reduces the surface contact of the
drug with the gastric lining. Dispersion of the drug through the
food matrix may assist the stomach in performing the initial
dilution and slow release that was illustrated in Fig. 4a. Another
way to reduce a drug’s surface contact with the stomach lining
may be through the use of modified release formulations.

Recovery time after dose administration has important con-
sequences for drugs that irritate the gastro-intestinal lining. In the
fasted state, irritating drugs have been observed to have a more
severe impact on gastro-intestinal motility when dosed twice
daily, relative to the change in motility observed with repeated
once daily dosing. Twice daily dosing may not permit adequate
time for regeneration of the gastric lining, whereas once daily
dosing permits sufficient time for recovery.

Fig. 3. Intestinal efflux transporters appear to be sensitive to bulk drug
concentration in the intestinal lumen. Low bulk concentration results in a slow
rate of absorption, so elimination of absorbed drug via intestinal efflux transporters
is more efficient.
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3.4. Multiple gastro-intestinal barriers to drug absorption

It sometimes happens that pharmacokinetic data is best
understood in light of events that are expected but which do
not occur. Fig. 5 presents a case in point. P-glycoprotein (PgP) and
breast cancer resistance protein (BCRP) are members of the ATP-
binding cassette family of efflux transporters. These are widely

distributed in the intestinal epithelium, as well as other organs
throughout the body and they function by transporting drugs and
other foreign substances out of cells. The drug illustrated by the
Fig. 5a is a known substrate for PgP and BCRP efflux transporters
and the effect on drug absorption is apparent when mean
absorption rate is plotted versus dose normalized AUC. Bioavail-
ability of the 100 mg dose shown in Fig. 5a is low, relative to the

Fig. 5. A plot of dose normalized AUC versus absorption rate from a dose escalation study reveals two elimination pathways which are influenced by gastric activity. In Fig. 5a,
the action of intestinal efflux transporters is apparent, especially at the lowest dose. Using a subset of the data in Fig. 6b, the slope of the two lines is a function of relative
bioavailability of the doses. For the 3 g dose, bioavailability is approximately 1/2 of bioavailability observed for 800 and 1500 mg doses.

Fig. 4. The individuals represented by Fig. 4a–c illustrate the progressive changes in the stomach’s response to irritating substances. The initial response, seen in Fig. 4a, is
dilution and slow release of the irritant over several hours. The individual shown in Fig. 4b experienced gastric emptying in a series of pulses over four hours. In the final stage
of gastric irritation (Fig. 4c), the gastric response shifts from dilution of the irritating substance to elimination of it. On day one, the individual shown in Fig. 4c experienced
gastric emptying over 6–7 h. By day 20, a long initial period of gastric stasis is succeeded by a strong impulse that propelled most of dose through the gastro-intestinal tract
and out of the body between 2.5 and 3 h after the dose was administered. The individual represented by Fig. 4d illustrates how the presence of food effects gastric emptying of
irritating drugs. The peak absorption rates for either state are similar, indicating drug concentration is also similar.
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larger doses. When a subset of the population is viewed in Fig. 5b, a
secondary elimination pathway is revealed. It is now apparent that
as absorption rate increases, the rise in dose normalized AUC is
slower for the 3 g dose than for the 800 and 1500 mg doses. The
slopes of the trend lines shown in Fig. 5b are a function of the
relative bioavailabilty of the doses so the bioavailability of the 3 g
dose is apparently one half that of the 800 and 1500 g doses. Emesis
was not observed for these individuals, so alternatively, the
reduction of exposure is the action of the migrating motor
complex, which initiated in the stomach and rapidly drove a
significant part of the dose to the colon. Colonic absorption is not
observed for this drug, so it appears that a large part of the dose is
missing. A follow-up gamma scintigraphy study was performed in
dogs which confirmed the assertion that large intact tablet
fragments arrived in the colon minutes after the dose was
administered.

3.5. Variability in exposure with enteric coated products

The reproducibility of individual gastro-intestinal function is of
great value with respect to characterizing drug absorption via ARA.
The reproducible rate of travel through the intestine make
evaluation of enteric products possible, despite the fact that

tablets may pass through one or more absorption region before any
absorption occurs.

In theory, a pH 5.5 enteric coating should dissolve promptly
upon exiting the stomach. However, a simple in vitro experiment
demonstrates that prolonged exposure of enteric polymers to an
acid environment increases the polymer’s resistance to dissolution
in neutral media. Prolonged gastric residence has the same effect,
in vivo. After long exposure to the gastric environment, the tablet
may travel a considerable way through the GI tract before the onset
of dissolution and absorption.

Fig. 6 illustrates the effect of long gastric residence time on
enteric coated tablets. It is assumed that an enteric coated tablet
dosed after receiving a proton pump inhibitor (PPI) dissolves
without delay, as an uncoated immediate release tablet would. The
fasted state enteric tablets given to both individuals in Fig. 6
experienced some change in resistance to dissolution when acid
was present in the stomach. The tablet dosed without PPI
treatment arrived in the ileum before dissolving for the subject
shown in Fig. 6b. This is likely also true for the individual shown in
Fig. 6a but that is less certain.

There is no way to know how long tablets resided in the
stomach in the fed state but it’s reasonable to assume fed state
gastric residence time was longer than for the fasted state. The

Fig. 6. These two individuals illustrate the transformation of enteric tablet coatings that occurs in the acidic environment of the stomach. For the individual shown in Fig. 6a,
the dose administered in the fasted state, in the absence of a proton pump inhibitor probably arrived in the ileum before the enteric coating began to dissolve. The fed state
dose appears to have reached the late colon before it began to dissolve at 18 h after the dose was received. For Fig. 6b, the fasted state dose also reached the ileum before
dissolving. The fed state dose appears to have passed out of the body intact and no measurable plasma concentration was observed.

Fig. 7. These individuals have received a drug formulated as enteric beads. The individual shown in Fig. 7a has some drug absorption in the duodenum for both formulations,
while the individual represented by Fig. 7b experienced drug absorption in the duodenum for formulation 1, only. This drug absorbs in all four of the identified absorption sites
– duodenum (2 h), ileum (4.5 h), ascending colon (9.5 h) and late colon (18 h).
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effect of additional gastric residence time is quite dramatic for both
individuals shown in Fig. 6. For the individual shown in Fig. 6a, the
enteric coated tablet dosed in the fed state arrived in the late colon
18 h after the dose was administered before the enteric coating
began to dissolve. For the individual shown in Fig. 6b, the tablet
administered in the fed state appears to have passed out of the
body intact.

Where the nature of a drug requires release outside of the
stomach, enteric beads appear to perform more consistently than
enteric coated tablets. Fig. 7 illustrates the typical absorption
characteristics for a low dose drug formulated as enteric beads.
Enteric beads are small enough to begin passing out of the stomach
early, with no attempt at size reduction. Consequently, they may
begin dissolving in the duodenum, as seen in Fig. 7a (first
absorption peak). Fig. 7a illustrates the four identified absorption
sites, reasonably resolved from each other. In order of time after
dosing, they are the duodenum (peak at 2 h), ileum (peak at 4.5 h),
ascending colon (peak at about 9.5 h) and late colon (peak at 18 h).
For the individual shown in Fig. 7b, formulation 2 experienced a
delay in onset of dissolution, so hardly any absorption is observed
in the duodenum. This is compensated by a nearly proportional
amount of absorption seen in the ascending colon for formulation
2. Intra-subject variability for absorption from enteric beads has
been observed to be less than for enteric coated tablets. At least for
fasted state dosing, absorption from enteric beads approaches the
consistency of immediate release formulations.

4. Conclusions

The stomach frequently plays a role in the drug absorption
process that extends beyond the usual concerns about drug

solubility and stability in the gastric environment. The stomach
may directly influence whether and for how long drug resides in
favorable intestinal absorption sites. It influences how efficiently
intestinal transporters interact in the drug absorption process and
operates to mitigate the risks of introducing potentially harmful
substances to the small intestine. Absorption rate analysis permits
investigating scientists to observe these various effects, as well as
many others, directly from existing pharmacokinetic data. This
article has presented several examples of the way ARA is being
used to understand a drug’s absorption characteristics early in the
product development cycle. Discovery of potential barriers to
absorption often leads to helpful conclusions for mitigating the
risks as much as possible. It is the author’s assertion that every
factor contributing to drug absorption is recorded in individual
plasma time–concentration data and that ARA offers a convenient
means for observing those factors. It is hoped that the various
examples presented in this article will be helpful guides for
scientists whose role is evaluating drug absorption and biophar-
maceutical risks to drug development programs.
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