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Since  the  1980s,  a  considerable  body  of research  has  been  dedicated  to  the development  of  in silico
models  for  the prediction  of  human  pharmacokinetic  data  based  on  absorption  in a series  of discreet
intestinal  compartments.  While  some  of  these  models  have  been  successfully  used  to predict  future  phar-
macokinetic  results  or to  explain  previous  results,  evidence  for compartmental  absorption  in individual
pharmacokinetic  data  has  not  been  published.  This  article  presents  in vivo  evidence  for  compartmen-
tal  drug  absorption  along  with  an  empirical  method  for determining  gastrointestinal  (GI) tract  location
during  absorption,  using  individual  time–absorption  rate  profiles.  Comparisons  are  shown  between  the
bsorption rate analysis absorption  rate profiles  and  corresponding  gamma  scintigraphy  images,  to  demonstrate  the  reliability
of  the  GI  position  assignments  and  a hypothesis  is  proposed  to  explain  the  appearance  of  peaks  and
troughs  in  absorption  rate  profiles.  Absorption  rate analysis  is  shown  to  be  a reliable  and  low  cost  tool  for
interpretation  of  unexpected  pharmacokinetic  data.  Pharmaceutical  scientists  should  find  it  useful  for
understanding  the  in  vivo  performance  of drug  products  and  it is  hoped  this  will  result  in  fewer  delays
and  lower  costs  during  drug  development  programs.
. Introduction

Unexpected problems related to oral absorption have been a
ajor cause of attrition during the drug development process.

learly, it is desirable to predict the absorption characteristics
f a drug product prior to dosing in humans and numerous in
ilico predictive models have been developed for this purpose.
okoumetzidis et al. recently published a review describing the
arious types of predictive models as well as their relative merits
1]. Predictive models have been developed based on the physi-
al and chemical properties of the drug, release characteristics of
ormulations and physiological factors affecting drug absorption.
hysiological models can be divided into two broad categories:
ispersion models and compartmental absorption models.

The compartmental absorption model views the intestine as
eing divided into a series of absorbing segments [2].  These mod-
ls are based on the assumption that absorption is continuous
hroughout a specific segment of the gastrointestinal (GI) tract but
hat the rate of absorption varies as the dose traverses the gut.
uttle et al. developed a model based on discontinuous absorp-
ion throughout the GI tract to explain the frequent appearance of

ouble peaks in plasma time–concentration profiles [3].  The Com-
artmental Absorption Transit (CAT) model, as developed by Yu
t al. [4] became the forerunner of the widely used commercial
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software, GastroPlus. The various compartments were ascribed to
specific regions of the GI tract and relied on a calculated term, effec-
tive permeability Peff, which is a function of the physical conditions
within a specific absorption compartment. Sawamoto et al. [5] pro-
posed a similar model called the GI Transit Absorption (GITA) model
which permitted the additional flexibility of variable drug transit
rates. Kimura and Higaki also employed in vivo techniques, such as
gamma  scintigraphy, to validate their model [6].

The number of intestinal compartments has remained a topic
of uncertainty since the first compartmental model was described.
As few as one and as many as seven have resulted in satisfactory
predictions of drug absorption [7–11]. However, no single value
has proved to be suitable for every circumstance. Furthermore,
while compartmental absorption models are believed to simulate
in vivo absorption processes, in vivo evidence for compartmental
absorption has not been published.

The goal of predictive modeling is to estimate the mean bioavail-
ability and time course of the fraction of dose that reaches systemic
circulation in a population. While there are numerous instances
where the various compartmental models have made satisfactory
predictions, the problem of unexpected or undesired pharmacoki-
netic results continues to persist. In such instances, there is a need
to interrogate the individual subject time–concentration profiles
and if possible, attribute a likely cause for the unexpected results.

For example, when similar formulations are shown to be non-
bioequivalent, it is desirable to conduct an absorption analysis of
individual pharmacokinetic data in hopes that it may  yield clues
to a specific cause for the failure, prior to embarking on expen-
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ive and time consuming investigations in the laboratory. The goal
f absorption analysis is to interpret individual subject absorption
haracteristics with respect to chemical and physical properties of
he drug product, as well as to individual physiological conditions,
uch as rapid GI transit or prolonged gastric residence. As such,
bsorption analysis of existing pharmacokinetic data can be viewed
s being dissimilar but complimentary to predictive absorption
odeling.
Interpretation of individual subject absorption characteristics

an be made with far greater certainty when details of GI tran-
it are available. Consequently, gamma  scintigraphy and other
on-invasive techniques have been widely used to supplement
harmacokinetic data. However, all such supplementary tech-
iques require advanced planning and incur additional costs and
elays, so more often than not, they are not used. Recently, compar-

sons have been made between time–drug absorption rate profiles
nd corresponding gamma scintigraphy data for the corresponding
ubject/dose combinations. These comparisons appear to support
he concept of compartmental drug absorption, as proposed in the
arious compartmental models referred to above, in that there are
uccessive periods of high and low rate of absorption. The periods
f high drug absorption rate appear to be consistently associated
ith identifiable regions of the GI tract. The following paragraphs
ill describe a simple empirical method for determining details of
rug transit through the GI tract using individual subject absorption
ate data. Locations of regions of high absorption rate will be veri-
ed by comparison with corresponding gamma  scintigraphy data.
lso, explanations for periods of low drug absorption rate and the
pparently variable number of absorbing GI compartments will be
roposed.

The new method, called absorption rate analysis, is used specif-
cally to obtain a detailed view of how a drug product performs
n vivo or why it has not performed as anticipated. A system-
tic method of inquiry has been offered, so that investigators can
egin to extract high value information from pharmacokinetic data
uickly after becoming familiar with the method. Finally, some
xamples are presented to illustrate how absorption rate analysis
ay  be used for the interpretation of unexpected pharmacokinetic

ata. These examples are drawn from a number of drugs no longer
n development and have been chosen based on the fact that PK and
amma  scintigraphy data exist for each subject and the data illus-
rates common problems which pharmaceutical scientists have
truggled repeatedly to understand and deal with successfully. Spe-
ific therapeutic indications for the drugs will be identified as each
rug is introduced in the text, although these are not necessary to
ain an understanding of the method being presented. The object of
his article is to introduce a new technique for interpretation of PK
esults as clearly as possible. Specific subjects presented in the text
nd figures have been chosen on the basis that these individual’s
bsorption rate profiles clearly illustrate the points being discussed
or readers who are unfamiliar with the topic presented by this arti-
le. It should be noted that the method being described is applicable
o any oral drug product and has no limitation with respect to BCS
lassification. If plasma concentration can be measured for 12–16
ime well chosen time points, location of absorption sites can be
etermined with good precision.

. Methods

Pharmacokinetic and gamma  scintigraphy data were drawn
rom a series of regional absorption studies conducted in the pre-

ious decade for drugs that are no longer in development. Dosage
orms used include tablets, capsules and suspensions. Specific for-

ulations may  sometimes affect the appearance of absorption
ate profiles. For example, enteric coated tablets may  sometimes
armaceutics 419 (2011) 43– 51

begin to absorb a few hours after gastric emptying. However, the
examples shown were designed to be rapidly disintegrating imme-
diate release formulations and in vivo absorption characteristics are
indistinguishable from each other, unless specifically noted.

Gamma  scintigraphy studies were performed at Scintipharma,
Inc., Lexington, Kentucky, USA. Studies were conducted in accor-
dance with “good clinical practice” (GCP) and all applicable
regulatory requirements, including, where applicable, the 1996
version of the Declaration of Helsinki. Written informed consent
was obtained from each subject prior to the performance of any
study-specific procedures. Case report forms were provided for
each subject’s data to be recorded. Radio labeled tablets or capsules
were prepared at Scintipharma and pharmacokinetic analysis was
performed either by Scintipharma or at GlaxoSmithKline. Subjects
in the Naproxen Sodium example were migraine headache suffer-
ers up to 60 years of age and the examples shown were obtained in
the absence of migraine. All remaining subjects in the other regional
absorption studies were young, male healthy volunteers. Unless
specifically noted, drug was  dosed in the fasted state.

Absorption rate profiles were obtained by deconvolution of
individual plasma time–concentration data, using WinNonLin ver-
sion 5.2. Deconvolution is a mathematical process for separating
time–concentration data into its respective absorption and elim-
ination phases, mainly for the purpose of determining drug
absorption characteristics. WinNonLin uses an algorithm called
numerical deconvolution by least squares, which is a difference
minimization technique. The mathematics have been explained in
detail by D.J. Cutler, who  first developed the algorithm [12,13].

From a theoretical perspective, the observed plasma
time–concentration profile is divided into uniform time intervals.
The unit impulse response function over the interval (t1 − t0) is
the rate of change in plasma concentration required C�,or(t1) to
achieve the change in cumulative amount absorbed over that inter-
val. The overall unit impulse response is the sum of the areas under
the unit impulse response function: UIR = �C�,or(t1), C�,or(t2),
C�,or(t3) . . . C�,or(tn). A general limitation for deconvolution is that
the sampling interval just described must be set so that the area
under the unit impulse function, g(t), satisfies the requirement
g(1) > g(2) > g(3), etc. The theoretical requirements and limitations
of the deconvolution method have been described by Li and Cutler
[14].

Usually for oral drugs, no corresponding IV data is available and
absolute bioavailability is unknown. To address this shortcoming,
the unit impulse response is calculated for an oral dose which is
likely to have the highest bioavailability among the study regi-
mens. For deconvolution of pharmacokinetic data, the unit impulse
response (UIR) for each individual in a study was  determined using
the WinNonLin v.5.2 IVIVC wizard. The individual UIR terms were
then averaged. Deconvolution was  performed using the WinNonLin
deconvolution tool. The first derivative or drug time–input rate pro-
file is relevant to the assessment of GI motility and will be the only
WinNonLin output referred to throughout this article. For the pur-
pose of comparison to gamma  scintigraphy data, most time–drug
input rate profiles have been normalized with respect to the indi-
vidual’s highest observed input rate.

No differences in compartmental absorption characteristics or
gastrointestinal motility have been noted with respect to age, gen-
der or ethnic heritage. However, certain disease states have been
noted to alter absorption rate profiles significantly. For example,
type II diabetic patients have been observed to have very prolonged
gastric emptying times. Recently, a small population (n = 8) of hep-
atitis C patients exhibited very rapid gastric emptying compared
to a group of healthy volunteers. It is not known if this observa-
tion is typical for hepatitis patients. No examples of these effects

have been intentionally shown in the following discussion but it is
important to be aware that disease state may  affect GI motility.
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Fig. 2. The macroscopic mass balance for the intestinal perfusion experiment
ig. 1. Time versus drug absorption rate for one individual after dosing with a drug
nown to absorb throughout the entire GI tract.

. Results

The evaluation of GI transit from pharmacokinetic data evolved
mpirically, during an investigation involving a drug known to
bsorb in both the small intestine and throughout the colon. Fig. 1
hows one individual’s time–drug absorption rate profile. It can
e seen that drug absorbs in a series of rate peaks and troughs,
onsistent with the predictive compartmental GI transit models
reviously referred to. Individual differences in GI transit can be
bserved within a study population. However, observations from
everal pharmacokinetic studies indicate there is no inter-subject
ariation in the number of absorbing compartments. Four absorp-
ion compartments have been identified, although that number is
ot always observed. Reasons for the appearance of more or fewer
ompartments will be given in succeeding paragraphs, as well as a
ethod for consistent identification.
Tentative assignment of GI tract locations can be made a process

f rational deduction and the validity of the location assignments
an later be verified by comparison with gamma  scintigraphy. Obvi-
usly, absorption does not take place prior to the onset of gastric
mptying. Consequently, the absorption rate peak labeled “A” is
ost likely to be associated with absorption in the proximal (early)

egion of the small intestine. The drug is known to absorb through-
ut the colon and considering the time elapsed since dosing, the
bsorption rate peak labeled “D” can reasonably be attributed to
he late (transverse or descending) colon. The distal (late, includ-
ng the ileum) small intestine succeeds the proximal region and
esidence time in the distal region is typically longer than in the
roximal region. Therefore, it is reasonable to assign the absorb-

ng region labeled “B” to the distal small intestine. Upon leaving
he small intestine, whatever drug remaining in the distal small
ntestine collects for a time in the cecum before being passed to
he ascending colon. Since the absorption rate peak labeled “C” lies
etween compartments previously attributed to the distal small

ntestine and the transverse colon, it is reasonable to attribute “C” to
bsorption in the ascending colon. It will be seen later that passage
hrough the cecum results in a leveling effect, so that variability
n early GI transit has no discernable effect on absorption in the
scending colon.

The appearance of absorption rate peaks and troughs may  be
xplained by a slight modification of the mass transport model pro-
osed by Johnson and Amidon, illustrated in Fig. 2 [15]. Johnson
nd Amidon defined the term Peff or effective intestinal permeabil-
ty rate constant (Eq. (1)) as a function of the physical parameters
llustrated in Fig. 2. Q is the intestinal fluid flow rate, which is
eff = Q (1∼Cm/C0)
2�RL

(1)

ssumed to be constant. C0 and Cm are the drug concentrations
assing into and out of the intestine, respectively. Finally, R and L
described by Johnson and Amidon. The difference between the mass flowing into
and out of the intestine is equal to the rate of mass absorbed.

are the radius and length of the intestine. However, if the GI  tract
is thought of as being composed of a series of absorbing compart-
ments, rather than a single, continuous compartment, then Peff can
be defined for each individual compartment and bulk fluid flow
may  proceed at a variable rate. Intestinal fluid would initially flow
into a compartment, then briefly collect and pause in a specific,
narrow region of the compartment before passing on to the next
compartment. In such a scenario, the bulk drug concentration in
any intestinal segment, C0, becomes a function of the intestinal
flow rate, Q. When the flow rate is high, drug is widely dispersed
in a compartment, so bulk drug concentration C0 is low. At a point
of collection within an absorption compartment, flow rate is low
and C0 is high. This view of discontinuous compartmental flow is
supported by gamma  scintigraphy images, such as those seen in
Fig. 3. For clarity, specific regions of interest in the GI tract are indi-
cated in Fig. 3. The stomach, as well as the ascending colon (C)
and transverse colon (D) are easily distinguished in gamma scintig-
raphy and these areas are manually outlined by the scintigraphy
analyst in each successive image. The numerous bends and folds
in the small intestine do not allow for resolution of this organ in
gamma  scintigraphy, so regions of interest are outlined by the ana-
lyst. These regions of interest are identified as the proximal (A) and
distal (B) regions of the small intestine.

For the individual shown in Fig. 3, gastric emptying occurs from
0.15 to 0.47 h. By 0.47 h, the drug and radiation are seen to be con-
centrated primarily in the proximal region of the small intestine
and this time point corresponds with the first absorption rate peak.
From 0.73 to 1.46 h, radiation and drug can be seen migrating from
the proximal to distal region of the small intestine. This time period
corresponds to a period of reduced drug absorption rate or trough.
From 1.95 to 2.60 h, the radiation and drug are concentrated in a
specific region of the distal small intestine, with presumably little
or no flow during this interval. During this time, another absorption
rate peak occurred. From 3.00 to 4.47 h, intestinal fluids were seen
to migrate from the distal small intestine to the ascending colon.
This migration corresponded to a new absorption rate trough. Dur-
ing the interval 4.47–7.96 h, radiation and drug remained confined
mostly in the ascending colon, with a resulting absorption rate peak
centered at 6 h. In the final absorption phase form 12 to 24 h, the
remaining radiation and drug can be seen to be confined mostly in
the transverse region of the colon.

Comparison of time–absorption rate profiles for Figs. 4–7 shows
that this view of compartmentalized intestinal flow applies con-
sistently across a number of individuals, regardless of the drug
being tested. For all of the following figures, the absorption com-
partments are identified by the same convention used initially in
Fig. 1:

A = absorption in the proximal small intestine

B = absorption in the distal small intestine
C = absorption in the ascending colon
D = absorption in the transverse colon
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Fig. 3. Gamma scintigraphy images for an individual who rece

Fig. 4 shows the absorption rate profile for an individual after
osing with 500 mg  Naproxen Sodium. The absorption rate peaks
t 2.00, 4.53 and 8.01–10 h correspond to periods of high concen-
ration and low flow through the proximal small intestine, distal
mall intestine and ascending colon, respectively. Periods of migra-
ion from one compartment of the GI tract to the next correspond to
ntervals of low absorption rate. During these periods of migration
rom one compartment to the next, radiation is widely dispersed
nd drug concentration in any specific segment of the GI tract is
resumably low, resulting in a low Peff value.
Fig. 5 shows the absorption rate profile for the same individ-
al whose gamma scintigraphy images were presented in Fig. 3.
his subject was dosed with 363 mg  of GW695634, a pro-drug

ig. 4. The time–absorption rate profile is shown for subject 1, after being dosed
ith 500 mg  Naproxen Sodium. Gamma  scintigraphy images for the same individual

re shown for comparison.
63 mg  GW634695, radio labeled with indium (1 1 1) chloride.

of GW678248 which is a non-nucleoside reverse transcriptase
inhibitor (NNRTI) for treatment of HIV infection. GW695634 is
rapidly converted to the parent drug GW678248, in the liver.
Absorption rate peaks were assigned empirically, as described for
Fig. 1, and then compared to the individual’s gamma images for
confirmation. As stated previously, periods of high local concen-
tration and low flow rate correspond with absorption rate peaks.
Periods of migration from one compartment to the next coincide
with wide dispersion of radiation and drug, resulting in absorption
rate troughs.
The uncertainty surrounding the actual number of GI absorption
compartments is understandable in light of the time–absorption
rate profile shown in Fig. 6. In this individual, gastric emptying
is observed to occur in two distinct phases, separated by a brief

Fig. 5. Absorption rate profile for GW678248, subject 9. The gamma scintigraphy
images for this subject/dose are displayed to the right and image times correspond-
ing to absorption rate peaks are highlighted.
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ig. 6. Absorption rate profile for GW678248, subject 11. The gamma scintigraphy
mages for this subject/dose are displayed to the right and image times correspond-
ng  to absorption rate peaks are highlighted.

ause. The pause was long enough to divide absorption in both the
roximal and distal regions of the small intestine into two phases
ach. However, passage through the cecum appears to have re-
ombined the separate fractions, so that drug absorption from the
scending and later colon were unaffected by dual phase gastric
mptying. The result is that four absorption compartments have
he superficial appearance of six. However, the fact that absorp-
ion in the ascending colon has been unaffected by earlier events

akes it easy to identify in the time–absorption profile. There-
ore, the ascending colon compartment can serve as a landmark, to

ssist in identifying the earlier compartments. By interpreting the
bsorption rate profile in this way, it is possible to attribute the ear-
ier absorption rate peaks to biphasic gastric emptying even in the
bsence of gamma  scintigraphy data. It should be noted that drugs

ig. 8. Absorption rate profile for 20 mg  GW353162, subject 112, with gamma  count fra
tomach,  (b) fraction in the proximal small intestine, (c) fraction in the distal small intest
Fig. 7. Absorption rate profile for GW678248, subject 7. The gamma scintigraphy
images for this subject/dose are displayed to the right and image times correspond-
ing  to absorption rate peaks are highlighted.

subject to enterohepatic recirculation may  also seem to exhibit
additional absorption compartments. To date, the author has had
no opportunity to study absorption rate profiles for such a drug and
it is presently unknown how the additional peaks would alter the
appearance of the absorption rate profile.

In Fig. 7 gastric emptying was  also biphasic. However, for this
individual there was no bi-phasic absorption beyond the proxi-
mal  small intestine. The reason for this can be understood by close
inspection of the gamma  scintigraphy images. After the first phase
of gastric emptying, radiation and drug have remained in the proxi-

mal  small intestine in a locally high concentration for a brief period
of time. However, the 2nd phase of gastric emptying coincides with
a period of rapid migration from the proximal to distal small intes-
tine. The two  initially separated fractions of radiation and drug

ctions from various regions of the GI tract overlaid. (a) Fraction remaining in the
ine and (d) fraction in the colon, respectively.
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ig. 9. Absorption rate profile for 100 mg  GSK561679, subject 5. The fraction
emaining in stomach, combined proximal and distal small intestine and colon are
hown overlaid on the normalized absorption rate profile.

ave arrived almost simultaneously in the distal small intestine
t 3.47–3.97 h, resulting in a single absorption rate peak from this
ompartment. The final two absorption phases can be seen to cor-
espond to the ascending and transverse colon, as described earlier.

Inspection of gamma scintigraphy images provides a useful
ualitative demonstration of the drug migration through the GI
ract. However, it is difficult to estimate the proportion of drug in
ach region of interest, directly from these images. Alternatively,
amma  scintigraphy can be viewed as a plot of fraction remain-
ng in a region of interest versus time. In Figs. 8–10, the fraction of
adiation remaining in the gastric phase, small intestine and colon
re overlaid onto the time–absorption rate profiles for the corre-
ponding individual. Absorption in the proximal small intestine
orresponds with the interval of gastric emptying. Absorption in
he distal small intestine occurs after gastric emptying is complete
ut before migration to the colon. When conditions are favorable
or absorption in the ascending colon, this will be seen at or near the
ime when there is overlap between the small intestine and colonic

hases of radiation migration. Generally, the transit time through
he ascending colon appears to be similar to distal small intestinal
ransit, so this absorption rate peak will have a similar width at
he baseline. Finally, transit through the transverse or later colon is

ig. 10. Absorption rate profile for 100 mg  GSK561679, subject 2, 30 min  after a
oderate fat meal.
armaceutics 419 (2011) 43– 51

longer than for the three previous compartments. If it is observed
at all, the peak absorption rate is rarely as high as that of the earlier
absorption compartments.

Although all individuals seem to have four separate absorption
compartments along the GI tract, there are cases where fewer com-
partments are actually observed. For example, if a drug is soluble
in gastric fluid but precipitates soon after entering the small intes-
tine, only one absorption compartment may  be observed. In the
case of enteric coated products, it is conceivable that absorption in
the proximal small intestine will not be observed, while absorption
in the distal small intestine and later compartments is evident. The
time–absorption rate profile shown in Fig. 9 shows that absorption
is essentially complete in the proximal small intestine. The subject
received a 100 mg  tablet of GSK561679, a CRF1 receptor antagonist.
For this drug, solubility and permeability are favorable for absorp-
tion in the distal small intestine and ascending colon and absorption
in these compartments was observed for other individuals. How-
ever, the dose was relatively low and proximal intestine absorption
rate was high, so it is likely that available drug was absorbed before
passing to the distal small intestine.

Finally, there are instances where the absorption rate peaks
for proximal and distal small intestine are unresolved. This condi-
tion is characteristic of prolonged gastric emptying. It is frequently
seen when drug is dosed in the fed state but is also observed in
some individuals in the fasted state. With prolonged gastric emp-
tying, drug is expected to be migrating to the proximal and distal
regions of the small intestine simultaneously, so what is normally
observed as two distinct absorption rate peaks will be merged into
one. The time–absorption rate profile shown in Fig. 10 illustrates
the effect of prolonged gastric emptying, after the subject received
a 100 mg  tablet of GSK561679 in the fed state. The absorption peak
attributable to the ascending colon would be easily discerned even
without gamma  scintigraphy data, so it is clear that the first two
absorption phases have merged.

While the method of determining sites of drug absorption is
interesting it must be conceded that this information is of little
practical value unless it can be used to shed additional light on
the in vivo fate of drug products as they pass along the gastroin-
testinal tract. Pharmacokinetic studies often turn out differently
than expected, resulting in long delays in product development and
expensive investigations which may  or may  not actually contribute
to understanding of the problem. Among problems frequently
encountered by pharmaceutical scientists are: failure to show
bioequivalence, significant loss of exposure on repeat dosing and
excessive inter-subject variability, among many others.

Determination of drug sites of absorption is only the first phase
of an investigational process that has been called absorption rate
analysis. It is the author’s contention that each subject in every
well designed pharmacokinetic study reveals the in vivo fate of a
drug product in precise detail. However, the ability to obtain this
information and take advantage of it requires highly developed
observation skills. The investigator must be able to see the details
within the absorption rate profile and recognize the significance
of what has been seen. For example, the investigator may  observe
two subjects who  have received the same regimen. For one of the
subjects, it is observed that gastric emptying occurred soon after
dosing, that the majority of absorption has occurred in the distal
small intestine and that the maximum rate of absorption is about
30 mg/h. For the second subject, it is observed that gastric emp-
tying is prolonged over 2 h, that most absorption has occurred in
the proximal intestine and that the maximum rate of absorption is
3 g/h. Anyone will recognize that these are significant details. With

due consideration, the investigator will conclude that if the dose
has an opportunity to dissolve in the stomach, the proximal small
intestine represents a more favorable absorption site than the dis-
tal small intestine. Furthermore, for individuals whose absorption
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bioequivalence to a previously developed capsule formulation. The
figure shows a comparison of one individual’s absorption rate pro-
files for capsule and tablet. The absorption rate profiles are similar
through the regions attributable to the proximal and distal small
J.A. Roush / International Journa

ccurred in a less favorable site, it would be reasonable to conclude
hat a physical or physiological process prevented absorption in
he proximal small intestine. A tablet may  have ejected from the
tomach prior to disintegration, for example. Assuming that simi-
ar observations are made for the entire study population, it would
eem the best way to optimize drug exposure and reduce vari-
bility would be through the use of a very rapidly disintegrating
ormulation.

A systematic approach to observation of in vivo absorption
nvolves answering a few basic questions:

Where was  the drug located at the start of absorption?

1) Where was the drug located when absorption was  last
observed?

2) How much time elapsed between the onset and end of absorp-
tion?

3) Does GI motility change with multi-day dosing?
4) Does one compartment seem to be a more favorable site of

absorption than the others?
5) If so, does drug often seem to bypass the most favorable site

and absorb largely in other sites?
6) Does an increase or decrease in dose alter the observed absorp-

tion characteristic?
7) How does food, antacid or dose frequency alter absorption char-

acteristic?
8) Do one or more individuals have absorption characteristics that

seem atypical?
9) If so, describe the atypical phenomena.

This is not meant to be an exhaustive list of appropriate obser-
ations but is should cover most circumstances that investigators
re likely to encounter. Once the questions have been answered for
ach subject in one or a series of clinical studies, it is necessary for
he investigator to develop a hypothesis that can account for the
ircumstances that have been observed. For example, drug absorp-
ion never begins in the ascending colon unless some physical cause
as prevented absorption in the small intestine. With knowledge of
he composition and the results of in vitro tests for the formulation
hat has been dosed, the investigator will easily form a rational and
estable hypothesis to account for the observed clinical results.

With that brief explanation of how absorption rate analysis
hould be conducted, it is appropriate to offer a few examples of
ts use in actual practice. The object such an investigation is first
f all, to explain why the specific results were obtained. Once the
actors contributing to absorption characteristics have been iden-
ified, options for formula optimization may  become apparent. The
ollowing examples have been encountered many times by phar-

aceutical scientists but the underlying causes have often defied
xplanation. Through the application of absorption rate analysis,
he cause for each of the following circumstances can be readily
nderstood.

xample 1. Drug exposure drops during repeat dosing: A com-
on  observation during drug development is that during repeat

osing, AUC drops substantially, relative to the first dose. While
his phenomenon may  be common, the cause is rarely understood
atisfactorily. However, inspection of individual absorption rate
rofiles may  reveal an obvious cause. Fig. 11 shows the absorption
ate profile for an individual after dosing with 500 mg  Naproxin
odium. Naproxin is a known GI tract irritant. After repeated dos-
ng of the irritating compound, gastric residence time prior to onset
f absorption is observed to be much longer than after the first dose.

urthermore, after repeated dosing, transit through the small intes-
ine is observed to be more rapid than after the first dose. Gamma
cintigraphy for the individual represented in Fig. 11 shows that
he bulk of the dose transited from stomach to ascending colon
Fig. 11. Absorption rate profile and corresponding gamma scintigraphy images for
an  individual after dosing with 500 mg Naproxin Sodium.

in just a few minutes, between 4 and 4.5 h after dosing. The same
information can be readily deduced from the absorption rate pro-
file. The ascending colon presents less favorable conditions for drug
absorption than the proximal and distal regions of the small intes-
tine but the majority of drug absorption is in the ascending colon.
Consequently, it is reasonable to conclude that most of the drug
transited the small intestine too rapidly for significant absorption
to occur. This mechanism for rapidly bypassing two important sites
of absorption would certainly account for reduced drug exposure.

Example 2. Investigation of a failed bioequivalence study: One
factor that contributes to the utility of absorption rate analysis is
the reproducibility of an individual’s GI function. Some variation
is to be expected but the similarity from day to day is sufficient
that within a small population of subjects, individuals can be easily
identified and distinguished from each other on the basis of the
patterns observed in the absorption rate profiles.

In the case of a bioequivalence study comparing capsules and
tablets, the individual reproducibility of absorption rate profiles
was used to attribute the likely cause of the failure. Fig. 12 has been
taken from a study in which a tablet formulation failed to show
Fig. 12. Comparison of the absorption rate profiles for one individual participating
in  a failed bioequivalence study.
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Fig. 13. A comparison of absorption rate profiles from two individuals who have
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een received a high dose of a drug with low oral bioavailability 30 min after a high
at  meal.

ntestine, but the tablet dose exhibited no absorption in the ascend-
ng colon despite the observation of substantial absorption from the
apsule. For this individual, the difference in exposure from capsule
nd tablet was proportional to the fraction of drug absorption that
eemed to be “missing” from the ascending colon absorption phase.
he same relationship appeared to apply to the study population, as

 whole. When the absorption rate profiles were similar through-
ut, the two formulations were bioequivalent for that individual.
owever, when dissimilarity was observed between the absorption

ate profiles, a significant part of the tablet absorption rate profile
as observed to be reduced or absent and drug exposure from the

ablet was observed to be reduced by a proportional amount.
The observation that differences in individual absorption rate

rofiles corresponded to proportional differences in drug expo-
ure was suggestive of excessive in vivo disintegration time from
he tablet. A portion of the tablet has not been absorbed in some
ndividuals because it passed through the relevant absorption com-
artments in its original solid state. Further in vitro tests supported
his interpretation and once the problem was identified, it was
asily corrected.

xample 3. Identification of outlier individuals in a PK study:
here are occasions when the interpretation of pharmacokinetic
ata may  be strongly biased by the inclusion of data from a single

ndividual. The individual’s drug exposure may  be several times
reater or less than the study population for a particular regimen.
very instinct identifies the individual as an outlier but without
dequate justification, the individual’s data cannot be treated sep-
rately from the rest. However, individual absorption rate profiles
ay  provide sufficient justification for identifying and individual

s an outlier.
For a drug with low oral bioavailability and/or large dose

equired, the amount of drug absorbed in a specific GI compart-
ent is a function of both the effective permeability (Peff) and the

well time in that compartment. Fig. 13 compares the absorption
ate profiles for two individuals after dosing such a drug in the
ed state. As expected, the proximal small intestine represents a
avorable site of absorption for both individuals. However, for the
ndividual identified as a “typical” subject, gastric emptying and
roximal intestine transit appear to be complete by 2 h after dosing.
herefore, most of the drug absorption is observed to occur from

he distal small intestine phase for this individual. In the case of the
outlier” subject, gastric emptying is prolonged over a period of at
east 24 h after dosing, so the proximal small intestine is exposed
Fig. 14. The absorption rate profile and stomach gamma scintigraphy reproduced
from Fig. 8a, above.

to a high concentration of drug for the entire time. As might be
expected, high drug concentration for a prolonged period of time in
an absorbing compartment leads to high exposure. In this instance,
the subject identified as an outlier had drug exposure almost three
times higher than the population mean. The observation that the
gastric emptying period exceeded 24 h would seem to justify his
identification as an outlier, since it is not typical in a population of
healthy volunteers.

Example 4. Attributing a cause for high PK variability: In many
drug development programs, high inter- and intra-subject variabil-
ity is identified as a factor that needs to be addressed to ensure that
the drug is both safe and efficacious. Unfortunately, such efforts
are bound for disappointment unless the excessive variability can
be reasonably attributed to a controllable variable. Once again,
however, a thorough interrogation of absorption rate character-
istics may  indicate the cause of variability without incurring large
expense or long delays in the development program.

In one instance, a basic drug with high gastric solubility exhib-
ited such high inter- and intra-subject variability in exposure
that the viability of the development program was threatened.
Since gastric solubility was  high, absorption in the proximal small
intestine (subsequent to gastric emptying) was thought to play a
significant role in PK variability. Using absorption rate analysis, the
absorption period associated with gastric emptying can be readily
identified, as seen previously in Fig. 8a. This figure is reproduced
in larger size as Fig. 14.  For absorption in the proximal small intes-
tine, the peak in absorption rate corresponds in time with the point
of inflection in the time-fraction remaining gastric emptying pro-
file. Consequently, the gastric emptying rate (1/h) can be easily
calculated for each individual.

Pharmacokinetic data from three similar relative bioavailability
PK studies was combined into a single data set. AUC and gastric
emptying rate were determined for each individual and are pre-
sented in Fig. 15.  It can be seen that drug exposure is a function
of gastric emptying rate and that variable gastric emptying rate is
the largest contributor to variable exposure. As with the “outlier”
subject identified in Fig. 13,  a slow gastric emptying rate resulted
in high drug exposure. It may be noted that the distribution of
data in Fig. 15 is not particularly random. Although none of the
formulations was designed with the intent of altering the gastric
emptying rate, two  of the formulations seemed to have done so.

In the crossover study, those formulations prolonged the gastric
emptying time by several hours, compared to the original reference
dose.
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ig. 15. Exposure versus gastric emptying rate for individuals combined from three
mall PK studies.

. Conclusions

Deconvolution of individual plasma time–concentration data
hows that drug absorption occurs in discreet compartments of the
I tract. Inspection of corresponding gamma  scintigraphy images
akes it clear that the compartmental absorption rate phenom-

na is the result of discontinuous flow through the GI tract. During
eriods of migration from one absorbing compartment to another,
adiation and drug are widely dispersed, resulting in low local bulk
rug concentrations and coinciding low absorption rates. Once fluid
nters a new compartment, it is seen to collect or concentrate in a
arrow region of the compartment, coinciding with a new absorp-
ion rate peak.

It has also been shown that the four absorption compart-
ents are consistently identifiable in time–absorption rate profiles,

egardless of the individual or drug being studied. Though the sys-
em of absorption rate peak identification was derived empirically,
t has been verified by comparison with gamma  scintigraphy in a
umber of individuals from four different pharmacokinetic stud-

es. Of 70 absorption rate profiles calculated from the four studies,
greement with gamma scintigraphy was observed for 66 (>90%).
herefore, absorption rate analysis can be used as a reliable way
f tracking a drugs’ progress through the GI tract. It is expected
hat other investigators will observe the same absorption rate phe-
omena in other clinical PK data and will easily learn to identify
bsorption rate peaks without the aid of gamma  scintigraphy data.

Absorption rate analysis is a new technique for interpretation
f PK data, and is still in development at the time of this writ-
ng. However, in the first few months of use, it has been found to
e a powerful and flexible tool for extracting valuable information
rom a wide range of pharmacokinetic data. Among the variety of
nformation that has been extracted are:

Location of the most favorable site for dissolution and whether
or not the dose can be kept there.

Location of the most favorable site for absorption.
Whether or not the characteristics of the formulation take advan-
tage of the most favorable sites of dissolution and absorption.
Whether the drug alters GI motility.
armaceutics 419 (2011) 43– 51 51

• An estimate of a drug’s solubility limited dose.
• Whether exposure can be increased by particle size reduction.
• Whether therapeutic drug concentration can be prolonged with

an MR formulation.
• Whether a drug product is a potential candidate for an IVIVC. That

is, whether the rate and extent of in vivo dissolution depends on
the formulation, is a property of the unformulated drug substance
or the physiological characteristics of the patient.

The value derived from absorption rate analysis depends largely
on disciplined and methodical observation skills. A systematic
routine for applying the method to PK interpretation has been
described and it is hoped that interested readers will find the
recommendations valuable in developing their own observation
skills.

Finally, it should be recognized that absorption rate analysis
offers the most value to pharmaceutical scientists when applied
early in a drug development program. There is certainly a bene-
fit in being able to explain what went wrong but there may  be
more satisfaction in avoiding problems. Gaining a clear under-
standing of how a drug behaves in the GI tract during the first
time in humans study will be of great assistance in designing the
most appropriate drug formulation. It is believed that the routine
practice of absorption rate analysis at the beginning of product
development programs will lead to a reduction in the number
of phase I clinical studies required for product development, as
well as fewer program delays, investigations and reformulation
efforts.
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