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Preface

A crucial question in the development of any new drug is whether it will be
bioavailable after oral administration. Good oral availability opens up a variety
of formulation possibilities, makes it easier to provide dose-to-dose and batch-
to-batch reproducibility, and improves flexibility with respect to dosing condi-
tions. In comparison with other routes of administration and drugs with restric-
tive dosing conditions, an oral dosage form that can be administered under a
variety of dosing conditions often leads to better patient compliance.

Oral Drug Absorption: Prediction and Assessment focuses on the key
factors involved in the release of drug from the dosage form and its subsequent
passage across the gut wall. The book begins with three chapters devoted to
aspects of physiology and pathophysiology that can play a role in drug absorp-
tion, including motility issues and how diseases of the gastrointestinal tract
can change the integrity of the mucosa as well as affect the composition of
lumenal fluids. Chapters 4 through 8 are concerned with the assessment of
permeability of the absorbing mucosa to the drug. All currently used methods
are considered, ranging from in silico calculations to cell culture and animal
tissue methods to perfusions in whole animals and humans. Chapter 8 provides
a particularly interesting perspective on how the pharmaceutical industry cur-
rently combines the various methodologies to evaluate the permeability of new
chemical entities and what is needed to bring these studies to high-throughput
efficiencies.

Chapters 9 through 13 focus on solubility and dissolution limitations
of oral bioavailability. Guidance is given on appropriate dissolution testing

v
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vi Preface

conditions for both immediate (Chap. 10) and extended-release (Chap. 11)
dosage forms. As in the permeability chapters, there is also a chapter specifi-
cally addressing practical concerns in the pharmaceutical industry with respect
to assessment of release rate, illuminated by numerous examples. Chapter 13
provides guidelines on how to set up dissolution tests so that meaningful data
can be obtained and discusses critically the various options for evaluating data
and comparing results among various formulations.

The last section of the book is devoted to in vitro—in vivo correlations,
including both deconvolution and convolution methods. The different types
and levels of correlation are clearly described and their advantages and disad-
vantages critically discussed. It is hoped that this combination of topics will
enable the reader to obtain a broad overview of the range of studies on pre-
dicting and assessing oral drug absorption of new chemical entities and that
sufficient detail is given to enable selection of the appropriate tests for a given
compound and stage of development. Of course, it is recognized that factors
such as instability of the drug in the lumenal fluids and potential metabolism
in the gut wall and/or liver may also place major restrictions on bioavailability
after oral administration. Although some attention is given in this book to gut-
wall metabolism, the reader is referred to other texts that specifically address
liver metabolism (e.g., Woolf T, ed., Handbook of Drug Metabolism, Marcel
Dekker, 1999) to integrate this possibility into an evaluation of new drug sub-
stances.

We would like to thank the authors for their cooperation in the timely
preparation of manuscripts, which allowed us to produce a book that reflects
state-of-the-art thinking in oral drug absorption. Further, we would like to
thank the editors at Marcel Dekker, Inc., in particular Sandra Beberman and
Jane Roh, for their accessibility and helpfulness in all aspects of the book’s
production.

Jennifer B. Dressman
Hans Lennernds
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1

Gastrointestinal Transit and Drug
Absorption

Clive G. Wilson
Strathclyde Institute for Biomedical Sciences, University of Strathclyde,
Glasgow, Scotland, United Kingdom

I.  INTRODUCTION

The human gut has evolved over many thousands of years to provide an
efficient system for the extraction of nutrients from a varied diet. Functionally,
the gut is divided into a preparative and primary storage region (mouth and
stomach), a secretory and absorptive region (the midgut), a water reclamation
system (ascending colon), and finally, a waste-product storage system (the
descending and sigmoid colon regions and the rectum). The organization
of the upper gut facilitates the controlled presentation of calories to the sys-
temic circulation allowing the replete person to perform physical work, to
undergo social activities, and to go to sleep. In spite of this wondrous organiza-
tion it is still necessary, or at least desirable, in a modern lifestyle to take three
meals a day. On the other hand, most of us wish to take our medications only
once a day.

Although the human race has relied on medicines for an indeterminate
number of years, the physiology of the digestive process is less than conve-
nient for the efficient absorption of many of the modern therapeutic entities
we wish to administer. The influence of feeding and temporal patterns on
gastrointestinal transit, therefore, is of great relevance in attempting to opti-
mize drug absorption. In this chapter, we will consider how data from recent
experiments might have an influence on how we think about dosing issues.
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2 Wilson

We will start with swallowing a medicine and finish with transit through the
large intestine.

Il. ESOPHAGEAL TRANSIT

After the dosage form leaves the buccal cavity, which is a relatively benign
environment, transit through the esophagus is normally complete within 5—
15 s, depending on posture. It has been known for many years that disorders
of normal motility (dysphagia), left-sided heart enlargement, or stricture of
the esophagus can result in impaired clearance of formulations. In some cases
this can lead to damage of the esophageal wall. The elderly have a decreased
ability to swallow large dosage forms, a phenomenon that may be related to
the loss of secondary peristaltic mechanisms. Impairment of the ability to
swallow with advancing age has been identified as a major health care problem
in an aging population. Radiological studies of an asymptomatic group of 56
patients, mean age 83 years, showed that a normal pattern of deglutition was
present in only 16% of individuals (1). Oral abnormalities, which included
difficulty in controlling and delivering a bolus to the esophagus following
ingestion were noted in 63% of cases. Structural abnormalities capable of
causing esophageal dysphagia include neoplasms, strictures, and diverticula,
although several workers have commented that only minor changes of struc-
ture and function are associated with aging. The difficulty, therefore, appears
to relate to neurological mechanisms associated with the coordination of
tongue, oropharynx, and upper esophagus during a swallow.

In scintigraphic studies of transit rates of hard gelatin capsules and tab-
lets, elderly subjects were frequently unable to clear the capsules (2,3). This
appears to be due to the separation of the bolus of water and capsule in the
oropharynx, resulting in a ‘‘dry’’ swallow. As a result, capsule adherence
occurred in the lower third of the esophagus. In this region, adherence is not
sensorially detected: subjects were unaware of sticking. The importance of
buoyancy in capsule formulation has hitherto been ignored and may be an
additional risk factor in dosing the elderly.

lll. GASTRIC RETENTION

Our understanding of the behavior of dosage forms in the stomach has been
gained largely from scintigraphic studies in which phases of a meal and formu-
lations are labeled with different radionuclides, particularly technetium-99m
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and indium-111 (4,5). Such studies have demonstrated that retention times of
formulations in the stomach are dependent on the size of the formulation (6)
and whether or not the formulation is taken with a meal (5). Enteric-coated
or enteric matrix tablets may be retained for a considerable time if dosed with
a heavy breakfast (7).

Multiparticulate dosage forms will empty more slowly in the presence
of food and, because the dosage forms mix evenly with the food, the entry
into the small intestine will be strongly influenced by the calorific density and
bulk of the ingested meal (8). The rate of gastric emptying, therefore, predicts
the absorption behavior and is reasonably reproducible. In contrast, the absorp-
tion of drugs from small, soft gelatin capsules is sometimes less predictable,
and other nonradionuclide measurements may aid in the understanding of dos-
age form behavior in this case. In recent studies in our laboratory, we noted
erratic performance of a soft gel formulation containing a poorly soluble drug.
Reduction of dose size increased the variability, and we were at some difficulty
in explaining these results. Therefore, we had to look for other imaging possi-
bilities, including magnetic resonance imaging (MRI). The differences in pro-
ton shift of gut contents and tissues can be used to explore the behavior of
formulations in the GI tract, provided that movement artifacts can be mini-
mized.

It is well established that, after eating a meal, the shape of the stomach
changes and the upper part (the fundus) relaxes to accommodate the extra
volume. There is a short lag phase before the mixing movements in the lower
part of the stomach, the pyloric antrum, increase. There is, therefore, a sharp
contrast between the activity in the top and bottom halves of the stomach.
This difference disappears when the subject lies prone in the MRI magnet:
the pressure of the viscera causes mixing to abruptly cease and the liquid and
solid phases separate in the stomach. This enabled us to perform studies to
show previously unexplored mechanisms contributing to variability. Figure 1
shows the semisolid fraction of a sandwich-based meal lying in the stom-
ach. Because the solid phase is not fully hydrated, it shows up as a bright
doughnut-shaped solid against the liquid phase above it. Over a period of
about 30 min to an hour, the solids gradually hydrate and the two phases are
no longer distinct. During the early phase of digestion, the center of the lumen
is relatively immobile, and the secreted gastric juice flows around the food
mass. The poor homogeneity of the lumenal contents prevents efficient mix-
ing. A small capsule given soon after the meal floats on the liquid above the
solid mass, becoming stuck in the gastric rugae in the body of the stomach,
or floats off ahead of the bulk of the gastric contents. The process is illustrated
in Fig. 2.
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Fic.1 MRIimage showing a cross section through the upper abdomen: The semi-
solid fraction of a sandwich-based meal can be seen as a consolidated mass in
the stomach. The stomach has squeezed the carbohydrate to an oblong mass.
Image was taken within 10 min of consumption.

cohesive mass by actions of
the pyloric antrum

Fic. 2 Diagram showing how a small capsule given soon after the sandwich
floats on the liquid above the solid mass.
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IV. SMALL INTESTINE

In the small intestine, contact time with the absorptive epithelium is limited,
and a small-intestinal transit time of 3.5—4.5 h is typical in healthy volunteers.
The Holy Grail of drug delivery would be to discover a mechanism that ex-
tended the period of contact with this area of the gastrointestinal tract. Various
approaches have been suggested, although a universal solution is not evident,
and data demonstrating phenomena which extend GI residence are often a
subject of controversy. Florence (9) has argued that nanoparticulates show
intercellular transport and increased residence in the GI tract, but other work-
ers have questioned the importance of this observation. Microparticulates are
retained by the stomach, which may contribute to a prolongation of the absorp-
tive phase—their capacity is, however, limited (Thair and colleagues, unpub-
lished data). Prolonged stasis of pellets and tablets has been reported to occur
at the ileocecal junction, but in our experience gastric emptying of subsequent
meals causes movement of the material from terminal small bowel to cecum.
Fat causes an extension of the small intestinal transit time, but the effect is
modest (30—60 min), and it does not appear that this mechanism is exploitable
in drug delivery.

V. COLONIC ABSORPTION

For most formulations, colonic absorption represents the only real opportunity
to increase the interval between doses. Transit through the lower part of the
gut is quoted at about 24 h, but in reality only the ascending colonic environ-
ment has sufficient fluid to facilitate dissolution. In the cecum, the fermenta-
tion of soluble fiber will produce fatty acid and gas (largely carbon dioxide,
but with small amounts of hydrogen and methane if the redox conditions are
appropriate). The gas rises into the transverse colon and can form temporary
pockets, restricting access of water to the formulation. Consequently, distal
release of drug is associated with poor spreading, reduced surface area, and
restricted absorption. In the colon, water availability is low past the hepatic
flexure, as the ascending colon is extremely efficient at water absorption.
Changing the water content of the human colon by coadministering 20 g lactu-
lose for 3 days markedly increases dispersion and dissolution in the transverse
colon (Fig. 3). In the study shown in subjects were dosed with quinine sulfate
in a colon-targeted device (Pulsincap) after receiving either lactulose for 3
days or codeine 30 mg t.d.s. Fiber dosing, 20 g/day, was used as a control.
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Fic.3 Graph illustrating the dispersion of colonic contents of a Pulsincap released
in the ascending bowel.

In comparison with either codeine or fiber control, lactulose treatment caused
a marked increase in dispersion of the released contents (Hebden JM, et al.,
unpublished data).

VI. ROLE OF THE DISTAL COLON

The anatomy of the distal colon, with its thick muscular walls, suggests a
predominantly propulsive activity in this region. Studies with single adminis-
trations of pellets or Pulsincap devices suggested that this area is difficult to
treat because the second half of the transverse colon and the descending colon
function as a conduit. Steady-state measurements confirm this assertion (10).
Subjects were dosed daily with indium-111-labeled Amberlite resin and im-
aged throughout the day. On the fourth day, the division of activity in the
colon was 67% in the proximal half and 33% in the distal half. Subsequent
experiments in patients with left-sided colitis have suggested that the division
is even more exaggerated in colitis, which may provide an explanation for
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poor therapeutic results often seen with orally administered medications in
patients with active disease.

Release at the ileocecal junction (i.e., before significant absorption of
lumenal water has occurred) appears to provide satisfactory dispersion in the
right colon. It has been suggested that there is a degree of stirring in the cecum,
facilitated by the relatively liquid nature of the lumenal contents at this point.
The cecum receives volumes of fluid sporadically, amounting to about 1L/
day, from meals and associated intestinal secretions.

VII. THE IMPORTANCE OF TIME OF DOSING

The time of dosing appears to be an important factor in maximizing colonic
contact, particularly in the ascending colon. Morning dosing without fasting
is a common regimen in clinical trials, and patterns of motility, at least in
healthy volunteers, have been well-established using scintigraphy. Following
early-morning dosing, a nondisintegrating unit clears the stomach in 1-2 h
and has a small-intestinal transit time of 3—4 h. Thus, at about 1 pm, the unit
will be expected to be at the ileocecal junction or will have just entered the
colon. Colonic transit through the proximal colon of intact objects such as
capsules is usually 5-7 h. For a nondisintegrating object, dosed in the morning,
the unit will have arrived at the hepatic flexure by 7-8 pm. Thus, assuming
the drug is absorbed in the colon, the maximum time window for absorption
is 6-8 h following morning dosing with a monolith. Because the transit of a
dispersed particulate phase through the proximal colon is longer, about 12 h
(11,12) the maximum time window for absorption in this case is somewhat
longer, 12—15 h. Further studies using the Pulsincap system (13) were carried
out in our laboratories with the objective of targeting the distal colon using
a pulsed delivery of a transcellular probe (quinine) and >'Cr-EDTA, a paracel-
lular probe (14). In these studies, subjects were dosed at 10 pM to ensure
delivery to the descending colon by lunchtime the following day. The site of
release was identified by incorporating '''In-labeled resin into the unit and
the subjects were imaged with a gamma camera. A total of 39 subjects were
investigated. Fifteen hours after nocturnal administration, the majority of the
delivery systems were situated in the proximal colon at their predicted release
time and had not advanced further than a similar set of systems viewed only 6
h after dosing. This relative stagnation appears to reflect the lack of propulsive
activity in response to by the intake of food and the effect of sleep in reducing
colonic electrical and contractile activity (15—19). Delayed nocturnal gastric
emptying (20) and reduced propagation velocity of the intestinal migrating
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motor complex (21) may also have been contributory, as supported by the
finding that in two individuals the delivery system did not enter the colon until
12.5 and 13.5 h after ingestion.

If a delayed release formulation is taken close to 5 PM in the afternoon,
it will have progressed through to the ascending colon by the time the patient
goes to bed. Quiescence of propulsive movements in the large bowel during
the night causes a relative stagnation, and units remain in the ascending colon.
Potentially, this can increase the time of contact to 11-13 h even for a slowly
dissolving matrix. On rising, the change in posture stimulates mass move-
ments, experienced by the subject as an urge to defecate, and contents move
from the right to the left side of the colon.

From the studies conducted using gamma scintigraphy and MRI, it ap-
pears that both temporal and dietary factors are important codeterminants of
transit. For poorly soluble substances, the reserve time is an important determi-
nant of bioavailability. Moving away from the current practice of dosing sus-
tained-release formulations in the mornings might allow a reduction in the
dosing frequency and increased efficacy of colon-targeted drugs, and would
be especially suitable for formulations used to prevent acute disease episodes
at night and in the early morning.
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Permeability in the Gastrointestinal
Tract

Lars Knutson, F. Knutson, and T. Knutson
Enkdping Hospital, Uppsala University, Uppsala, Sweden

I.  INTRODUCTION

The specificity of most drug actions suggests a bond formation between the
drug and some cellular constituent, generally referred to as a receptor. Drug—
receptor interactions may initiate responses by altering the permeability of
membranes, by interfering with carrier mechanisms, by modifying templates,
or by acting on enzymes.

Current trends in fundamental research on drug effects focus on trans-
port of ions and the binding and release of endogenous mediators, with much
work being done in isolated systems.

Agonistic or antagonistic effects demonstrated in the test tube can, how-
ever, be completely different when we start to evaluate the action of the drug
in the human body. Claude Bernard stated, in 1865, that the study of drug
effects and permeability implied ‘. . . dealing with the elementary parts of
organisms where the elementary properties of vital phenomena have their
seat.”” Being a surgeon whose main interest is focused on intestinal physiology
and abdominal diseases, my own personal opinion is that the seat for the vital
phenomena stated by Bernard is the gastrointestinal tract, or putting it more
generally: ‘“The road to a man’s heart goes through his intestine.”

Various physiological factors must be considered to achieve beneficial
and therapeutic effects from a drug. The goal is not only to have an effect on
““a man’s heart’” but on the entire organism or special organ systems. This
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demands certain qualities in the preparation and characteristics of a drug which
will enable it to be absorbed into the body. Here the oral route of administra-
tion can be more demanding than any other method of administration.

Il. INTESTINAL PERMEABILITY

Two major functions of the small intestine are, at first glance, contradictory.
These are the efficient absorption of nutrients, fluids, electrolytes, and drugs,
and the simultaneous exclusion of potentially antigenic or toxic inflammatory
substances (1). The selective ability of the intestinal epithelium to provide a
barrier to the absorption of these potentially harmful compounds is often re-
ferred to as permeability. Abnormal permeability may be important in the
pathogenesis and pathophysiology of various diseases, such as celiac disease,
rheumatoid arthritis, nonsteroidal anti-inflammatory drug (NSAID)-associated
enteritis, and Crohn’s disease (2). To achieve more dependable methods to
study permeability and permeability changes, the degree of penetration
through the intestinal wall by water-soluble molecules has been investigated.
A variety of different probes have been used and described in studies of perme-
ability of the small intestine (3,4). Usually these probes are administered
orally, and their excretion rate in the urine is used to measure their penetration
through the intestinal barrier.

A. Dissenting Permeability Data

Since the 1970s, there have been more than 20 studies assessing the intestinal
permeability of patients with Crohn’s disease. Some of these studies show
that the results of permeability studies vary according to the type of probe
used. However, studies using the same probe in seemingly identical patient
groups also diverge; the reasons why are unclear. Evidently, permeability stud-
ies using different orally ingested smaller and larger probes only address some
of the pathological changes taking place in patients with gastrointestinal diar-
rheal disease. Altered gastric-emptying rate, shortened intestinal transit time,
absorption of permeability probes in different parts of the small intestine, or
differences in degree of mucosal inflammation or area available for absorption
are factors that are not fully controlled when the probes are administered by
mouth. Different and new techniques are needed to obtain a purer measure of
intestinal permeability before a clear understanding of the importance of the
barrier can be reached, not only for drug absorption, but also for the gene-
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sis and perpetuation of intestinal disorders such as Crohn’s disease, celiac
disease, and other forms of food intolerance.

Loc-I-Gut Techniques

Through intestinal perfusion using the Loc-I-Gut instrument—a multichan-
neled tube with two or more balloons for insulation of different intestinal
segments—it is possible to control and also determine permeability and re-
lease of inflammatory mediators as well as to perform controlled and accurate
studies of absorption of different pharmacological compounds (Fig. 1). A more

Fic.1 The Loc-l-Gut technique enables precise determination of drug permeabil-
ity in defined segments of the small intestine.
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detailed description of the technique is given elsewhere (5) and some perme-
ability data obtained with the Loc-I-Gut are presented in Chapter 7.

lll. MUCOSAL INTEGRITY

Studies of gastrointestinal physiology reveal an intricate interaction between
central and peripheral nerves, hormones, and peptides inside and outside the
intestinal cell. This is exemplified by the different phases of vagal stimulation,
made known to the rest of the world by Pavlov’s classic studies in dogs in
the 19th century. To use a slight understatement: Our knowledge has expanded
since the work of Pavlov. We know now that physiological intestinal homeo-
stasis is mediated through several mechanisms, whereby the way in which
cellular mucosal defense is achieved is of utmost importance for maintaining
mucosal integrity and thus also very relevant to drug absorption.

Bicarbonate secretion in the stomach and proximal duodenum is capable
of maintaining a neutral pH on the mucosal surface despite pH values as low
as 2 in the lumen. This is achieved through the effect of bicarbonate secretion
and the unstirred mucous gel layer (6). The formation of bicarbonate and acid
is in equilibrium with carbon dioxide and water through the Hendersson—
Hasselbalch equation and mediated through the effect of the enzyme carbonic
anhydrase. Carbonic anhydrase is, in fact, very important in maintaining acid—
base balance throughout the body (7,8).

Although the incidence of peptic ulcers had already declined previous
to the introduction of H,-blockers, pharmacological treatment of peptic ulcer
disease has transformed peptic ulcer surgeons into an endangered species. The
effect on the parietal cell by H,-blockers and hydrogen pump inhibitors is
economically worldwide truly impressive. Furthermore, if it had been sug-
gested in earlier decades that the bleeding ulcer the surgeon was treating with
the knife was, in fact, an infectious disease caused by an organism called
Helicobacter pylori and should be treated with antibiotics, the world would
probably have scoffed at the idea.

IV. INCREASED MUCOSAL INFLAMMATION

Different intestinal diseases also have an influence on drug absorption through
mucosal activation of different inflammatory reactions. Basically, an antigen
is presented to a macrophage in the intestinal wall. This causes release of
different cytokines and inflammatory mediators and induces activation of T
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cells, with concomitant increase in immunoglobulins. Further inflammatory
cascades include complement pathway activation as well as induction of syn-
thesis of eicosanoids (i.e., leukotrienes, prostaglandins, or prostacyclins).

V. AN INTRIGUING PANENTERITIS

An immunologically very interesting intestinal disease is Crohn’s disease. The
pathophysiology of this disease, as well as ulcerative colitis, involves a se-
quence of immunological steps, with an intense activation of different effector
cells. The precise nature of the antigens that initiate inflammatory bowel dis-
ease is unknown, but it is likely that Crohn’s disease represents the final ex-
pression of a variety of genetic and environmental factors. These initiating
factors may well differ from those factors that cause relapse of the disease.

Crohn’s disease is a diffuse lesion of the entire gastrointestinal (GI) tract.
This is exemplified by studies of intestinal histamine release and complement
activation, which have shown that disease activity in the distal part of the
small intestine has a significant influence on cells in the wall of the intestine
as far as 3-m proximal to the site of macroscopic as well as microscopic in-
flammation (9,10). Increased prostaglandin activation can even be detected in
clinically completely healthy first-degree relatives (11).

VI. CONCLUSION

Human perfusion studies add to our knowledge of intestinal variables relative
to pathophysiology, physiology, and immunology, especially in certain dis-
eases for which we lack satisfactory animal models. The oral administration
of many drugs and drug candidates is prevented by their poor penetration
through the intestinal barrier. Several highly potent polypeptides and protein
drugs belong to this group of compounds, and it is of considerable interest to
improve the understanding of this barrier to enable and optimize oral adminis-
tration of such substances. Thorough research studies in our own species are
needed for the final evaluation of any new or generic drug.
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Gastrointestinal Disease and Dosage
Form Performance

Vladan Milovic and Jiirgen Stein
Johann Wolfgang Goethe University, Frankfurt on Main, Germany

I.  INTRODUCTION

Most of the data about bioavailability of orally administered drugs are obtained
from healthy control individuals. However, many drugs are actually adminis-
tered to patients in whom the underlying disease might affect either their ab-
sorption or overall bioavailability. This is particularly true for patients suffer-
ing from diseases of intestinal absorption and digestion. In spite of a great
potential importance for both clinicians and pharmacists, there are only a few
reviews on this topic published to date (1,2). Therefore, the aim of this chapter
is to point out some gastrointestinal and systemic diseases that may affect
drug absorption in humans.

Drug absorption from the gastrointestinal tract is influenced by the fol-
lowing factors:

1. Gastric and intestinal motility
2. Physicochemical properties of the environment in the small intestine
3. Surface area available for absorption

Although the motility might influence the completeness of intestinal ab-
sorption, the intestinal environment can, in addition, dictate the physicochemi-
cal behavior of orally administered drugs. Gastrointestinal diseases, systemic
diseases with intestinal involvement, and the consequences of gastrointestinal
surgery may modify any or all of the foregoing factors. Subsequently, changes
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in the therapeutic effects of drugs administered by the oral route may occur.
Bioavailability of orally administered drugs in patients with gastrointestinal dis-
ease can deviate greatly from that in healthy subjects, depending on the type and
severity of the disease and complexities of the pathology involved. Conse-
quently, both clinicians and pharmacists should be aware that in patients with
gastrointestinal diseases the possibility of altered bioavailability exists, and an-
ticipate any monitoring of, or alterations in, therapy that may have to be made.

Because gastrointestinal transit is discussed in detail elsewhere (see
Chapter 1), this review will be restricted to diseases of intestinal absorption
and digestion, and a review of recent literature related to their influence on
drug absorption and bioavailability in humans.

IIl. INTESTINAL MALABSORPTION AND MALDIGESTION

In the last decades there has been an increase in our knowledge on the mecha-
nisms and underlying diseases leading to intestinal malabsorption (3). A better
understanding of the pathophysiology of fat digestion and absorption, defini-
tion of isolated defects of transport systems located at the apical membrane
of the small intestinal epithelial cells, mechanisms of bile acid absorption in
health and disease, and access to the intestinal lumen by means of specific
laboratory tests, are among the milestones that have been achieved in the in-
vestigation of pathophysiological mechanisms and consequences of intestinal
malabsorption and maldigestion.

A. Malabsorption

Malabsorption is defined as impaired absorption of nutrients, occurring either
when there is

1. A defect in membrane transport systems of the small intestinal epi-
thelium, without morphological changes (primary malabsorption)

2. Defects in the epithelial absorptive surface, with concomitant mor-
phological changes of the mucosa (secondary malabsorption)

In addition, there is a difference between global and partial (isolated)
malabsorption syndrome (Table 1).
The major pathophysiological mechanisms in malabsorption are as follows:

Defects of the luminal phase of digestion
Defects of the mucosal phase of terminal digestion and absorption
Defects of the transport phase (Table 2).
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Tasie 1 Global and Partial or Isolated Malabsorption
Syndrome

Global malabsorption syndromes
Small intestinal disease with diffuse mucosal involvement
Celiac disease
Autoimmune enteropathy
Tropical sprue
Reduced absorptive surface
Short-bowel syndrome
Partial or isolated malabsorption syndromes
Carbohydrate intolerance
Bile acid malabsorption
Bacterial overgrowth
Protein-losing enteropathy
Maldigestion in
Exocrine pancreatic insufficiency
Cholestasis
Bacterial overgrowth
Bile acid malabsorption
Gastrinoma
Small-bowel resection
Radiation enteritis
Intestinal lymphatic obstruction

1. Fat Malabsorption

Fat malabsorption may affect absorption of lipophilic drug formulations and,
as such, deserves particular attention. The basic mechanisms of fat digestion
and absorption are now well understood. By the action of pancreatic lipase,
dietary triglycerides are degraded to monoglycerides and fatty acids. Bile salts
in the jejunal lumen are responsible for micelle formation and subsequent
solubilization of monoglycerides and fatty acids, allowing them to penetrate
the intestinal mucosa. Triglycerides are resynthesized in the mucosa and, in
the form of chylomicrons, are transported first to the intestinal lymphatics and
subsequently into the general circulation.

Disturbances of each particular phase of dietary fat degradation, solubili-
zation, and delivery into the systemic circulation may lead to fat malabsorption
and steatorrhea. Impaired production or activity of pancreatic lipase (exocrine
pancreatic insufficiency), disorders of bile acid metabolism (obstructive jaun-
dice, bile acid malabsorption, and bacterial overgrowth), decreased absorptive
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Tase 2 Pathophysiology of Maldigestion and Malabsorption

Luminal phase
Reduced nutrient availability
Cofactor deficiency (pernicious anemia, gastric resection)
Increased nutrient consumption (bacterial overgrowth)
Impaired fat solubilization
Reduced bile salt synthesis (hepatocellular disease)
Impaired bile salt secretion (cholestasis)
Bile salt inactivation (bacterial overgrowth)
Impaired CCK release (mucosal disease such as celiac disease)
Increased bile salt loss (terminal ileal disease or resection)
Defective nutrient hydrolysis
Lipase inactivation (Zollinger—Ellison syndrome)
Enzyme insufficiency (pancreatic insufficiency)
Improper mixing or intestinal hurry (resection, bypass, hyperthyroidism)
Mucosal phase
Extensive mucosal loss (resection, infarction)
Diffuse mucosal disease (celiac disease, autoimmune enteropathy, tropical
sprue, Crohn’s disease, infections, drugs)
Enterocyte defects
Microvillus inclusion disease
Tufting enteropathy
Brush border hydrolase deficiency (lactase deficiency)
Transport defects (glucose—galactose malabsorption, Hartnup’s disease)
Epithelial processing (abetalipoproteinemia)
Transport phase
Vascular (vasculitis)
Lymphatic (Whipple’s disease, intestinal lymphangiectasia, radiation enteritis,
tumor invasion)

surface area (resection, inflammation, atrophy), or abnormalities in lymphatic
flow in the gut (see Table 2) are among the potential causes of fat malabsorp-
tion. Steatorrhea (defined as stool fat > 7 g/day) leads to enteral loss of dietary
fat, lipid-soluble vitamins, and calcium, as well as to an increased oxalate
absorption with resultant ‘‘enteric’” hyperoxaluria. Disturbances of bile acid
metabolism may also cause steatorrhea and malabsorption, by the impairment
of the micellar phase of fat digestion in the small-intestinal lumen. An excess
enteral loss of bile acids can be compensated by an increase of bile acid synthe-
sis in the liver. This, however, often results in watery diarrhea owing to the
impairment of water reabsorption in the colon by bile acids. If intestinal bile
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acid loss is higher than the synthetic capacity of the liver (for example, in
ileal resection, or short-bowel syndrome), bile acid concentration in the intesti-
nal lumen will be insufficient to induce micelle formation, resulting in decom-
pensated bile acid malabsorption and associated diarrhea and steatorrhea.
Small-intestinal bacterial overgrowth is a consequence of morphological
changes of the intestine (diverticula, fistulas, strictures, or stenosis) as well as
motility disorders (diabetic gastroenteropathy and scleroderma). When decon-
jugated and dehydroxylated by the intestinal bacteria, bile acids exert a toxic
effect on the colonic mucosa, again leading to a watery diarrhea. Because of
the bacterial activity, the concentration of conjugated bile acids will be in-
creased, resulting in malabsorption of fat and fat-soluble vitamins (A, D, E,
and K). Bacterial overgrowth in the gut also leads to fermentation of carbohy-
drates in the intestinal lumen.

2. Carbohydrate Malabsorption

Starch, sucrose, and lactose are the most abundant digestible carbohydrates
in the intestinal lumen. On the other hand, many of the polysaccharides origi-
nating from plants cannot be digested in the lumen. Impaired absorption of
normally digestible carbohydrates may occur because of a lack in pancreatic
o-amylase defects in disaccharidase activity in the small intestinal epithelium,
or reduced absorptive intestinal surface. In primary carbohydrate malabsorp-
tion, single functional elements of carbohydrate digestion or absorption are
missing (lactase, sucrase, glucose carrier) without apparent morphological
changes. A generalized reduction of the intestinal absorptive surface can also
lead to an impaired digestive and absorptive capacity in the gut (e.g., villus
atrophy in celiac disease), resulting in secondary carbohydrate malabsorp-
tion (4).

Carbohydrates that are not digested and absorbed in the small intestine
undergo bacterial degradation in the colon. The terminal phase of bacterial
carbohydrate degradation is fermentation, resulting in formation of short-chain
fatty acids (butyrate, propionate, acetate, lactate), as well as CO,, H,, and CH,.
Short-chain fatty acids can be further utilized by the body through efficient
reabsorption in the colon. Bacterial fermentation of carbohydrates secondary
to malabsorption results in acidic stools, abdominal distension, meteorism,
and flatulence. Similarly, dietary fibers can be degraded by bacterial enzyme
activity in the colon; the extent of their degradation determines their effect
on stool volume. Thus, poorly degradable fibers increase stool volume and
regulate bowel movements, and are, therefore, useful in the treatment of con-
stipation.
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3. Protein Malabsorption

Impaired digestion and absorption of dietary protein occurs when pancreatic
protease secretion or activity is impaired (exocrine pancreatic insufficiency),
in rare isolated absorption defects (e.g., Hartnup disease), and in generalized
reduction of the intestinal absorptive surface (e.g., celiac disease). Of particu-
lar clinical importance is protein-losing enteropathy, in which plasma protein
is excreted into the intestinal lumen, resulting in development of hypoalbumi-
nemia and edema.

B. Maldigestion

Maldigestion is a consequence of impaired digestion of nutrients within the
intestinal lumen, or at the terminal digestive site of the brush-border membrane
of mucosal epithelial cells. It can occur because of congenital or acquired
disease in which pancreatic enzyme activity, bile acid concentration, or small-
intestinal mucosal enzymes are decreased or absent.

The pathophysiological possibilities leading to malabsorption—mal-
digestion syndrome are listed in Table 3. If there is impaired digestion, pancre-
atic insufficiency is the most frequent cause. The insufficiency may be due to
chronic pancreatitis, pancreatic surgery, cystic fibrosis, pancreatic carcinoma,

Tasie 3 Diseases Resulting in Malabsorption and Maldigestion

Maldigestion caused by deficiency or inactivation of pancreatic enzymes
Chronic pancreatitis
Surgical resection of the pancreas
Pancreatic cancer
Cystic fibrosis
Zollinger—Ellison syndrome
Maldigestion caused by impaired luminal bile acid concentration
Obstructive jaundice
Intrahepatic cholestasis
Primary biliary cirrhosis
Primary sclerosing cholangitis
Small intestinal bacterial overgrowth (blind loop syndrome, fistulas, strictures,
diverticula, afferent loop syndrome, motility disorders in scleroderma, and
diabetic gastroenteropathy)
Ileal resection (decompensated bile acid loss)
Crohn’s disease of the ileum
Maldigestion/malabsorption caused by small-intestinal diseases
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Primary malabsorption: congenital diseases with selective defect of single functions
of epithelial cells (disorders of the brush border membrane)
Lactose intolerance
Sucrose—isomaltose intolerance
Trehalose intolerance
Enterokinase deficiency
Glucose—galactose intolerance
Cystinuria
Secondary malabsorption: acquired small-intestinal diseases
Celiac disease
Tropical sprue
Whipple’s disease
Primary intestinal lymphoma
Hypogammaglobulinemia
Selective IgA deficiency
Eosinophilic gastroenteritis
Amyloidosis
Parasitoses (giardiasis, strongyloidosis, ascaridosis, ancylostomiasis)
HIV enteropathy with wasting syndrome
Tuberculosis
Lymphogranulomatosis
Kwashiorkor
Short bowel syndrome
Intestinal ischemia
Radiation enteritis
Various disorders of digestion and absorption
Postgastrectomy syndrome
Postvagotomy syndrome
Diabetic gastroenteropathy
Endocrinopathies (hyper- and hypothyroidism, hyper- and hypoparathyroidism,
Addison’s disease, medullary carcinoma of the thyroid)
Glucagonoma, gastrinoma, VIPoma
Scleroderma
Drug-induced malabsorption
Cholestyramine
Laxatives
Colchicin
Antineoplastic drugs
Neomycin
p-Aminosalicylic acid (PAS)
Biguanides
Lactulose, sorbitol, fructose
Nonsteroidal anti-inflammatory drugs (NSAID)
Alcohol
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Zollinger—Ellison syndrome, (rare) congenital lipase deficiency, or postopera-
tive postprandial pancreaticobiliary asynchrony (5). Cystic fibrosis, usually
diagnosed in childhood, leads to exocrine pancreatic insufficiency in adults.
Chronic diarrhea with accompanying steatorrhea can also occur in gastrinoma
(Zollinger—Ellison syndrome). In this case, the high volumes of gastric juice
entering the small intestine prevent the critical bile acid concentration neces-
sary for the formation of micelles during fat digestion from being reached and
also inactivate pancreatic lipase owing to the low pH.

Postoperative syndromes (gastric resection by Billroth II operation, va-
gotomy, Whipple’s operation) not only lead to motility disorders, but can also,
in spite of preserved function of the exocrine pancreas, lead to a disturbed
digestion. The mechanism responsible for this disorder is the rapid gastric
emptying that induces impaired or decreased hormonal stimulation of the exo-
crine pancreas (postprandial pancreaticobiliary asynchrony) (6).

Maldigestion can also develop when critical micellar concentration of
bile acids is insufficient to contribute to fat digestion (intraluminal impairment
of bile acids) under the following conditions:

1. If there is an impaired secretion of bile acids into the lumen (ob-
structive jaundice, intrahepatic cholestasis, primary biliary cir-
rhosis)

2. [If there is an extensive bile acid loss from the lumen, higher than
the synthetic capacity in the liver

3. [Ifbile acids are deconjugated in the intestinal lumen owing to bacte-
rial overgrowth syndrome

An increased enteral bile acid loss occurs most frequently in Crohn’s
disease with ileal involvement, and after surgical resection of the ileum. If
less than 1 m of ileum is removed or functionally impaired, a compensated
chologenic diarrhea occurs, and it can be efficiently treated with ion-
exchangers (cholestyramine, cholestipol). Diarrhea is watery and occurs be-
cause of the laxative effect of bile acids on the large bowel mucosa. If enteral
bile acid loss exceeds the maximal synthetic capacity of the liver (e.g., ileal
resection of more than 1 m), an impairment of the ability to reach the critical
bile acid micellar concentration occurs, with consequent fat maldigestion and
steatorrhea. This decompensated chologenic diarrhea will become even worse
if treated with anion-exchange resins.

Ingestion of a nonabsorbable artificial sweetener, sorbitol, can lead to
an osmotic diarrhea (‘‘chewing gum diarrhea’”). As little as 5 g sorbitol can
induce intestinal symptoms, and 10 g leads to meteorisms, flatulence, and
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diarrhea. The symptoms can be worsened by the addition of fructose, which
is also poorly absorbed in the gut.

lll. GASTROINTESTINAL DISEASES THAT CAN INFLUENCE
DRUG ABSORPTION

Drug absorption in patients with gastrointestinal disorders is influenced by
changes in gastric and intestinal motility, changes in the surface area available
for drug absorption, and altered physical and chemical properties of the intesti-
nal luminal content. These properties are usually changed in combination, the
degree of each being dependent on the duration and severity of the disease.

A. Crohn’s disease

The incidence of Crohn’s disease has been increasing in recent years; in the
United States, the total population with this disease is estimated to be
200,000-400,000, with 15,000-30,000 new cases occurring each year. The
etiology of Crohn’s disease remains unknown, although various infectious
agents, immunological causes, and familial clustering are thought to contribute
to its development. Although Crohn’s disease may be distributed along the
entire intestine, it most commonly involves the ileocolic region. More than
one area of the gut can be affected, while the bowel in between appears normal,
giving rise to so-called skip areas. Typical manifestations are a thickening of
the intestinal wall, mucosal fissures, fistulas, inflammatory masses, and benign
strictures. The resulting clinical findings include diarrhea, abdominal pain,
fever, and weight loss.

Because of its highly variable clinical presentation, Crohn’s disease may
lead to impaired drug absorption by any of the three mechanisms of malab-
sorption: the thickened bowel wall and strictures may significantly alter the
bowel motility; mucosal lesions may lead to changes in intestinal permeability;
and involvement of specific intestinal areas (e.g., terminal ileum) may cause
bile acid malabsorption and subsequent fat maldigestion. Although nowadays
this disorder can be treated efficiently with anti-inflammatory agents (e.g.,
acetylsalicylic acid and its derivatives, and corticosteroids), anatomical
changes of the intestine may well result in altered drug absorption, even in
patients in remission. For this reason, particular emphasis should be given to
drug dosage and formulation in patients with Crohn’s disease.
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B. Celiac Disease

Celiac disease is characterized by atrophy of the small intestinal mucosa, with
subsequent impairment of absorption of all nutrients, including fat. It is caused
by hypersensitivity to a protein present in wheat: gluten. Elimination of wheat
(gluten-free diet) results in the normalization of small-intestinal morphology
and restored absorptive function.

C. AIDS Enteropathy

As a part of acquired immunodeficiency syndrome (AIDS), diarrhea and a
general wasting syndrome frequently occur (7). This is not always due to
accompanying infections; the AIDS virus itself can damage the intestinal mu-
cosa. Patients with AIDS enteropathy have an abnormal carbohydrate malab-
sorption, bacterial overgrowth of the intestine, often also some disaccharidase
deficiency, bile acid malabsorption, and steatorrhea (8). Reduced total drug
exposure is related to malabsorption in persons with human immunodeficiency
virus (HIV) infection or AIDS (9).

Furthermore, intestinal permeability in patients with AIDS enteropathy
is increased, in a way similar to celiac disease. The duodenum of HIV-infected
patients with diarrhea showed an impaired epithelial barrier function, which
was thought to contribute to diarrhea by a leak—flux mechanism (10). Despite
the increase in permeability, some protease inhibitors used in the treatment
of patients with HIV infection (e.g., saquinavir) have kinetic profiles character-
ized by reduced absorption and a high first-pass effect, resulting in poor bio-
availability. Administration with food led to an improvement in absorption in
the case of saquinavir. Further pathophysiological factors, such as achlorhy-
dria, malabsorption, and hepatic dysfunction, may also influence the bioavail-
ability of the protease inhibitors in patients with HIV disease (11).

D. Small-Intestinal Involvement in Systemic Diseases

Systemic diseases, as well as a number of disorders primarily involving an
organ system other than the GI tract, may also result in impaired small-intesti-
nal function and result in malabsorption. For example, patients with diabetes
mellitus frequently develop diabetic neuropathy, which may involve the auton-
omous nervous system in the gut. This then results in delayed gastric emptying
in patients with diabetes (diabetic gastroparesis) and in impaired small intesti-
nal motility, which, in turn, may lead to bacterial overgrowth syndrome and
steatorrhea.
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Diarrhea and steatorrhea are frequent accompanying features of hyper-
thyroidism, and are caused by dysmotility. The small-intestinal mucosa re-
mains morphologically normal. Treatment of the underlying disease improves
the gastrointestinal symptoms. Hypothyroidism, on the other hand, is charac-
terized by dysmotility-induced constipation. Malabsorption can also occur.
Correction of the underlying hypothyroidism also leads to the improvement
of malabsorption.

Amyloidosis, scleroderma, and dermatomyositis can be accompanied by
malabsorption syndrome. The etiology is a motility disorder resulting in bacte-
rial overgrowth in the small intestine.

Systemic vasculitis with small-intestinal involvement may influence
drug absorption owing to either altered motility or mucosal damage. The de-
creased absorption of diazepam, phenytoin, and acetaminophen was attributed
to inflammatory and vascular changes in the duodenum in Behcet’s syndrome,
even in the absence of clinical evidence for a malabsorption syndrome (12).

Pancreatic insufficiency is also often associated with malabsorption. The
most frequent cause of exocrine pancreatic insufficiency is chronic pancreati-
tis, and in 75% of these patients the disease is due to chronic alcoholism of
long duration. In chronic pancreatitis, the pancreas may be enlarged or atro-
phic, and dilated ducts are filled with thick protein-rich fluid. Protein plugs
formed in the smaller ductules may calcify, and are thought to initiate a recur-
rent cycle of obstruction, inflammation, and fibrosis. The ultimate result of
the disease is exhaustion of the reserve of exocrine pancreas, cessation of the
secretion of the part of the pancreatic juice that is rich in proteolytic and lipo-
Iytic enzymes, and maldigestion. Patients with exocrine pancreatic insuffi-
ciency also exhibit decreased pancreatic bicarbonate secretion. As a result,
duodenal pH is reduced after a meal, leading to inactivation of orally adminis-
tered exogenous enzymes and decreased nuclear solubilization of bile salts.
Treatment of pancreatic insufficiency consists of high-dose enzyme replace-
ment therapy with or without gastric acid suppression; this may reduce clinical
symptoms and improve malabsorption, but may cause additional problems for
drug absorption and interactions if additional drug therapy is required (18).

E. Drug- and Irradiation-Induced Malabsorption

There are numerous reports on various chemically and pharmacologically dif-
ferent substances that can induce malabsorption syndrome. For example,
cholestyramine is a drug of choice in the treatment of chologenic diarrhea,
but it can, because of its high bile acid-binding capacity, reduce their content
in the gut, with subsequent impairment of the micellar phase of fat digestion.
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Neomycin and kanamycin also cause reduced absorption of fat, proteins, caro-
tene, vitamin B ,, and glucose. Neomycin-induced lactase deficiency is typical.

Together with oral antidiabetic drugs, biguanides may cause malabsorp-
tion leading to an impaired absorption of carbohydrates, amino acids, bile
acids, and vitamin B, (13). The pseudotetrasaccharide acarbose, a competitive
inhibitor of o-glucosidases in the intestinal mucosa, leads to malabsorption
of carbohydrates (meteorism, flatulence, diarrhea). Para-aminosalicylic acid
(PAS) may cause steatorrhea and impaired absorption of vitamin B,,, folic
acid, and iron.

Irradiation enteritis occurs less frequently than colonic lesions after ra-
diotherapy. Adhesions in the ileocecal area after irradiation therapy of gyneco-
logical malignancies may lead to watery diarrhea.

F. Aging

Although there is little clinical evidence that significant malnutrition occurs
in any normal elderly person as a result of the aging process itself (14,15),
almost all diseases that may cause malabsorption occur in the elderly. Malnu-
trition resulting from chronic congestive heart failure (cardiac cachexia) is
relatively common. Impaired absorption of fat is related to the clinical severity
of heart failure, but is apparently not associated with small-bowel bacterial
overgrowth (16). Malabsorption in the elderly can be caused by gastric hypo-
chlorhydria, with subsequent small-bowel bacterial overgrowth, or by gastro-
intestinal dysmotility caused by subclinical hypothyroidism. Moreover, a true
defect in calcium absorption in the elderly has been described (17).

G. Small-Bowel Resection

Short bowel syndrome is defined as a series of metabolic and nutritional events
developing after an extensive intestinal resection. Surgical removal of up to
approximately 50% of the small intestine can be well tolerated, because the
remaining intestine adapts to an increased demand to absorb nutrients. How-
ever, intestinal adaptation takes place only when enteral feeding is used to
stimulate the intestinal epithelium to hyperproliferate either directly (owing
to the effect of nutrients themselves), or indirectly by stimulating pancreatico-
biliary secretions and by hormonal mechanisms. Resection of 70-80% of the
small intestine results in severe malabsorption.

Malabsorption in small-intestinal resection is caused by a variety of
factors:
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1. Marked reduction of the absorptive surface

2. Gastric acid hypersecretion, resulting in pancreatic lipase inactiva-
tion and fat maldigestion

3. Reduction of bile acid pool below the amounts necessary for critical
micellar concentration

4. Stimulation of colonic secretion by hydroxy fatty acids produced
by bacterial hydroxylation of nonabsorbed fat

In the early postoperative phase, small-bowel resection results in a se-
vere watery diarrhea with global malabsorption. During the intermediate phase
after surgery, steatorrhea will occur, with subsequent weight loss, and malab-
sorption of fat-soluble vitamins, essential fatty acids, and trace metals. In the
late postoperative phase, intestinal adaptation mechanisms are fully operative
and, if enough small intestine is left, the symptoms may gradually normalize.
However, intestinal adaptation may not be adequate to sustain overall nutrition
without supplementary, intermittent, or continuous parenteral support. Be-
cause the mucosal absorptive area may be drastically reduced, absorption of
perorally administered drugs can be seriously diminished in patients with a
small-bowel resection.

Clinical sequellae of small-bowel resection depend on the extent of the
resection, length of the residual small bowel, health of the remaining intestine,
site of resection, presence or absence of colon, and time after resection. The
intestinal adaptation will occur several weeks after surgery, and will involve
changes in small-bowel structure, cytokinetics, and digestive—absorptive func-
tion.

In summary, many diseases with primary loci elsewhere in the body as
well as local gastrointestinal problems can lead to maldigestion and malab-
sorption. This can result in changes in release of drug from the dosage form
and transport of drug through the intestinal mucosa. Adjustment of drug
dosage/formulation or route of administration may be warranted in some pa-
tients.
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Intestinal Permeability: Prediction
from Theory

Han van de Waterbeemd
Pfizer Central Research, Sandwich, Kent, United Kingdom

I. BIOAVAILABILITY AND INTESTINAL ABSORPTION

The oral route of administration is preferred for many classes of drugs; ease
and patient compliance are the main reasons. Making reliable estimates of
oral bioavailability in humans for the selection of the best developmental can-
didates are a considerable challenge to the pharmaceutical industry. In recent
years, several promising in vitro models became available for the study of
the absorption potential of new compounds (1). Systemic bioavailability is
influenced by a variety of factors (Table 1), with poor solubility, poor perme-
ation, intestinal and liver metabolism, and P-glycoprotein (P-gp)-mediated ef-
flux being among the most common detrimental influences on drug absorption.
In this chapter we focus attention on the physicochemical properties of a drug
and their influence on the overall bioavailability (2). These properties can have
a particularly important effect on the absorption process (Fig. 1). The main
uptake mechanism through mucosal membranes is by passive diffusion, using
the transcellular pathway (A,). However, several alternative processes (A,,
A,—Ay), all of which may affect the final fraction absorbed, need to be consid-
ered. These processes may not be independent, and they partly take place in
parallel. Often the relative weights (a;—ag) of the contributions of each of these
potential processes is unknown. Membrane diffusion by the trans- and paracel-
lular pathway is a physicochemical process; therefore, physicochemical prop-
erties are believed to have an important influence on these membrane transport
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Tase 1 Factors Influencing Bioavailability

Physiological factors Pharmacokinetic factors
Membrane transport GI and liver metabolism (first pass
GI motility effect)
Stomach emptying Chemical instability
Disease state Absorption

Formulation Distribution and elimination
Crystal form (polymorphism) Physicochemical properties
Particle size Lipophilicity
Absorption enhancers Solubility
Dissolution rate Degree of ionization (pK,)
Solution, capsule, tablet, or other Molecular size and shape

Hydrogen-bonding potential

processes. Molecular properties (i.e., structural features and physicochemical
properties) can be assessed by experimental and computational approaches.
As will be demonstrated in this chapter, by combining these two, reliable
estimates of intestinal permeability can be made. However, besides using com-
putation and physicochemical methods, additional in vitro and in vivo studies
should be performed to make confident estimates of absorption behavior in
humans.

transcellular

3= A, Dassive diffusion
- A, paracellular
pore pathway

luminal
metabolism A mm—

P-gpetflux A, ——

epithelial A, ——
metabolism . : - A, active transport

A transcytosis
A% =-2pA + BA ] + 1A - 158, - 1A, + asAs + A,
Fic. 1 Mechanisms of oral Gl absorption: Many compounds may use several of

these alternative routes, although the relative weight of each route is usually un-
known.
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Il. CALCULATED AND EXPERIMENTAL MOLECULAR
PROPERTIES

A. Colinearities

Molecular properties relevant to intestinal absorption include lipophilicity,
molecular size, charge, hydrogen bonding, and solubility (3). Importantly,
most of these properties are dependent on one another. In other words, chang-
ing one property of a molecule usually affects one or more of the other proper-
ties. Well-established relations include those between lipophilicity and solubil-
ity (4,5); lipophilicity and molecular size and hydrogen-bonding (6); and
lipophilicity, ionization, and charge (7).

Of particular interest is the finding that log P or log D values are, in
fact, a combination of two major contributions, one related to the size of the
compound and one related to its capability to form hydrogen bonds (6,8—10).

B. Computational Alerts: The Rule of 5

A retrospective analysis of the World Drug Index (WDI) in terms of calculated
physicochemical properties resulted in the definition of the “‘rule of 5.”” This
rule (11) states that poor absorption or permeation are more likely when

1. There are more than 5 H-bond donors (expressed as the sum of OHs

and NHs).

2. There are more than 10 H-bond acceptors (expressed as the sum of
Ns and Os).

3. The MW is over 500.

4. The log P is over 5.

5. Compound classes that are substrates for biological transporters are
exceptions to the rule.

We have recently analyzed the NCEs introduced to the world market
in the years 1993—1995 (n = 43 in 1993, n = 44 in 1994, and n = 36 in
1995; see Annual Reports in Medicinal Chemistry). In Fig. 2 the molecular
weight (MW) and polar surface area as hydrogen bond descriptors (12,13)—
both recognized as key parameters in the rule of 5—have been plotted for
these compounds. It can been seen in Fig. 2 that the majority of the compounds
that are given orally have a MW lower than 500 and a polar surface area
smaller than 120 A2 The only exceptions are dirithromycin, tacrolimus, saqui-
navir, ceftidoren, efonidipine, cytarabine, sobuzoxane, valaciclovir, voglibose,
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NCEs 1993-1995
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Fic.2 Plot of the key properties of the NCEs introduced on the market between
1993 and 1995.

and alendronate. Most of these are prodrugs, which should probably be judged
on their active principle.

The rule-of-5 is now widely recognized as fundamental for the design
of orally absorbed compounds. It is based purely on a computational evalua-
tion of compounds. However, it identifies the most prominent factors influ-
encing oral drug absorption. Combining the findings of Lipinski and those
presented in Fig. 2 leads to a description of good leads for orally absorbed
compounds as visualized in Fig. 3. Molecular size and hydrogen-bonding ca-
pability should be kept below a certain limit, whereas lipophilicity in terms
of log P or log D should fall within a certain range.

In the following sections we will first discuss some key issues around
calculated and experimental physicochemical properties, including solubility,
lipophilicity, molecular size, and hydrogen bonding. A number of examples
of how these properties have been used in the prediction of absorption will
then be presented.

C. Solubility

Dissolution rate and solubility are linearly related properties (4). Poorly solu-
ble compounds, therefore, are expected to have dissolution-limited absorption.
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Fic.3 Optimal properties for orally active compounds are found within the logP/
logD-HB-MW box.

Aqueous solubility (log S) is approximately inversely related to lipophilicity
(log P). Better correlations are obtained when the melting point (mp) of the
investigated compounds is taken into account. Equation (1) is the simplified
form of the relation between these three properties.

log § = —log P — 0.0l mp + 1.2 (1)

The obvious disadvantage of Eq. (1) is that the melting point of the
compound is required. This approach cannot be used prospectively. Therefore,
several attempts have been made to estimate solubility from molecular struc-
ture. The linear solvation energy relationship (LSER) approach of Kamlet and
colleagues (14) clearly demonstrates that solubility is dependent on several
factors. In their method molecular size, polarity, and hydrogen-donating and
hydrogen-accepting factors are the major contributors to solubility. With this
approach the solubilities of 105 liquid organic nonelectrolytes of various
chemical classes could be correlated as

log § = —3.32(+ 0.05) V/100 + 0.46(= 0.07) m*
+ 5.17(* 0.06) B + 0.54 (= 0.08) 2)
n = 105; r = 0.995

where V is the molar volume, * the dipolarity—polarizability, and 3 the H-
bond acceptor basicity of the solute. Equations such as Eq. (2) demonstrate
that aqueous solubility can be broken down into more fundamental properties,
namely solute size and H-bonding potential. Before discussing these in more
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detail, we first will demonstrate that these two fundamental properties are also
the basis of lipophilicity (3,6,8—10).

D. Lipophilicity
1. Partition (log P) and Distribution (log D) Coefficients

For most biological processes in which biological membranes are involved
the lipophilicity is a key descriptor. Particularly 1-octanol/water distribution
coefficients at a selected pH (log D) and 1-octanol/water partition coefficients
(log P) had considerable success in quantitative structure—activity relation
(QSAR) approaches. However, alternative measures of lipophilicity have also
been used (Fig. 4).

In the design phase of new compounds a priori estimates of log P and
log D values can be made using computational approaches (15-20) (Table 2).

The major components of the property lipophilicity are molecular size
and hydrogen bonding. A graphic representation of this relation is shown in
Fig. 5. In this figure highly absorbed (over 80%) drugs are symbolized as

pH-metric
Z sr
Iogphexnne logphcpmm’glycol
logP,, logPpgye
CPC

ODS, ABZ, ODP
(silicn, end-capped, polymery
RP-HPLC

IAM, ILC, MEKC
TLC

Fic. 4 “Evolutionary tree” of experimental methods for lipophilicity determi-
nation. Key of abbreviations: logP.., 1-octanol/water partition coefficient;
logPiexane, 1-hexane/water partition coefficient; logPeeps, propyleneglycol
dipelargonate /water partition coefficient; logP heptane/glycol, a nonaqueous
system; SF, shake-flask; pH-metric, logP determination based on potentiometric
titration in water and octanol /water; CPC, centrifugal partition chromatography;
RP-HPLC, reversed-phase high-performance liquid chromatography; TLC, thin-
layer chromatography; ODS, octadecylsilane; ABZ, end-capped silica RP-18 col-
umn; ODP, octadecylpolyvinyl packing; IAM, immobilized artificial membrane;
ILC, immobilized liposome chromatography; MEKC, micellar electrokinetic capil-
lary chromatography.

Copyright © Marcel Dekker, Inc. All rights reserved.

MarceL DEkkER, INc. ﬂ
270 Madison Avenue, New York, New York 10016 9



Prediction of Intestinal Permeability 37

Tase 2 Programs for log P Calculation

Program name Software package/vendor

ALOGP Tsar 3.1/Oxford Molecular Group

ACD/logD ACD/Labs/Advanced Chemistry Development Inc
ACD/logP ACD/Labs/Advanced Chemistry Development Inc
CHEMICALC /(18)

CLIP/logP /University of Lausanne

CLOGP Pcmodels/Daylight CIS, CLOGP/Biobyte
HINT/logP /Edusoft

KLOGP /Multicase Inc.

LISP /0. Raevsky

LOGKOW /Syracuse Research Corp.

MLOGP /(A7)

PrologD PALLAS 2.0/Compudrug Chemistry Ltd.

PrologP PALLAS 2.0/Compudrug Chemistry Ltd.
SCILOGP SCILOGP/Scivision

TLOGP /(19)

XLOGP /(20)

SIZE-HB PLOT

Polar surface area (A %)

Fic.5 Lipophilicity (CLOGP) deconstructed into its two main contributors: molecu-
lar size (molecular weight, MW) and hydrogen-bonding (polar surface area). The
lines are obtained as linear contour plots, connecting points of identical CLOGP

value. Filled circles are compounds with > 80% human intestinal absorption.
(From Ref. 3.)

Copyright © Marcel Dekker, Inc. All rights reserved.

MarceL DEkkER, INc. ﬂ
270 Madison Avenue, New York, New York 10016 9



38 van de Waterbeemd

filled circles. It can be seen that these are found in a restricted physicochemical
property space, as would be expected from the rule of 5.

2. Use of Immobilized Artificial Membranes

It has been suggested that immobilized artificial membranes (IAM) (21,22) or
immobilized liposome chromatography (ILC) (23) be used instead of octanol/
water distribution coefficients, because these should better mimic membrane
partitioning. Typically, linear relations between measures of permeability and
log k’iay have been evaluated and compared with other lipophilicity scales
(21,22). However, as we will discuss later, it should be stressed that the rela-
tion between permeability and log k’;4y is commonly considered to be sigmoi-
dal (see references under Sec. III.A). Therefore, the claims for usefulness of
IAM columns still remain questionable. Furthermore, in many studies, IAM
or ILC log k’ values appear to be well correlated to 1-octanol/water log D
values. If this is true the potential advantages of the IAM technology over log
D are limited.

E. Molecular Size

The most convenient way to define molecular size is the use of molecular
weight (MW). However, this may not be sufficient, because MW, as such,
contains no information about the actual three-dimentional (3D) shape of the
molecules. In Table 3 several other metrics of molecular size are given.

F. Hydrogen Bonding

The use of hydrogen bonding as a factor affecting permeability goes back to
early work of Collander (30), Stein (31), and Seiler (32). Table 4 lists various
more recent proposals, including polar surface area (12,13) and dynamic polar
surface area (35,36). We have demonstrated that most of these scales show
considerable intercorrelation (13).

G. The Biopharmaceutics Classification System

On the basis of in vitro solubility and in vivo permeability drugs can be divided
into four groups under the biopharmaceutics classification system (BCS):
class 1 (high-permeability—high-solubility = HP:HS), class 2 (high-perme-
ability—low-solubility = HP:LS), class 3 (low-permeability—high-solubility =
LP:HS), and class 4 (low-permeability—low-solubility = LP:LS) (41). Both
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Tasie 3 Molecular Size and Shape Descriptors

Calculated
Molecular weight MWT
Molar refractivity MR
van der Waals volume \'%
Total surface area S
Water accessible volume A
Water accessible surface SW
Ovality (0] 24)
Nonpolar part of the volume VNP
Nonpolar part of the surface area SNP
Principal axes X, Y,
Z
Ratio length/width 1 XY
Ratio length/width 2 X/Z
Experimental
Molecular radius r (25)
(Stokes—Einstein radius)
Hydrodynamic radius/size T (26)
Hydrodynamic volume Ky (27)
Cross-sectional area Ap (28,29)

Source: Ref. 13.

Tasie 4 Selection of Potential H-Bond Descriptors

Calculated
Number of donors and acceptors HD, HA 31
Total number of heteroatoms HT (33)
Total number of possible H bonds HBOND (34)
Free-energy factors Ca, Cd (10)
Total of free-energy factors Cad (13)
Polar surface area SP (12,13)
Dynamic polar surface area SPA (35,36)
Experimental
From partitioning in different solvent systems Alog P (32,37-40)
Polarity contribution in logP A (6,8)
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properties, solubility and permeability, are considered in the framework of the
BCS as fundamental to define the rate and extent of absorption of the active
ingredient of a drug product. However, because both of these properties are
dependent on others; as shown in the foregoing, it may be questioned whether
these are indeed sufficiently ‘‘fundamental’’ or should be further deconstructed
(3). The more fundamental properties, on which both solubility and lipophilicity
depend, are molecular size and hydrogen-bonding capability of the drug.

lil. PREDICTION OF INTESTINAL PERMEABILITY
A. Theoretical Background

Reports aimed at describing membrane permeation in terms of physicochemi-
cal properties were already appearing in the literature in the 1970s. Important
contributions came from the group of Higuchi (42). A recent review is avail-
able (43). It is now generally accepted that the relation between membrane
permeability and lipophilicity has a sigmoidal shape. It has been suggested
that, in fact, a set of molecular weight-dependent sigmoidal curves should be
considered (44). We were recently able to confirm this view by adding an
aqueous pore pathway to a previously proposed membrane permeability model
(45,46).

B. Prediction of Caco-2 or Other Epithelial Cell Line Flux

A well-established in vitro model used for screening of absorbable compounds
is the Caco-2 monolayer cell culture system (47,48). An alternative is the
HT?29-18-C1 intestinal epithelial cell line (49). These models simulate two
types of barriers to drug absorption: biochemical and physicochemical. Be-
cause many drugs are absorbed by the passive diffusion transcellular pathway,
physicochemical properties of the drugs are thought to have an important in-
fluence on this process. Therefore permeability data have frequently been plot-
ted against log P or log D, molecular weight, or some descriptor for H-bonding
(35,36,48-52).

In several studies, a linear correlation between hydrogen-bonding prop-
erties of the solute and permeability coefficients through Caco-2 layers have
been found (36,51). Later it was suggested that this relation may be sigmoidal
(13,35).

Relations between membrane permeability and lipophilicity have been
studied by a number of groups. Therefore, it was logical to investigate a puta-
tive relation between Caco-2 flux and log D values. In some of the earlier
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work it was suggested that there is only a coarse correlation (52). However,
as described in the following, this conclusion was made on the assumption
that this relation is a single linear one.

We would like to present here a reanalysis of two data sets in which
permeability is described as a function of log D and molecular weight. With
the HT29-18-C1 cell line, Wils et al. (49) demonstrated that there is an interval
of octanol/buffer distribution coefficients corresponding to optimal transepi-
thelial passage of drugs. At values higher than log D 3.5, low oral absorption
was found. However, the reasons can be manifold. Highly lipophilic com-
pounds tend to be poorly soluble, resulting in dissolution-limited absorption.
In the cited study these compounds also had the highest molecular weight.
Therefore we propose Fig. 6, in which we use a set of curves reflecting the
simultaneous effect of log D and molecular weight, to account for this data
set. Because this data set is obviously rather small, we more recently analyzed
a larger set of compounds for which Caco-2 permeation was measured (46).
This resulted in Fig. 7, showing the use of a set of sigmoidals to rationalize
the permeability data.

The foregoing analyses demonstrate that H-bonding and molecular size
have an important influence on permeation through Caco-2 monolayers. By

log Pe

logDatpH7.4

Fic. 6 Relation between log D and transepithelial permeability: Reanalysis of
data presented by Wils et al. (49).
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-3.6

& n & &
=3 s =3 n

log Pe (Caco-2 permeability)

-7z

log D atpH 7.4

Fic.7 Influence of MWT on permeability through Caco-2 monolayers. (From Ref.
46.)

combining these, a multiparameter equation was developed to relate experi-
mental Caco-2 permeability data to calculated physicochemical properties of
these molecules (53):

log P,,, = —0.0065 SA — 0.27 HB + 0.03 SE + 8.05 3)

where SA is surface area, HB the number of potential hydrogen bonds, and
SE solvation energy.

We have used several of the descriptors mentioned in Tables 2 and 3
to predict Caco-2 permeation (log P.) using multivariate techniques, such as
principal component analysis (PCA) and cluster analysis (13). By using the
principal components, Eq. 4 was derived. PC1 contains information on H-
bonding capacity and PC2 reflects mainly molecular size. By selecting a repre-
sentative of each class of descriptors (i.e., a molecular size and H-bonding
descriptor), an almost equally significant correlation with Caco-2 permeability
was found, as exemplified in Eq. 5 (54).

log P. = —0.18(%=0.04) PC1 — 0.24(*=0.04) PC2

534(+0.13) n = 17: r = 0.884 @)
log P, = 0.008(=0.002) MW — 0.043(£0.008) SP S
~5.17(+0.61) n = 17: r = 0.833 )
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A similar multivariate approach using partial least-squares (PLS) regres-
sion was recently presented (55). Molecular descriptors were computed with
the MolSurf program. An interesting finding was that the most important fac-
tors influencing Caco-2 transport are associated with hydrogen bonding. Fur-
thermore it appears that the number of possible sites engaged in H-bond inter-
actions seems more important than the actual strength of these interactions.

C. Animal Models

The single-pass rat perfusion model has been used successfully to predict hu-
man intestinal absorption (2,50,56). For a series of renin inhibitors there ap-
pears to be a moderate relation (#> = 0.8) between membrane permeability
in this model and octanol/water log D values (50). However, by considering
a nonlinear relation and including the effect of molecular weight, we have
proposed a new approach to analyze such data. A set of hyperbolic curves
was obtained when drawing a contour plot using the MW as third parameter
(57).

D. Prediction of Human Intestinal Absorption

Only a limited amount of data are available in the literature on direct studies
of human intestinal absorption (48,52,58); this is in contrast to more extensive
compilations on bioavailability (59,60).

By using the reported human absorption data of Yee (48) and the corre-
sponding log D values, Fig. 8 was obtained. The effect of MW on absorption
is observed for small compounds (MW < 200) and for the larger ones (MW
> 500). These two categories of compounds tend to be respectively above or
below a theoretical sigmoidal curve that can be drawn through the absorption
data for compounds having a MW in the range 200—500. Compounds with a
MW less than 200 are expected to use the paracellular pathway (61). Larger
compounds using the transcellular uptake route will diffuse with more diffi-
culty through membranes, resulting in lower overall absorption. This effect
of molecular size on drug permeation is approximately inverse

K.

Pn =
MW

(6)

where K, is the membrane partitioning coefficient (21). If we assume that K,
can be estimated by log D in octanol/water, the MW-normalized log D values
should be predictive for solute membrane permeability. However, this normal-
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Fic.8 Relation between oral absorption and log D: compounds in the range MW
200-500 fall on a theoretically expected sigmoidal curve. Smaller compounds
(MW < 200 owing to paracellular or active transport], as well as larger ones
(MW > 500 owing to size limitations) deviate from the theoretical curve. (Absorp-
tion data from Ref. 48.)

ization procedure offers little advantage over the information obtainable from
Fig. 8.

Given previous work in Caco-2 cells, the correlation between human
absorption and the hydrogen-bonding potential of drugs was investigated. It
appears that a sigmoidal curve describes the relation between human absorp-
tion and dynamic polar surface area (PSA) (35). Drugs that are completely
absorbed (> 90%) had a PSA of less than 60 A2, whereas poorly absorbed
compounds (<10%) had a PSA of more than 140 A2 A much steeper and,
therefore, less discriminative sigmoidal relation was obtained when the total
number of hydrogen bonds or the number of hydrogen bond acceptors was
used. A further advantage of PSA is that it accounts for intramolecular hydro-
gen bonding.

IV. FUTURE

This chapter has focused on the role of physicochemical properties in oral
drug absorption. However, in recent years, the role of transporter proteins in
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membrane transport processes has been further elucidated. The role of the
multidrug resistance-related P-glycoprotein (P-gp), a 12TM 170-kDa protein,
has received particular attention. Furthermore, a functional link between P-
gp and the intestinal epithelial cytochrome P-450 isoenzyme, CYP3A4 has
been suggested (62). P-gp is believed to be responsible for poor intestinal
uptake of several classes of compounds. It will be important in the future to
describe the structural features and physicochemical properties of drug candi-
dates that make them susceptible to efflux pumps and gut wall metabolism.
There have been suggestions that lipophilicity (63) and hydrogen bonding
(29,64) are important properties for a drug to be efficiently effluxed by P-gp.
Therefore, the question ‘‘P-gp or log P?’’ can, we hope, be better addressed
in the near future.

V. CONCLUSION

Measurement and calculation of structural and physicochemical properties can
be a helpful guide in the selection of compounds that will have sufficient
oral absorption in humans. These in computro (in silico) methods need to be
combined with other in vitro and in vivo approaches to be able to extrapolate
to human absorption and bioavailability with confidence.
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In Vitro Methods for the
Assessment of Permeability

Josef J. Tukker
University of Utrecht, Utrecht, the Netherlands

I.  INTRODUCTION

Assessment of the absorption of a given compound from the gastrointestinal
(GI) tract should, in fact, simply mean establishing the permeation of this
compound across the wall of the gastrointestinal tract, but there are more fac-
tors involved in the net result. Apart from the permeation resulting in translo-
cation, there are also factors that have a negative influence on the absorption
of drugs from the gastrointestinal tract. These include the dissolution proper-
ties of the compound, which may be affected by physiological components
such as gastric juice and bile, precipitation at the absorption site, adsorption
to components in the gastrointestinal tract, chemical and/or bacterial degrada-
tion, and the metabolism of the compound in the lumen, at the brush border,
or in the intestinal wall. No method can assess all these aspects simultaneously,
with the exception of studies in intact animals or in humans. Whole animal
or human studies suffer two drawbacks: first, they are unsuitable for screening
large numbers of compounds at an experimental stage. Second, they pose ethi-
cal difficulties if the pharmacological effects and side effects are insufficiently
well defined. As a result, a great variety of alternative methods have been
developed to assess the permeation characteristics of new drugs. It should be
kept in mind that each of these methods covers only some of the foregoing
aspects, and does not take into account other factors that may be important
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to the bioavailability of the compound. These techniques can be applied to
assess or predict the availability after oral administration and are based on
methods ranging from the purely calculational, through in vitro permeation/
uptake studies to perfusions in humans (e.g., 1).

This chapter will focus on the biological in vitro methods, in which
cultured cells of human origin or intestinal tissue sampled from animals or
humans are utilized to assess permeability of the GI mucosa to a given drug.

The in vitro biological methods that will be discussed here are, in order
of appearance, the brush border membrane vesicles (BBMYV), isolated intesti-
nal cells, intestinal rings, everted intestinal sacs, side-by-side diffusion cham-
bers equipped with intestinal tissue from animal or human origin, and cultured
cells in the uptake mode or in a two-compartment system.

Some advantages of the biological approaches compared with the calcu-
lational methods are that permeants can not only be compared on the basis
of their physicochemical characteristics, but also on their ability to be absorbed
by carrier-mediated translocation or transport involving a second (membrane-
bound) protein. Biological methods can also be applied to investigate the in-
fluence of additives, such as solubilizers and wetting agents, on membrane
transport. Moreover, depending on the method applied, steps that form a criti-
cal barrier in vivo in the overall transport of a specific solute, such as adsorp-
tion to mucus, metabolism, or efflux by P-glycoprotein, can be studied. This
immediately implies that the particular method chosen might give a generally
good impression of permeant transport, but may deviate in forecasting the
absolute permeabilities. For example, for a permeant that predominantly dif-
fuses through the tight junctions, this diffusional paracellular pathway should
accurately reflect the in vivo situation in the chosen model; the use of vesicles
or isolated cells, both of which lack tight junctions, would give a false impres-
sion of the transport characteristics in this particular case.

Transport can be looked at experimentally in two fundamentally differ-
ent ways: uptake of the permeant into the system, or transport of the permeant
through the system (Fig. 1). The choice of the system is important and will
depend very much on the underlying question to be answered, but it also has
consequences from an analytical point of view. After uptake of the permeant
into one of the uptake approaches shown in Fig. 1, the concentration of the
permeant inside the system must be quantified: cleanup procedures can be
cumbersome and, at low levels of uptake, there may be problems with the
detection limit. Although these problems can be circumvented by use of ra-
diolabels, radiolabeled material is only seldom available in the early stages
of drug development.

Copyright © Marcel Dekker, Inc. All rights reserved.

MarceL DEkkER, INc. ﬂ
270 Madison Avenue, New York, New York 10016 o



In Vitro Assessment of Permeability 53

T L

i e e L L i e A sy | b e o o e e
ad A e L e e ] e na e e e ™ ™
L A AT LT U T T T LVl LAl A Y at
S AR e A A i
AT TR e Ao A
AR oo R
A A | " e o e o e e S
T | e Rl Al L L Al
L A | AR Al el el e
LA - IEaTR e e s P e
atvis "‘ +lﬂ2m e e
Sl Ry | L oM M S
A AT A
AR A A2 AR
| alalralvs | e e ™ e e ™ ™ ™
™ ™ e i oA e e
[ o e s e, ::B: By L oo e P T
™ ™ S g e B e et it =l T TR | e T P e T
- it A e e i | el i L et
T R A A A T T A A S A TR T SR iA A s R R
R e R A T NSRS
uptake mode: transport mode:
BBMV everted sac
rings / sleeves side-to-side diftusion cell
isolated cells cultured cells
cultured cells perfusion in situ / in vive

Ficure 1 Subdivision of the methods discussed in this chapter based on the mode
of assessment: uptake or transport systems.

Il. METHODS
A. Brush Border Membrane Vesicles

In this approach, cell homogenates or intestinal scrapings are treated with the
CaCl, precipitation method using centrifugation (2). The final pellet contains
the luminal wall-bound proteins and phospholipids, which contain most of the
brush border enzymatic and carrier activity. Resuspension of the pellet in
buffer results in the formation of vesicles. These vesicles are mixed with the
permeant in buffer and filtered after a fixed time; the amount of permeant taken
up by the vesicles is then determined. Because the precipitation—centrifugation
procedure results in isolation of only the brush border components, typically
only the apical transcellular transport is measured by this system.

Despite drawbacks, such as the need for a radiolabeled compound and
day-to-day variation in preparation, this method is useful for mechanistic stud-
ies of the drug absorption process.

An interesting modification of this procedure has been proposed by Pid-
geon et al. (3), who isolated brush border components and immobilized the
components on a chromatographic column, leading to immobilized artificial
membranes (IAM). The drug(s) under investigation are eluted with an aqueous
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Ficure 2  Correlation of rat intestinal absorption with drug partitioning to an IAM-
column. (From Ref. 3.)

eluent, thus enabling the estimate of permeation capacity factors. Despite some
of the limitations associated with this approach, the prediction of bioavailabil-
ity for a series of compounds was comparable with the more-complicated per-
meability measurement procedure using Caco-2 cells. In Fig. 2, partitioning
behavior of a series of 12 structurally unrelated drugs is compared with in vivo
absorption in rats, indicating that the intestinal transport of the compounds is
well predicted by IAM-chromatography; it should be emphasized, however,
that all of the compounds shown in the correlation are transported passively.
This approach may be especially suitable for high-throughput and large-vol-
ume screening of experimental compounds at an early developmental stage.

B. Isolated Intestinal Cells

Isolated cells from the intestine of animal or human origin can be used as
uptake systems in the assessment of oral bioavailability and have been de-
scribed in several papers. The procedures used to isolate mucosal cells can
be divided fundamentally in two categories: an in situ procedure, in which
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the intestine is perfused with enzyme solutions that release the cells; and an
ex vivo approach, in which the cells are treated by chelating agents or by
enzymatic means (2,4). The freshly isolated cells are immediately suspended
in Krebs—Henseleit buffer with 10 mM glucose added and kept on ice for 15
min, during which they are bubbled with carbogen (95% 0,/5% CO,). The
exposure to glucose increases the viability of the cells, even after the media
have been replaced by glucose-free media (2).

In a typical experiment, the cells are separated from the primary buffer
by centrifugation, resuspended in buffer under O,/CO, in the presence of the
permeant, and shaken well. After a designated time, the cells are separated
by gradient-centrifugation or rapid filtration, and extracted. Because of the
low volume of the cells, the assay is mostly based on radiolabel counting,
which as previously mentioned, can be disadvantageous in the early stage of
development when a radiolabeled compound is unlikely to be available.

C. Everted Intestinal Rings

The use of intestinal rings for absorption measurement is not widespread, but
still has its merits in terms of simplicity. In this method, a section of the
intestine is isolated immediately after euthanizing the animal, washed in ice-
cold buffer to remove debris and digestive products, and tied at one end with
a piece of suture; now, the closed end is carefully pushed through the intestine
using a glass rod, resulting in eversion of the intestine, which is then cut into
small rings, typically 2—4 mm wide (30—-50 mg wet weight). Any segment of
the intestine can be selected, from the duodenum to the rectum, typically jeju-
num, ileum, and colon. Next the slices are incubated in a solution containing
the compound under investigation, and shaken well in a waterbath. After a
designated time interval the tissue slice is taken out of solution, blotted dry,
and weighed, and then dissolved or processed for assay. The uptake of the
compound is measured by radiolabel counting or other means.

Evertion of the tissue is performed to maximize the contact between the
tissue at the uptake level and the solute. The everted segments are claimed to
be viable for a period of 30—60 min, if they are maintained before use in a
physiological buffer containing glucose (5).

Under appropriate conditions the in vitro uptake of a series of drugs into
the rings closely parallels the known in vivo absorption of those drugs. More-
over the uptake is relatively independent of tissue origin and cosolvent; the
latter was also shown in a recent paper showing the application of 1-methyl-
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pyrrolidone as a cosolvent in transport measurements of poorly soluble com-
pounds (6).

The uptake in slices or rings is determined as a function of time, and mostly
here the waterbath shaking rate is also taken into account, because this has major
influence on the uptake rate (7); from the plot of flux vs. shaking rate the unbiased
membrane flux (J;) can be estimated. The permeability P, is calculated from
the unbiased flux (J;), the concentration of the incubation medium (C), and a
conversion factor for exposed tissue (<¢f>) in cm?/g for tissue/surface area
from the equation: J, = P, C <cf>, where P, is expressed in cm/s (7).

The advantages of this method are the ease of preparation, as long as
the appropriate conditions are met, and that from one piece of intestine an
impressive set of slices can be prepared. In Fig. 3 a simple tool is shown to
submerge five everted intestinal slices simultaneously into a buffer solution
containing the permeant.

With this method both passive processes (2,8,9) and carried-mediated
transport have been demonstrated (e.g., 5,7,8,10). A good correlation was re-
ported for a set of 11 structurally unrelated compounds ranging from extremely
low to very high bioavailability (Fig. 4). Both passively (trans- and paracellu-
lar) and actively transported compound are included in this set.

This method also has some drawbacks. The transport of the solute into
the slices includes all areas accessed by the incubation solution, not only
through the luminal membrane; connective tissue and muscle tissue are also
exposed to drug solution and included in the calculation of ‘‘uptake.”” In up-
take experiments, the values must be corrected for nonspecific tissue binding
(6). Furthermore, the paracellular and transcellular transport route cannot be
distinguished using this method.

Osiecka et al. (2) compared permeability measurements using everted
rings, BBMV, and isolated mucosal cells. One of the distinctive features of
the enterocyte is its membrane polarity (mucosal or luminal versus serosal or
basolateral): this polarity is lost in suspensions of isolated cells, presenting a
factor that can change membrane transport in this model as compared with in
vivo conditions. The interpretation of data resulting from cell suspensions
might thereby be complicated. Similarly, both the mucosal and serosal surface
of everted rings are exposed to the drug, leading to accumulation of passively
diffusing compounds in the muscular as well as mucosal tissue. Actively trans-
ported compounds such as glucose or amino acids, on the other hand, were
found in predominantly the mucosal tissue, indicating that the latter com-
pounds were taken up mostly across the mucosal membrane, in contrast with
the passively transported compounds (2).
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Ficure 3 Five-arm anchor to submerge five everted intestinal rings simultaneously
into buffer solution at the same shaking rate. (Courtesy JB Dressman.)

D. Everted Intestinal Sacs

In the everted intestinal sac method, a 2- to 4-cm section of the intestine is
tied off at one end and everted using a glass rod or a thread, similar to the
procedure described for the intestinal rings (11). As with the everted slices
and rings, the mucosa becomes the outer side of the sac and is in contact with
the incubation medium, but in contrast with the rings, only the mucosa is in
contact with permeant. The sac is filled with buffer and put in a flask with
oxygenated (95% O,/5% CO,) buffer containing the compound under investi-
gation. At the end of the experiment the sac is cut and opened at one end,
and the serosal fluid is collected (12). Viability of the sac can be monitored
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Ficure 4 Correlation of reported oral availabilities in humans with measured up-
take in vitro in everted intestinal rings (n = 3; = s.d.). Initial drug concentration
is 10 mM. (From Ref. 5.)

during the experiment by measuring the transport of a marker (e.g., trypan
blue dye).

The transport decreases significantly within the first few minutes, if the
animal is killed by cervical dislocation before removal of the segment (13).
However, deterioration of the tissue can be avoided if the animal is anesthe-
sized properly before isolation of the intestines, and euthanized only after
harvesting the segment (13). With this modified procedure the type of anesthe-
sia before isolation influences the translocation of calcium in the everted sacs.

Several improvements of the everted sac method have been suggested
(e.g., 14, 15). In the first method (14) the tissue was kept in tissue culture
medium, although it was still isolated after cervical dislocation. Mannitol
transport showed a linear transport for as long as 75 min (Fig. 5) over a wide
concentration range.

In another publication, the isolated segment was prepared and cannu-
lated at both ends in a manner similar to the in situ Doluisio technique (15).
A 10-mL syringe was attached to each cannula and the sac was suspended in
40 mL of phosphate buffer, which was stirred by continuous bubbling with
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Ficure 5 Time-dependent transport of mannitol at 10 mM concentration in everted
sacs, according to an improved method. Data are the means of 6 sacs (= SEM).
(From Ref. 14.)

carbogen. Using this approach, the investigators showed the influence of ab-
sorption promoters, such as sodium caprate and laurate, on the paracellular
permeation route for cefmetazole and inulin (15). In contrast to rings, slices,
and cell preparations, para- and transcellular diffusion can be discriminated,
using everted sacs. In contrast with the everted slices and rings, the everted
intestinal sac can be applied for the investigation of drug metabolism, as has
been shown in several publications (see 16).

The everted sac method is an inexpensive technique that is also relatively
simple and allows several experiments to be performed using tissue from just
one intestine. One advantage is the low serosal volume compared with the
area for absorption, which is especially advantageous with low-soluble drugs
or low concentrations of drugs. This method has been a useful tool for studying
mechanistical aspects of absorption and the influence of absorption enhance-
ment. Also, by preparing the segment from different parts of the intestine,
the absorption from different sites, such as small intestine and colon, can be
compared.
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E. Diffusion Cells Using Tissue

Since the early 1950s, side-by-side diffusion cells have been used to determine
the transport of compound in living tissue, one of the first approaches being the
so-called Ussing chambers (17). In this method small sections of the intestine
(=2 cm) are clamped between two glass chambers filled with buffer and nutri-
ents such as glucose, at a temperature of 37°C. The buffer solutions at both
sides of the membrane are gased continuously with carbogen (95% O,/5%
CO,) to maintain the viability of the tissue and to ensure reproducible hydrody-
namics (good mixing). A modification of the original method was published,
using smaller acrylic chambers, allowing diffusion experiments with smaller
amounts of compound (18); again in this method, carbogen bubbling is applied
to increase viability and improve hydrodynamics. This cell is depicted in Fig. 6,
in this example it is adapted for the use of tissue. The temperature is main-
tained by clamping the closed half-cells in a heating block.

The compound under study is added to one of the compartments (the
““‘donor’’ compartment), either the serosal or the mucosal side, and the accu-
mulation of the compound at the other side of the membrane (in the ‘‘recep-

Ficure 6 The Sweetana-Grass diffusion cell: this cell is designed for tissue that
is mounted between two acrylic half-cells. Buffer is circulated by gas lift. (From
Ref. 18.)
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tor’’) is measured as a function of time. From the appearance in the receptor
compartment, the permeability of the compound is calculated according to
equation: P,,, = dC/dt X (V/A X C), where dC/dt is the change in concentra-
tion in the receptor compartment per unit time, V is the receptor volume and
A the area available for diffusion or transport. The P, is usually expressed
in centimeters per second (cm/s). In many studies the investigators prepare
the intestinal tissue before mounting by stripping the serosa and the outer
musculature (19); for studies designed to determine the mechanistics and rate
of transport stripped tissue is claimed to be preferable because this resembles
more closely the in vivo situation: in vivo, drug permeation occurs through
the enterocytes and the basal membrane to the blood capillaries, and perme-
ation through the serosa and musculature contributes little or nothing to the
bioavailability.

In the original design of Ussing chambers (see Fig. 7), the setup was
equipped with electrodes and a voltage clamp for monitoring epithelial poten-
tial difference and short-circuit current (PD and I, resp.). Alternatively, the
potential difference or current could be clamped to any value to investigate
the influence of electrical driving force on the transport characteristics of the
solute. These electrical parameters can be used to verify the viability of the
tissue during and at the end of the experiment: at the end of the experiment
a small amount of glucose is added to the mucosal bathing solution, and this
glucose will be transported to the serosal side by the glucose transporter (only
in the small intestine): this glucose transport is accompanied by the trans-
location of Na*, which can be detected as a long-lasting increase in current.
For colonic tissue, which does not have glucose transporters, prostaglandin
E, (PGE,) stimulates the Cl~ secretion which, in turn, also gives rise to an
increase in /. (20). In our own laboratory we have observed viability of
stripped and mounted tissue for at least 3—4 h using the same technique. In
Fig. 8, a typical example of the electrical parameters over the membrane of
rat duodenum is given. A constant value for the calculated resistance R
over a 3-hr experiment was achieved (21). The electrical parameters are now
widely accepted for monitoring the tissue viability and integrity in Ussing
chambers.

The integrity of the tissue, especially after stripping, can also be fol-
lowed using an integrity marker, in addition to and independent of monitoring
the electrical parameters. Normally, a compound with low intrinsic permeabil-
ity such mannitol, PEGy,yy, inulin, or fluorescein is used. To overcome the
environmental problems with radiolabeled compounds (the first three are, for
ease of detection, applied mostly as labeled compounds), we apply fluorescein
in a donor concentration of 5 UM and measure the concentration in the receptor
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Ficure 7 Schematic drawing of the original Ussing chamber, showing the half-

cells with thermostated water jackets, gas lifts, and potential difference and cur-
rent electrodes.

compartment with time using fluorescence spectrometry (after bringing the
pH of the samples to = 10 using NaOH).

It has been shown by several investigators that the tissue in Ussing
chambers, as with everted sacs, can deteriorate within 30—60 min. Addition
of energy sources such as glucose or L-glutamine can improve this life span
considerably; proper handling and gasing with carbogen further improves the
viability. Polentarutti et al. (21) reported that during an experiment in Ussing
chambers using excised rat tissue, the morphology of the tissue changed, as
did the permeation of the marker compounds investigated (propranolol and
mannitol). Information on time-dependent structural changes would be neces-
sary for a complete interpretation of the permeability data. However, ac-
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Ficure 8 Mean electrical parameters, potential difference (O PD, in mV), short-
circuit current (A SCC, in pA/cm?), and resistance (¥ R, in Ohm x cm?) for rat
intestinal fissue during 180-min experimental time. (From Ref. 21.)

cording to this and other publications it seems quite possible to perform trans-
port experiments in Ussing chambers for at least 2—3 h, provided that the
experimental conditions are adequately designed and that the permeation of
the marker compounds into the receptor compartment is linear over the study
period.

The Ussing diffusion chambers are now used by several groups, in some
cases slightly modified, and have been useful tools for the determination of
the permeability characteristics of drugs and for the selection of development
candidates based on the in vitro permeability measurements (22-24).

The same method can be used for tissue other than intestinal tissue (e.g.,
buccal, esophageal, gastric, rectal, nasal, lung, and skin tissue). With a slight
modification, the diffusional method, as described (18), can also be applied
for monolayers of cells cultured on membranes fixed in inserts (25), but one
of the advantages of the original approach using segments of excised tissue,
is the possibility of studying differences in regional absorption of drugs. More-
over, the Ussing diffusion cell is especially applicable for mechanistic studies
of paracellular transport, because the transport through the aqueous pores can
be influenced rather easily.
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F. Cultured Cells

Some decades ago, pharmaceutical scientists began to use cultured cells to
study the transport of compounds. One of the advantages of cultured cells
is that, when cultured as a monolayer, they exhibit polarized behavior, thus
mimicking the situation in the intestine. Primary cell cultures have been at-
tempted, but these lines have very poor viability and do not form a confluent
monolayer in which the cells adhere closely together and form tight junctions
(26). Instead, most cell culture models for the intestinal epithelium are based
on immortalized cell lines that are derived from normal cells, from induced
tumors, or from human colonic cancers. The cell lines derived from human
colonic cancers are the most widely used, because they differentiate (either
spontaneously or after induction) and readily form polarized and confluent
monolayers in culture. Of these, the most widely used is the Caco-2 line, which
was used for the first time in the 1970s (27), and has the advantage that it can
be grown in culture on a porous support such as a filter insert on which it
forms a polarized cell monolayer within a few days, and differentiates into
absorptive intestinal cells with typical morphology, including some brush bor-
der enzyme activity and well-formed tight junctions.

Figure 9 illustrates the culturing system whereby the cells are seeded at
a cell density of approx 60,000/cm?, usually on polycarbonate filter supports.
During culture the cells form confluent monolayers, resulting in increasing
tightness of the cell layer, increasing epithelial resistance and decreasing man-
nitol (paracellular) transport. These cells show a fully developed monolayer
with constant indices after 2 weeks; even more rapidly growing cell lines are
now available.

The tight junctions in the Caco-2 monolayers resemble the junctions in
the human colon, resulting in far higher transepithelial electrical resistance
(TEER) of 150-450 Q cm? (Fig. 10) than typical for small intestinal tissue
(TEER in the range 25-40 Q cm?). The higher TEER makes the Caco-2 cell
line a useful and widespread method for studying the influence of both phar-
macological pretreatments and direct additives on cell integrity because the
paracellular permeability of a typical nonpermeant, such as PEG 4000 or man-
nitol (see Fig. 10), can be easily monitored.

Although the TEER deviates from that of ‘‘normal’’ small intestinal
tissue, the cultured Caco-2 monolayers express small intestinal brush border
enzymes, and phase I and II metabolic enzymes (29). For this reason the
Caco-2 monolayers have been suggested as an evaluation system for the
metabolism of xenobiotics in intestinal tissue during the transport step
(30).
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Ficure 10  Transepithelial resistance (TEER: M) and mannitol fluxes (O) as indices

of monolayer integrity. (From Ref. 28.)
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Moreover, after differentiation Caco-2 cells express several active trans-
port systems, including amino acid transporters, small peptide, bile acid, glu-
cose, and vitamin B, transporters, as well as the P-glycoprotein efflux system.
It should be emphasized that the Caco-2 cell lines originates from a colon
carcinoma cell line, whereas the presence of the active carriers is a feature
typical of small intestinal enterocytes.

Once grown on porous filter supports, the transport of pharmaceuticals
can easily be measured using the original culture chamber, which is mounted
on a shaker in an incubator. The culture medium is replaced by a donor me-
dium containing the permeant, and an acceptor medium, respectively. Typical
side-by-side diffusion chambers (see Fig. 6) can also be used if the monolayers
are grown on Snapwell-type inserts. A concern with this method is the possible
additional diffusional barrier that the polycarbonate filter supports might pose.
Rubas et al. (31) estimated the permeability through the membrane support
for hydrophylic solutes to be on the same order of magnitude as free diffusion
in aqueous solution. This might, however, not be true for compounds such as
strongly lipophilic ones, which may interact with the membrane.

One of the major advantages of the cultured cell method lies in its possi-
ble appliction to high-throughput screening (HTS) strategies; this model might
have the best potential for HTS because the cells are rather simple to culture in
high quantities, in a reproducible manner, and the results from the permeability
experiments can also be highly reproducible (32).

Rubas et al. (31) compared the permeabilities of a series of compounds
with poor intrinsic permeability (e.g., gamma interferon) in both Caco-2 cells
and human large-intestinal tissue, and concluded that the cells well reflect the
permeability characteristics of the large intestine (Fig. 11). Flux measurements
across Caco-2 monolayers may therefore be predictive for permeabilities of
the human colon and rectum (31).

Apart from these advantages, cultured cells based on the Caco-2 line
also have striking disadvantages: first the Caco-2 is based on a colonic cell
line that differentiates into a small intestinal-like tissue with tighter tight junc-
tions than those present in the small intestine; indeed, the tight junctions in
this cell line resemble the colonic tight junctions more closely. This might
give rise to underprediction of the permeabilities of hydrophilic compounds
with a low in vivo uptake. Second, although the cells show the expression of
active transport systems (both in- and outward), this expression is quantita-
tively different for several transporters in comparison with excised intestinal
tissue. An example is the glucose transporter, which is far less expressed in
cultured cells. Also, although expression of these transporters is not a natural
feature of colonic cells, it occurs spontaneously in the Caco-2 cell line: it
remains to be seen whether other cellular features also differ from those of
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Ficure 11  Relation of solute permeabilities of (from left to right) rhINFy, rhIGF-1,
rhGH, G4120, G6191, atenolol, and dexamethasone across Caco-2 monolayers
and human large intestinal tissue (R?2 = 0.991). (From Ref. 31.)

the natural enterocytes. Third, between-laboratory, or even batch-to-batch
variation in expression can occur. This may result in poor predictability of
the permeabilities of both paracellularly transported and carrier-mediated com-
pounds, and thus in a limited usefulness of these cells. On the other hand, in
the near future, improvements in the engineering of the cells might lead to a
more reproducible cell line with better and more realistic absorption character-
istics, for all possible transport routes.

One of the advantages of the use of cultured cells is the application of
cells in (partly) automated approaches as described recently (e.g., 32) or HTS
purposes. Moreover, the cells have given qualitatively good information on
drug interactions involving both CYP3A and P-glycoprotein, despite that
quantitative information is still lacking (33).

lil. DISCUSSION
A. Predictability of In Vivo Uptake

A good correlation has been shown with several of the methods described
here, indicating that most of these can be used for prediction purposes. The
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in vitro permeability coefficient in rat intestine in Ussing chambers or in some
of the other methods has been a reliable predictor of oral absorption in humans.
For all methods that have been discussed, it seems clear that a good discrimina-
tion can be made between the group of compounds with low to extremely low
oral absorption (< = 20%) and compounds with good oral absorption (> =
80%). The intermediate group of compounds with moderate absorption after
oral administration (in the 20—80% range) falls in the steep ascending part of
the fraction absorbed versus permeability curve, making the estimation of the
fraction absorbed more prone to error compared with the low- and high-ab-
sorption groups.

B. Variability

One of the major drawbacks of any in vitro system is the intrinsic variability
that can be seen in the permeation data. This is immediately obvious when
comparing data resulting from methods such as the Ussing chambers, but even
more striking when data based on methods using cultured cells are compared
between laboratories. The results obtained in several laboratories can differ
by more than an order of magnitude, probably owing to the underlying vari-
ability in, for example, the culturing techniques. It has been suggested that an
internal standard be included during permeability measurements, to deal with
the intrinsic variability in the experimental system. Several suggestions have
been made. For example, Dowty and Dietsch (34) used the permeability of
mannitol as a normalizing agent to control intra- and intervariability in the
rat. They claim that normalizing to an internal standard especially improves
the predictive value for the intermediate group of moderate (20-80% ab-
sorbed) permeability, and indeed, this normalization procedure leads to a good
correlation between intestinal permeability and oral absorption in rats (Fig.
12).

C. Comparison of Methods

Several groups have compared the various methods that are described in this
and other chapters. Stewart et al. (35) compare three widely used intestinal
absorption models: the rat in situ single-pass perfusion model, the rat everted
intestinal ring method, and monolayers, based on Caco-2 cells, applying these
methods to a series of small molecular size reference compounds. They con-
cluded that both cell monolayers and single-pass perfusion combine the high-
est correlation between systems and most defined relation with fraction ab-
sorbed in humans.
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Ficure 12  Correlation between rat intestinal permeability (K, in 10~% ¢cm/min)
and percentage oral absorption in rats. (From Ref. 33.)

In a recent paper, the permeability of two componds transported by the
large neutral amino acid carrier was studied (36). In the cell model, the two
compounds showed permeabilities comparable with mannitol and failed to
predict human absorption. One of the reasons might be that amino acid trans-
port and metabolism differ strongly between normal tissue and cancer cells,
thereby leading to poor predictions for compounds transported by amino acid
transporters.

In a study during which the permeability characteristics of some hydro-
philic markers were compared, the in vitro cell culture based on Caco-2 cells
again showed a lower permeability in cultured monolayers compared with
excised rat intestinal segments (37). Comparison of these data for permeabili-
ties of polyetheleneglycols (PEGs) in humans and in in vitro methods indicate
that the human intestine is more permeable than the in vitro methods suggest.
In vitro underestimation of true absorption might be the result.

IV. SUMMARY

Several in vitro methods that are described in this chapter have been applied
successfully to the predictive determination of human intestinal absorption of
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drugs, and for mechanistic studies. The method of choice depends strongly
on the nature of the question that has to be answered. Further reading in infor-
mative textbooks (e.g., 1) and many more publications than are cited here is
strongly advised to assist in selection of the most appropriate in vitro model
for a given study.
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Animal Perfusion Studies

Hans Lennernas
Uppsala University, Uppsala, Sweden

I. INTRODUCTION

The rate and extent of intestinal drug absorption (mass/time and mass/dose,
respectively) in vivo are affected by several factors, such as dose/dissolution
ratio, chemical instability, luminal localized metabolism, complex binding,
intestinal transit, and effective permeability (P, ) across the intestinal mucosa.
The extent of drug absorption (M(f)/dose) (i.e., the fraction of drug disap-
pearing from the intestinal lumen during a certain residence time, assuming
no luminal reactions), at any time ¢ is (1,2):

M@ _

t
J APeffCIumen - dAdt (])
dose 0

where A is the available intestinal surface area, P is the average value of
the effective intestinal permeability in the gut region at which drug
absorption occurs, and Cy, is the drug concentration in the intestinal lumen
available for absorption (1-5). Intestinal P, is one of the key variables con-
trolling the overall intestinal absorption rate and extent, and may be used re-
gard less of the transport mechanism(s) across the intestinal mucosa (1,2).
Consequently, there are several reasons why this biopharmaceutical-pharma-
cokinetic variable should be investigated in both drug discovery and develop-
ment.
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The effective intestinal permeability (P.y) is sometimes defined to in-
clude drug transport across the cytosol, basolateral membrane, interstitial fluid,
and capillary wall to the portal blood flow (2—6). Consequently, such a defini-
tion also includes first-pass metabolism occurring in the cytosol of the entero-
cyte (for instance, by cytochromic P 450 [CYPp450] isoenzymes, and cyto-
solic-localized peptidases). It will particularly influence the fraction of the
dose that reaches the portal vein in an intact form (6—11). However, according
to the pharmacokinetic definition of bioavailability, drug metabolism localized
in the enterocyte is a part of the total first-pass effect (gut wall metabolism,
E,, and hepatic extraction, £}, and not the absorption step (f,) [FF = f, (1 — E,)]
(1 — Ey) (12). Another and probably more accurate definition suggests that
the intestinal epithelial P for passive diffusion reflects the transport across
the apical membrane of the enterocyte (13—15). Recently, it has also been
reported that the permeability across epithelial cells is determined by the
largest resistance, which is usually assumed to be the apical brush border mem-
brane (13,14). Intestinal perfusion models, which measure the disappearance
of the drug from the perfusion solution in the intestinal lumen, directly reflect
the transport across the apical epithelial cell membrane (Fig. 1) (1,2). This
means, strictly speaking, that the absorption variable, intestinal P., represents
transport of compounds into the enterocyte’s cytosol (1,2). This view is cer-
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Ficure 1 A schematic illustration of the membrane transport barriers for a drug
molecule across the intestinal epithelium during a single-pass perfusion of the
intestinal lumen. (UWL, unstirred water layer; Q, perfusion rate in lumen.)

Copyright © Marcel Dekker, Inc. All rights reserved.

MarceL DEkkER, INc. ﬂ
270 Madison Avenue, New York, New York 10016 o



Animal Perfusion Studies 75

tainly true for passive transcellular diffusion where the apical membrane is
rate-limiting. However, it seems more likely that the basolateral membrane
of the enterocyte is the slowest step in the overall transport from the intestinal
lumen to portal blood for di- and tripeptides that are rapidly transported by
the oligopeptide carrier (16).

Drug metabolism in the cell cytosol may influence the measured perme-
ability if it is based on appearance of intact drug on the receiver side of the
membrane (which corresponds to the portal blood), as in the Caco-2 and Uss-
ing chamber models. However, it assumes that the intracellular enzymes are
well expressed in these two models. For the perfusion method, which is based
on disappearance, a special concern is peptides because they might be metabo-
lized by membrane-bound enzymes (such as peptidases and esterases) in the
brush border. These enzymatic processes in the lumen will increase the disap-
pearance rate of the drug from the intestinal lumen during a perfusion experi-
ment, and give an inaccurately high P value (17). Therefore, it is crucial to
be aware of the stability and which metabolic processes the investigated drug
may take part in and account for them in any detailed model of the drug
transport mechanism(s) across the mucosal membrane, as discussed earlier
(2,6,18). This issue is crucial when investigating and developing principles for
prodrugs and soft drugs. On the other hand, carrier-mediated efflux transport of
drugs by P-glycoproteins (P,) or multidrug resistance proteins (MRP; or any
other efflux proteins), which are located in the apical membrane of mature
enterocytes, may result in a lower Py, even if the passive diffusion across
the lipid membrane phase is high (19-25).

A third process that has been reported to affect the disappearance rate
is binding of the drug to the intestinal tissue. Intestinal P is measured at a
steady-state, with the single-pass perfusion model, and the tissue-binding pro-
cess that may influence (non—steady-state) drug permeation is quasi—steady-
state, and does not contribute to the measured permeability (2,6). In addition,
it is unlikely that the binding capacity will be high enough to affect the mass
balance transport for most drugs. However, this may occur for drugs with
extremely high distribution volumes, as this is indicative of extensive tissue
binding.

This chapter will focus on animal models with which the effective per-
meability variable can be measured. The single-pass perfusion model in the
rat is the model for which the largest database exists. The single-pass perfusion
models of the chronically isolated intestinal segment in the rat and single-pass
perfusion models of the chronically isolated intestinal segment in the rat and
single-pass perfusion model of the dog will also be described briefly.
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Il. METHODS

A. In Situ Single-Pass Perfusion of the Rat Intestine (Acute
Experiments)

Determination of the disappearance of drug from a perfusion solution passing
through an isolated intestinal segment is a common method of estimating the
effective intestinal permeability (P.) of drugs (see Fig. 1) (2,4,26). In humans,
no validated models were available for estimation of Py until the Loc-I-Gut
and Loc-I-Col perfusion techniques were introduced (a more detailed presenta-
tion of the techniques can be found in Chap. 7 (27-29). In rats the single-
pass perfusion experiment is performed after surgery and under total anesthe-
sia. The single-pass jejunal perfusion model in situ in rat has been validated
against the human jejunal perfusion model (26). The rats usually weigh be-
tween 200 and 350 g (age 7—10 weeks), and are most often fasted overnight
before the perfusion experiment. An intestinal segment (about 10 cm) is usu-
ally rinsed with 10—20 mL of saline solution to clear the segment before the
test perfusion is started. A common perfusion rate is 0.2 mL/min, which is
maintained by a syringe pump.

Over the age interval of 5-30 weeks, there is no effect of age on the
jejunal P in rat, either for passive diffusion of drugs or carrier-mediated
transport by the D-glucose carrier (Fig. 2). However, age-dependent intesti-
nal P might, nevertheless, be an issue for very young and very old rats
(30).

B. In Vivo Single-Pass Perfusion of the Rat Intestine
(Chronically Cannulated)

The small intestine is exposed and a segment of 6—8 cm, with an intact blood
flow supply and innervation, is isolated. The head—tail connection of the
remaining intestine is restored by end-to-end anastomosis. Two polytetra-
fluoroethylene (Teflon) cannulas are inserted through the skin and attached
to the abdominal wall by ligation. Outside the animal, silicon perfusion
tubes are connected to these cannulas. Inside the animal, the loop is se-
cured with an encircling silk suture. The single-pass perfusion is performed
at a rate of 1.0 mL/min in the permanently isolated internal-loop model. The
rats can move about freely in the cage between the perfusion experiments,
but during a perfusion experiment each animal is placed in a restraining cage
3.
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Ficure 2 The effect of age on rat jejunal permeability for p-glucose, antipyrine,
atenolol, and metoprolol.

C. In Vivo Single-Pass Perfusion of the Dog Intestine
(Loc-I-Gut)

An in vivo intestinal perfusion technique has previously been developed and
extensively used and validated for permeability investigations in humans
(1,27,28). The experimental procedure using the tubes in humans is described
in more detail in Chap. 7. Recently, the technique has been applied to drug
absorption investigations in dogs (32). Beagle dogs were intubated in a stand-
ing position, using a wooden bite bar with a center opening to prevent the
dog from chewing on the tube. The tube was inserted orally through the esoph-
agus and then advanced slowly through the upper gastrointestinal tract. Upon
reaching the proximal jejunum, the correct position of the tube was confirmed
by X-ray and the two ballooons were inflated. The intestinal perfusion was
then performed at a flow rate of 1.9 mL/min until steady-state was achieved,
after which all calculations of the absorption variables were made (32).
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1. Stability and Adsorption Tests

The chemical and enzymatic stability of each drug molecule has to be assessed
by incubation in the perfusion solution (usually a buffer at a specific pH), as
well as in aspirated intestinal fluid, before the intestinal perfusion experiment
is performed (27). In addition, the binding of the compound to the tubing used
in the perfusion experiments has to be investigated (27).

2. Functional Viability Tests During the Intestinal Perfusion

The intestinal barrier function (viability) has to be continuously monitored in
any intestinal perfusion model. For instance, the intestinal viability may be
assessed with the steady-state recovery of the nonabsorbable marker PEG
4000 (PEG;covery), and by inspection of the steady-state P levels of D-glucose
(marker for active absorption) and antipyrine (marker for passive absorption)
(26,33). The P of antipyrine may also be used as an indicator of extensive
changes in mesenteric blood flow (1,27). It is also important to check whether
the P values are stable over time, because this will indicate that no escalating
viability changes have occurred. We have previously concluded that antipyrine
is a suitable absorption marker since mass-balance between disappearance
from the perfused segment and appearance in plasma of the drug can be
achieved. This also suggests that antipyrine is not bound or concentrated in
the intestinal tissue in any way (1,27).

3. Establishing a Permeability Method and the Use of

Reference Compounds

To classify drugs according to the Biopharmaceutics Classification System
(BCS) and to compare permeability data from different laboratories, the use
of a series of reference compounds is necessary (2,34-36). Potential internal
standards are metoprolol, antipyrine, polyethylene glycol, and mannitol. There
is a list of compounds that are recommended for establishing a permeability
model for use in the BCS context. These include ketoprofen, naproxen, verap-
amil, carbamazepine, propranolol, metoprolol, theophylline, caffeine, antipy-
rine, furosemide, hydrochlorothiazide, ai-methyldopa, atenolol, and ranitidine
(34-306).

4. Data Analysis of an Intestinal Perfusion Experiment

The steady-state effective intestinal permeability (P.; cm/s) in rats is usually
calculated using the parallel-tube model, because they are perfused from an
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entrance in one end of the intestinal segment to an exit at the other end of
the intestinal segment (for instance in the two rat models described earlier)
[Eq. (2)] (5,18,26,38):
Peff — _Qin ln(Cuut/Cin) (2)
A
where C;, and C,,, are the inlet and outlet, fluid-transport corrected, concentra-
tions of the compound, respectively. Q;, is the perfusion flow rate, and A is
the mass transfer surface area within the intestinal segment, which is assumed
to be a cylinder with a length of 10 cm (27,37).

In the dog model, the permeability was calculated using the well-stirred
model because it is assumed that the hydrodynamics are similar to the corre-
sponding model in the human intestine. When the human intestine is perfused,
we have shown by residence time distribution analysis that the hydrodynamics
are best described by the well-mixed model (27,32,37). The appropriate equa-
tion for the calculation of P in this case is

— Qin(cin — Cout)/cout

P,
ff A

3)

where C;, and C,, are the inlet and fluid—transport-corrected outlet concentra-
tions of the compound, respectively. Q;, is the perfusion flow rate, and A is
the mass transfer surface area within the intestinal segment, which is again
assumed to be a cylinder with a length of 10 cm (27,32,37).

D. Absorption Investigations with the Single-Pass
Perfusion Model in the Anesthetized Rat

An earlier study has shown that the extent of intestinal absorption in humans
can be predicted from intestinal permeability values measured in situ in rats
by single-pass perfusions (38). These authors investigated nine compounds
and calculated the dimensionless permeability of each. Their main conclusion
was that an intestinal permeability value can be used to estimate the extent
of oral drug absorption in humans, regardless of the transport mechanism of
the compound investigated (38).

Later, a direct comparison of the effective permeability values between
human and rats was reported for a number of drugs (26). For passively trans-
ported compounds, the rank order was the same in perfused proximal jejunal
segments of both humans and rats. The P.; values for drugs transported by
passive diffusion were on average 3.6 times higher in humans in vivo than in
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the in situ model in rats, irrespective of the permeability classification of the
drug (26). This ratio between human and rat intestinal permeability models
has been subsequently verified for other drugs, such as fluvastatin and R/S-
verapamil (39,40). Plausible reasons for the lower P value in the rat model
are differences in effective absorptive area within the perfused segment, or
species differences affecting partitioning into the membrane, diffusion coeffi-
cient, or diffusion distance (26,41-43). The anesthesia will certainly also con-
tribute to somewhat slower passive diffusion across the jejunal barrier. Carrier-
mediated transported compounds, such as L-dopa and D-glucose, deviated
from this linear relation between the two models, which clearly demonstrates
that each carrier-mediated transported drug needs to be carefully investigated
to elucidate the transport mechanism(s) involved and to obtain a scaling factor
for direct comparisons of the two different species and models (26). However,
both human and rat P, values predict the extent of intestinal drug absorption
in vivo in humans (26) very well.

The cutoff value of the absorption half-life required to obtain a complete
intestinal absorption seems to be about 30 min. In both rats and humans, the
P of metoprolol (P = 1.5 X 107* cm/s) is on the lower end of the range

0.57

Fraction absorbed of Carbovir during

an intestinal perfusion

lumenal data  plasma data  lumenal data  plasma data

Rat jejunal perfusion Rat ileal perfusion

Ficure 3  Mass balance of disappearance from the intestinal lumen and appear-
ance rates in plasma for carbovir during perfusion of rat jejunum or rat ileum.
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for the completely absorbed drugs (1,26). A half-life of approximately 30 min
has also been previously suggested to be the cutoff value for complete absorp-
tion when the direct transmucosal transport rate of 13 drugs, representing a
broad range of permeability values, was studied (43). The good agreement
between different animal laboratories clearly demonstrates the robustness of
the animal intestinal perfusion method.

The absorption and first-pass metabolism of carbovir was investigated
in another experimental setup in which intestinal perfusion was carried out at
the same time as plasma samples were taken from the portal vein (44). These
authors found an agreement between the disappearance of carbovir from the
intestinal lumen and the appearance of carbovir in the portal vein (Fig. 3).
This mass balance between disappearance and appearance rates indicates that
no metabolism of carbovir occurred in the gut wall. It also supports the conclu-
sion that intestinal drug absorption can be determined by disappearance from
the intestinal segment in the perfused rat model. Altogether, this report by
Pithavala et al. in 1997 further demonstrates the great utility of the single-
pass perfusion model in rats as a robust preclinical drug absorption model that
can provide highly accurate permeability data (44).
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Ficure 4 Jejunal permeabilities of p-glucose and 1-dopa in humans and rats ob-
tained by regional single-pass perfusion.
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In general, the single-pass perfusion model in rats shows high permeabil-
ity values for various model compounds that are transported through the hex-
ose, amino acid, and oligopeptide carriers (2,26,45). The general opinion is
that the transport properties for these carriers agree between rats and human
(46,47). Jejunal permeability values for D-glucose and L-dopa are similar to
the corresponding data in the human intestine (26) (Fig. 4). Accordingly, the
single-pass perfusion model in the rat intestine is suitable for investigations
of carrier-mediated drug transport. By contrast, the effective permeability val-
ues of carrier-mediated transported compounds, such as L-dopa, D-glucose,
and L-leucine, are significantly slower, about 100- to 1000-fold, in Caco-2
cells than in human jejunum in vivo at the same concentrations (Fig. 5) (48).
For instance, the carrier-mediated transport rate of L-dopa was approximately
340-fold slower in Caco-2 monolayers than in human jejunum. We cannot
exclude the possibility that these compounds were partly transported by
passive diffusion in the Caco-2 monolayers owing to saturation of the car-
rier (48). Nevertheless, the results are in agreement with previous studies in
Caco-2 monolayers that show that this cell line displays a variable and gener-
ally lower expression of carrier-mediated transport than seen in vivo (49). This

207
- 181
E 16 1
*.':; B Caco-2 monolayer
= 147 Human jejunum
£ 12 =
= :
i 101
E
g 3
£ 6 —
g 4] e
= i
= o
21 47 =
™~ -, iy
. < = / g
D-glucose I.-dopa L-leucine

Ficure 5 The relation between human jejunal permeability and Caco-2 monolayer
permeability for p-glucose, 1-dopa, and i-leucine. The number above each column
is the permeability value.
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is also consistent with the colonic origin of the Caco-2 cells. Quantitative
prediction of carrier-mediated drug transport rate in humans, based on data
generated in the Caco-2 model, therefore, will be possible only after character-
ization of each transport system, and subsequent introduction of the appro-
priate scaling factor to compensate for the different expression of the carrier
in Caco-2 cells from that seen in vivo (18,48). Investigations of transport
mechanisms (on a qualitative basis) for different drugs is still possible with
the Caco-2 model with a high degree of predictivity, despite the lower expres-
sion of the transport proteins. Direct comparison of the oligopeptide-mediated
transport for a model prodrug, b-asp-OBzl, has recently been reported by Stef-
fansen et al. (50). p-asp-OBzl was transported 32 times slower in the Caco-
2 model than from the rat jejunum (measured with a single-pass perfusion;
Fig. 6) (50). This is most likely due to a significantly lower expression of the
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Ficure 6 The permeability of a model prodrug for the oligopeptide carrier, p-Asp-
OBzl, was 32 times lower in the Caco-2 model than in the rat intestinal single-
pass perfusion model.
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carrier in the cell culture (50). Passive drug absorption seems, however, to
be equally well predicted with the Caco-2 model as with other permeability
models.

Underprediction of the permeability of actively transported drugs is a
limitation of the available cell culture (in vitro) transport models (such as
Caco-2 model), because they have a low expression of various transport carri-
ers (51). It is very important to consider this model difference, because some
new drug molecules, intended to be used in oral drug products, seem to be
absorbed by complex transport mechanisms, involving both passive diffusion
and carrier-mediated transport in both directions across the intestinal barrier
(carrier-mediated absorption and carrier-mediated efflux) (18,51).

lil. DISCUSSION

A. Regional Intestinal Factors Affecting Absorption and
Bioavailability

Absorption of the drug throughout the small intestine and certain regions of
the large intestine is a prerequisite for drugs administered in controlled-release
dosage forms. However, several physiological, anatomical, and biochemical
factors that influence the dissolution, stability, absorption, and presystemic
metabolism of the drug vary along the gastrointestinal tract. Consequently, it
is crucial to investigate these processes in the intestinal regions of interest.
One of the variables, intestinal P, can easily be determined by applying the
single-pass perfusion technique in various regions of the rat intestine.

The small intestine is the region of the gastrointestinal tract with the
highest absorptive capacity and from which most drugs are mainly absorbed.
The drug absorption from this region, which is specialized for rapid nutrient
uptake, is high owing to a large surface area and a large number of different
types of transport proteins (1,2,41,52-55). Drugs may also be absorbed to a
significant extent from the colon, which is a necessary property for drug mole-
cules that are to be given as controlled-release products (56). The extent and
importance of colonic absorption are, however, difficult to predict. This is
because of the highly variable transit time, conflicting results from animal in
vitro or in situ studies on regional intestinal permeability, and a lack of human
colonic permeability data (1). Available animal and human data have generally
shown that the colon has a significantly lower permeability—absorptive capac-
ity than the small intestine for hydrophilic to moderately lipophilic compounds
(57-61). Furthermore, Kimura and co-workers found that a small drug of in-
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termediate lipophilicity (acetaminophen, MW 151) was more rapidly absorbed
from the small than from the large intestine in rats, whereas the P of a highly
lipophilic compound (indomethacin, MW 358) had similar permeabilities in
these regions (68). Lower permeabilities are consistent with the lack of villi
(smaller surface area), the lower membrane fluidity of the absorptive cells
(colonocytes), lower mesenteric blood flow, less pronounced mixing of the
luminal contents, and absence or low capacities of the specific transport sys-
tems for drug and nutrient absorption (57—-64). However, the foregoing obser-
vations are in conflict with data obtained by other groups, who demonstrated
a higher P in the rat colon than the small intestine for hydrophilic compounds
(65-67). The discrepancies in the results have not yet been clarified, but as
previous animal in situ and in vitro studies have shown, they might be due
to loss of the intestinal barrier function during the experimental procedure
(26,33).

This inconsistency in the literature clearly demonstrates the need for
using internal permeability standards and also to use several well-established
model compounds when evaluating a permeability method. This is also neces-
sary for comparison of regional permeability values between different labora-
tories. As discussed earlier, some animal in situ and in vitro studies have
reported that the colon has a significantly higher permeability than the small
intestine for lipophilic compounds, whereas others have observed that this is
also true for hydrophilic molecules (61,64—70). The reasons for the different
permeability patterns for hydrophilic and lipophilic compounds are unknown,
but might be explained by a composition of colonocyte membranes that favors
the uptake of lipophilic compounds, and an influence of the unstirred water
layer adjacent to the intestinal wall, which is a diffusional barrier shown to
have a considerable influence on the P for highly permeable compounds in
the perfused rat intestine in situ (71). Other factors such as paracellular absorp-
tion and solvent drag are less probable, because in this rat model neither sol-
vent drag nor high luminal levels of D-glucose (up to 80 mM) influence the
P of compounds in this size range (72,73).

The approximately 20 and 100 times lower rat colonic P values for
D-glucose and L-dopa, respectively, compared with the rat jejunum are in
agreement with observations for D-glucose in the human intestine in-vivo, and
indicates an absence or low capacity of the glucose and amino acid transporters
in the large intestine (1,29).

From the foregoing discussion and from several reports, it appears that
there exists a similarity in intestinal drug absorption among human and rats.
In a 1998 report by Chiou and Barve, found that data in the literature for
the extent of intestinal absorption in humans was predictable on the basis of
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corresponding data from the rat (74). The relation between human and rat
absorption appeared to be linear for 64 drugs representing a wide range of
different physicochemical and permeability properties. The extent of intestinal
absorption ranged from approximately 20 to 100%. That the rat model is a
good model is also supported in a study by He et al. in 1998, in which values of
bioavailability of 16 oligomers of polyethylene glycol (PEG) with molecular
weights between 280 and 950 were compared (75). As the compounds are not
metabolized to any significant extent during first-pass, the bioavailability is
assumed to reflect intestinal absorption. The bioavailability ranged between
14-79% and 21-56% in human and rats, respectively. Furthermore, the corre-
lation between humans and rats was excellent (> = 0.975). In contrast, dogs
absorbed the same compounds significantly more efficiently and their extents
of absorption were far less predictive of the absorption in humans (> = 0.449)
(75).

B. Intestinal Efflux and Drug Absorption

In the last few years, it has been discovered that drug transport across the
intestinal barrier is affected not only by the interaction between the lipophilic
membrane and the physicochemical properties of the drug molecule itself, but
also by several and not yet fully understood carrier-mediated efflux mecha-
nisms. This phenomenon, which is referred to as multidrug resistance (MDR),
is mediated by the increased expression of energy-dependent drug efflux pro-
teins such as P-glycoproteins (P,,), multidrug resistance-associated proteins
(MRP), or lung resistance proteins (LRP) (76—78). These ATP-binding cas-
sette (ABC) transporters decrease the intracellular concentration of the drugs
and their metabolites (if they are good substrates) by actively pumping them
out of the cells. The P,,, MRP, and LRP are expressed in various normal
tissues (as well as in cancer cells), where they may influence the absorption,
bioavailability, tissue distribution, and the elimination of drugs.

Several surfactants have been evaluated as reversers of MDR. It is not
generally believed that these agents are substrates for P, or other efflux pro-
teins, but rather, that they affect the proteins indirectly by inducing alterations
in the physical state of the lipids in the plasma membrane (79).

The P-glycoproteins are encoded by two genes in humans (MDRI and
MDR?2) and three genes in rodents (mdrl—3). Only MDRI, mdrl, and mdr3,
however, are involved in MDR (80). The 170-kDa P, is present in the apical
membrane of intestinal epithelial cells of the small and large intestine, in the
canalicular membrane of hepatocytes, and in the lumenal membrane of proxi-
mal epithelial cells in the kidney (81). These locations suggest that P, excretes

Copyright © Marcel Dekker, Inc. All rights reserved.

MarceL DEkkER, INc. ﬂ
270 Madison Avenue, New York, New York 10016 o



Animal Perfusion Studies 87

its substrates into the intestinal lumen, bile, and urine to eliminate these com-
pounds from the body. It has also been reported that P,, is present on the
capillary endothelium of the brain, where it is a functionally important part
of the blood—brain barrier (82,83).

The substrate specificity of P, appears to be very broad, as the protein
is able to transport chemically and pharmacologically unrelated drugs such as
vinca alkaloids (e.g., vincristine), calcium channel blockers (e.g., verapamil),
the immunosuppressive agent cyclosporine, glucocorticoids (e.g., dexametha-
sone), the anthelmintic drug ivermectin, and B-receptor blocking agents (e.g.,
celiprolol) (80,82,84—85). Although the chemical structures recognized by P,
are not fully determined, favored P,, substrates appear to be cationic, hy-
drophobic molecules, with at least two planar rings, and a molecular weight
of 400-1500 (80). It has been suggested that the interaction between P, and
its substrates might involve the formation of several hydrogen bonds, sepa-
rated by fixed distances of 2.3 = 0.3 or 4.6 * 0.6 A (85). Klopman et al. (86)
tested a data set of 609 diverse compounds as MDR reversal agents and re-
ported that the C-C-N-C-C sequence was found in most of the active com-
pounds, whereas the presence of a carboxylic acid or a quaternary ammonium
was detrimental to reversal activity.

The tissue distribution of the 190-kDa MRP generally overlaps with
that of the P, (87). The physiological role of MRP is probably to pump amphi-
philic anions, such as phase II conjugates of glutathione, glucuronic acid, and
sulfate, out of the cell (88). It has been suggested that drug efflux by the MRP
might occur by a cotransport mechanism involving glutathione and possibly
other anions (89,90). Whether the MRP is able to transport free drugs or not
is, however, controversial and the subject of several ongoing investigations.
Nevertheless, the MRP has been suggested to efflux calcein and several -
lactam antibiotics from the serosal to the apical side of rat intestinal segments
in vitro (91-93). The MRP2, also called the canalicular multispecific organic
anion transporter (c(MOAT), is a homologue of MRP and is expressed in the
liver as well as in the intestine (RNA expression), mainly in the duodenum
(94). Furthermore, three new homologues of MRP and MRP2 have been iden-
tified: MRP3-5. The MRP3 is mainly expressed (RNA level) in the liver,
MRP4 is expressed (RNA level) in only a few tissues (e.g., lung, kidney, and
gallbladder), and MRPS5 is expressed (RNA level) in almost every tissue (94).
Their substrate specificities and potential roles in drug transport have not yet
been established.

The tissue distribution of the 110-kDa LRP mainly overlaps with that
of MRP (87). The potential role of LRP as an efflux transporter in normal
(noncancer) tissues has not been reported.
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In general, the presence of any efflux protein at the apical membrane
of intestinal epithelial cells will efflux their substrates back into the intestinal
lumen. At higher concentrations the efflux protein will be saturated, resulting
in a higher fraction being absorbed and an increase in the bioavailability. It was
suggested that this mechanism is the reason for the observed dose-dependent
absorption of talinolol in humans and celiprolol in rats, and the concentration-
dependent jejunal effective permeability of R/S-verapamil in humans and rats
(25,95-97). There was an increase of rat jejunal P from 0.42 X 107 to
0.8 X 10™*cm/s (p < 0.05) at perfusate concentrations from 4.0 to 400 mg/L.
Corresponding data in humans at the same perfusate concentrations increased
from 2.5 X 10™*t0 6.8 X 10~*cm/s (p < 0.05). In Fig. 7 a correlation is shown
for the jejunal permeabilities of both enantioners of verapamil determined with
single-pass perfusion of the rat and human jejunum. The jejunal P of both
enantiomers is about six to eight times lower in the perfused rat jejunum com-
pared with human jejunum (25,97). The reason for this discrepancy might be
that the rat intestine has a somewhat higher P,,-mediated efflux activity than
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Ficure 7 The relation between the jejunal permeabilities of each of the enantiom-
ers of verapamil in rats and humans, respectively.
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the human intestine. This is supported by our previously reported human—rat
correlation for passively transported drugs for which the difference was about
3.6 times (26). However, the P s for R- and S-verapamil in rats were still
high enough to predict complete intestinal absorption. Interestingly, there was
no detectable difference between the jejunal P for R- and S-verapamil in
humans in vivo or rats in situ (25,97). This has also been valid for the transport
of R/S-verapamil in cancer cells in vitro. The lack of stereoselectivity of
P-glycoprotein-mediated intestinal efflux transport, clearly demonstrated in
humans and rats, is of utmost pharmacological importance to consider for
the otherwise well-known stereoselective pharmacokinetics and pharmaco-
dynamics for R/S-verapamil in humans (25,97).

However, even if R- and S-verapamil are substrates for P, in the small
intestine in both rats and humans, the measured P -values were sufficiently
high to predict a complete intestinal absorption (26,97). This may be due satu-
ration of the efflux carrier, and it appears that the P, transport activity might
be saturated at luminal concentrations obtained after clinical doses. Earlier
studies in humans and rats were performed as single-dose studies (without
pretreatment of any P,, inducer). Therefore, it is of great interest to specifically
examine the effect on intestinal P in rats pretreated with a well-known P,
inducer. Rifampin has previously been shown to induce P,, in human entero-
cytes in vivo and in cell cultures in vitro (99). In humans, the MDR1 mRNA
expression in the enterocyte increased by an average of 4.3-fold following
rifampin treatment for 7 days (100,101). In a rat intestinal perfusion investiga-
tion, the jejunal P tended to decrease after treatment with rifampin (39). This
is most probably attributable to increased expression of an efflux protein
which, based on previous experience, should be the P-glycoprotein. However,
even if the rat jejunal P for R- and S-verapamil was affected by rifampin
treatment, the reduction was too small to influence the extent of intestinal
absorption of R- and S-verapamil (39). In another rat jejunal permeability in-
vestigation the animals were pretreated with artemisin, which is known to
decrease its own bioavailability after repeated oral dosing to humans. How-
ever, multiple dosing of artemisin did not affect its permeability in the rat
jejunum. Furthermore, rat jejunal P of artemisin was not affected by addition
of R/S-verapamil. Altogether this indicates that artemisin is not a P-glycopro-
tein substrate in rats and probably not in humans either (26,97,103). This in
vivo model in rats also supports the use of Caco-2 model for efflux studies,
because artemisin was not a substrate in that cell culture model (104).

In other studies it was shown that the bioavailability of the anticancer
drug paclitaxel increased more than three-fold in mice lacking P,, (mdrla—/—)
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compared with wild-type mice (105). However, the quantitative role of efflux
proteins for the bioavailability in vivo in humans is under debate in the litera-
ture, and remains to be definitively established (26,102,106).

The levels of mRNA expression of P, increase along the intestinal tract
in humans. The P, is located on the apical membrane of the columnar epithe-
lial cells, but not on the crypt cells in humans (81). A regional difference in
transport activity of well-known P, substrates in rats (diffusion chamber),
such as etoposide, vinblastine, or verapamil, has been reported: The ileum had
a higher efflux capacity than either the jejunum or colon (107).

C. Enzymatic Activity of the Intestinal Wall

The intestinal expression of cytochrome P450 (CYP) isoenzymes in both hu-
mans and rats is highest in the duodenum and jejunum and lowest in the colon.
The CYP3A4 accounts for most of the total CYP found in the human intestine,
with duodenal, jejunal, ileal, and colonic concentrations (pmol/mg protein) of
approximately 50, 30, 10, and 2% of that in the liver, respectively (108). The
intrinsic clearance for CYP3A4 (midazolam 1’-hydroxylation) has been esti-
mated to be 50, 144, and 19 mL/min in the duodenum, jejunum, and ileum,
respectively (liver 15,800 mL/min) (109). CYP2C9 and CYP2D6 were de-
tected only in the human small intestine, with concentrations approximately
5 and 20% of that of the liver, respectively (108). In rats, CYP2B1 is expressed
in high concentrations in the duodenum (150% of that of the liver), lower in
the jejunum (50%) and the ileum (25%), with only traces being found in the
colon (108). It has been reported that the CYP3A enzymes are present through-
out the gastrointestinal tract in rats, although at a lower concentration in the
colon than in the upper small intestine (110). Zhang et al. reported in 1996
that CYP P450s, 1A1, 2B1, and 3A1, were detected in rat enterocytes (111).
In addition, CYP P450s, 2C6 and sC11, were both constitutively expressed
at low levels (111). In our own laboratories we have found that the mRNA
expression of CYP P450s, 1A1, 2B1, 2C6, 2Cl11, 2D1, and P, was strong
throughout the rat small intestine (Lindell, Lang, Lennernis, unpublished
data). Appearantly some controversies still exist regarding the expression of
CYP P450s along the rat small intestine.

IV. CONCLUSION

Intestinal drug absorption can be determined by measuring disappearance rate
of drugs from the intestinal segment in the perfused rat model. The high corre-
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lation between rat and human jejunal permeabilities for drugs representing
different chemical structures as well as transport mechanisms supports the
great utility of the rat intestinal perfusion technique in preclinical research and
development. Recent reports demonstrating mass balance between disappear-
ance from the lumen and appearance rates of drug in the partial blood further
support this conclusion.
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I. INTRODUCTION

The extent of absorption (fa) can be defined in terms of all processes, from
the dissolution of the solid dosage form to the uptake of the drug into the
intestinal tissue (i.e., transport across the apical membrane of the enterocyte).
This general definition for the extent of absorption does not include metabolic
first-pass effects in the gut or liver or biliary excretion in the liver (Eg and
Ey) (1,2). The bioavailability (F) of a compound is a consequence of all these
processes, as shown in Eq. (1).

F=fa(l —Eg) (1 — Ey) (1

More explicitly, the extent of drug absorption fa from the small and large
intestine takes into account the following factors: dose/dissolution ratio, chem-
ical degradation—metabolism in the lumen, complex binding in the lumen,
intestinal transit, and effective permeability (P.y) across the intestinal mucosa
(1,2). Drug transport across the intestinal barrier occurs by passive diffusion
or active transcellular transport. Frequently, the P is considered to be the
rate-limiting step in the overall absorption process. However, with the advent
of several new pharmacological targets in drug discovery, for instance, intra-
cellularly localized receptors, it is expected that more lipophilic compounds
will be developed (3). This means that drug disintegration and dissolution in
the gastrointestinal fluids will be a crucial step in the design, development
and optimization of a solid oral drug product. Nevertheless, it will be necessary
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to establish that uptake into the intestinal tissue is not a limitation to oral
bioavailability. The limited access to direct measurements of in vivo drug
absorption means that not all important factors affecting drug absorption in
the gut lumen and in the enterocyte membrane are known (1,4).

Our human intestinal perfusion approach has been useful for generating
knowledge about the direct in vivo membrane transport (1,5). This clinical
tool also allows investigation of the following research issues in humans: (a)
the first-pass effect of drugs in the liver, (b) drug metabolism in intestinal
tissue (by measurement of metabolite[s] in the outlet perfusate), (¢) in vivo
dissolution of drugs, (d) local pharmacological studies of drugs, (e) nutrient
absorption, (f) biological mechanisms of different gastrointestinal diseases, (g)
food—drug interactions, and (h) intestinal secretion of drugs and endogenous
compounds (1,5-10).

The goal of this chapter is to demonstrate the usefulness of direct in vivo
investigations in humans of important biopharmaceutical and pharmacokinetic
properties, such as dissolution, intestinal permeability, mechanisms of drug
transport, and metabolism.

Il. MEASURING DRUG ABSORPTION AND
BIOAVAILABILITY IN HUMANS

The most common way to investigate drug absorption—bioavailability in hu-
mans today is to perform standard pharmacokinetic studies. More elaborate
methods include various intubation techniques, remote-controlled capsules,
and pharmacoscintigraphy studies. Commonly used pharmacokinetic ap-
proaches to evaluate rate and extent of drug absorption have been summarized
(11,12). All these methods are based on plasma concentration—time data and
cannot be used to explicitly investigate the transport rate across intestinal epi-
thelium (permeability) or drug dissolution in vivo. In contrast, single-pass per-
fusion of an intestinal segment is an approach that makes it possible to perform
mechanistic investigations of drug absorption in humans.

Clinical investigations with direct measurements of in vivo dissolution
are rare. In humans various approaches have been used. The most common
way is to calculate the in vivo dissolution by using the deconvolution method
of plasma concentrations after oral administration of solution and solid dosage
forms. Other ways to investigate these processes are to utilize pharmacoscin-
tigraphy and gastroscopic techniques (4).
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A. The Validation of Intestinal Perfusion Techniques in
Humans

A recently developed in vivo drug absorption technique for single-pass perfu-
sion experiments in human subjects, the Loc-I-Gut, has been used for perme-
ability investigations (5,13). This in vivo perfusion technique requires a 175-
cm-long, sterile polyvinyl tube (external diameter 5.3 mm) with six inner
channels. At the distal end of the tube there are two elongated latex balloons,
placed 10 cm apart (5,13). The tube is inserted and positioned in the human
proximal jejunum under the guidance of a fluoroscopic technique. This proce-
dure is performed in the fasted state (10-h fasting). Air (24-32 mL) is used
to inflate the two balloons, creating a 10-cm—long jejunal segment (Fig. 1).
The positioning of the tube usually takes 1 h, after which the single pass
perfusion at a rate of between 2.0 and 3.0 mL/min is started. A more detailed
description of the positioning procedure and the perfusion technique can be
found elsewhere (5,13). With Loc-I-Gut it has been possible to perform accu-
rate and direct in vivo determinations of the local absorption rate in humans

Fic. 1 The multichannel tube system with double balloons allowing segmental
jejunal perfusion. The balloons are filled with air when the proximal balloon has
passed the ligament of Treitz. Gastric suction is obtained by a separate tube. Poly-
ethylene glycol ('*C-PEG 4000) is used as a volume marker.
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(i.e., P [cm/s]; see Fig. 1) (5,13). The hydrodynamics in the perfused seg-
ment are best described by a well-stirred model according to residence time
distribution analysis (14). The intestinal effective permeability (Py) is calcu-
lated using Eq. (2) (5,14):

Ci - Cou in
p, = En = CalOi @)
Cou 21 rL)

The surface of the cylinder (2r rL) of the jejunal segment is estimated from
the intestinal radius (» = 1.75 cm) and the length (L = 10 cm) of the segment.
That this estimate of the human jejunal radius is accurate for the perfused
segment has been shown by a recently performed fluoroscopic investigation
(Knutson et al., personal communication).

When single-pass perfusion experiments are performed at a perfusion
rate of 2.0-3.0 mL/min, the recovery of the nonabsorbable volume marker
polyethylene glycol (PEG) 4000 in the perfusate leaving the intestinal segment
is more than 95% (1,5). This indicates that the intestinal tissue is intact, be-
cause it is generally viewed that the quantitative uptake of large hydrophilic
molecules is diagnostic for decreased tissue viability and integrity in vivo (15).
Whether the motility is altered by the presence of two balloons, and whether
the blood supply to the perfused segment is influenced has also been discussed
(16—19). It is known that distension of the canine intestine at a pressure of
20 mmHg does not reduce the capillary area open for tissue blood flow (19).
However, an increase in the intraluminal pressure to 100 mmHg significantly
affected capillary blood flow in the mesenteric circulation in same dogs (19).
As a comparison, the regional perfusion jejunal segment with two balloons
in humans—each with a pressure of about 20 mmHg—shows a very rapid
absorption of both passively and actively transported high-permeability com-
pounds (such as D-glucose, antipyrine, L-leucine, L-dopa, or carbamazepine)
(1). The absorption of D-glucose (a marker for active absorption) and antipy-
rine (a marker for passive transcellular absorption and mesenteric blood flow)
was stable over time, which indicates that no progressive changes in viability
occurred (1,5). From these observations, we concluded that no major change
in blood flow exists, for it has been reported that the absorption of antipyrine
is sensitive to changes in mesenteric blood flow (1,5).

The mass balance of the transport of drugs and other compounds across
the jejunal barrier during the single-pass perfusion cannot be directly assessed
because it is not possible to measure the concentration of a drug in the cytosol
of the enterocyte or in the vena porta in humans. Instead, the peripheral venous
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blood has been used as the in vivo reference on the receiver side. In our first
study we clearly demonstrated that the peripheral plasma concentration is
about 100 times less than the luminal concentration for antipyrine (5). These
data suggest that sink conditions apply: antipyrine is a drug with a small vol-
ume of distribution—approximately 40 L in a 70-kg person—and is assumed
to be evenly distributed in the body (5). Furthermore, the liver extraction of
fluvastatin—a CYP2C9 substrate—was identical following jejunal perfusion
and intravenous infusion, which also supports the hypothesis that mass balance
between disappearance from the lumen and appearance in blood exists for
drugs investigated with the Loc-I-Gut system (1,6). Finally, we have estab-
lished an excellent correlation between the measured jejunal P.; and extent
of intestinal absorption for low-, intermediate-, and high-permeability drugs
(Fig. 2) (1,20). A major advantage with this clinical tool is that it is possible to
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Fic. 2 The effective permeability of five drugs with different physicochemical
properties in the Caco-2 monolayer, rat jejunal segment in the Ussing chamber,
the perfused rat jejunum, and the human jejunum.
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Human Jejunal Py¢r vs log D octanol, pH 6.5

121
E 10| o
-T
b | .
= 81
g
Ry
5 6 .
=
.=
= [ N}
= 41
-]
g * .
= 27

[ ]
0-4._'&.. 3 5 y Y
3002 a0 1 2 3

log D octanol, pH 6.5

Fic. 3 The relation between human effective permeability (in vivo) and log D
(octanol / phosphate buffer at pH 6.5) for passively absorbed drugs.

measure the intestinal transport and metabolism of drugs and their metabolites
immediately adjacent to the tissue where these processes occur (10).

lll. PERMEABILITY DETERMINATIONS

In Fig. 2 the relations between human in vivo P values and their correspond-
ing data determined in commonly used preclinical permeability models such
as Caco-2 monolayer, single-pass perfusion in rat jejunum, and excised rat
jejunal segment mounted in a diffusion chamber (Ussing model) are depicted
(20-23). The permeability of passively transported compounds are predicted
with a particularly high degree of accuracy. Because of the relative large inter-
laboratory variability in the permeability estimates, a set of reference drugs
must be used to be able to compare P.; values among different laboratories.
Otherwise, only the rank order can be compared. The reference values make
it possible to compensate for both the inter- and as well intralaboratory varia-
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tions that exist for preclinical permeability models. Special care must be taken
for drugs with a carrier-mediated transport mechanism, for which a scaling
factor must be used.

In our work with the Biopharmaceutical Classification System (BCS)
for immediate-release oral products we have determined the P for a large
number of drugs (1,20,23—-27). The drugs for which we have performed per-
meability measurements represent several pharmacological classes and are
shown in Table 1. The relation between measured human jejunal P values
and the extent of intestinal absorption (fa) is characterized by a steep curve
in the permeability range 0.4—1.2 X 10~* cm/s (Fig. 2). The BCS is based on
the qualitative variables solubility (S) and permeability (P.;)(2). The long-
term goal of the human permeability project is to obtain quantitative values
of the jejunal effective permeabilities (P). In combination with solubility
data, the P enables the drug to be classified according to the BCS. The major
advantage of the BCS is that, by identifying the key variables (S and P.y)
controlling drug absorption, it will be possible to simplify drug regulation
(28-30) of immediate-release products for oral administration.

The interindividual variability in the estimate of the human jejunal P
was reduced for high-permeability drugs when antipyrine (a high-permeability
drug that is absorbed by passive transcellular diffusion) was used as a refer-
ence marker. However, the interindividual variability was not decreased for
low-permeability drugs. This observation is in accordance with the fact that
intestinal absorption of the high-permeability drugs and antipyrine is influ-
enced by the same factors. A plausible reason why the interindividual variabil-
ity for low-permeability drugs was not affected is probably due to the fact
that their transport is influenced by other factors.

Tasie 1 The Effective Jejunal Permeability Has Been Determined for the
Following Drugs by Single-Pass Perfusion Experiments at Uppsala University.
These Drugs Have Then Been Classified According to the Biopharmaceutics
Classification System (BCS)

Cardiovascular system agents: metoprolol, atenolol, propranolol, lisinopril,
o-methyldopa, losartan, and verapamil

NSAIDS: naproxen and ketoprofen

CNS agents: desipramine and carbamazepine

Anti-infective: amoxicillin

Urinary tract system agents: hydrochlorotiazide, furosemide, and amiloride

Gastroenterological agent: cimetidine
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The jejunal P.s for 22 compounds with diverse structures have been
correlated with both experimentally determined lipophilicity values and calcu-
lated molecular descriptors (31). Lipophilicity values were obtained using the
pH-metric technique. Both pK, values, log P and, if necessary, log P,,, values
were determined. With these values log D values were calculated at pH 5.5,
6.5, and 7.4. Of these 22 compounds some were omitted because they are
actively or paracellularly transported. The remaining compounds were in-
cluded in a multivariate analysis to derive models that correlate passive intesti-
nal permeability with physicochemical descriptors. Figure 3 demonstrates the
relation between human jejunal P for the passively transported drugs and
their corresponding log Dgs values. The best model, based on 13 passively
transcellularly transported compounds, used the variables HBD (number of
hydrogen bond donors), PSA (polar surface area) and either log Dss or log
Dy (distribution coefficient at pH 5.5 or 6.5, respectively). A good predictive
model for human in vivo P was also obtained using only theoretical parame-
ters. Finally, it is possible to predict passive intestinal membrane diffusion in
vivo for compounds that fit within the defined property space. However, these
models are not applicable for predictions of effective in vivo human perme-
ability for peptides, polysaccharides, or other compounds that do not fit into
the defined property space (31).

APICAL BASOLATERAL

ENDOPLASMIC
CARRIER- RETICULUM

MEDIATED (CYP P450)

*—-—-—-—--—-—._-—-—c—
PASSIVE

METABOLITES

Fic.4 An illustration of the transport of compounds across the intestinal mem-
branes and how the intracellularly formed metabolites may interact with the cellu-
lar transport processes.
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IV. INTESTINAL TRANSPORT AND METABOLISM IN VIVO
IN HUMANS

Figure 4 illustrates the rather complex interplay that seems to exist during
intestinal absorption of drugs between various processes, such as passive diffu-
sion, carrier-mediated transport (in both directions), metabolism, and formed
metabolites that may interact with efflux—metabolism.

A drug molecule enters the enterocyte by transport across the apical
membrane, which for passively transported drugs is considered to be the rate-
limiting step to intestinal transport (32). Membrane efflux proteins, such as
P-glycoprotein, are located in the apical enterocyte (33). Metabolism by the
cytochrome P450 (CYP) enzymes occurs inside the enterocyte, and the formed
metabolites may also be substrates for any efflux protein. For carrier-mediated
transported compounds, the carrier may be available at the basolateral as well
as the apical membrane.

The gut wall metabolism of drugs (by CYP3A4) has been reported to
be a significant part of the total first-pass effect following oral administration
of drugs such as verapamil, midazolam, felodipine, and cyclosporine (34—-37).
It has been suggested that there is a considerable overlap in substrate specific-
ity between the CYP3A enzymes and P-glycoprotein (P-gp), which further
suggests that these two biological processes can cooperate to protect the organ-
ism from potentially toxic xenobiotics in the intestine, as well as in other
tissues (efflux of drugs and metabolites may be considered as a phase-III pro-
cess) (38—39). A hypothesis for the function of P-glycoprotein in the intestine
is that it slows down the absorption rate (apical recycling), thereby reducing
the concentration of the drug in the cytosol of the enterocytes. Accordingly,
it may decrease the risk of enzymatic saturation of the intracellularly localized
CYP3A enzymes (39). The tissue distribution of P-glycoprotein and CYP3A
has been reported to be similar, which suggested that the expression of the
two are linked in some way (38). However, in a further study of the expression
of both CYP3A and P-gp in human enterocytes, no correlation between the
tissue levels of CYP3A and P-gp was found (40). The same absence of correla-
tion has been seen for the concentrations of CYP3A in the intestine compared
with CYP3A in the liver (41). This indicates that the regulation of the expres-
sion of the enzyme and of the transport protein is not directly linked, even
though the same drug can induce the expression of both these biological pro-
teins. For example, rifampin has been reported to induce the expression of P-
glycoprotein in the intestine and the metabolism in both the intestine and liver
(36,42). There is only one human study in which the expression of P-glycopro-

Copyright © Marcel Dekker, Inc. All rights reserved.

MarceL DEkkER, INc. ﬂ
270 Madison Avenue, New York, New York 10016 o



108 Lennernas

tein in the intestine has been shown to influence the bioavailability of a drug
(40). In that study, when cyclosporine was given to kidney transplant patients,
P-glycoprotein expression contributed 17% of the variability in the apparent
oral clearance of cyclosporine (40). In animal studies, the oral bioavailability
of paclitaxel (Taxol) was higher in mice lacking both genes for mdrla, a gene
coding for the intestinal P-glycoprotein, than in the wild-type mice (43). Some
cooperation has also been found between P-glycoprotein transport and CYP3A
metabolism of cyclosporine in an in vitro cell culture (Caco-2 monolayer)
(44). However, it is unclear if the interplay between P-glycoprotein efflux and
intracellular metabolism of CYP3A is of any clinical importance for other
drugs with similar substrate specificity for these proteins. Accordingly, more
in vivo pharmacokinetic—biopharmaceutic studies are needed to better under-
stand the clinical relevance of the P-glycoprotein efflux mechanism.

In a human perfusion study with an open-perfusion technique, intestinal
secretion of talinolol (a P-glycoprotein substrate) was reported (45). Other in
vivo and in vitro studies have presented evidence that intestinal secretion is
the reason behind the concentration- and dose-dependent absorption of talino-
lol (46). By using the Loc-I-Gut technique we have performed several single-
pass perfusion studies in human jejunum with R/S-verapamil at different lumi-
nal concentrations. Verapamil is a lipophilic model drug (log D 2.7, octanol/
H,O; pH 7.4; MW 455 Da) that has been extensively used as a model substrate
for P-glycoprotein(s) in cancer cells. R/S-Verapamil was chosen as model drug
for three reasons: (a) it is a well-known substrate for P-glycoprotein; (b) it is
metabolized to a major metabolite (R/S-norverapamil) by CYP3A4; and (c)
it has a well-established stereoselective first-pass metabolic extraction (10,47).
We have measured the jejunal P of each enantioner of verapamil at 4.0, 40,
120, and 400 mg/L (of the racemate) (10,47). A luminal concentration of 400
mg/L is expected to be achieved in the upper part of the small intestine after
oral administration of a 100-mg dose of verapamil in an immediate-release
dosage form. The remaining concentrations represent decreased fractions of
the dose left to be absorbed. The human jejunal P, increased with an increas-
ing concentration of R/S-verapamil in the perfused intestinal segment. This
is consistent with a saturable efflux mechanism mediated by P-glycoprotein
located in the human jejunal epithelium. Furthermore, there was no difference
between the R- and S-form of verapamil at any luminal concentration. This
suggests that the efflux transport, most likely mediated by P-glycoprotein,
cannot discriminate between the R- and S-forms of verapamil. The P values
for both enantioners at each of the concentrations (4.0, 40, 120, and 400 mg/
L) were 2.5 X 107%,4.7 X 107%,5.5 X 107%; and 6.7 X 10* cm/s, respectively.

Copyright © Marcel Dekker, Inc. All rights reserved.

MarceL DEkkER, INc. ﬂ
270 Madison Avenue, New York, New York 10016 o



Human Perfusion Studies 109

It is also interesting to note that the measured human jejunal P (in vivo) was
high enough at all four perfusate concentrations (> 2.0 X 10~* cm/s) to predict
complete intestinal absorption following oral dosing. In addition, ketoconazole
(a well-known inhibitor of CYP3A4 metabolism and a P-glycoprotein modula-
tor) did not enhance the P of R/S-verapamil when they were coperfused
through the human jejunal segment (R/S-verapamil at 120 mg/L and ketocona-
zole at 40 mg/L). However, in the same study we confirmed that CYP3A4
metabolism was affected, which suggests that ketoconazole is less potent as
a P-glycoprotein than as a CYP3A4 inhibitor in humans (10,47).

The relative contributions of CYP3A4 to the presystemic metabolism
in the gut and liver differ (40). For instance, cyclosporine has been reported
to be mostly dependent on hepatic CYP3A4, whereas the intestinal CYP3A4
metabolism is crucial for the first-pass extraction of felodipine (37). These
results might be due to factors other than the 3A4 enzymatic activity: (a) other
CYP3A enzymes may be differently expressed in the intestine and the liver,
(b) the functional role of P-glycoprotein as a transport barrier or apical recycl-
ing mechanism may vary with drug. The difference might also be due to a
yet unrecognized efflux protein that contributes to the reported variability. In
the present human jejunal perfusion study with the Loc-I-Gut technique, the
liver extractions (E;,) were 0.63 = 0.14 and 0.79 = 0.16 for R- and S-vera-
pamil, respectively. The estimated extractions in the gut wall (E,) were 0.49
* 0.18 and 0.68 = 0.19 for R- and S-verapamil, respectively. The total first-
pass extractions (calculated as 1 — F) estimated from the whole jejunal perfu-
sion experiment were 0.82 = 8.2 and 0.94 = 0.05 for R- and S-verapamil,
respectively (47). Our perfusion data in humans confirm previously reported
data that gut wall metabolism of CYP3A4 substrates contribute significantly
to the total first-pass effect of drugs after oral administration (36,47). The
biopharmaceutical-pharmacokinetic data obtained by single-pass perfusion of
the human jejunum strengthen the earlier conclusions, because in the perfusion
studies the extent of intestinal absorption [see fa in Eq. (1)] is estimated, re-
sulting in a more accurate gut wall extraction value (E;) for use in Eq. (1).
In a further jejunal perfusion study in humans, the contribution of the intestine
to the total first-pass effect was negligible for fluvastatin (a CYP2C9 sub-
strate), suggesting that it is mainly CYP3A4 substrates that are metabolized
in the gut wall (6,47).

In the perfusion study we also found an increased absorption rate of R/
S-verapamil into the systemic circulation (by deconvolution) when ketocona-
zole was added to the perfusate, a finding that can be explained by inhibited
metabolism in the human enterocyte. When the extraction values in the gut
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oral intravenous
F =fa (1-Eg) (1-Eh) Eh = Clh/Qh
Lg=1- 41?
fa=(1 - Eh)
R-Verapamil S-verapamil Fluvastatin
Eh =63% Eh =79% Eh =70%
Eg=49% Kg=068% Eg=nd

Fic.5 The first-pass extraction in the intestine and the liver in humans of drugs
that are metabolized with different enzyme systems. R/ S-verapamil is metabo-
lized mainly by CYP3A4 and fluvastatin by CYP2C9.

wall and the liver were separated [using Eq. (1)], it was clear that the gut
wall contributed significantly to the first-pass elimination of both R- and S-
verapamil (Fig. 5).

The main results of the present study in humans clearly demonstrate
that the potent CYP3A4 inhibitor ketoconazole affects the presystemic metab-
olism of both R- and S- verapamil, but to different degrees. In addition, based
on the unchanged P.; of R/S-verapamil, it appears that ketoconazole did not
influence the P-glycoprotein—mediated efflux of R/S-verapamil in the human
enterocyte, indicating that ketoconazole is not a potent P-glycoprotein inhib-
itor.

VI. A NOVEL APPROACH FOR DIRECT INVESTIGATIONS
OF IN VIVO DRUG DISSOLUTION IN THE HUMAN
INTESTINE

We previously developed a novel approach for direct determination of the
in vivo dissolution of drugs in humans (4,7). The major driving force for
development of this human method was the need for further improved under-
standing of the in vivo dissolution of low-solubility compounds. Disintegra-
tion and dissolution of drugs is a crucial consideration in the drug development
process, and is predicted to become even more important as more lipophilic
drug candidates are pursued (3). Until recently, the most common approach
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to investigate the in vivo dissolution rate has been to apply indirect methods,
such as deconvolution of plasma profiles (4). It is also important to improve
our understanding of the complex physicochemical composition of the gastro-
intestinal fluids and its intra- and interindividual variability. We have, there-
fore, characterized the content in these two regions of the gastrointestinal tract
(48). The reported values showed the interindividual variability in gastrointes-
tinal factors, such as bulk pH, osmolality, and the concentrations of electro-
lytes, proteins, and bile acids during fasting conditions. In addition, we exam-
ined potential gender differences for these physicochemical properties of the
gastrointestinal fluids. In total we intubated 24 healthy volunteers, 12 women
and 12 men, and fluids from the stomach and upper jejunum were collected
separately (48).

The physicochemistry of the gastrointestinal fluid is complex and de-
pends on the nutritional status (49). Disintegration and dissolution is started
in the stomach and the proximal small intestine and is expected to show large
inter- and intraindividual variability. The settings of in vitro dissolution stan-
dards must be done on the basis of the knowledge of the conditions existing
in vivo in humans. The intubation studies showed that the content of the stom-
ach and proximal jejunum varied significantly in all measured entities, except
the total concentration of proteins. In Fig. 6 osmolality and the total concentra-
tion of bile acids are shown from both stomach and proximal jejunum for
both men and women. Furthermore, we observed a pronounced day-to-day
variation in the same individual, which may contribute to the large intraindi-
vidual variability seen for some oral drug products. By contrast, gender differ-
ences appear to be unimportant (48).

A new method for in vivo dissolution was evaluated by perfusing a
semiopen segment localized in the proximal human jejunum (48). In these
perfusion experiments only the distal balloon is inflated (see Fig. 1). In both
studies we used carbamazepine as a model drug (4,7). Carbamazepine is an
antiepileptic drug, which is classified as a class II drug (low solubility and
high intestinal permeability) according to the Biopharmaceutical Classification
System (2,7). The effective jejunal permeability (P.) in humans for carbama-
zepine has been determined to be approximately 4 X 107* cm/s (2). The direct
measurement of the in vivo dissolution of carbamazepine agreed very well
with in vivo dissolution obtained by the deconvolution approach using plasma
concentrations of carbamazepine (Fig. 7). Bonlokke et al. have also found that
the in vivo dissolution was significantly higher in terms of both rate and extent,
compared with the in vitro dissolution (see Fig. 7) (4). The in vitro method
was a flow-through cell using perfusion solution both with and without bile
acids as dissolution media, at a flow rate of 2.5 mL/min and a temperature
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Osmoelality (mOsm/kg)

STUMACH STOMACH JEJUNUM JEJUNUM
MALE FEMALE MALE FEMALE

Bile acids (mM)

ETOMACH STOMACH JEJUNUM JEJUNUM
MALE FEMALE MALE FEMALE

Fic. 6 The concentrations of different constituents (osmolality and bile acid) of
gastric and jejunal fluids during the fasted state in males and females.
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Fic.7 The in vivo dissolution rate obtained by two different methods: (a) single-
pass perfusion in the jejunum and (b) deconvolution of the plasma concentrations.
These two in vivo approaches were compared with in vitro dissolution (flow-
through cell method) with (3 mM) and without bile acids present in the dissolution
medium.

of 37°C. We found that the dissolution rate was lower, despite the addition
of bile acids to the in vitro dissolution medium at a physiological relevant
concentration (3 mM) for the fasted state. This observed difference between
in vivo and in vitro dissolution is probably a consequence of several factors,
such as other important components of the luminal content, more efficient
physiological stirring (hydrodynamics), and a high intestinal permeability of
carbamazepine. The stirring and the continuous drug absorption most likely
provide sink conditions in vivo. The suggestion that factors other than the bile
acids are important for in vivo dissolution of drugs was supported by the
observation that there was no correlation between direct in vivo dissolution
in the jejunal lumen and measured concentrations of bile acids in the human
jejunal lumen (4).
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VIIl. CONCLUSION

In conclusion, the main purposes of using the Loc-I-Gut jejunal perfusion
technique in humans are to classify a drug as having low or high permeability,
investigate the transport mechanism(s), examine the presystemic metabolism
involved, and to measure the in vivo drug dissolution. For mechanistic investi-
gations of transport and metabolism, these can also be designed to focus on
issues such as drug—drug, food—drug, and drug—pharmaceutical excipient in-
teractions. Furthermore, dissolution studies performed with the perfusion ap-
proach will add new insight to processes such as solubilization, hydrodynam-
ics, and sink conditions.
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The Role of Permeability Studies in
Preclinical Evaluation

Philip L. Smith
SmithKline Beecham Pharmaceuticals, Collegeville, Pennsylvania

I.  INTRODUCTION

In the pharmaceutical industry, it has been estimated that discovery and devel-
opment of therapeutic agents requires approximately 5000 preclinical com-
pounds to provide 5 compounds for clinical trials. Of those 5 compounds
entering clinical trials, only 1 becomes a marketed product. Costs associated
with this process can amount to more than 300 million dollars, and the process
can take up to 15 years to complete (1). Navia and Chaturvedi have presented
examples of the process that show that from a total of 314 angiotensin-con-
verting enzyme (ACE) inhibitors evaluated only 15 progressed to preclinical
studies, 12 advanced to clinical trials, and 11 were launched (2). However,
those 11 marketed compounds represent only 3% of the compounds evaluated.
This is actually an impressive record compared with more recent examples
(e.g., HIV protease inhibitors and renin inhibitors) (2). In the case of human
immunodeficiency virus (HIV) protease inhibitors, 351 compounds were eval-
uated. Nineteen moved into preclinical studies, 6 progressed to clinical trials,
and only 3 were launched. Despite being launched, these HIV protease inhibi-
tors presented significant developmental challenges related to their pharmaco-
kinetic properties (3,4). For renin inhibitors, from 976 compounds evaluated,
none have been launched, despite that 35 have been progressed through pre-
clinical studies and 11 have been evaluated in clinical trials (2). This is a poor
commentary on the development of therapeutic agents and highlights the need
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for improvement in approaches to identify compounds that can be successfully
developed. The reasons for the long developmental times and high costs asso-
ciated with the drug development process are related to the complexities in-
volved. For a compound to move from the laboratory to the clinic, many hur-
dles must be overcome. These include (a) identification of a potent and
selective compound that will interact with the specified target (e.g., a mem-
brane surface receptor or intracellular enzyme); (b) appropriate physicochemi-
cal properties to allow dissolution and absorption at a rate optimal for drug
action as well as stability in an appropriate dosage form; (c) pharmacokinetic
properties (e.g., metabolic stability, clearance, distribution) that are sufficient
to provide a relevant concentration at the site of action for the required length
of time; and (d) an adequate safety margin (5).

Il. THE DEVELOPMENT PROCESS

The traditional paradigm used for identifying and evaluating drug candidates
involves identification and selection of an appropriate target, followed by con-
figuration of a high-throughput screen to select compounds for further in vitro
and in vivo pharmacological assessment (Fig. 1). A limited number of com-
pounds with the greatest pharmacological effect are then progressed to devel-
opment. At this stage, pharmaceutical and pharmacokinetic evaluation may
identify issues, such as poor absorption, rapid clearance, inappropriate distri-
bution, or issues related to the side effect profile of the compound. Any of
these findings could result in recycling back to the lead identification stage
of the process, adding more time to the development program. Additionally,
low or variable absorption can result in additional resources being devoted to
identification of an optimized dosage form with appropriate excipients to pro-
vide the desired dissolution and absorption characteristics. Development of
optimized dosage forms can lead to an increase in the cost of goods, additional
bioequivalence studies, and further resource requirements. These activities can
add to development costs through an increase in the numbers and length of
clinical trials and the potential for safety issues, including drug—drug interac-
tions.

For these reasons, the paradigm for drug development has been changing
over the past decade. According to the new paradigm for drug development,
absorption and pharmacokinetic screens are completed earlier in the discov-
ery—development process to provide compounds for development with charac-
teristics optimized not only for interaction at the target site, but also for absorp-
tion—delivery and pharmacokinetic properties (Fig. 2). Although not as
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Target Identification [———— Configuration of High
Throughput Screen

.| Pharmacologic/Pharmacodvnamic
Evaluation

Lead Identification

I

y

Clinical Candidate
Recommendation

Pharmaceutical/Pharmacokinetic
Evalualion

r

Fic. 1 Traditional paradigm for identification of a drug candidate: According to
this scheme, pharmaceutical, drug delivery, and pharmacokinetic evaluation is
conducted after selection of the lead candidate.

advanced as the absorption and pharmacokinetic screens, screens for assess-
ment of potential safety issues and physicochemical characteristics of a com-
pound, including potential stability issues, are being developed and will be
integrated into the discovery process as soon as they have been validated and
configured to a higher throughput format. As presented in Table 1, the in-
creased need for preclinical studies has been precipitated by several factors.
First, novel targets are being provided by the explosion in molecular biology
(6). Incorporation of gene sequencing and bioinformatics into the drug discov-
ery process has provided a plethora of potential targets. In the drug develop-
ment process, receptors expressed from novel genes are employed to identify
lead compounds that can be synthesized by combinatorial chemistry ap-
proaches and whose pharmacological potential can be identified by high-
throughput screening (7). These approaches have tended to result in com-
pounds with greater molecular weight and increased hydrophobicity (8). In
many instances, the pharmacokinetic—pharmacodynamic relations for these
novel receptors are determined late in preclinical development or not at all.
Additionally, for many of these novel receptors—targets that are being identi-
fied through molecular biological approaches, dose and dosing frequency can-
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Target Identification [ *| Configuration of High
| Throughput Screen

Pharmacologic/Pharmacodynamic
Evaluation

A4

[.ead Identification

Pharmaceutical/Pharmacokinetic

Evaluation

Clinical Candidate
Recommendation

Fic.2 Current paradigm for identification of a drug candidate: Pharmaceutical,
drug delivery, and pharmacokinetic evaluation are conducted simultaneously to
enhance clinical candidate characteristics before recommendation for further de-
velopment.

not be determined from preclinical studies. Thus, for successful development
to occur in a timely manner, it is necessary to develop approaches to identify
issues early in the process.

What then are the approaches to these problems? How can compound
selection be optimized, not only for potency, but also for absorption and phar-
macokinetics? How can additional information relating dose and dosing fre-

Tasie 1 Increased Need for Preclinical Studies in Drug Development

Novel targets from gene sequencing and bioinformatics

Incorporation of high-throughput screening for compound evaluation
Incorporation of combinatorial chemistry approaches for compound synthesis
Higher molecular weight of drug candidates

Increased hydrophobicity of drug candidates

Lack of information on pharmacokinetic—pharmacodynamic relations

Lack of information on dose and dosing frequency
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quency be obtained earlier in the discovery—developmental process? The latter
question will not be addressed in this chapter, but is the subject of intense
research to investigate and implement novel analytical and imaging ap-
proaches and to identify surrogate markers that can be employed to reduce
the time required to optimize the dosing regimen in the clinical setting. For
pharmaceutics, drug delivery, and pharmacokinetic evaluation, the challenge
has been to develop approaches to measure or predict these parameters more
rapidly to provide the medicinal chemists with timely information to aid in
compound design. These activities require additional resources, but are already
providing a new paradigm for the way we select candidates for development
(9) (see Fig. 2). Thus, instead of depending just on in vitro and in vivo pharma-
cological assessment to identify a potential compound for development, there
will be in vitro and in vivo pharmacological assessment, together with evalua-
tion of drug absorption and pharmacokinetic properties, to provide a total
package that then aids in the selection of a compound to be progressed to
development.

The advantages of integrating development screens early in the dis-
covery process include (a) rapid feedback for the medicinal chemists, and
(b) selection of better development candidates relative to pharmaceutics, drug
delivery, and pharmacokinetics (the hypothesis being that compounds with
appropriate solubility, permeability, and pharmacokinetics should allow more
facile dosage form design; thus, more rapid, cost-effective development). The
ultimate benefit of these activities should be earlier registration of an optimized
dosage form that has the potential for decreased side effects and increased
compliance.

What strategies are being employed to increase capacity for develop-
ment screens? Major advances have occurred in analytical approaches (e.g.,
LC/MS/MS) (10). The combination of mass spectroscopy with experimental
approaches involving the inclusion of multiple compounds per dosing has al-
lowed a much more rapid evaluation of the pharmacokinetics of drug candi-
dates and a concomitant reduction in the time required to provide feedback
to the medicinal chemists. Another advance has been the incorporation of
physicochemical, in vitro, and computational approaches for predicting drug
absorption (8,11-15). Although approaches to employ physicochemical prop-
erties of compounds for progression in discovery and development have been
employed for many years, our understanding of the role of transporters in drug
absorption, distribution, and clearance have dictated that additional techniques
be developed and applied to these issues (11,16—18). For computational ap-
proaches for predicting drug absorption, the limited number of compounds
that have been reported employing these approaches does not permit a critical

Copyright © Marcel Dekker, Inc. All rights reserved.

MarceL DEkkER, INc. ﬂ
270 Madison Avenue, New York, New York 10016 o



124 Smith

evaluation. Application of computational approaches to larger numbers of
compounds from structurally diverse chemical classes is required before these
will be generally accepted in the drug discovery and development process.
Thus, this chapter will focus on the use of in vitro permeability measurements
to aid in selection of compounds for development. Simply stated, the signifi-
cance of employing permeability measurements is that absorption cannot oc-
cur from the gastrointestinal tract (or any other site) without membrane perme-
ability. The converse of this statement is not true (i.e., permeability does not
ensure absorption and bioavailability). This is due to the myriad of complicat-
ing factors involved in the absorption process (e.g., dissolution, metabolism,
and clearance).

lll. PERMEABILITY: BACKGROUND AND METHODS

A compound may traverse the intestinal epithelial barrier by a variety of
routes. These are presented in Fig. 3. The first of these (A) is the passive
transcellular transport pathway. For a compound to traverse this route, it must
have sufficient hydrophobicity to interact with the lipid bilayer of the cell
membrane. This is probably the most significant pathway for transport of a
compound across the intestinal epithelium because the cell membrane surface
area makes up more than 99% of the total surface area of the intestine. Addi-
tionally, the passive transcellular route of transport is an efficient route for a
compound to traverse the intestinal epithelium along its entire length, unlike
some carrier transport mechanisms that are localized within specific regions
of the intestine (e.g., bile acid transporter in the ileum). For highly efficient
absorption, the passive transcellular route is the preferred pathway because it
is not as likely to be influenced by genetics as carrier-mediated transport path-
ways, and it is not a saturable pathway. Prediction of permeability in the trans-
cellular route has been modeled based on physicochemical properties of com-
pounds, and these approaches have met with some success (11-15). However,
the presence of active and passive carrier-mediated transport pathways in the
intestinal epithelium have precluded compound selection based on physico-
chemical properties alone.

The second transport pathway or permeability depicted in Fig. 3 is the
paracellular pathway, which is essentially an aqueous channel, the access to
which is restricted by the presence of tight junctional elements at the apical
pole of the epithelial cells. This pathway accounts for less than 1% of the
surface area of the intestinal epithelium, and transepithelial transport through
this pathway is restricted by size. The estimated pore radius is approximately
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I B. Passive Paraccllular Apical
l 1 Il
A. Pussive C. Carrier-mediated D. Carricr-mediated
Transcellular Uptake Efflux
A
‘ Basolateral
Y

Fic.3 Permeability pathways for drugs across epithelial (and endothelial) cells:
(A) Passive transcellular transport pathway that is dependent on the ability of a
compound to partition into the lipid bilayer of the cell membrane and traverse
the barrier. (B) The paracellular route is the pathway through the tight junctions
and the lateral intercellular space. This route is essentially an aqueous channel
with restrictions on the size of the compound that can traverse the junctional com-
plex. (C) Carrier-mediated transmembrane transport involving a carrier in the ab-
sence (passive) or presence of ATP (active). (D) Carrier-mediated efflux mecha-
nisms that can also be either passive or active.

8 A, but it varies with disease and along the length of the gastrointestinal tract
(19). There have been several reports of investigations designed to identify
approaches to enhance the permeability of the intestinal epithelium by regula-
tion of the junctional complexes (20,21). However, this approach has met with
limited success. In general, delivery of a compound through the paracellular
pathway will be successful only if the compound is low dose and has a size
appropriate to allow passage through the junctional complex.

The two other pathways presented in Fig. 3 are both carrier-mediated
pathways (i.e., C and D). Permeability pathways, labeled C, are carrier-medi-
ated transporters that may be located at either the apical or basolateral mem-
brane and function to transport substrates from the cell exterior to the cyto-
plasm. Examples of transporters located at the apical membrane include the
sodium-dependent sugar and amino acid transporters, proton-dependent pep-
tide transporters, nucleoside transporters, and bile acid transporters that aid in
the absorption of nutrients presented to the gut wall from the intestinal lumen
(19). Additionally, for the proton-dependent peptide transporter, it has been
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demonstrated that this pathway is responsible for the absorption of various
classes of drugs including antibiotics and ACE inhibitors (18). At the basolat-
eral membrane, there are transporters that translocate substrates, such as or-
ganic anions and cations (22,23). These transporters are present not only in
the epithelial cells of the gastrointestinal tract, but they are also found in epi-
thelial cells in the kidney and liver and may also be present in the endothelial
cells that constitute the blood brain—barrier (23). Pathway D represents efflux
mechanisms that have been identified in the epithelial cells of the intestine.
These include P-glycoprotein at the apical membrane and amino acid carriers
at the basolateral membrane (17,19). P-glycoprotein has been demonstrated
to be an important mechanism for limiting absorption of a variety of therapeu-
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Fic.4 Correlation between human bioavailability and rabbit ileal permeability
for nutrients and marketed drugs. From studies with rabbit ileum, both passive
and carrier-mediated transport mechanisms can be observed. Examples of com-
pounds transported by passive transcellular mechanisms are oxazepam, fluni-
trazepam, diazepam, and antipyrine. Compounds transported by carrier-medi-
ated mechanisms include L-leucine, cephalexin, L-val-acyclovir, and etoposide.
Mannitol is an example of a passively transported paracellular compound.
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tic agents and in combination with cytochrome P-450 (CYP), has been pro-
posed to be a significant factor in limiting toxic agents from accessing the
circulation (24). These carrier-mediated transport processes may be directly
(primary active) or indirectly (secondary active) dependent on adenosine tri-
phosphate (ATP) for optimal function.

Intestinal tissues and intestinal cells grown as confluent monolayers have
been routinely employed, for many years, for studies directed at understanding
the mechanisms and regulation of salt and water transport in the gastrointesti-
nal tract. Over the past decade, these approaches have been applied to the
study of drug transport in the intestine and in other tissues. In vitro cell culture
models involve growing cells on a semipermeable support, placing them in a
diffusion chamber, and determining the transport of drug from the solution
bathing one side of the cell culture monolayer to the bathing solution on the
other side of the monolayer (25,26). Tissue studies differ only in the use of ani-
mal tissues in place of cultured cell monolayers (27,28). With this general ap-
proach, cell or tissue viability can be evaluated by measuring the spontaneous
transepithelial potential difference. The potential difference is generated by
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the movement of ions. This process requires ATP. ATP production, measured
as the establishment and maintenance of a transepithelial potential difference,
is thus a measure of tissue viability. Alternatively, the short-circuit current
can be measured to evaluate viability (27,28). Tissue and cell monolayer integ-
rity can be monitored through measurement of the transepithelial conduc-
tance—resistance (27,28), or with the use of paracellular markers (e.g., manni-
tol) (27,28).

Biochemical approaches have also been employed for verifying cell and
tissue viability (27). The permeability of a compound is determined by intro-
ducing a drug on one side of the tissue and measuring its appearance on the
opposite side. Advantages to using tissues and cell monolayers include (a)
ease of use; (b) relative analytical simplicity; (c) ability to study mechanisms;
and (d) correlation with human absorption. The relation between in vitro per-
meability and absorption has been demonstrated in a variety of laboratories
and is shown for rabbit intestinal tissues in Figs. 4 and 5. Correlations between
permeability with Caco-2 cell monolayers and fraction absorbed have also
been provided by a number of laboratories (29).
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were taken from Lennernas (36).
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Although the correlation between permeability and bioavailability has
significant scatter, owing to the myriad of metabolic and other clearance mech-
anisms, Fig. 6 demonstrates that there is an excellent agreement between per-
meabilities determined in rabbit intestinal tissues and in humans. From these
results, it is obvious that although scaling from animals to humans in terms
of absolute bioavailability may not be predictive owing to species differences
in metabolism and clearance, intestinal epithelial permeability currently ap-
pears to be less variable between species. If this trend continues as more data
accumulates, it will provide a convincing argument for generating permeabil-
ity data early in the discovery process for selecting development candidates.

IV. CASE HISTORIES

Case histories to demonstrate the increased integration of pharmaceutical dis-
covery and development have been recently presented (9). In the following
discussion, examples of the role of permeability studies in preclinical evalua-
tion and compound selection will be presented. The first example is the identi-
fication of an orally active endothelin receptor antagonist. Endothelin (ET) is
a potent vasoconstrictor peptide that has been implicated in the pathophysiol-
ogy of disease (30). Development of nonpeptide endothelin receptor antago-
nists has been undertaken to alleviate the pathophysiological effects associated
with endothelin interaction at its receptors. Potent and selective nonpeptide
endothelin receptor antagonists have been developed (e.g., SB 209670, Fig.
7). However, when administered orally in animals, the bioavailability of SB
209670 was low (31,32). To better understand the reasons for the low bioavail-
ability seen with SB 209670, in vitro studies were designed to evaluate intesti-
nal permeability of this compound. In these studies the intestinal permeability
of SB 209670 was less than 0.01 cm/h in both Caco-2 cells and rabbit intestinal
tissues (32). From results from a large number of intestinal permeability stud-
ies, 0.01 cm/h has been employed as the cutoff value for selection and further
evaluation of potential development candidates. In the permeability studies
with SB 209670 the unidirectional fluxes were similar, suggesting that SB
209670 is transported across the intestinal epithelium by a passive process.
An examination of the structure of SB 209670 reveals that it is a dicarboxylic
acid (see Fig. 7). From the estimated pK, values for these carboxylic acid
groups of less than 5.5, it was proposed that ionization of these groups could
be responsible for the limited permeability and oral bioavailability seen with
SB 209670. Comparison of the permeability of SB 209670 with that of an
inactive, monocarboxylic acid analogue, SB 202994 (see Fig. 7), demonstrated
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Fic.7 Structures of endothelin receptor antagonists.

that permeability in the presence of a single charged group was approximately
0.2 cm/h in rabbit intestine. This permeability value is similar to that found
with drugs demonstrating bioavailabilities greater than 90%. Further support
for the hypothesis that the presence of two charged groups impedes passage
across the gut wall was provided by the observation that SB 217242 (see Fig.
7), a highly potent monocarboxylic acid analogue of SB 209670, also has high
intestinal tissue permeability (~0.1 cm/h). From a variety of studies con-
ducted with SB 217242, it was demonstrated that this compound traverses
the intestinal epithelium through a transcellular pathway and that transport is
increased approximately tenfold as the bathing solution pH is reduced from
8 to 5.5 (32). Thus, from these in vitro studies and from pharmacological
evaluation, it was possible to identify a highly potent, orally bioavailable endo-
thelin receptor antagonist, of which the characteristics for development, in
terms of delivery and pharmaceutics, have been enhanced.
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Another example of the role of permeability studies in preclinical evalu-
ation is the development of GPIIb/IIla antagonists (33). These antagonists are
being developed as an approach to prevent thrombosis (33). Initial studies
focused on the development of stabilized arginine—glycine—aspartic acid
(RGD) peptides and resulted in the identification of compounds such as SKF
107260, a cyclic peptide that is a potent GPIIb/IIla receptor antagonist (34)
(Fig. 8). However, from a variety of in vitro and in vivo studies it was demon-
strated that this compound has low permeability in rabbit ileum (< 0.003 cm/
h) and also low bioavailability (< 5%) in animals (34). In light of these find-
ings, efforts were directed at identifying compounds that would have similar
potency, but enhanced bioavailability. From these studies, SB 207488 was
identified (see Fig. 8). This compound is a nonpeptide mimetic with good
potency for antagonism at the GPIIb/IIIa receptor, but with less than 0.001
cm/h permeability in rabbit ileum. From inspection of the structure of SB
207488, it can be seen that at physiological pH, both the carboxylic acid func-
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Fic.8 Structures of GPIIb/llla receptor antagonists.
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tion and the amine function will be charged. In an attempt to identify what
approaches could be taken to enhance permeability, SB 208433 and SB
209751 were synthesized (see Fig. 8). Permeability of these analogs was deter-
mined in vitro in an attempt to identify what was the limiting factor for passage
across the intestinal epithelial cells (i.e., the amino-terminus or the carboxylic
acid function). From these studies, it was found that the permeability of SB
208433 (0.02 cm/h) is 20-fold greater than the permeability of the parent com-
pound, SB 207448, whereas the permeability of SB 209751 (0.04 cm/h) is
only two-fold greater than SB 208433.

These results suggest that the major contributing factor to the limited
permeability of SB 207488 is the charged amino group and that attempts to
modify this functional group should have a significant influence on the perme-
ability of this class of compounds. In subsequent studies designed to produce
receptor antagonists for related integrin receptors, compounds with less basic
amino-terminal functions were synthesized (Fig. 9). Despite the reduction in
basicity of the amino-terminal group, SB 223245 has low permeability (< 0.01
cm/h) in rabbit intestinal tissues. Because SB 223245 is still a zwitterionic
compound and does not have significant intestinal permeability, the carboxyl
group was modified to produce the metabolically stable methyl ester SB
223243 (see Fig. 9). SB 223243 has a high permeability in the basolateral
(blood)-to-lumenal direction (0.22 cm/h). However, the lumen-to-blood per-
meability is less than 0.01 cm/h in rabbit intestine. These results suggest that
in modifying the structure to enhance permeability, the compound has become
a substrate for an active efflux mechanism. The presence of an active efflux
process for SB 223243 could limit intestinal absorption and also contribute
to other development issues, such as drug—drug interactions, high variability
in absorption, and food effects (16). These results highlight the importance
of conducting a variety of studies with compounds to understand the routes
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Fic.9 Structures of osteoclast vitronectin receptor antagonists.
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and mechanisms by which they are transported across the intestinal epithelial
cells.

V. FUTURE DIRECTIONS

As can be seen from the previous discussions, integration of development
screens into the discovery process has provided approaches to identify and
eliminate issues that previously would not have been observed until late in
the process of development. Further advances in analytical methods, molecular
biological approaches, and computational modeling should provide the in-
crease in capacity required to meet the needs of the next millennium.
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Solubility as a Limiting Factor to
Drug Absorption

Raimar Lobenberg* and Gordon L. Amidon
College of Pharmacy, The University of Michigan, Ann Arbor, Michigan

Michael Vieira
Port Systems LLC, Ann Arbor, Michigan

I. INTRODUCTION

The oral route is the preferred way of dosing, because this is the easiest and
most convenient way of noninvasive administration. Most drug substances
that are applied orally today are small molecules that can permeate the intesti-
nal gut membrane by transcellular passive diffusion. This process is deter-
mined by physicochemical laws and by the properties of the intestinal cells.
In addition to its permeability through the gut wall, the availability of a drug
in the body depends on its ability to dissolve in the gastrointestinal (GI) fluids.
This too can be influenced by both physiological and physicochemical factors.
This chapter will focus on the prediction of fraction dose absorbed, based
on solubility, for drugs that are transported across the gut wall by passive
mechanisms.

Il. FRACTION DOSE ABSORBED OF POORLY SOLUBLE DRUGS

The Biopharmaceutics Classification System (BCS) (1) combines physico-
chemical properties of compounds and physiological factors to predict the

* Present affiliation: College of Pharmacy, The University of Alberta, Edmonton, Al-
berta, Canada.
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fraction dose absorbed from the gastrointestinal transit. The permeability of
a given drug determines the upper limit of its extent of absorption. The interac-
tion of the physiological environment (e.g., intestinal pH, transit time, gastro-
intestinal motility, luminal metabolism, endogenous substances, such as bile
salts, and exogenous substances, such as nutrients) with physicochemical char-
acteristics of the drug (e.g., pK,, solubility in the gut lumen, dissolution rate,
aqueous diffusivity, partition coefficient, and chemical and enzymatic stability
in the intestine) can have an influence on the availability of the drug at the
absorption site (Fig. 1).

A simple theoretical approach to estimate the extent of oral absorption
is based on a steady-state mass balance of a drug in a defined segment of the
gastrointestinal tract (1-3). Fick’s first law applied to the gut membrane is
shown in Eq. (1).
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Fic. 1 Drug dissolution, where C; is the saturation concentration of the drug, d/
is the diffusion layer, C,, is the concentration at the gut wall, and Cjjo0q the con-
centration in the blood. Further factors influencing the systemic availability are
hydrolytic and enzymatic decomposition of the drug in the intestinal lumen, in the
gut wall, and metabolism in the systemic circulation.
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Solubility: Limiting Factor to Drug Absorption 139

J,, is the mass transport across the gut wall, P,, can be defined as the effective
permeability and C, is the concentration of the drug at the membrane. In this
approach, the stomach is assumed to be an infinite reservoir, with constant
output rate relative to concentration and volume, while the small intestine is
assumed to be a cylindrical tube with the surface area of 2nRL, where R is
the radius and L is the length of the tube (Fig. 2).

When permeability is the limiting factor for drug absorption (low P,
value) structural modification of the molecule is generally the most promising
way to improve its absorption rate (2—4).

No difference in the fraction dose absorbed is expected for two drugs,
if they have the same permeability and their dissolution and solubility are not
limiting (i.e., same C,,). But if their physicochemical properties are different,
in that the solubility is low enough for dissolution to be the limiting step to
gastrointestinal uptake, a difference in the fraction dose absorbed for the two
compounds is expected.

Four dimensionless parameters are fundamental variables for the estima-
tion of the fraction dose absorbed (Fa) from the intestine (5): initial saturation
(Is), absorption number (An), dose number (Do), and dissolution number (Dn).
Physicochemical properties of a drug and physiological factors of the intestine
are incorporated into these parameters (1-4).

To estimate the extent of drug absorption, it is assumed that the dose
ingested is the sum of the initial amount dissolved (Is) and the remaining drug,
which is present in the form of solid particles.

C,
G

Is = 2

I, is defined as the ratio of the drug initially dissolved and available for absorp-
tion at the membrane (C,) to the solubility (C)) (5).

J,
rate Of ? rate of
mass in P,* G, 0o mass out
— 2R o oco| —p»
(o] (o) (o) (o) ofo
L
- >

Fic.2 Mass balance in the intestine. (From Ref. 18.)
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An estimation of [ is often difficult because it is influenced by parame-
ters that are stipulated by the dosage form (e.g., disintegration, dissolution)
and by gastrointestinal parameters (e.g., gastric emptying and food effects).
Because the physiological solubility in vivo is difficult to measure, the aqueous
solubility in vitro may be used as an estimate. However, this may cause sig-
nificant errors owing to the potential differences between in vitro and in vivo
estimations (5).

Three different cases are conceivable. In the first case, the administered
dose is dissolved completely, in the second, the dose cannot be completely
dissolved within the GI passage, and the third case is a combination of the
first and second cases. At the beginning of the gut there is still undissolved
drug present, but at the end, all of the drug is dissolved.

In the first case, the fraction absorbed (Fa) of a highly soluble drug can
be calculated from Eq. (3).

Fa = 1 — eUXTLaR 1Peff) = | — o(=24n) (3)

where An is defined as the ratio of the mean transit time (7};) to the absorption
time R P, = (T, R is the radius of the small intestine and P, is the effective
permeability, that is,

— Pcfff — <Tsi>
An = <R> (T (T )

Equation (3) shows that the fraction dose absorbed is approximated by
an exponential function of An (Fig. 3). The absorption number and the perme-
ability represent the primary variable for predicting oral absorption, assuming
that dose and dissolution do not limit the oral absorption. Parameters, such
as partition coefficient or pK, of a compound, are useful guides, but are not
fundamental parameters to predict Fa (1,4).

The Fa of a compound with An = 1 (transit time = absorption time)
is about 86% (5). Complete absorption can be expected only if An > 1 which
means that the absorption time is shorter than the transit time through the
absorptive site of the gut.

In the second case, in which the drug is too poorly soluble to completely
dissolve within the gut passage (T,), Fa can be calculated as shown in Eq.

5).

_ 24n _ 2APy/R)(T) 5)
Do (D/V,)IC;

Fa
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Fic.3 Correlation between human permeability and fraction dose absorbed of
a diverse series of therapeutic compounds: The solid line represents the predicted
curve based on the complete radial mixing model. The inset shows the log-linear
relation between permeability and fraction dose absorbed, with the slope repre-
senting the intestinal fluid velocity. (From Ref. 1.)

Here the assumption is made that Do > 2 An, and that the dissolution
rate is faster than the rate of drug absorption across the intestinal membrane,
and thus the concentration in the solution can be assumed to equal the solubil-
ity of the drug (5).

The fraction dose absorbed for such compounds is not only a function
of An, it also depends on the dose number (Do) (1). Do is defined as the ratio
of dose concentration to drug solubility, Eq. (6).

(6)

where (C,) is the solubility, (D) is the dose, and (V,) is the volume of water
taken with the dose, which is generally set to be 250 mL (4,6).

270 Madison Avenue, New York, New York 10016

12

Copyright © Marcel Dekker, Inc. All rights reserved.

MarceL DEkkER, INc.

) 7



142 Lobenberg et al.

Table 1 shows the values of C;, at a given An of 1 or 10, which corre-
spond to Fa values of 0.01, 0.1, and 0.5.

In the third case, the concentration of a drug at the beginning of the
intestine is higher than its solubility and solid drug is present, whereas at the
end of the intestine all drug is in solution. To facilitate the analysis, the intes-
tine can be divided into two regions. In the proximal region, solid drug still
exists, which is equal to the second case described in the foregoing, and in
the distal region only dissolved drug is present, which corresponds to the first
case (4).

The last dimensionless parameter to consider is the dissolution number
Dn, which includes solubility C;, diffusivity D, density p, initial particle radius
r of a compound and the intestinal transit time. It can be defined as the ratio
of residence time (T to dissolution time {(T;,).

3D \(C, (T;)
Dn =22 || 2 KT) = 7
(r2)<9>< K (T @

The dissolution of a poorly soluble compound is normally low (Dn <
1), whereas for many poorly soluble compounds An and Do are high. The
relation of dose number and dissolution number at a given absorption number
to the fraction dose absorbed is shown in Fig. 4.

According to Fig. 4 the fraction dose absorbed of a poorly soluble com-
pound may be low because the dose number is high, whereas the compound’s
dissolution number is low. But there are some possibilities to alter the values
of these two parameters within certain ranges. For example, Do can simply
be decreased by taking more water with the administered dose. A smaller dose
number will always improve the fraction dose absorbed, but the dose of a
drug is determined from pharmacokinetic and pharmacodynamic consider-
ations outside of pharmaceutical control, and the initial amount of water that

Tasie 1 C, Values in ug/mlL, for An = 1 or 10, Corresponding to Fa Values of
0.01, 0.1, and 0.5

An =1 An =10
Fa D 5 mg 50 mg 500 mg 5 mg 50 mg 500 mg
0.01 0.1 1 10 0.01 0.1 1
0.1 1 5 100 0.1 1 10
0.5 5 50 500 0.5 5 50
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Fic.4 Estimated fraction dose absorbed (F) vs. dissolution number (Dn) and dose
number (Do) for a highly permeable drug: The absorption number (An) = 10 cor-
responds to a drug with a permeability approximately that of glucose. (From
Ref. 1.)

is taken with the dosage form is also limited by patient compliance and the
anatomical volume of the stomach. On the other hand, Dn can be increased
by reducing the particle size and other formulation approaches designed to
accelerate dissolution from the dosage form. However, Fig. 4 also points out
that if Do and Dn are approximately 1 at An = 10, great variability in the
fraction dose absorbed can result from small changes in the value of one or
both variables. Drugs with these characteristics may exhibit highly variable
behavior, even when administered under well-controlled conditions.

Classic examples for the influence of these two parameters on the bio-
availability are digoxin and griseofulvin (7). Both drugs are poorly soluble
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Tasie 2 Calculated Parameters for Representative Drugs

Dn?
Dose Cc? \%4® (estimated

Drug (mg) (mg/mL) (mL) Do¢ intrinsic)
Piroxicam 20 0.007 2,857 114 0.15
Glyburide 10 0.0034 2907 11.6 0.074
Cimetidine 800 6.000 133 0.53 129
Chlorthiazide 500 0.786 636 2.54 17.0
Digoxin 0.5 0.024 20.8 0.08 0.52
Griseofulvin 500 0.015 33,333 133 0.32
Carbamazepine 200 0.260 769 3.08 5.61

* Minimum physiological solubility in the pH range 1-8 and at 37°C.

® Volume of solvent required to completely dissolve the dose at minimum physiological solubility.
¢ Do = dose/V,/C™, initial gastric volume = 250 mL.

4 Assumptions: r = 25 um, D = 5 X 107® cm?/s, p = 1.2 mg/cm® = 180 min.

Source: Ref. 1.

within the physiological pH range (Table 2). A typical dose of digoxin is 0.5
mg which will dissolve in approximately 21 mL water, whereas griseofulvin
is dosed 1000-fold higher at 500 mg and about 33 L are necessary to dissolve
the dose. Thus, the huge difference in dose results in a low Do for digoxin
and a high Do for griseofulvin.

The limiting factor for digoxin is its dissolution: the dose can theoreti-
cally be dissolved by the volume of fluid available in the gut lumen. Studies
varying the particle size of digoxin show that the bioavailability of digoxin
directly depends on the particle size (7,8). If micronized powder (7 tm) was
used for manufacture, the tablet was bioequivalent to a hydro-alcoholic solu-
tion of digoxin. When, however, the particle size of the drug in the tablet was
102 pum, bioequivalence with the solution could not be reached (9). For drugs,
such as digoxin, achieving an equivalent of Dn with two different formulations
should result in their bioequivalence (10).

The volume of fluid necessary to dissolve a normal dose of griseofulvin
(33 L) is limiting to Fa. For this drug the solubility limits absorption, and
reducing the particle size cannot achieve 100% absorption. Only solubilization
enhancement sufficient to reduce the Do of griseofulvin significantly can raise
the Fa. Consequently, the possibilities for formulation approaches to improve
the bioavailability are more limited for drugs similar to griseofulvin than for
drugs similar to digoxin.
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lll. GASTROINTESTINAL PHYSIOLOGY AND IN VITRO
MICELLE SYSTEMS

Before a substance can be absorbed it has to be dissolved. Most drugs are not
administered as solutions, but as solids (e.g., tablet or capsule) together with
water. Here, the formulation has to release the drug, which usually occurs by
disintegration followed by dissolution and absorption.

The GI fluids have to be taken into account when dosing of drug sub-
stances orally because there could be a deficit in the volume available to dis-
solve a dose of a poorly soluble substance as shown previously for griseoful-
vin. As shown in Fig. 5, about 1.2 L of fluids is ingested orally per day, a
volume that varies according to the individual. The fluid volume of the stom-
ach in the fasted state is about 20—50 mL. The secretions of the paragastroint-
estinal organs (salivary gland, liver, and pancreas) are received by the first
portion of the duodenum. Approximately 1.5 L of pancreatic juice and 500
mL of bile are secreted into the duodenum within 1 day (11). The sum of

500 mL
bile

1,200 mL water
&
1,500 mL salia

1,500 mL
pancrealic
secretion

o og * 0 =0 Pé;«_:ﬁx
2,000 mL ‘.;g %"%% 1,500 mL 1,;%:
gastric © o=0% intestinal gzgzx
scerotions  [@ © 2059 scerctions %mED

~ 8,500 mL
O solid drug s dissalved drug

dosage form disintegralion dissolution) absorption

Fic.5 Gastrointestinal transit of a dosage form and the volume of gastrointestinal
fluids available to dissolve the drug.
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these secretions is about 5—6 L/day, and they are essential for the digestion
of food.

These fluids offer an enormous spectrum of pH-dependent hydrolysis
and enzymatic activities that a drug has to withstand. The influence of such
enzymatic and hydrolytic degradation on the calculation of fraction dose ab-
sorbed has been reviewed (4). On the other hand, the composition of these
intestinal fluids offers a high capacity for solubilization of lipophilic and
poorly soluble drugs to facilitate their uptake (12,13). A simulation of these
in vivo conditions can be used to predict the availability of a drug. An in vitro
dissolution medium that can simulate the in vivo dissolution would be an
important tool for the prediction of bioequivalence or in vitro—in vivo correla-
tions of poorly soluble drugs.

Many of the pharmaceutically useful surfactants and emulsifiers are ef-
ficient solubilizers (14). Surfactants that have been used for this purpose in-
clude sodium lauryl sulfate (SLS), dodecyltrimethylammonium bromide
(DTAB), and Tween 20 (TW20). In addition to the solubilization of drugs
into micelles, the ability of these substances to form emulsions can increase
the dissolved amount of a lipophilic drug.

The micelle-facilitated dissolution is shown in Eq. (8).

0 = JralJ; = (DFIDF)(Col C,)
k* = me(())/cs(O)Cm(b)

where Jp,, is the total flux, J, is the flux in the solvent, D,y is the effective
diffusivity, D, the diffusivity in the solvent, C,, is the total concentration, and
C; is the solubility. The equilibrium coefficient is k*, Cyy, is the concentration
of the drug-loaded micelle, the subscript (0) denotes the surface for the solid,
and C,, is the concentration of surfactant in the bulk solution.

As shown in Fig. 6 the enhancement of solubilization using surfactants
can be up to 140-fold compared with simple aqueous solution. The highest
solubility enhancement was achieved in this experiment using 0.06 M SLS,
whereas TW 20 showed only a 20-fold enhancement. The effect of electro-
lytes, such as sodium chloride, on the solubility of griseofulvin was small,
but for other drugs could also be significant.

Compared with the high enhancement of solubility, the flux enhance-
ment of the micelle system is only up to 40-fold (15). The reason that the
dissolution rate was increased only 40-fold while the solubility was increased
140-fold is because the diffusion coefficient of the micelle system is about
one-third to one-fourth of the diffusion coefficient of a solution (14). At high
surfactant concentrations the solute is in the micelle and the micelle, owing
to its size, diffuses more slowly.

®)
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Fic.6 o (griseofulvin solubility enhancement factor at 37°C) as a function of sur-
factant concentration (total surfactant; CMC) in water (®) and in 0.15 NaCl (O).
(From Ref. 18.)

In the gut, the presence of bile salts, lecithins, and other lipids can in-
crease the solubility of drug substances (11,12), but often with less efficiency
than pharmaceutical surfactants and their grade of purity (16), as shown in
Fig. 6. Another factor to consider is that in vivo the micelle formation is
dependent on several physiological factors (e.g., pH, bile concentration, and
lecithin content). The intake of food results in greater secretion of bile, leading
to an increase in the formation of micelles and, consequently, in the solubility
of many drugs (17).

The next step to simulate the in vivo situation is to investigate oil—
water (O/W) emulsion systems and their influence on the dissolution rate and
solubility enhancement of drugs. In a micelle system surfactants group in rela-
tively small clusters, whereas an O/W emulsion is characterized not only by
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the presence of micelles, but also much larger lipid droplets, which are encased
and stabilized by surfactants. The drug can diffuse into the lipid phase of the
emulsion or can be solubilized by the micelles. Modeling drug behavior in
O/W emulsions is complex because, owing to the surfactant and its structure at
the interface between water and lipid phase, we have to consider the interfacial
barrier as well as diffusion within the lipid droplet as potential resistances
(18). Furthermore, in an emulsion, we expect a lower micelle concentration
at a given total surfactant concentration because some surfactant is consumed
by the lipid droplets. The droplet size and the viscosity of the emulsion system
could also result in a decrease in the diffusivity, as shown before for micellar

4 —
Total (micelle + emulsion)
D o
L o Ho%)
—j ——— = Linear Regresion
(30%) y: 1.0 +B43x
— R = 0.997
IS
2 24
- =
S . . a
e Qil Phase Contribution
1 —
Micelle Phase
0 T T
0.00 0.01 0.02
TW 20 Concentration (moles/L)
| ] 1 |
0.0 1.0 20 3.0

TW 20 Concentration (% wiv)

Fic.7 @ (griseofulvin flux enhancement factor): Closed symbols represent TW
20 solutions, open symbols represent emulsions plotted as a function of the appar-
ent TW 20 concentration in the emulsion aqueous phase. (From Ref. 15.)
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systems. In summary, an overall slower mass transport in an emulsion com-
pared with that in a micellar system is expected.

Figure 7 shows the contribution of the oil phase on the flux of griseoful-
vin at the same surfactant content. From these results it can be concluded that
the flux of a drug can be increased by its incorporation in an emulsion. The
high efficiency of the oil phase to solubilize lipophilic drugs combines with
solubilization by the micelle system to outweigh the expected decrease in the
diffusivity. In general, an emulsion medium will have only a small effect on
the dissolution rate, but offers a significant improvement in the overall solubi-
lization of a lipophilic drug.

IV. IN VITRO-IN VIVO CORRELATIONS

In vitro—in vivo correlations (IVIVC) are becoming more and more im-
portant because bioequivalence of changes in drug products can be approved
by in vitro tests according to the SUPAC (scale-up and postapproval changes)
guidelines. In the future it can be expected that generic drug products will be
approved solely on the basis of in vitro data if an IVIVC has been established.
This will accelerate the regulatory process, because bioequivalence studies
will not always have to be conducted.

To establish IVIVC it is necessary that the chosen in vitro method can
reflect the in vivo plasma profile. A precise knowledge of the in vivo situation
is key to determining whether an IVIVC can be established, with drug solubil-

Tasie 3 In Vitro—In Vivo Correlation Expectations for Inmediate-Release
Products Based on the Biopharmaceutics Classification Scheme

Class Solubility Permeability IVIV correlation expectation

I High High IVIV correlation if dissolution rate is slower than
gastric emptying rate, otherwise limited or no
correlation.

I Low High IVIV correlation expected if in vitro dissolution

rate is similar to in vivo dissolution rate, un-
less dose is very high.

I High Low Absorption (permeability) is rate-determining and
limited or no IVIV correlation with dissolution
rate.

v Low Low Limited or no IVIV correlation expected

Copyright © Marcel Dekker, Inc. All rights reserved.

MarceL DEkkER, INc. ﬂ
270 Madison Avenue, New York, New York 10016 o



150 Lobenberg et al.

ity, dissolution, and gastrointestinal permeability as the fundamental parame-
ters for correlating the in vitro with the in vivo data. On the in vivo side, we
have to consider that, in addition to the permeability, the motility can also
impinge on the availability of the drug (Table 3).

For poorly soluble drugs the transit time at the absorption site is an
important factor for bioavailability. The transit time of dosage forms was in-
vestigated (19), and the mean transit time in the small intestine was determined
as about 4 h. On the other hand, these results pointed out that the gastric
emptying was very variable. The gastric emptying depends on the phase of
the interdigestive migrating myoelectric complex (IMMC) and the amount of
coadministered water (Fig. 8); 200 mL of water generally caused a faster gas-

70 =

tgg (min)
L) = A (=)
L=1 (=] (=1 (=]
1 1 1 |

t
1
—

—
(=1
|

I 1l late II/III

IMMC phase

Fic.8 Comparison of gastric emptying half-time (Tso) after administration of 50-
(open bars) and 200-mL (filled bars) volumes in IMMC phase |, Il, and late 11/l
Data are expressed as mean = SD. There was a statistical difference in Tso be-
tween 50- and 200-mL volumes during phase | and late 11/1ll. These results show
that differences in gastric emptying rates depend on the volume administered in
addition to the extant IMMC phase. (From Ref. 25.)
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tric emptying than did 50 mL (20). The total transit time of a dosage form in
the gastrointestinal tract was investigated (21) using the nondegradable Oros
pump system. The average passage time of this dosage form was about 1 day
to 30 h, which shows that the transit time in the major absorption site, the
small intestine, is less than one-sixth of the total residence time in the GI tract.

In consequence, the absorption pattern in the colon of poorly soluble
drugs and drugs in controlled-release dosage forms have to be determined to
estimate the fraction dose absorbed and to establish IVIVC. In the colon, the
absorption as well as enzymatic and bacterial decomposition of drugs varies
compared with the small intestine (22,23).

Presently, for the low-solubility, high-permeability drugs that commonly
come from drug discovery, we expect an IVIVC if the in vitro dissolution rate
is similar to the in vivo dissolution rate. Here in vitro dissolution and in vivo
dissolution are important parameters unless the dose is very high.

In contrast with poorly soluble drugs and controlled-release dosage
forms, the gastric-emptying and small-intestine—transit time will not influence
the fraction dose absorbed of highly soluble, highly permeable drugs because
those drugs will normally be absorbed within the gut passage. For these com-
pounds, the gastric emptying will alter T, and probably also C,,,, and, if this
occurs, it is unlikely that a satisfactory IVIVC can be achieved.

In general, an IVIVC can be expected if the dissolution rate of a drug
is slower than gastric emptying (class II and IV). Otherwise there is limited
or no correlation because the absorption rate of a class I drug will be regulated
by the variable gastric emptying and, for a class III drug, the permeability
limits the uptake.
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Dissolution Testing of Immediate-
Release Products and Its Application
to Forecasting In Vivo Performance

Jennifer B. Dressman
Johann Wolfgang Goethe University, Frankfurt on Main, Germany

. GOALS OF DISSOLUTION TESTING

The goal of dissolution testing is to assure the pharmaceutical quality of the
product. By pharmaceutical quality we mean not only the ability to manufac-
ture the product reproducibly and to ensure that it maintains its release proper-
ties throughout the shelf life, but also that the product’s biopharmaceutical
characteristics, such as rate and extent of absorption, can be relied on. It would,
therefore, be desirable to develop dissolution tests that can assess the ability
of the dosage form to release the drug completely and to simultaneously indi-
cate how the product will perform in vivo.

A. Quality Control Tests

Current compendial dissolution tests were for the most part developed with
the aim of studying the physical properties of the dosage form. The overriding
concern for the quality control test is to use conditions under which 100% of
the drug can be released. Further important considerations are the reliability
and reproducibility of the test and, particularly, for high-volume products, the
possibility of automating the test. Consequently, the use of the simplest me-
dium possible is preferred.

155
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B. Biopharmaceutical Studies

In recent years the costs of pharmacokinetic studies have increased dramati-
cally. Substitute studies in whole-animal models are often unsatisfactory. Al-
though several species have gastrointestinal (GI) tracts that are similar in many
ways to that of humans (see Chapter 6) differences in seemingly minor details
can lead to a lack of correlation between results in animals and those in hu-
mans. Furthermore, ethical considerations demand that the number of animals
used in research be minimized. Therefore, there is increasing interest in the
development of dissolution tests to establish in vitro—in vivo correlations
(IVIVC). When the dissolution test is to indicate the biopharmaceutical prop-
erties of the dosage form, it is more important that the test closely simulate
the environment in the GI tract than necessarily produce sink conditions for
release. Consequently, it is not always possible to meet the needs of both
quality assurance and biopharmaceutical aspects with one dissolution test.

Il. WHICH FACTORS CAN LIMIT BIOAVAILABILITY AFTER
ORAL ADMINISTRATION?

As the diagram in Fig. 1 illustrates, a variety of factors can determine the rate
and extent of drug absorption following oral administration. These include

Drug in systemic circulation

A A AN

Metabolism in the: liver

Metabolism in the gut wall

Drug in solution
al the site of absy)ﬁon
/’ / >, Transit

Y vy

Drug decompaosition

Release from

S
-

v

lhe dosage form—_

Fic. 1 Factors that can limit the oral bioavailability of drugs.
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Tase 1 The Biopharmaceutics Classification Scheme

(BCS)
Class 1 Class 2
High solubility Low solubility
Good permeability Good permeability
Class 3 Class 4
High solubility Low solubility
Poor permeability Poor permeability

Source: Ref. 1.

slow release of the drug from the dosage form, instability of the drug in the
Gl tract, poor permeability of the GI mucosa to the drug, and first-pass metabo-
lism of the drug in the gut wall or liver. In principle, dissolution tests can be
used to predict the in vivo performance of the dosage form when release of
the drug is the limiting factor in the absorption process. There are two classic
cases in which release is limiting to absorption: controlled-release (CR) dosage
forms and immediate-release (IR) dosage forms containing drugs that are
poorly soluble.

The Biopharmaceutics Classification Scheme (Table 1) (1) can be used
as a guide to determine whether an IVIVC can be expected for an immediate-
release product.

According to the BCS, drugs are classified according to their permeabil-
ity and solubility to assess whether or not an IVIVC can be attained. The
intent of the BCS was originally to determine whether a biowaiver could be
made on the basis of dissolution tests for a product that had undergone a scale-
up or postapproval change (2). Classification of a drug according to the BCS
can also be used as a practical starting point to select suitable dissolution test
conditions for new drug products. The remainder of this chapter will be de-
voted to the selection of appropriate dissolution tests on the basis of the BCS
classifications.

lll. SELECTION OF DISSOLUTION TEST MEDIA BASED ON
THE BCS

A. Class 1 Substances

Substances that belong to class 1 possess good aqueous solubility and are
easily transported through the GI mucosa. Their bioavailability after oral dos-
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ing, therefore, is usually close to 100%, provided they are not decomposed
in the GI tract and do not undergo extensive first-pass metabolism. Acetamino-
phen and metoprolol are typical examples of class 1 drugs (Fig. 2).

Dissolution behavior of class 1 substances is typified by the release pro-
files shown in Fig. 3 (3). Irrespective of the medium, close to 100% release
is quickly achieved. Because the absorption rate of a class 1 substance is usu-
ally limited by nondosage—form-related factors, such as gastric emptying, it
is rarely possible to achieve an IVIVC for immediate-release dosage forms
of class I substances. Nevertheless, dissolution testing can be used to verify
that the dosage form functions sufficiently well that release is not a limiting
factor to absorption. As a result, the U. S. Food and Drug Administration
(FDA) now recommends a one-point test in a simple medium, with 85% or
more of the drug to be released within 30 min for immediate-release dosage
forms of class 1 drugs. Satisfactory release behavior under these conditions
can then form the basis for a biowaiver in a scale-up or postapproval change
(SUPACQ) in the formulation.

After administration, the dosage form quickly passes into the stomach
and, usually, disintegrates there, so it is logical to use a dissolution medium
that reflects the gastric conditions. Simulated gastric fluid [SGF; USP 24 (4)],
without enzymes, is suitable for many immediate-release dosage forms of class
I compounds. For some capsules, an enzyme (pepsin) may have to be added
to the medium to ensure timely dissolution of the shell. Alternatively, dissolu-

OH
|
O\ LJLCHa
(a)

(CH),CHNHCH,CHCHZO CH,CH,OCH,

OH
(b)

Fic.2 Structures of (a) acetaminophen and (b) metoprolol.
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Fic. 3 Dissolution of acetaminophen (Panadol) tablets in water SIF, (USP),
FaSSIF, and FeSSIF at 100 rpm in a paddle apparatus. (From Ref. 3.)

tion in a simple medium formulated at the pH of the small intestine (e.g.,
simulated intestinal fluid, USP, without enzymes) can be used. This medium
is particularly suitable for formulations containing weak acids, the dissolution
of which may be hampered by the low pH of SGF. Water is a less suitable
medium than the aforementioned buffers, because it has a nominal buffer ca-
pacity of zero; therefore, the pH may vary during the test, if any of the excipi-
ents or drug(s) have acid or base properties, as well as from test to test. [One
of the few justifiable applications of water as a dissolution medium for imme-
diate-release dosage forms would be for the simulation of dissolution under
hypochlorhydric conditions.] More complex, biorelevant media (e.g., FaSSIF
and FeSSIF; see Sect. II1.B.3.) are unnecessary for dissolution of class 1 drugs,
and because of their expense and the more time-consuming preparation and
analysis required, their use for the dissolution of class I drugs is not warranted.

B. Class 2 Substances

Class 2 drugs are poorly soluble in aqueous media, but are easily transported
across the gut mucosa. This is a common combination, because the poor solu-
bility of many compounds is directly associated with good lipophilicity which,
in turn, encourages transport of the molecule across the lipid bilayer of the
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absorptive cells lining the intestine. Examples may be found in a wide variety
of therapeutic categories, including antifungals, steroids, nonsteroidal anti-
inflammatory drugs (NSAIDs), cardiovascular agents, and antidiabetics (Fig.
4).

Compounds can be defined as being poorly soluble when their dissolu-
tion rate is the limiting factor to their oral bioavailability. An aqueous solubil-

o OH
H CHs
~ i .CHa

Fic.4 Some examples of poorly soluble, lipophilic compounds (probably class
1), top to bottom: ketoconazole, danazol, and mefenamic acid.
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ity of less than 100 pg/mL is often a signal that dissolution of the drug will
be problematic in vivo. The dose/solubility ratio, defined as

D/s = dose (mg)
aq. solubility (mg/mL)

indicates whether conditions in the GI tract are optimal for drug dissolution.
It yields the volume of liquids, in milliliters, that is required to dissolve the
entire dose of the drug. When this ratio exceeds the actual volume of GI fluids
available, one can expect that dissolution and, therefore, absorption will not
be complete. The FDA uses a D/S of 250 mL in its SUPAC guidance (2) as
the cutoff value for compounds with good solubility. When the D/S exceeds
250 mL, it is probable that sink conditions do not prevail in vivo and that
dissolution will be a limiting factor to the compound’s absorption.

To illustrate the behavior of a class 2 drug, the dose/solubility ratio for
griseofulvin can be calculated. Its aqueous solubility of 15 pug/mL at 37°C
combined with a dose of 500 mg, results in a D/S of approximately 33 L. On
the basis of griseofulvin’s D/S and distribution coefficient of log P = 2.18,
it is reasonable to assume that griseofulvin falls under class 2 of the BCS, a
classification that is in agreement with the demonstrated dependency of griseo-
fulvin absorption on its particle size (5) and formulation (6).

Suitable, biorelevant media for class 2 drugs include SGF, plus surfac-
tant, to simulate fasted state in the stomach, Ensure or milk (3.5% fat) to
simulate fed state in the stomach, and two newly developed media, FaSSIF
and FeSSIF, to simulate fasted and fed state in the small intestine, respectively.

1. SGF,, Plus Surfactant

SGF, plus surfactant is particularly suitable for weak bases, because these are
most soluble under acidic conditions (Fig. 5).

Typical examples of class 2 bases include ketoconazole (pK, values =
6.5 and 2.9) and dipyridamole (pK, = 6.4). Their structures are shown in Figs.
4 and 6, respectively. In the fasted state, the absorption of both compounds
is highly dependent on gastric pH (7,8). Hypochlorhydria, either as a result
of aging or cotherapy with gastric acid blockers, is associated with very poor
absorption. In addition, the presence of surfactant in the gastric fluids may
play a role in the wetting and solubilization of poorly soluble acids in the
stomach. Figure 7 shows data for the pH and surface tension of aspirated
gastric fluids in humans (9). The low surface tension in the gastric juice was
first reported by Finnholt et al. in 1968 (10). Recently, those results were
verified by Efentakis (9), who also demonstrated a lack of correlation between
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Fic. 5 Relation between the solubility of a weak base and the pH value of the
medium.
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Fic.6 Structure of dipyridamole.
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Fic.7 pH and surface tension in the stomach in the fasted state. (From Ref. 9.)

the lower surface tension and presence of bile salts in the aspirate. These
results indicated that other sources of surfactant besides refluxed bile must
exist, but these have not yet been identified. Meanwhile, to simulate the gastric
fluids better than is possible with the standard compendial medium, one can
use a synthetic surfactant system to lower the surface tension appropriately.

The surfactant must be able to reduce the surface tension to an appro-
priate value (35-40 mNm ). A sample composition for SGF,, with surfactant
is given in Table 2. The range of hydrochloric acid concentrations reflects the
usual range of pH values found in young healthy volunteers (11). Although
the composition is given for 1 L, the volume of fluids in the fasted stomach
is usually only on the order of 30—50 mL. Adding the contribution from the
coadministered fluid, one reaches a total volume of about 250-300 mL, sug-
gesting that the lowest volume practicable (300—500 mL) should be used with
the USP I or II method to obtain physiologically representative results.

Tase 2 Sample Composition for SGF,, with

Surfactant

HC1 0.01-0.05 M

Triton X-100 0.01% (equiv. to 40 mN/m)
NaCl 0.2%

Water gs.ad 1 L
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The solubilizing capacity of the surfactant is also important. If the sur-
factant solubilizes the drug too well, it may not be possible to discriminate
adequately between formulations. Yet, if no surfactant is employed, the release
rate may be lower in vitro than in vivo. Figure 8 illustrates the influence of
the surfactant Triton X-100 on the release rate of several albendazole products
in SGF;, (12).

2. Ensure and Milk as Dissolution Media

Ensure and milk can be used during drug development to approximate condi-
tions in the postprandial stomach. Both media contain similar ratios of protein/
fat/carbohydrate to that found in a typical Western diet. Mechanisms by which
Ensure and milk can improve drug solubility include solubilization of the drug
in the fatty part of the fluid, solubilization in caseine micelles (milk) and, for
weak acids, the favorably high pH values.

These two media are suitable only for IVIVC purposes: difficulties in
filtering and separating the drug from the medium make these media unsuitable
for routine quality assurance testing.

3. FaSSIF and FeSSIF

Two media have recently been developed to simulate intestinal conditions in
the fasted and fed state. The compositions of these media, FaSSIF and FeSSIF,
are given in Tables 3 and 4, and were based on literature and experimental
data in dogs and humans (13) for the concentration of bile components, pH
value, buffer capacity and osmolarity.

The two media are particularly useful for forecasting the in vivo dissolu-
tion of poorly soluble drugs from different formulations and for assessing
potential for food effects on in vivo dissolution (see Sec. II1.B.4). The closer
simulation of physiological conditions makes them more suitable for IVIVC
applications than the usual compendial media. Similar to Ensure and milk,
they are intended for use at the development level and not for routine quality
control purposes, owing to their expense and the amount of effort needed to
separate the compound from the medium for analytical purposes.

The dissolution rate of a poorly soluble drug is often better in FaSSIF
and FeSSIF than in simple aqueous buffers because of the increased wetting of
the drug surface and micellar solubilization of the drug by the bile components.
Examples of drugs for which addition of bile components to the media is
known to improve dissolution rate include griseofulvin, digoxin, leukotriene-
D, antagonists, gemfibrozil, diazepam, cyclosporine, pentazocine, and dana-
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Fic. 8 Dissolution profiles of various albendazole products in acidic media
(SGF,,): upper panel without and lower panel with 0.1% Triton X-100.
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Tasie 3  Composition of FaSSIF*

KH,PO, 39¢

Na taurocholate 3 mM
Lecithin 0.75 mM
KCl1 77¢
NaOH gs pH 6.5
Distilled water qs 1L

* pH, 6.5; osmolarity, 270 = 10 mOsm.

zol. Drug lipophilicity plays a role in the ability of bile salts to improve drug
solubility. At log P values below about 1.5-2, the presence of bile salts ap-
pears to exert little effect on drug solubility. For more lipophilic compounds,
however, there is a very close, log—log correlation between the partition coef-
ficient and solubilization capacity of the bile salts for the drug. This relation
is illustrated in Fig. 9 (14).

Because FaSSIF and FeSSIF combine a higher pH value with the possi-
bility of micellar solubilization, they are especially suitable for studying the
dissolution of poorly soluble weak acids. For example, many NSAIDs are
weak acids, with pK, values in the range 3.5-4.5. These drugs tend to dissolve
very slowly under gastric conditions, but at intestinal pH and buffer capacity
values, their dissolution rates can be several orders of magnitude higher.

The appropriate volume of medium to use depends on the conditions of
administration. In the fasted state the intestine contains relatively little fluid,
because the paraintestinal organs are secreting at essentially baseline rates.
By contrast, when a drug is administered in the fed state, the volume of coad-
ministered fluid is supplemented by the volume of fluid ingested with the meal
and by secretions of the stomach, pancreas, and bile, all of which can easily

Tasie 4 Composition of FeSSIF*

Acetic acid 8.65 ¢
Na taurocholate 15 mM
Lecithin 3.75 mM
KCl1 152 ¢
NaOH qs pH 5
Distilled water gs 1L

* pH, 5.0; osmolarity, 635 = 10 mOsm.

Copyright © Marcel Dekker, Inc. All rights reserved.

MarceL DEkkER, INc. ﬂ
270 Madison Avenue, New York, New York 10016 o



Dissolution Testing of IR Products 167

6

O Steroids
® Non-Steroids DPn

log [SR]

p's v T T T x
1 2 3 4 5
log P

Fic.9 Double logarithmic plot of the dependency of the solubsilization capacity
of sodium taurocholate for a drug on its lipophilicity (log P value). (From Ref. 14.)

achieve near maximal rates in response to meal intake. In addition, depending
on whether the meal is hypo- or hypertonic, there may be net absorption or
secretion of water across the intestinal wall. As a result, postprandial volumes
in the upper small intestine as high as 1.5 L have been measured (15). These
differences between fasted and fed state are particularly important when de-
signing tests to assess the potential for food effects on in vivo release and
absorption.

4. Dissolution Behavior of Various Class 2 Substances in
the Different Media

The dissolution behaviors of ketoconazole, danazol, mefenamic acid, and trog-
litazone are shown in Fig. 10 (3,16).

In stark contrast to the behavior of class I compounds, the dissolution
behavior of Class 2 compounds is highly dependent on the dissolution me-
dium. Figure 10a shows that dissolution of the weak base ketoconazole is
quickest under simulated fasted-state gastric conditions (900 mL), with practi-
cally no dissolution in FaSSIF (500 mL). Results also suggest that when the
drug is taken after meals, the small intestine becomes an important site of
dissolution (FeSSIF, 500 mL), accounting for the relatively good postprandial
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Fic. 10 Dissolution profiles of (a) ketoconazole, (b) danazol, (c) mefenamic acid,
and (d) troglitazone in various media.
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bioavailability of this compound. Had the volumes used been closer to the
physiological values, the results would have concurred even more closely with
results of bioavailability studies (8,17). Results with danazol in FaSSIF and
FeSSIF were in excellent agreement with those of pharmacokinetic studies,
which showed a threefold increase in C., and area under the concentration—
time curve (AUC) when danazol was administered with food (18). By contrast,
dissolution results in SIF incorrectly predicted a total lack of bioavailability
for danazol.
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Dissolution data for the two weak acids, mefenamic acid and troglita-
zone, make for an interesting comparison. Results in FaSSIF and FeSSIF for
mefenamic acid (pK, 4.2) were similar and agreed with the lack of influence
of food on the absorption of this NSAID (3). By contrast, troglitazone dissolu-
tion was dramatically enhanced in FeSSIF compared with FaSSIF. These re-
sults were in accordance with the higher bioavailability of the antidiabetic
agent when given with food (Fig. 11). Because of its higher pK, values (pK,; =
6.1; pK,, = 12.0), the change in bile salt concentration from fasted- to fed-
state conditions more than outweighed the unfavorable decrease in pH value.
The influence of the higher pK, values can also be seen in the low dissolution
rate in SIF;, (at the time of the study SIF;, had a pH of 7.5) compared with
mefenamic acid. In neither case, however, was the in vivo behavior predictable
from the dissolution results in the compendial medium.

In summary, it is obvious that FaSSIF and FeSSIF are powerful tools
for the assessment of in vivo dissolution behavior and food effects on the
absorption of poorly soluble drugs. The data in milk also seems to be at least
qualitatively predictive of food effects, but its use for predicting specific drug—
food interactions has yet to be more thoroughly evaluated. Some refinements
in the various biorelevant media, such as incorporating food digestion products
in FeSSIF and simulating the digestion profile of Ensure or milk in the stom-
ach, may be needed to optimize their predictive value. On the other hand,
there is a need to simplify these media (for example, substitution of suitable
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Fic. 11 Comparison of average pharmacokinetic profiles of troglitazone given
before a meal and after a meal. (From Ref. 19.)
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synthetic surfactants for the bile components in FaSSIF and FeSSIF) to be
able to translate their use into the quality assurance area.

5. Use of Synthetic Surfactants in Dissolution Media

As alluded to earlier, the bile components (lecithin and bile salts) present some
practical problems in terms of their purity and the time and effort required to
prepare the medium and analyze the samples, not to mention their cost. For
routine quality assurance, it would be far more practical to use a synthetic
surfactant system that could match the surface tension lowering and solubiliza-
tion properties of the bile components. The bile components lower the surface
tension to about 45—-50 mNm ™' (20), which is somewhat higher than the gastric
surface tension. Therefore, no single surfactant—concentration combination
can be applied for the simulation of both gastric and intestinal conditions.
Furthermore, it is uncertain that the usual surfactants (SLS, Tweens, or other)
solubilize drugs similarly to the bile components (21). The use of the wrong
surfactant could lead either to over- or underdiscrimination among formula-
tions. An example from the controlled-release literature is shown in Fig. 12,
in which results in CTAB or Tween correctly predicted differences among
three formulations in vivo, but SLS falsely predicted similarity among the
three formulations (22). Not only the type, but also the concentration of surfac-
tant could play a role here, and much work still needs to be done to identify
a synthetic surfactant system that could be used as a general substitute for the
bile components.

8. Hydroalcoholic Mixtures as Dissolution Media

Hydroalcoholic mixtures were popular at one time as dissolution media for
poorly soluble drugs. A practical advantage of hydroalcoholic media over the
use of surfactants in the medium is that they do not tend to foam, which makes
deaeration and volume adjustment somewhat less frustrating. Furthermore,
unlike some ionic surfactants, a wide range of pH values can be used without
affecting the surface tension properties of the medium. Finally, the solubility
of some drugs is more favorably influenced by alcohol than by surfactants,
enabling sink conditions to be more easily achieved. Nevertheless, the use of
hydroalcoholic media is widely frowned on these days because of the nonphys-
iological concentration of alcohol.

7. Duration of the Dissolution Test for Class 2 Substances

Because poorly soluble drugs dissolve more slowly than class 1 and 3 com-
pounds, it is logical to study their dissolution over a longer, yet still physiologi-
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Fic. 12 Comparison of release from three CR products in (a) SLS, (b) Tween, and
(c) CTAB. (From Ref. 22.)

cally reasonable period. Assuming that the drug is best absorbed from the
small intestine and that absorption is rapid, test durations of up to 4 h are
conceivable. This time represents the average transit time through the upper
GI tract in the fasted state: if the formulation is to be administered in the fed
state, durations of up to 6 h would be physiologically relevant, and if the
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Fic. 13 Structures of (left) acyclovir and (right) neomycin.

compound is known to be absorbed well from the colon, tests as long as 8—
10 h could be envisaged. Often, though, the percentage release reaches a pla-
teau within 2 h, even for quite poorly soluble drugs, in the closed test systems
(paddle and basket; see Fig. 10).

C. Dissolution Tests for Class 3 Substances

Despite their good aqueous solubility, Class III substances fail to achieve com-
plete bioavailability after oral dosing because of their poor membrane perme-
ability. Typical examples are the antiviral acyclovir (S = 1.3 mg/mL) and the
aminoglycoside neomycin (S = 15 mg/mL) (Fig. 13).

As with class 1 compounds, a simple aqueous medium can be used for
quality assurance dissolution testing of immediate-release products. A satis-
factory IVIVC (level A, B, or C) is unlikely to be obtainable, on the one hand,
because the release is typically faster than gastric emptying and, on the other
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Fic. 14  Structure of chlorothiazide.
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hand, because, for class III compounds, the membrane permeability is also a
limiting factor to the absorption.

D. Dissolution Tests for Class 4 Substances

Class 4 drugs combine poor solubility with poor permeability. Therefore, simi-
lar to class 3 drugs, they usually do not approach complete bioavailability.
Chlorothiazide (Fig. 14) provides an interesting example of a borderline case
between class 3 and 4 behavior. Its bioavailability after a 100-mg dose is about
60%, yet at 500 mg, the bioavailability is only 20—-30%. This behavior can
be explained using the dose/solubility ratio calculation. The volume required
to dissolve a 100 mg dose is 250 mL (S = 0.4 mg/mL), which puts it right
on the borderline according to the BCS. At 500 mg, however, the D/S volume
is 1250 mL, far in excess of the FDA’s limit of 250 mL for a drug with good
solubility.

As with class 3 drugs, IVIVC is unlikely for class 4 drugs, so recommen-
dations can be limited to quality assurance media. These include the two com-
pendial media (SGF, and SIF,), with the addition of a surfactant to assure
that complete release of the drug is possible in the volume of medium to be
used. Similar to class 2 drugs, release may have to be carried out over a some-
what longer duration than for class 1 and 3 drugs, to characterize the entire
release profile.

IV. CHOICE OF DISSOLUTION EQUIPMENT

Currently there are four different dissolution test apparatus designs official in
the USP for use with oral dosage forms: USP I (basket), USP 1I (paddle), USP
III (Biodis), and USP IV (flow-through tester).

USP I and 1II are the apparatuses most often used for immediate-release
dosage forms. The paddle apparatus is shown in Fig. 15.

The Biodis tester (USP III; Fig. 16) is most suitable when the pH of the
medium is to be altered during the test; for example, for enteric-coated dosage
forms.

The flow-through tester (USP 1V; Fig. 17) is particularly suitable for
extended-release dosage forms. The volume of medium required can be a
problem when the test is of very long duration. Furthermore, it is not clear
that the hydrodynamics in this system are any more representative of the GI
tract than those in apparatuses I and II.
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Fic. 15 USP Il dissolution apparatus (paddle).

A. Selection of Agitation Rate

The most often used apparatus for immediate-release dosage forms is USP II.
The volume of medium required for tests intended for development of IVIVCs
should be based on the relevant physiological volumes (see Sects. III.B.1 and
II1.B.3). In addition, an appropriate rotational speed must be selected (23). If
the rotation speed is foo low, coning may occur, leading to artifactually low
rates of dissolution. To avoid this problem, a higher rate of rotation or a peak
vessel (Fig. 18) can be used.

If the rate of rotation is foo fast, the test will not be able to discriminate
between acceptable and not acceptable batches or formulations. Rotational
speeds in the range 50—100 rpm appear to be suitable for the paddle method.
Dissolution of class 1 compounds is relatively insensitive to variation in the
paddle speed within this range (Fig. 19a), and even for class 2 compounds
the effects are minimal (see Fig. 19b). If the basket method is to be used, a
rotational speed of up to 150 rpm may be appropriate, as the linear velocity
generated in the vessel is considerably lower for a given rotational speed for
the basket than for the paddle (24). Rotational speeds in these ranges should
also be appropriate for quality control tests.
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Fic. 16 The Biodis tester (USP Ill).

Fic. 17 The flow-through tester (USP IV).
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Fc. 18 Peak vessel.

V. SUMMARY

The choice of dissolution test for an immediate-release dosage form can be
greatly facilitated by considering the classification of the drug according to
the BCS. For class 1 and 3 compounds, the medium and method should be
kept simple, regardless of whether the test is to be used for routine quality
control or as the basis for a biowaiver. For class 2 compounds, the choice of
test will depend on the objective to be met. For the development of IVIVCs,
the new biorelevant media appear to offer significant advantages over the tradi-
tional compendial media in terms of being able to forecast the in vivo dissolu-
tion behavior. In the majority of cases, USP paddle will be the method of
choice for the dissolution test, with medium volume chosen according to the
intended administration conditions (fasted or fed) and the site where the drug
will most likely dissolve in the GI tract. Although a correlation between rota-
tional speed and in vivo hydrodynamics is still lacking, rotational speeds in
the range 50—100 rpm appear to yield data that can be successfully used to
develop IVIVCs. For routine quality control, simplified versions of the biore-
levant media, utilizing substitute synthetic surfactant systems, need to be de-
veloped to avoid the costs and challenges associated with the preparation of
the biorelevant media and attendant sample analysis.
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APPENDIX

A. Decision Tree for Dissolution Test Design

1. Classify the compound according to BCS.
2. Choose an appropriate medium.
Class 1, 3: use the most simple yet reliable medium possible.
Addition of surfactants is unnecessary.
Class 2, 4: biorelevant media warranted
for IVIVC SGF,, plus surfactant, FaSSIF (fasted state).
Ensure, milk, FeSSIF (fed state)
for QC SGF,,/SIF;, plus suitable surfactant.
3. Choose an appropriate medium volume.
In general, volumes for the fasted state will be lower than
volumes for the fed state.
4. Choose an appropriate fest duration and sampling times.
Class 1, 3: short test (up to 30 min) with one-point sampling
to verify that an appropriate amount (e.g., 90%) has dis-
solved.
Class 2, 4: test duration depends on region of gut permeable
to the drug and whether the drug is to be administered in a
fasted or fed state. Multiple sampling required to define the
dissolution profile [e.g., FIP guideline for ER products (25)].
5. Apparatus: USP 11 for IR products unless there is a strong reason
for another tester type.
6. RPM: 50 or 75 rpm is usually suitable.
In case of coning, go to 100 rpm or a peak vessel.
In case of capsules, prevent floating with a sinker.
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Dissolution Tests for Extended-
Release Products

Barbara Sievert and Martin Siewert
Aventis Pharma, Frankfurt on Main, Germany

I.  INTRODUCTION

During the last decade many workshops have been devoted to in vitro dissolu-
tion testing of immediate- as well as modified-release formulations. Several
guidelines have been created over the years, and all key pharmacopoeias now
include a description of dissolution testing. It appears that the methods have
mostly been settled, and that real news on the theme is becoming rare.

Looking at the biopharmaceutical learning curve (Fig. 1) the develop-
ment of biopharmaceutical test procedures began in the early 1960s (1-4). In
the 1980s (5—-10) special problems, such as principles of correlation and food
effects, were addressed. During the 1990s (11-16) several guidances have
been created by the U.S. Food and Drug Administration (FDA) and by the
International Pharmacists Federation (FIP) covering most of the relevant as-
pects of in vitro dissolution testing. Nevertheless, there are topics that are still
open or that represent points of ongoing debate.

IIl. DISSOLUTION CONCEPTS

Different concepts of dissolution testing exist for different purposes in the
pharmaceutical industry. During drug development in vitro dissolution testing
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Fic. 1 Biopharmaceutical learning curve.

is an important tool in the development of the ‘‘best’” formulation, in the
understanding of the drug’s biopharmaceutical characteristics, and in interpre-
tation of possible risks, such as potential food effects on bioavailability or
interaction with other drugs. The simulation of specific gastrointestinal condi-
tions that may lead to potential therapeutic failure or adverse events is a further
point of interest during drug development. At this stage, various models and
test conditions for in vitro dissolution studies are applied to learn about the
biopharmaceutical characteristics of early formulations and about the discrimi-
nating power of the test system. During development, in quality control and
for postapproval changes, in vitro dissolution testing is an important part of
stability studies. After the approval of a new drug it is common that only one
test model is employed for routine quality control dissolution tests to assure
the consistency of the manufacturing process and quality of finished product.
In addition, pivotal batches are subjected to dissolution testing as part of fol-
low-up stability studies. Postapproval, a drug product often undergoes changes
in the production site, the manufacturing process, or the formulation. At this
stage, and depending on the level of in vivo—in vitro correlation available,
different sets of dissolution tests may be used (17) to demonstrate equivalence
between the changed product and the previous product.
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lll. TEST PROCEDURES FOR DISSOLUTION TESTING
A. General Aspects

In principle, considerations should be made for testing conditions for ex-
tended-release (ER) formulations similar to those for immediate-release (IR)
products. Solubility characteristics (“‘sink’’) and the physiological environ-
ment have to be considered (16). Ranges are more important for ER products
than for IR products to achieve special pharmacokinetic target profiles, espe-
cially for drug substances with a narrow therapeutic range. Because of the
different concepts of slow-release formulations and the various therapeutic
indications, ‘‘standard’’ specifications for extended-release formulations can-
not be set (16).

B. Test Medium

An aqueous system as test medium is preferred. The instructions on pH differ
slightly between the various pharmacopoeias (Fig. 2). Water as a dissolution
medium is allowed by some guidances (16,18,19) but its use always needs to
be justified. Additives (enzymes, salts, and surfactants) are also to be justified
(16). A permissible additive (18) is sodium lauryl sulfate (up to 1%). For
deaeration, a product-by-product validation must be performed (16). For the
flow-through cell deaeration is, however, mandatory (19).

Volume 500 — 1000 ml | FIF' Ph. L;'.ur.
pH oH 1 - 6.8 (8), water (justification) FIP, FDA |

pH 1 — 7.6, water (justification) Ph. Eur. '
Additives Enzymes, salts, surfactants FIP

1% sodium lauryl sulfate possible FDA

Low concentration of surfactant allowed Ph. Eur.
Deaeration | Product-by-product vali&éﬁon FIP

" Mandatory for flow-through cell Ph. Eur,

Fic.2 Test media.
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1. pH of Test Medium

For quality control purposes only one pH is usually used for dissolution test-
ing. Exceptions are made only for delayed-release formulations. Different pH
values are preferred in comparison with a pH gradient. In general, the decision
to use a single pH value, rather than a pH gradient, is related to the apparatus
(i.e., a gradient is used in conjunction with the Biodis [U.S. Pharmacopeia;
USP App. 3] or the flow-through cell [USP App. 4]), whereas single pH values
are preferred with basket and paddle (USP App. 1 and 2).

2. Apparatus

The most common types of apparatus used for ER formulations are the paddle
and the basket method. Other methods, including the flow-through cell and
the reciprocating cylinder (Biodis) can also be used. Full harmonization
of the specifications for the dimensions of the paddles, baskets, and vessels
in the various pharmacopoeias still represents an important challenge for the
future. Automation of the process, including technical modifications (sampling
valves), is possible, but must be validated on a product-by-product basis. If
alternative apparatus or other modifications are used, evidence of their superi-
ority to pharmacopoeial specifications is the only acceptable justification.

3. Agitation

Different rotation speeds are specified in the various pharmacopoeia and guid-
ances. For basket and paddle, 50—100 (150) rpm are described (16,19),
whereas 100 rpm for basket and 50—75 rpm for paddle are demanded by others
(18). A scientifically based decision on the velocity of rotation does not exist
and the rotational speed is set on a product-by-product basis.

4. Sinkers

With few exceptions, such as the Japanese pharmacopoeia (Ph. Jap.), no speci-
fications for sinkers have been established. The FIP remains flexible on this
issue and requires only that a justification be given (16).

5.  Test Duration

At least 80% dissolution shall be reached within the test period. A direct deter-
mination of test duration from the dosage interval is scientifically justified
only when the time axes in vitro and in vivo have a 1:1 relation. In special
cases, an in vitro dissolution of less than 80% may be accepted if the test
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duration is at least 24 h. In these cases, a recovery control has to be performed
during development using dissolution profiles established under other test con-
ditions.

IV. SETTING OF SPECIFICATIONS

For ER formulations the FIP guideline and Ph. Eur. demand at least three
specification points (Fig. 3), the first after 1-2 h (about 20—30% drug release)
to provide assurance against premature drug release. The second specification
point has to be close to 50% (definition of the dissolution pattern). At the last
point, the dissolution limit should be at least 80% to ensure almost quantitative
release. Dissolution of less than 80% of the last point has to be justified and
should be supported by results obtained over a test duration of at least 24 h
(16). As can be seen, there are slight differences in the USP specifications (20),
in which as few as two test points are required, depending on the individual
monograph.

The purpose of establishing dissolution specifications is to ensure batch-
to-batch consistency within a range that guarantees acceptable biopharmaceu-
tical performance in vivo and to distinguish between good and bad batches.
Specification limits, therefore, have to be defined based on experience gained
during the drug development stage, especially during clinical development or
in bioavailability—bioequivalence studies. The capability of the manufacturing
process and the commonly accepted range of 95—-105% of stated amount for
average content of drug substance has to be taken into consideration (16).

B After 1-2 hours/20-30% to provide assurance
against premature drug release

B> Round 50% to define the dissolution pattern

> At least 80% to ensure almost quantitative
release; ;
(FIP: «80% be justified/at least 24 hours) |

e

Fic.3 Dissolution specifications.
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The USP approach for the acceptance criteria of ER formulations seems
to be practical. Stage 3 testing (20) needs to be allowed, especially for stability
testing and end of shelf-life considerations.

V. VERIFICATION OF SPECIFICATIONS (IVIVC)

For pharmaceutical development, especially of extended-release formulations,
the relation between in vitro drug release and the biopharmaceutical perfor-
mance in vivo needs to be confirmed as a valid and therapeutically relevant
acceptance criterion. The application of in vitro dissolution tests to the control
of critical production parameters, without establishing their relation with in
vivo data, would represent a misunderstanding of biopharmaceuticals. In fact,
the deduction of specification limits requires in vitro—in vivo comparison
(IVIVC) studies. Relevant guidances demonstrate increasing consensus on in
vitro—in vivo comparison techniques; however, some approaches are still sig-
nificantly different. Agreement exists that the purpose of developing an in
vitro test system is to distinguish between good and bad batches. The test
specimen or batches need not be at full production scale. For CR or MR formu-
lations with a level A correlation (independent drug release) at least one batch
has to be tested. All other cases require testing of at least three batches under
the following conditions: Profiles of at least 12 individual dosage units from
each lot are required by the FDA (18), with a coefficient of variation of not
more than 10%. The number of volunteers to be included in the bioavailability
study should be at least 12 according to the FIP guidelines (16), whereas 6—
36 are accepted by the FDA (18).

Different approaches concern the categories of in vitro—in vivo compari-
son. Whereas there is substantial agreement on the upper limits for level A,
B, or C correlations, differences on what is acceptable as a lower limit remain.
These limits are summarized in Fig. 4.

A rank order correlation (Fig. 5) according to FIP guidelines (16) is a
sufficient verification of a specification under the assumption that no quantita-
tive interpolation is necessary. In this case, the specifications have to be de-
fined as experimentally obtained in vitro for a pair of batches that show in
vivo bioequivalence.

Another approach for batches that have been manufactured and experi-
mentally tested in vitro and in vivo for defining dissolution specifications
(non—-level A cases) is the side batch approach (Fig. 6). Side batches (16)
represent batches that are created by modifications of manufacturing variables
(e.g., during process validation studies) in a range expected to represent maxi-
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A FDA FIP
B FDA FIP
" Multiple C FDA -

G FDA FIP

Rank order - FIP

Without IVIVC FDA -

Fic.4 Verification of specification vs. level of correlation.

mum variability during routine production. These batches are designed to
show differences in their biopharmaceutical characteristics and to represent
the upper and lower limits of the dissolution range, an approach that is required
for level B and C correlations by the USP. According to the USP it must be
demonstrated that these batches are acceptable by performing a bioavailability
or bioequivalence study, but it is not ultimately required that the batches
should be strictly bioequivalent. Another approach in case of correlation fail-
ure according to the EEC Note for Guidance (12) ‘‘could consist of demon-
strating bioequivalence of the proposed formulation to formulations with dis-
solution profiles at the upper and lower limits of the specification.”’

Bioavailability
g FEI [oequlva lence
[ Vi T

:l'_‘ Dissolution |
Ln_n_'_uts -

Fic.5 FIP rank order.

In Vitro Dissolution
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Fic.6 FIP side batches.

Bioequivalence is strictly required, not between the side batches, but between
the target profile and the profiles representing upper and lower specification
limit.

VI. SETTING DISSOLUTION SPECIFICATIONS WITHOUT
AN IVIVC

Without an IVIVC (18), the recommended range at any dissolution time point
specification is *10% relative to the mean dissolution profile obtained from
the clinical-bioavailability lots. In certain cases deviations from the =10%
range may be accepted. The maximum deviation then would be 25% under
the condition that bioequivalence of the side batches is proved. A minimum
of three time points (early, middle, and late stages of the dissolution profile)
are required, with a dissolution of 80% or more at the last time point.

The determination of the similarity factor f, of several dissolution pro-
files representing the =10% and =25%, respectively, of the target profile cal-
culated according to the Guidance for Industry SUPAC-MR leads to the results
shown in Fig. 7.

Because a similarity factor between 50 and 100 proves similar dissolu-
tion profiles, only the 90% vs. 100% and 110% vs. 100% are similar. In the
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Fic.7 Setting dissolution specifications without an IVIVC (FDA).

other cases f, is less than 50, which means that the dissolution profiles are
not necessarily similar.

VIl. THE BIOPHARMACEUTICS CLASSIFICATION SYSTEM

For immediate-release solid oral dosage forms a Biopharmaceutics Classifi-
cation System (BCS) is proposed (7) which introduces solubility and mem-
brane permeability as two drug-related criteria that can be used to facilitate
the understanding of the in vivo system and to approve in vitro—in vivo corre-
lations.

For immediate-release oral dosage forms four biopharmaceutical classi-
fications are proposed (Table 1).

The BCS can be used for immediate-release solid oral dosage forms as
a helpful approach within the formulation-orientated, decision-making process

Tase 1 The Biopharmaceutics Classification System

Class 1 High solubility High permeability
Class 2 Low solubility High permeability
Class 3 High solubility Low permeability
Class 4 Low solubility Low permeability

Copyright © Marcel Dekker, Inc. All rights reserved.

MarceL DEkkER, INc. ﬂ
270 Madison Avenue, New York, New York 10016 9



192 Sievert and Siewert

of drug development. For extended-release, solid oral dosage forms there al-
ways remains the influence of the characteristics of the dosage form, which
was designed to obtain special dissolution characteristics.

Extended-release formulations are created to ensure a limited, controlled
release out of the dosage form, with a controlled dissolution rate. Only the
amount of drug released is available for solution and permeation across the
gut wall.

Application of the special characteristics of extended-release dosage
forms on the BCS would lead to the following correlation expectations
(Table 2).

For class 1 drugs, an in vitro—in vivo correlation is expected because
the active ingredient that is released out of the dosage form dissolves immedi-
ately and is available for absorption. Also for class 2 drugs an IVIVC can be
expected because the released dose is low. The controlled release out of the
dosage form avoids a high concentration of active ingredient in the gastrointes-
tinal medium so that the released drug can easily dissolve in the available
volume of dissolution medium.

Although release of a class 3 drug out of an ER dosage form is limited,
the dissolution of the released active compound takes place quickly. Neverthe-
less, the absorption is influenced not only by the special characteristics of the
dosage form, but also by the low permeability through the gut wall. An IVIVC,
therefore, is limited or impossible.

This consideration is similar for class 4 drugs, for which again only a
limited or no IVIV correlation can be expected because of the low perme-
ability.

Summarizing the considerations, the BCS can also be used as an ap-
proach for extended-release, solid oral dosage forms; but owing to the addi-

Tasie 2 Likelihood of IVIVC, Based on the Biopharmaceutics
Classification System

Class  Solubility  Permeability IVIVC correlation expectation

1 High High IVIVC correlation because dissolution rate is
slower than gastric-emptying time

2 Low High IVIVC correlation expected for similar in vitro
and in vivo dissolution rates

3 High Low Absorption is rate-determining, therefore, lim-
ited or no IVIV correlation expected

4 Low Low Limited or no IVIV correlation expected
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tional factor of the dosage form characteristics, the decision-making process
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is more complicated than that for immediate-release formulations.

VIIL.

Postapproval changes in site of manufacture, manufacturing process, or in the
components of a composition take place during the whole life cycle of a prod-
uct. For several products, sequential changes are carried out. In every case,
reference is to be made to the biobatch (pivotal batch) considered in the in
vitro dissolution. But is this so-called gold standard helpful in not losing track
if there have been several incremental changes? Reference to the biobatch
relative to similarity or dissimilarity is to be questioned when changes are
applied after long time periods and the shelf life of the biobatch is exceeded.

After food intake, environmental conditions change in the gastrointesti-
nal tract, which may cause an alteration of drug performance in vivo. In vitro
tests under various experimental conditions have been used in an attempt to
predict and evaluate potential risks during therapy. Effects on bioavailability
of CR or MR formulations can be only partially simulated in vitro, and ‘‘corre-
lations’” with the results of in vivo studies are relatively poor. Results of vari-
ous studies (in vitro vs. in vivo) show that a prediction of a food effect is

POSTAPPROVAL CHANGES AND FOOD EFFECTS

24 | F
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8 |
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Fic.8 In vivo—in vitro association of mean times for four theophylline controlled-
or modified-release preparations after bioavailability studies and in vitro dissolu-
tion tests relative to food effects. (From Ref. 21.)
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Fic.9 In vivo—in vitro association of mean times for four theophylline controlled-
or modified-release preparations after bioavailability studies and in vitro dissolu-
tion tests relative to food effects. (From Ref. 21.)

nearly impossible (see Figs. 8 and 9, representing different interpretations of
the same study results).

IX. CONCLUSION

In conclusion, industry and regulatory authorities need to accept the consensus
achieved so far and not try to go beyond. Also, industry and regulatory authori-
ties need to focus on harmonization of ‘‘geometries’” and ‘‘acceptance crite-
ria,”” to allow product-specific flexibility and to accept the need for product-
specific justification.
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Dissolution Testing in the
Development of Oral Drug Products

Bertil Abrahamsson
AstraZeneca R&D, Mdblndal, Sweden

I.  INTRODUCTION

In vitro dissolution is perhaps the most important test method when developing
solid dosage forms. Despite the apparent simplicity, it is no trivial matter to
develop methods and use them rationally. To be successful, a multidisciplinary
approach is needed, involving expertise from the fields of biopharmaceutics,
formulation, analytical chemistry, and physical chemistry. Well-designed and
accurately performed tests contribute to reducing development times, resource
requirements, and the number of in vivo experiments, while ensuring a high
quality biopharmaceutical product of benefit for clinical efficacy and safety.

In vitro dissolution testing is used from the start of dosage form develop-
ment and throughout all subsequent phases. It is used for various purposes,
as shown in Table 1, and the methods needed depend on the specific purpose
of the test. For example, simplicity and robustness are crucial properties of a
quality control method, whereas physiological relevance may overrule these
factors if a method is to be used for in vivo predictions. This chapter will be
focused mainly on the last aspect. The use of in vitro dissolution in most
situations during development will be meaningless if the method does not
provide some correlation with in vivo data or resemblance to the physiological
conditions in the gastrointestinal (GI) tract. The interest in predictions of in
vivo performance from in vitro dissolution data has also increased in recent
years, after a period when the existence of meaningful in vitro—in vivo correla-
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Tase 1 Different Roles of In Vitro Dissolution Testing

Investigation of drug release mechanisms, especially for extended-
release (ER) formualations

In formulation development to reach a predefined target release
profile and robust drug release properties with respect to
influence of physiological factors (e.g., pH and food)

To generate supportive data for interpretation of bioavailability
studies

Validation of manufacturing processes

Storage stability studies

Batch quality studies

Batch quality control

As a surrogate for bioequivalence studies

tion (IVIVC) was questioned and dissolution testing was mainly viewed as a
batch quality characteristic (1). This is very well reflected by some new regula-
tory guidelines that define situations for which bioequivalence studies can be
replaced by in vitro dissolution testing. The renewed interest in in vivo pre-
dictive dissolution testing has also led to some new research and development
initiatives for dissolution test methods that may further improve the possibili-
ties for in vivo relevant in vitro tests in the future. This chapter will highlight
some of these areas, including the importance of hydrodynamic conditions,
special aspects for poorly soluble compounds, prediction of food effects, as
well as give some general prerequisites for in vivo predictive dissolution tests.
Several cases will be presented from the research and development of modi-
fied-release (MR) dosage forms at AstraHassle, Molndal, Sweden.

IIl. PRINCIPLES AND PREREQUISITES FOR IN VIVO
PREDICTIVE DISSOLUTION TESTS

The expression ‘‘in vitro dissolution testing’’ indicates that only the process
of drug dissolution is studied. This is somewhat misleading because standard
in vitro dissolution testing models not only the dissolution of a drug substance
in the GI fluids, but also the drug release from a formulation. The release may
occur by simple tablet disintegration for immediate-release tablets, or by more
complicated mechanisms for MR dosage forms.

Ideally, the in vitro test methods employed should mimic all GI factors
that could potentially affect both release and dissolution. Numerous GI factors
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may need to be considered, such as pH, ions, surfactants, lipids, enzymes,
volumes, flow rates, viscosity, and mechanical stress. In addition, the variation
of these factors, owing to the different conditions in different parts of the GI
tract, may also be included in the in vitro model. There are three different
principles to handle this complex situation:

1. To develop an in vitro test method that provides the best correlation
to in vivo data irrespective of the physiological relevance of the test
conditions

2. To develop an in vitro test method that fully models the physiologi-
cal conditions in the GI tract

3. To develop a formulation that provides release or dissolution that
is insensitive to physiological factors

Approach 1 is a very pragmatic way to solve the problem. This can
often be good enough, both from a development and regulatory point of view
and successful examples have been presented in the literature (2). The main
potential drawback of this approach is the risk that the in vitro—in vivo correla-
tion is not valid for modifications of the formulation other than those included
in the development of the test method.

The second approach, to completely mimic the in vivo situation, is a
very valid aim. Dissolution test media that more closely resemble the GI fluids
in the stomach and small intestine have been described (3). Even more com-
plex systems are used in the area of food research for studies of nutrient ab-
sorption. Simulation of GI pH gradients, peristaltic movements, transit times,
biliary and pancreatic secretions, and water absorption are examples of fea-
tures in such dynamic in vitro test models (4). However, owing to the complex-
ity and dynamics of the physiological conditions in the GI tract, it is not a
realistic goal to completely model the in vivo situation. More physiologically
based methods, therefore, cannot always be expected to provide in vivo rele-
vant data; therefore, the need for other approaches to reach in vitro—in vivo
correlations will remain.

The third approach may be viewed as optimal because the problem of
modeling the highly complex conditions in the GI tract is avoided and simple
standard methods can be used. In addition, a dosage form with release proper-
ties being independent of physiological factors is also highly desirable relative
to biopharmaceutical quality (i.e., the drug will be delivered consistently with-
out any contribution by the dosage form to the pharmacokinetic variability).
Although this goal may be viewed as utopical, examples close to this ideal
have emerged. One such case is the controlled-release formulation of metopro-
lol succinate, which will be presented in more detail in the following section.

Copyright © Marcel Dekker, Inc. All rights reserved.

MarceL DEkkER, INc. ﬂ
270 Madison Avenue, New York, New York 10016 o



200 Abrahamsson

To predict drug plasma concentration—time profiles from in vitro disso-
lution tests there are other requirements, outside the scope of the design of
the test or the formulation, that must be fulfilled. Primarily, the drug substance
should have absorption properties such that the drug dissolution or release
becomes the rate-limiting step in the absorption process. Desirable substance
characteristics include high permeability, lack of luminal complex-binding,
and lack of active efflux from the enterocytes. In addition, the first-pass metab-
olism should be linear and independent of the absorption site in the GI tract.
When these criteria are not met, one possibility to establish an in vitro—in
vivo correlation is to use trace amounts of radionuclides in experimental for-
mulations. The radionuclide should mimic the release of the drug from the
formulation, and this process can then be monitored in vivo by gamma-scintig-
raphy. Successful examples of this approach have been described (5), and such
data have also been used for in vitro—in vivo correlation (6).

A. Case Example: Metoprolol Succinate in Membrane-
Coated Multiple-Unit Formulation (CR/ZOK)

Metoprolol succinate is a highly soluble (280 mg/mL), highly permeable,
weak base (pK, 9.5), without any identified or suspected interactions, efflux,
or metabolism in the GI tract. The rate and extent of drug absorption in humans
are almost identical over the entire GI tract, as determined by remote-con-
trolled capsule and intubation studies (7,8). The extended-release (ER) formu-
lation principle based on the membrane-coated multiple-units principle is illus-
trated in Fig. 1. The beads are embedded in a tablet that disintegrates
immediately in the stomach. The drug-containing units are thereby liberated
and dispersed in the GI tract, as documented by gamma-scintigraphy (9). The
drug release, which is controlled by the polymeric membrane that surrounds
each pellet, proceeds at an almost constant rate for 20 h. The mechanism of
the drug-release process has been investigated in more detail (10).

In the development of this formulation, dissolution testing was per-
formed not only by use of a standard control test, but also the robustness
of the release profile toward different factors was repeatedly tested. A final
formulation was obtained that was insensitive to various in vitro conditions,
as exemplified by tests in different pH, agitation, apparatus, and buffer (Fig.
2). Under such circumstances, in vitro—in vivo correlation can be expected,
irrespective of the in vitro test method used; hence, it should be possible to
use a standard method with a plain buffer. The in vitro—in vivo correlation
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Rate controlling —
pelymeric membrane

Fic. 1 Metoprolol CR/ZOK formulation principle.

of metoprolol dissolution for a standard U.S. Pharmacopeia (USP) II method
with a phosphate buffer pH 6.8 was investigated. A human bioavailability
study was performed that included three formulations in which the thickness
of the membrane coating was somewhat altered (11). A type A correlation
was obtained (i.e., the in vitro and in vivo dissolution time curves were almost
superimposable; Fig. 3). Thus, the in vitro method was suitable for product
quality control and for documentation of postapproval changes. In addition,
the good correlation also supported the concept of a formulation being insensi-
tive to physiological factors as a way to obtain in vivo predictive in vitro
dissolution data.

After regulatory approval of the original product, the formulation was
altered to avoid organic solvents in the production process and to make the
process more efficient. The alterations included composition and manufactur-
ing process for the polymeric membrane and the composition of the tablet
matrix. This modified formulation was intended to be bioequivalent to the
original product. The in vitro dissolution test was used as the primary surrogate
variable to reach this goal. A model that described the relation between the in
vitro dissolution time profile and the most important process and composition
variables was established by use of a statistical experimental design. It was
possible to obtain a modified product of which the dissolution properties were
very similar to those of the original formulation. For documentary purposes,
bioequivalence studies of the original and modified formulation were per-
formed. Bioequivalence was proved in all studies according to 90% confidence
interval (CI) within the 80—125% criteria for both C,,, and area under the

Copyright © Marcel Dekker, Inc. All rights reserved.

MarceL DEkkER, INc. ﬂ
270 Madison Avenue, New York, New York 10016 o



202

: —e—pH75]
'§ —m—pHEG.8
§ pHE.0
& pH3.0
& —x—pH12
(@) hours

=

2 —&— 50 1pm

=32

F —m— 100 rpm

% 150 rpm
b

()

=

2 T ey
E | —e— paddle
= |

8 i—l— basket
T

F

(c) hours

100 +
& 80
5 60 i
§ 40
T .
B
0+ } |
0 S 10 15 20
(d) hours

Fic.2 In vitro dissolution of metoprolol from the CR/ZOK formulation at different

test conditions.

Abrahamsson

Copyright © Marcel Dekker, Inc. All rights reserved.

MarceL DEkkER, INc. ﬂ
270 Madison Avenue, New York, New York 10016 9



fraction dissolved/absorbed

Dissolution Testing of Oral Drug Products 203

0.9
0.8 4 |
0.7
0.6 - .
O 5 —_—— A—Vi‘tro |
0.4 ;+ A-vivo
{ —— B-vilro
0.3 - )
—=— B-vivo
0.2 —A— C-vitro
0.1 —&— C-vivo
. RS
0 5 10 15 20 25

time (h)

Fic.3 Mean cumulative in vitro dissolution-and absorption-time profiles of three
different metoprolol ER formulations (A, B, and C).

concentration—time curve (AUC). Thus, the usefulness of the in vitro dissolu-
tion in development was confirmed, and the use of in vitro dissolution as
a surrogate for human bioequivalence studies when a solid in vitro—in vivo
correlation has been established was also supported.

lil. IMPORTANCE OF HYDRODYNAMICS

The hydrodynamic conditions in an in vitro dissolution experiment are defined
by the design of the apparatus, agitation intensity, flow—volume, and viscosity
of the test medium. The hydrodynamics can affect the dissolution in several
different ways. For example, the dissolution rate of a crystalline drug sub-
stance will be affected by changes in the diffusion boundary layer around each
particle and potentially also by different degrees of dispersion of particles,
leading to changes in the surface area exposed to the solvent. The drug dissolu-
tion will also be affected by hydrodynamic effects on the formulation. The
disintegration of an immediate-release tablet is an example of a process that
may be affected. The situation for some MR formulations is perhaps even
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more critical in this sense because the release—rate-controlling mechanism can
be sensitive to variations in the hydrodynamics. Other effects related to the
hydrodynamic conditions, such as whether the formulation or drug substance
floats on surface of the test medium, sinks to the bottom of the vessel, or
adheres to the equipment, will also affect the dissolution results.

Great emphasis has been placed on the hydrodynamic conditions to min-
imize the variability between repeated measurements. The pharmacopoeial
methods are very well defined when it comes to dimensions of vessels and
other related equipment, as well as tolerances for agitation. This is of espe-
cially great importance in the use of the dissolution as a batch release test in
regular manufacturing because rejection of batches on false grounds is a costly
mistake. However, in formulation development and documentation, there is a
profound need for in vivo predictive results. To fulfill this necessity, the in
vitro test conditions have to reflect the in vivo situation when the dissolution
rate is dependent on the hydrodynamic conditions. If not, different kinds of
misinterpretation of in vitro data may occur such as (a) lack of discrimination
between formulations that are different in vivo; (b) the reverse situation, cre-
ation of a difference in vitro that does not exist in vivo; and (c¢) different
duration and kinetics of drug release in vivo compared with in vitro. Unfortu-
nately, the question of in vivo relevant hydrodynamics in in vitro tests has so
far received little attention. A problem, which is perhaps the main reason for
lack of research efforts within this area, is the complexity of the in vivo condi-
tions. The motility pattern in the GI tract varies over time in a cyclic manner
and the mixing of the GI fluids also varies between the stomach and the intes-
tines. Other factors that are a part of normal life, such as intake of food and
fluids, sleep, and exercise, also greatly affect volumes, motility patterns, and
flow rates. Furthermore, it is not clear how to characterize the in vivo hydrody-
namics in such a way that it is possible to translate this to in vitro test equip-
ment. Currently used in vivo measurements, such as manometric and flow
measurements, have so far provided limited guidance for design of in vitro
methods.

The best possible approach at the early stage of development is still to
obtain in vivo bioavailability data and then try to find the in vitro setting that
provides the best in vitro/in vivo correlation. Wide variations in the hydrody-
namic conditions can be obtained by use of the four different USP test meth-
ods: the rotating basket, the rotating paddle, the reciprocating cylinder, and
the flow-through cell. In addition, different conditions can be obtained within
one apparatus by changing the stirring rate, reciprocating frequency, or flow
rate, respectively. If suitable correspondence to in vivo data cannot be ob-
tained by these standard methods, other methods can be used, such as the
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recently developed modified USP II method, with a peak in the bottom of the
vessel, the rotating flask, or other noncompendial methods (12,13). Methods
including addition of inert beads to the dissolution medium have also been
described (14).

When formulations need to be compared (e.g., when a formulation has
been changed or if a formulation has to be selected for further development
among different candidates), a battery of different methods and test conditions
might be the most successful approach. Consistent results for the comparison
of two or more formulations in such a multiple test provides a reasonable
confidence in the in vivo relevance, whereas if more conflicting results occur,
in vivo pilot studies may be the only option. A multiple test also serves to
investigate the relative sensitivity to hydrodynamic conditions for a series of
candidate formulations, i.e., the formulation that is least affected is most likely
to consistently provide the intended in vivo release profile. This approach will
be further illustrated in the following case examples.

A. Case Example: Importance of In Vitro Hydrodynamics
for Dense Pellets

The present case involves two similar enteric-coated MR pellets formulations
containing a high-solubility, high-permeability drug. The two formulations,
denoted D and E, consisted of dense pellets (1.4 and 1.3 g/cm?, respectively),
with a mean diameter of 0.4 and 0.6 mm, respectively. They were very similar
in manufacturing process, composition of the drug core and the polymeric
coating. The aim in the development of formulation D was to obtain the same
release and bioavailability characteristics as those of E.

A standard USP 1I dissolution apparatus with a close to neutral buffer
was initially used. However, the variability between individual dose units was
unacceptably large for pellets D. Visual inspection of the in vitro dissolution
test by video recording revealed that the new pellets were lumped together in
the bottom of the vessel for long periods and then irregularly spread out for
short periods. This problem also persisted at a more vigorous paddle stirring
rate (100 rpm) than recommended by USP and generally accepted by FDA
(Fig. 4). A recently developed modified USP 1I vessel with a peak in the
bottom was tested to overcome this problem. The peak creates a turbulent
flow below the axis of the paddle (Fig. 5) in contrast to the very low degree
of agitation exerted in the standard method. The tested pellets did not form a
heap with this method, and the variability in dissolution between individual
units was also significantly lower in the modified vessel, as shown in Fig. 4.
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Fic.4 Drug dissolution—time profiles for six individual doses of pellets D in the
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rpm.
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Fic.5 The peak vessel with illustrations of flow patterns.

Essentially no difference was observed between the mean dissolution profiles
of the different pellets in the peak vessel, whereas D was somewhat slower
than E in the standard USP apparatus (Fig. 6). A human, single-dose, fasting
bioavailability study with D and E was performed, and the formulations were
not significantly (p > 0.05) different. In addition, no tendency toward a slower
absorption for pellets E was revealed. Thus, the difference between the disso-
lution—time profiles observed in the standard method was not relevant to the in
vivo situation. The slower-release profile obtained for pellets D in the standard
method was most probably due to the gathering of pellets at the bottom vessel.
This phenomenon, therefore, may be considered a pure hydrodynamic in vitro
artifact that could be avoided by use of the peak vessel. These results may
well be of relevance also for other pellet formulations that are poorly dispersed
in the standard USP II method.

B. Case Example: Hydrophilic Matrix ER Tablets with
Erosion-Controlled Drug Release

The hydrophilic matrix tablet is a common principle for obtaining extended
drug release (15). Such a tablet gradually forms a gel layer from the surface
of tablet toward its center in contact with the dissolution medium. The drug
is released either by diffusion through the gel matrix or by erosion at the tablet
surface. For poorly soluble compounds, the drug release is controlled entirely
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USP Il method and (b) in the peak vessel at a stirring rate of 100 rpm.
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by the latter process. The present case comprises data for only matrices with
erosion-controlled drug release.

The hydrodynamics play an important role in the dissolution testing of
such formulations for several reasons. First, hydrophilic matrices can adhere
to the glass walls of the dissolution test equipment and become stuck there
for a long time. They may also float on the surface of the dissolution medium
after gel formation. Both of these phenomena can create variable and irrelevant
results. This must be considered when selecting a test apparatus. In the present
case, a USP II apparatus, modified with a stationary basket (Fig. 7) containing
the tablet was used to avoid this problem.

Another more complicated hydrodynamic effect for hydrophilic matri-
ces is caused by the sensitivity of tablet erosion—and thereby, drug release—
to the intensity of the agitation. For example, the drug-release rate could be
twice as high at a paddle-stirring rate of 100 rpm as that at 50 rpm in the USP
IT apparatus. Therefore, in the development of products based on this principle,
it is crucial to know which apparatus and agitation intensity provides release
rates that correspond to the in vivo situation. Otherwise, the in vitro results
could lead to misdirected formulation developmental work, consuming further
time and resources before the final product is obtained.

N

T

Fic.7 USP Il apparatus modified with a stationary basket.
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Three different hydrophilic gel matrix tablets with different release rates
were studied in a human bioavailability study (16) with administration under
fasting conditions. All of the tablets had also been tested in vitro at paddle-
stirring rates of both 50 and 100 rpm. The linear relation between the in vitro
and in vivo dissolution rates, expressed as mean dissolution times (MDT), are
given in Table 2. A close to 1:1 relation between the in vitro and in vivo
release rates was obtained at 50 rpm, whereas at the higher agitation intensity
the drug release rate in vitro was twice as high as that in vivo. From a practical
standpoint it might still be desirable to use the higher agitation intensity, be-
cause the time required for an in vitro dissolution test can be shortened, thus
increasing the efficiency of the dissolution test laboratory. Such an approach
would be valid in a formulation development stage provided that the in vitro
data are time-scaled to obtain a correct estimate of the duration of the in vivo
profile. The faster paddle-stirring rate could also be justified when the test
method is used as a batch quality control method, because the in vitro and in
vivo correlation and discrimination between tablets with different release rates
was as good as at the slower agitation rate. It might also be tempting to con-
clude from these data that paddle stirring at 50 rpm in a USP II beaker gener-
ally provides in vivo relevant hydrodynamic conditions. However, in other
attempts to make similar comparisons, different results were obtained. For
example, one study has indicated that in vivo relevant agitation was obtained
at a paddle-stirring rate as low as 10 rpm using the USP II apparatus (17).
Until more experience has been accumulated on this subject the identification
of in vivo relevant hydrodynamics will need to be investigated on a case-by-
case basis.

In the development of an ER tablet, in vitro dissolution testing may be
used not only to reach the desired average release properties, but also to obtain

Tasie 2 Linear Regression Andlysis of the
Relation Between the Mean Dissolution Time
(MDT) in vivo (y) and MDT in vitro (x) of
Felodipine in a Modified USP Il Apparatus at
50 and 100 rpm for Three Different ER

Tablets

Stirring rate

(rpm) Relation r?
50 y=1.1x + 0.1 0.94
100 y=2l1x—05 0.94
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a formulation that has release properties that are relatively robust for the differ-
ent physiological hydrodynamic conditions. For example, the intake of food
can be expected to alter the hydrodynamics in the upper GI tract. This may
affect the tablet erosion and, thereby, drug release. One in vitro test strategy
that can be used to investigate such effects is to test under a wide variety of
hydrodynamic conditions. In the present case, a more thorough investigation
was performed on two different gel matrix tablets denoted B and G. Three
different methods were used, including the modified USP II method, the USP
III apparatus (reciprocating cylinder), and a rotating flask with baffles (12).
All three apparatuses were operated at varying agitation intensities. In this set
of experiments, tablet erosion was measured as a surrogate for drug dissolu-
tion. The times required for 50% tablet erosion of the different test conditions
are given in Fig. 8 as a measure of the erosion—drug-release rate. The erosion
rate of both tablets increased under more intense agitation in all apparatuses,
as would be expected. However, the effect of agitation intensity was larger
on tablet G. This was most apparent in the USP 1I apparatus and least obvious
in the rotating flask. Tablets B and G were also investigated in humans under
both fasting and fed conditions relative to both in vivo dissolution, as deter-
mined from plasma drug concentrations, and in vivo tablet erosion, as deter-
mined by gamma-scintigraphy (18,19). For tablet G, in vivo tablet erosion
(see Fig. 8) and drug dissolution were strongly affected by food, whereas tablet

Fic.8 Time to 50% (50%) tablet erosion vs. agitation intensity in vitro in (a) USP
I, (b) USP I, (c) rotating flask, and (d) in vivo apparatuses and #50% in vivo after
administration under fasting and nonfasting conditions for two hydrophilic matrix
tablets (B and G).

Fed
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B was almost unaffected. Thus, the difference between the tablets in their
response to hydrodynamic conditions indicated by the in vitro testing was a
relevant measure for selecting the formulation with the most robust properties.
In addition, it was noted that the modified USP II apparatus provided the most
discriminative test, especially at moderate agitation intensities.

IV. POORLY SOLUBLE COMPOUNDS

Low water solubility is a substance property that may increase the difficulty
of obtaining in vivo predictive results in in vitro dissolution testing. The disso-
lution rate (dm/df) of a drug substance according to the Noyes—Whitney equa-
tion can be expressed as:

dn DS, - ¢

dt h
where D is the diffusion coefficient in the stagnant diffusion layer around each
solid particle; & is the thickness of the diffusion layer; S is the effective surface
area of the particles; C; is the saturation solubility; and C, is the concentration
in the test medium at time 7. All these factors can clearly be affected by the
dissolution test conditions. For example, C, and C, are dependent on the com-
position of the test medium. Wetting effects may also result in variation of S
with the test medium. In addition, S and % are dependent on the hydrodynamic
conditions. The equation implies that to obtain an in vitro dissolution test that
is relevant to the in vivo situation, all these variables must be set at a level
that corresponds to the in vivo situation.

So far, the major issue in the development of dissolution tests for poorly
soluble compounds has not been how to attain in vivo relevant dissolution
conditions, but rather, how to obtain adequate solubility of the drug in the test
medium. Generally, the goal has been to obtain ‘‘sink conditions,”” which
corresponds to a drug solubility (Cy) that is five to ten times the concentration
reached when the complete dose has been dissolved. At sink conditions, the
term C, in the Noyes—Whitney equation can be neglected (i.e., the dissolution
rate at all time points will be independent of the amount already dissolved.
There are several good reasons why the concept of sink conditions has been
so well established. First, testing under ‘‘non—sink conditions’” may not dis-
criminate for formulation effects exerted during the later part of the dissolu-
tion—time profile, because the dissolution rate will be influenced more by the
amount of drug already in solution (C,) than by the dosage form performance.
The use of sink conditions can also be justified from an in vivo prediction
point of view if it can be assumed that the C, in the GI fluids is negligible
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owing to rapid absorption of the drug over the gastric wall. This concept has
been experimentally supported by an in vivo dissolution experiment in humans
for a low-solubility, high-permeability drug (20). Finally, sink conditions are
desirable for practical reasons, such as the possibility of using the same method
and specification requirements for different dose strengths in quality control.

It is often a trivial task to obtain sink conditions in the in vitro dissolution
test medium. In the first instance, the pH of the test medium can be adjusted
to increase the solubility or the volume of the dissolution medium. There are
several ways to increase volume, including use of the maximum volume in a
standard vessel, use of larger vessels, use of the flow-through cell (USP 1V)
or other noncompendial methods when the dissolution medium is exchanged.
However, such approaches may not provide sufficient solubility if the drug is
aprotic or has a very low solubility in relation to the dose. In those cases, a
surfactant in concentrations above the critical micelle concentration (CMC)
or a cosolvent can be added. The use of surfactants is currently favored be-
cause this is felt to be a more in vivo realistic system, as surfactants, such as
bile salts, are present in vivo (21). The solubility can sometimes be improved
by several orders of magnitude using surfactants, with sink conditions easily
reached at reasonably low surfactant concentrations.

Attainment of sink conditions, however, does not guarantee that the in
vitro test will provide in vivo relevant results, as will be exemplified in the
following case. To achieve the same dissolution rate in vitro and in vivo, the
saturation solubility in the test medium should correspond to the in vivo situa-
tion, for the dissolution rate is dependent on the solubility (C;). The in vivo
solubility is dependent on bile salts, which are present primarily in the small
intestine at varying concentrations depending on site and physiological state.
This is not a well-defined system, as there is a mixture of different bile salts,
and they form mixed micelles with lecithin and monoolein. In addition, a
poorly soluble drug can also be dissolved in the fatty part of the emulsion
droplets formed in the small intestine as a part of lipolysis, although there are
indications that this effect has a negligible influence on the dissolution rate
(22). It is clear that such a dynamic and complex system cannot be fully recon-
stituted in vitro. The most commonly adopted approach is to use a synthetic
surfactant, especially sodium lauryl sulfate (SLS). The amount of surfactant
to be used in the test method is often established by (a) solubility measure-
ments to reach sink conditions, or (b) the ability to obtain discriminative in
vitro dissolution results between drug particles of different size, or (c) achieve-
ment of in vitro—in vivo correlation for drug particles of different size or other
product characteristic that is supposed to affect the dissolution rate. Another
approach based on the concept to mimic the in vivo situation by use of physio-
logically relevant levels of bile salt and lecithin has been described recently
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in the literature (3). Such methods may not provide sink conditions for all
drugs, which probably makes them more suitable as developmental tools and
for biopharmaceutical documentation of comparisons of formulations than for
batch quality control.

There are some additional aspects on the use of surfactants in the in
vitro dissolution test medium that have to be considered to obtain valid data.
For example, the surfactant may interact with components of the dosage form
in a way that affects the dissolution rate. If that kind of interaction has no
physiological relevance, the correlation to in vivo data will be confounded.
This will be further exemplified in the following case. Another potential prob-
lem concerning the use of surfactants, especially in batch quality control, is
that the quality of the surfactants may affect the dissolution rate. This has
been shown in a study using different purity levels of SLS (23). Even between-
lot variations in a certain quality of a surfactant can be so significant that
unacceptable variations in the dissolution results are obtained (24). Thus, the
quality of the surfactants used in the dissolution tests may sometimes need to
be further defined beyond the pharmacopoeial and manufacturer specifica-
tions.

A. Case Example: Felodipine ER Tablets

Felodipine is an aprotic, poorly soluble (0.001 mg/mL) drug, with complete
absorption across the intestinal epithelium, although the systemic availability
is reduced to 15% by first-pass extraction (25). Felodipine has good absorption
over the entire GI tract, including the colon, as indicated by a pharmacoscinti-
graphic study and in absorption data for formulations with 24-h duration of
drug release (19,26).

The rationale for developing an ER formulation of felodipine was very
clear: the plasma drug elimination half-life is short, there is a direct relation
between plasma drug concentrations and the antihypertensive effect, side ef-
fects may occur at high plasma drug peak levels, and the drug has good absorp-
tion properties even in the more distal parts of the intestines. The final ER
formulation was of the hydrophilic matrix type, as described earlier in this
chapter. To avoid poor dissolution of the drug in vivo, felodipine was solubi-
lized in the tablet by use of dissolution enhancers. The success of this approach
was verified by attainment of human bioavailability equivalent to that of an
oral solution (16).

A series of studies were performed to better understand the dissolution
process for these tablets, in particular, to identify critical dissolution and for-
mulation parameters. The in vitro drug dissolution and tablet erosion, mea-
sured as loss of dry weight, were superimposable under different in vitro test
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conditions, such as pH, ionic strength, osmolality, viscosity, surfactant concen-
tration, or paddle-stirring rate. It was thus concluded that the drug release in
vitro was entirely controlled by the erosion of the hydrophilic matrix and not
directly dependent on the dissolution of the poorly soluble substance. Owing
to the consistency of the erosion control, irrespective of the test conditions,
it was assumed that tablet erosion was also the rate-limiting step in the drug
dissolution process in vivo. To investigate this hypothesis, a pharmacoscinti-
graphic study was performed in humans, which included measurement of tab-
let erosion (19). There was a good resemblance between drug dissolution, as
determined from plasma concentration data, and tablet erosion in vivo as well
as in vitro. This further strengthened the hypothesis that tablet erosion was
the most critical process in dissolution testing of these tablets.

The main in vitro dissolution method used in the development of this
product was based on the modified USP II apparatus described earlier, with
a close to neutral buffer, including 1% SLS to achieve sink conditions. This
method was validated by an in vitro—in vivo correlation study that included
three different ER tablets for which the release rate had been altered by chang-
ing the gel matrix composition (16). These three tablets were tested in humans
and, despite the complex situation with a poorly soluble drug in an ER formu-
lation, a good correlation between mean dissolution time (MDT) in vitro and
in vivo was obtained (Fig. 9). The method was thus concluded to be suitable
both as a tool for further development and for batch quality control.

At a later stage, it was decided to change the formulation of the felodi-
pine ER tablet to reduce the tablet size. This could be achieved by using more
viscous hydrophilic polymers. The in vitro dissolution method with 1% SLS,
just described, was initially used as a developmental tool. A prototype formu-
lation of a smaller size was developed that had an in vitro release profile
similar to that of the original product, which was desirable because the aim
was to achieve bioequivalence between the old and new product. However,
a small pilot bioavailability study in humans showed very different plasma
drug concentration profiles for the old and new formulation, i.e., the results
from the in vitro test were misleading. Surfactants other than SLS were then
tested in the dissolution medium to improve the in vivo prediction for the in
vitro method. This was a successful approach and a satisfactory discrimination
was obtained between the two tablets tested in vivo. A more thorough investi-
gation was performed to better understand the underlying reasons for the dif-
ferences bound between the various surfactants and to validate a new method
(17). Three different tablets of the smaller size with different release rates (A,
B, and C) were tested both in vitro with SLS, the cationic cetyltrimethylam-
monium bromide (CTAB), and a nonionic surfactant (Tween), respectively,
and in a bioavailability study in humans. Three different concentrations of
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Fic.9 Mean dissolution time (MDT) in vivo vs. MDT in vitro for three different
felodipine ER tablets (A, B, and C).

each surfactant were used. At each level concentrations were chosen so that
each surfactant provided approximately the same felodipine solubility. All sur-
factant concentrations were well above CMC and the amount needed for sink
conditions. A close to linear in vitro release—time profile was obtained for all
test media, but the rate for one of the tablets varied more than twofold between
the different media. It was also clear that the difference between the three
tablets was smaller when SLS was used than when the other two surfactants
were used (Fig. 10). The differences in vitro among dissolution results ob-
tained for the three surfactants were most probably due to different degrees
of interaction between the surfactant and the gel-forming polymers. The most
pronounced effect was exerted by SLS. The effect of SLS on tablet erosion
was verified by tablet erosion experiments, and the surfactant—polymer inter-
action was also supported by cloud point measurements in diluted polymer
solutions (27). Comparison of the in vitro and in vivo dissolution data showed
a good correlation for all three surfactants (Fig. 11). However, a very steep
relation was obtained with SLS, and it could thus be concluded that the interac-
tion effect exerted by SLS on the hydrophilic matrix did not have any in vivo
relevance. This implied that SLS was not adequately predictive, because a
great difference in the in vivo performance was reflected by only a small

12
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Fic. 10 Mean (SD) cumulative in vitro dissolution—time profiles of felodipine for
three different ER tablets (A, B, and C) in dissolution test media either containing
SLS (a), Tween (b), or CTAB (c).
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Fic. 11 Mean dissolution time (MDT) in vivo vs. MDT in vitro for three different
surfactants, SLS, CTAB, and Tween in the dissolution test media. Each point in the
graph represents mean data for one of three different ER tablets (A, B, and C)
included in the study.

difference in vitro. This was also the reason for the failure in the initial devel-
opment work on the small tablet (described earlier). In summary, it is clear
that the use of a surfactant in the dissolution medium must be evaluated for
interactions with release—rate-controlling excipients, and that SLS is not suit-
able for all products.

The foregoing data illustrate that the in vitro dissolution method can
successfully predict the in vivo performance of felodipine ER tablets, espe-
cially after the exchange of SLS. However, as the next and final part of the
felodipine example will illustrate, if the release mechanisms are changed, the
in vivo prediction can be lost. An experimental tablet was manufactured that
had exactly the same composition as the marketed product. However, the drug
was included in a crystalline state in the experimental tablet in contrast with
the solubilized form used in the product. The in vitro dissolution data for the
two tablets were identical (Fig. 12) as might be expected from the fact that
they contained the same gel matrix and, therefore, ostensibly the same tablet
erosion rate. The two tablets were tested in a small bioavailability study in
humans, and the resulting plasma drug concentration profiles are shown in
Fig. 12. Almost no drug was absorbed from the experimental tablets. The lack
of absorption was most likely caused by poor dissolution of the drug in vivo

Copyright © Marcel Dekker, Inc. All rights reserved.

MarceL DEkkER, INc. ﬂ
270 Madison Avenue, New York, New York 10016 9



Dissolution Testing of Oral Drug Products 219

100

90
80
%170
60
50
a0
30

20

oo<T om0 TR

10

o

r~—o33
N w37,

T,

—

T T T T i T T T T T

0 2 4 6 8 10 12 14 16 18 20 22 24

(b) haurs

= crystalline drug
+ solubilized drug
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(i.e., the drug dissolution was much slower than the tablet erosion). The use
of the surfactant in amounts providing sink condition resulted in a lack of
discrimination of such effects. An in vitro test medium providing more in vivo
realistic dissolution enhancement would, therefore, be required here. Thus, it
is important to identify the rate-limiting step in the dissolution process and to
bear in mind that the concept of sink conditions may, under certain conditions,
provide a solubility that is too favorable to obtain discriminative results.

V. PREDICTION OF FOOD EFFECTS

Food can directly or indirectly exert a wide range of effects on the drug disso-
lution from a solid product. Therefore, it is relevant at certain points in the
developmental process of a new solid dosage form to evaluate food-induced
effects on the in vitro drug dissolution. For example, an assessment could be
performed in connection with an in vivo food interaction study to improve
the interpretation of the bioavailability data obtained, or be used more proac-
tively to select the least-affected candidate formulation for further develop-
ment. A third situation could arise when the composition or manufacturing
process has been altered, but the original and the modified product are meant
to have the same properties. Thus, in vitro dissolution tests could clearly play
a role in predicting the influence of food on drug dissolution.

The influence of food on drug dissolution may occur directly or by inter-
action with the dosage form. Such effects can be directly mediated by the
food constituents or by secondary effects induced by the presence of food
in the GI tract. Direct effects include changes in pH, osmolarity, viscosity,
concentration of ionic and nonionic solutes, fats, carbohydrates, and proteins.
Indirect effects, such as altered motility and increased secretory flow of bile
salts and others, can lead to altered agitation, surface activity, and solubility.
Several attempts to model food-induced effects on drug dissolution have been
described, including use of the following (3,28-34):

Bile salt and lecithin

pH changes

Fat emulsions, such as Intralipid or milk

Well-defined nutritional drinks

Enzymes

Dynamic lipolytic models

Presoaking in oil

Viscosity enhancement

Inert beads to obtain a grinding effect similar to that of solid foodstuff
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Good predictions of in vivo dissolution have also been reported for some
methods. However, it is typical of all methods that they cover a limited number
of potential food effects. This implies that no method described so far is gener-
ally applicable. The success of in vivo predictions for those methods will be
dependent on the substance and formulation properties (i.e., prediction of food
effects will be obtained when the critical in vivo factor is included in the in
vitro test). Two approaches to studying food effects in vitro will be presented
in the next example. They are intended to provide somewhat more generally
applicable methods, although they are by no means close to the full complexity
of the in vivo physiology.

A. Case Example: Food Effects on Tablet Erosion
of Hydrophilic Matrix Tablets

Two in vitro food interaction studies were performed using different methods
(35). Both studies included two different hydrophilic matrix tablets. One of
the tablets (denoted A) had previously been shown to erode much faster in
the GI tract after intake together with food than after administration under
fasting conditions (20). The other tablet (denoted B) was almost unaffected
by food (19), and it was included in the in vitro test to exclude false-positive
results.

The first set of experiments was performed with a modified USP 1I appa-
ratus, including test media designed to correspond to the in vivo fluids under
fasting and fed conditions. The following test media and time intervals were
used:

Fasting Fed

Stomach 1-h duration 3-h duration

0.1 M HCl Multicomponent nutritional li-

quid
pH adjusted to 5.6 by HCl
Intestine Krebs—Henseleit Ringer buffer Krebs—Henseleit Ringer buffer
pH 7.2 pH 7.2
5 mM sodium taurocholate 20 mM sodium taurocholate
0.5% tat emulsion (Intralipid) 5% tat emulsion (Intralipid)

All test media were stable and homogeneous for at least 24 h at 37°C. The
resulting erosion—time profiles for tablet A and B are shown in Fig. 13. The
simulated food conditions slightly retarded the erosion rate for both tablets.
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Fic. 13 Mean cumulative in vitro tablet erosion—time curves for two hydrophilic
matrix ER tablets (A and B) tested under simulated fasted and fed conditions.
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Tase 3 Factors, Settings, Physicochemical Characterizations of Test Media and Tablet Erosion Rate for All Experimental Runs in
a Fractional 2¢ Factorial Design of Two Hydrophilic Matrix Tablets (A and B)

Erosion
rate
Paddle Surface (%/h)
Expr. pH NaCl Brij Urea HPMC  speed pH Ionic tension  Osmolarity  Viscosity ———— —
no. nominal M) @mM) M) ™M) (rpm)  measured strength (mN/m) (mOsM) (mPas) A B
1 2.3 0.08 30 0.2 1 150 2.4 0.08 41 390 230 5 19
2 6.8 0.08 30 0 0 150 6.8 0.1 43 190 1 11 22
3 2.3 0.18 30 0 1 50 2.3 0.18 42 400 250 1.5 9.3
4 6.8 0.18 30 0.2 0 50 6.7 0.2 43 600 1 29 10
5 2.3 0.08 0 0.2 0 50 24 0.08 72 360 1 48 15
6A 6.8 0.08 0 0 1 50 6.8 0.1 49 190 270 29 14
6B 6.8 0.08 0 0 1 50 6.8 0.1 45 190 280 3 16
7A 2.3 0.18 0 0 0 150 2.3 0.18 72 350 1 13 25
7B 2.3 0.18 0 0 0 150 2.3 0.18 71 350 1 13 24
8 6.8 0.18 0 0.2 1 150 6.7 0.2 48 580 260 52 24
6.8 0.18 0 0 1 50 6.7 0.2 48 370 330 22 11
10 2.3 0.18 0 0 1 50 2.3 0.18 50 390 50 27 13
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A corresponding effect may occur for these formulations in vivo, but because
this did not correspond with the in vivo data for the two tablets, factors other
than those included in the present test must also play a role. This applies
especially to tablet A, for which the erosion rate was drastically increased by
food in vivo. This illustrates that, despite the use of rather complex test media,
it was still not possible to predict an in vivo food effect.

The other set of experiments on tablets A and B were focused on the
effects of different physicochemical factors that could be induced by a meal,
such as pH, ionic strength, surface activity, osmotic pressure and agitation.
Different physicochemical conditions were obtained mainly by agents of a
nonphysiological origin, but the amounts used were set to correspond to the
levels obtained in the GI tract after fasting and fed conditions. A fractional
factorial design was employed for this investigation, and the different experi-
mental conditions are given in Table 3, together with the resulting erosion
rates. The relative effect of each variable on the erosion rate of tablets A and
B is shown in Fig. 14. Table A, being sensitive to food effects in vivo, was
also more affected by the different factors in vitro than tablet B, especially
the osmotic pressure (urea), viscosity (hydroxypropyl methylcellulose;
HPMC), and paddle-stirring rate. However, the paddle-stirring rate was the
only factor that increased the erosion rate in accordance with the in vivo food
effect. The far greater susceptibility of tablet A to changes in viscosity further
supported the conclusion that this tablet was much more sensitive to hydrody-
namic stress. Thus, this type of multifactorial studies may be very helpful in
comparisons of robustness versus food effects between different formulations,
and they also indicate which factors are of importance.

VI. CONCLUSION

In vitro dissolution is a very cost-effective tool in development of solid dosage
forms provided that in vivo predictive results are obtained. To fulfill this re-
quirement, physicochemical and pharmacokinetic properties of the substances,
as well as the function of the dosage form and physiological factors, must be
taken into consideration in design of dissolution tests and in predictions of in
vivo performance based on in vitro data.
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Analysis of Drug Dissolution Data

Christos Reppas and Eleftheria Nicolaides
University of Athens, Athens, Greece

I.  THE NEED FOR MULTIPOINT ASSESSMENT OF
DISSOLUTION CHARACTERISTICS OF SOLID ORAL
DOSAGE FORMS

Apart from providing experimental evidence for the validity of dissolution
theories, drug dissolution data can be very useful at various stages during
development of drug products, at the regulatory level, and at the clinical level.

Single-point dissolution testing still remains the most frequently recom-
mended quality control test of immediate-release (IR) oral solid dosage forms
in most pharmacopoeias worldwide. However, various national and interna-
tional organizations have recently issued guidelines indicating that this test is
suitable as a routine quality control test only for highly soluble and rapidly
dissolving drug products (1,2). Single-point dissolution data may also be con-
sidered adequate for waiving an in vivo bioequivalence study for these prod-
ucts (1,2), although the time allowed for complete dissolution and the defini-
tion of complete dissolution have yet to be universally agreed on. However,
if the in vitro single-point test result differs from the specification, this does
not automatically imply bioinequivalence (e.g., 3) and, therefore, it is highly
desirable to carefully map out the bioequivalence region for these products (4).

For characterizing the quality of an IR drug product a two-point specifi-
cation is nowadays more often recommended (1). A two-point dissolution
specification is already stipulated by some pharmacopoeias (e.g., 5) as a rou-
tine quality control test of some IR products (on a drug substance basis) and
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it seems that in the future it will be the norm for any slowly dissolving or
poorly water soluble drug (1).

Characterization of the complete dissolution profile or multipoint disso-
lution data comparisons are currently recommended in the following cases:

When establishing the quality of extended-release (ER) drug prod-
ucts (6)

To define in vitro dissolution specifications for generic IR (1) and ER
products (5,6)

To waive bioequivalence requirements for lower strengths of an IR dos-
age form (1)

To establish IR product sameness after level 2 postapproval changes in
components and composition (except for high-solubility, high-perme-
ability drugs for which a single-point test is appropriate), in batch
size, and in manufacturing equipment (7)

To establish modified-release (MR) product sameness after level 2 post-
approval changes (8)

To establish product sameness after level 3 postapproval changes of both
IR and MR products (7,8)

In developing point-to-point in vitro—in vivo correlations or predicting
the entire in vivo plasma profile based on dissolution data, regardless
of the type of product (1,5,6)

Il. CONSTRUCTING A CUMULATIVE DISSOLUTION
DATA SET

Test conditions and sampling procedures vary with the aim of the test and the
experimental setup.

When dissolution experiments are performed for studying the theoretical
aspects of the process, the test conditions will depend on the model under
consideration. If the dissolution profile is to be used for quality assurance
purposes and in absence of specific direction in a relevant pharmacopoeial
monograph, attention should be paid to obtaining an adequate profile within
a practical time frame, in an aqueous medium, using compendial experimental
setups. If the dissolution profile is to be used for prediction of the in vivo
performance the in vitro conditions should simulate the in vivo environment
as closely as possible and, depending on the in vitro apparatus used, they may
lead to incomplete dissolution of the dose. Physiological data relevant to the
design of dissolution tests, particularly relative to the composition, volume,
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flow rates, and mixing patterns of the fluids in the gastrointestinal tract have
been recently summarized (9).

If the data are collected in closed systems, successive sampling will
reduce the volume of the dissolution medium and will remove part of the
dissolved substance. Volume replacement will maintain a constant volume of
dissolution medium, but it may create problems in identifying the plateau level
when the ratio of the dose to the volume of the test medium is greater than
the drug’s solubility. In any case, the sample volume should be kept as small
as possible, and corrections for the amount of drug removed with each sample
have to be made.

Regardless of the aim of the dissolution test or the experimental setup,
the number and the location of the data points within a profile are of major
importance for its accurate description. Together with the number of repeti-
tions, the sampling schedule determines the methods that may be used for
comparing profiles.

For complete characterization of a profile that asymptotically reaches a
plateau level, several data points are required (usually six to nine are suffi-
cient). For this, sampling times should not be equidistant, but distributed in
roughly logarithmic sequence over the interval of ‘‘complete’” dissolution
(e.g., the series 0, 2, 4, 6, 12, 18, 24, 36, 48, 60 min) for a total interval of
60 min (10). Situations that require extra caution include rapidly dissolving
products (appropriately spaced data points are often difficult to obtain), and
products with initial lag times (for which appropriate early data should be
obtained so that the lag phase can be adequately characterized). However, if
multipoint dissolution data comparisons are performed without prior complete
profile characterization, three to five data points ‘‘meaningfully’’ spaced are
usually required (see Sec. III.B.1).

lll. ANALYSIS OF CUMULATIVE DISSOLUTION PROFILES
A. Characterization of Dissolution Profiles

Cumulative dissolution profiles can be partly characterized with parameters
estimated directly from the raw data (i.e., with model-independent parame-
ters). Such parameters provide information on the extent of dissolution, the
global rate of the process (by means of characteristic times) or both.
Provided that a closed system is used, the extent of dissolution is re-
ported as the maximum percentage dissolved (X 4 ma) OF the maximum cumu-
lative mass dissolved (X, ..x)- Provided that several data points are available,
characteristic times can be estimated by linear interpolation or according to
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statistical moment theory. The time for 50% dissolution, T, is the most
frequently reported characteristic time which is estimated by interpolation.
Alternatively, the mean dissolution time (MDT) is the first statistical moment
for the cumulative dissolution process (e.g., 11) and is defined by the Eq. (1)
(Fig. 1 explains the symbols):

oo

— L X (dt _ ABC

“ X d,max
X, (Hdt '
0

e))

On a practical basis, MDT can be estimated from the cumulative mass dis-
solved vs. time profile by using Eq. (2) (e.g., 3):

z t midAX d

MDT = =5—— (2)

where i is the sample number, 7 is the total number of sample times, 7, is
the time at the midpoint between i and i — 1, and AX, is the additional mass
of drug dissolved between i and i — 1.

Cumulative
Mass Dissolved

Time

Fic.1 Graphic presentation of the parameters used to estimate the mean dissolu-
tion time (MDT): X4 max is the actual maximum cumulative mass dissolved, and
ABC is the shaded area.
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Finally, dissolution efficiency DE is a measure of both the extent and
the overall rate of dissolution (12). DE is defined as the area under the dissolu-
tion curve up to a certain time ¢, expressed as a percentage of the area of the
rectangle described by 100% dissolution in the same time. Provided that sev-
eral data points are available, DE can be estimated with the trapezoidal rule
(i.e., similar to the procedure presented for the estimation of ABC).

From the definitions it can be seen that two profiles may have identical
DE values, or X, ..« and MDT values, and yet be quite different in shape.
Therefore, unique characterization of the dissolution profile of a drug product
usually requires the use of a model. Modeling is implicit when the theoretical
aspects of dissolution are studied. It is also useful for setting dissolution speci-
fications (13), for assessing the difference between two dissolution profiles
(see Sec. III.B.2), and for predicting the entire in vivo plasma profile of the
drug product (see Sec. III.C.1). Depending on the dosage form and the avail-
able theoretical basis for describing a specific dissolution data set, models can
be built either according to the theoretical aspects of the process, or they can
be (semi)empirical. Furthermore, depending on the complexity of the model,
the procedure for profile characterization involves the fitting of a specific func-
tion to the data, or (less frequently) numerical solution of a differential equa-
tion.

1. Dissolution Profile Description Based on the Theoretical
Physicochemical Aspects of Dissolution

These models are based on the Noyes—Whitney law of rate of solution of solid
substances in their own solutions (14,15). Most frequently they are combined
with the convective diffusion theory, and they are based on Eq. (3) (16,17).

%:QA C:—& (3)
dt o Vv

where X, is the mass of drug dissolved at time 7, A is the surface area of the
dissolving solid, D is the diffusion coefficient of the drug, & is the effective
diffusion boundary layer thickness, C; is the total solubility in the dissolution
medium, and V is the volume of the bulk solution. The usefulness of Eq. (3)
in describing drug dissolution data depends on how well the various compo-
nents of this equation can be monitored.

In the ideal case,

1. The process takes place in a closed system (i.e., the volume of disso-
lution medium can be maintained constant during the dissolution
process).
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2. Total solubility is independent of particle size.

3. The surface area of the dissolving solid remains unchanged through-
out the process.

4. Dissolution is an isotropic process (i.e., the ratio D/, usually called
the intrinsic dissolution rate constant, is constant in all directions).

Equation (3) can be integrated to give the following first-order equation:
X, = VC[1 — e~ @] “

Also, under these conditions, for as long X,/V < 0.2C; (i.e., for the period
during which sink conditions prevail), X,/V may be considered negligible and
eliminated from Eq. (3). In this case, the resulting equation suggests that disso-
lution could be approximated as a zero-order process:

X, = (DASQ)t 5)

Maintaining the volume of the dissolution medium constant does not
usually constitute a problem, because it can be directly evaluated from the
experimental conditions. The assumption of independence between solubility
and particle size can also be considered rigid unless micronized powders are
used, in which case the solubility dependence on particle size may need to be
taken into consideration (18,19). Although the dissolving surface area can be
held constant with certain appropriate experimental setups (e.g., 17), dissolu-
tion of drugs more usually takes place under both changing solid surface area
and nonisotropic conditions (20—22). Therefore, the application of Egs. (4)
and (5) is somewhat limited.

a. Managing the Changing Surface Area. The surface area of a nondisinte-
grating, dissolving solid continuously decreases. However, pharmaceutical
products are not usually formulated as such. Most frequently disintegration
and deaggregation processes precede particle dissolution and lead to a tempo-
rary increase in the available surface area for dissolution. Modeling of the
initial increase of the available surface area until now has been considered
only with (semi)empirical functions (see Sec. II1.A.2).

From the general form of Eq. (3), various investigators have derived
working equations for treating particle dissolution data obtained under contin-
uously decreasing surface area conditions (23-29). In most of these cases
isotropicity was assumed. One further assumption in deriving the relevant
equations is that the dissolving particles are isometric [i.e., the surface area
is related to the volume by Eq. (6)].
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A =TV ©)

where I"is a ‘‘shape factor’” constant. Theoretically, this is a valid assumption
for spheres, and it is a reasonably good assumption for solid particles that
maintain their relative dimensions during the dissolution process (27). With
this approach, the following equation can be written for a single solid particle:

2/3
Ap = r(’”) )
p

where A, is the surface area of the particle at time ¢, m is the mass of the
particle, and p is the density of the solid particle. Subsequent manipulations
depend on the existence of sink conditions and the size distribution of the
powder.

If the powder consists of N particles of approximately equal size, Eq.
(7) becomes

Nl/31"x2/3
p2/3

in which case the surface area becomes a function of the mass remaining to
be dissolved X. By combining Egs. (3) and (8), and assuming that particle
dissolution occurs isotropically, a linear (although complicated) equation can
be derived. If sink conditions prevail the resulting equation becomes the well-
known cube-root equation (30,31).

A (8)

DIN'C,

X3 — x13 =
0 35p2°

C))

where X, is the initial mass of solid brought for dissolution. For polydisperse
powders under both sink (25,27) and nonsink (29) conditions, similar ap-
proaches have been developed. The sink conditions approach (whenever justi-
fied) facilitates the derivation of equations that can be solved analytically.
However, with the advancement of computer technology, this approach in
many cases could and, where possible, should be avoided because it leads to
an inexact approximation of the dissolution process.

It should be noted, however, that real particles are rarely spherical, but
rather, often consist of needles, cuboids, or platelets. In these cases the shape
factor changes during the process. Relevant data show that the shape factor
of a single crystal changes significantly after about 50% has dissolved and
this change is of particular importance for needles and platelets (31,32).
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Provided that the initial disintegration—deaggregation step occurs very
fast, and depending on the validity of other assumptions, it may be possible
to use the equations referenced in this section to describe the dissolution profile
of an IR product.

b. Managing the Changing Boundary Layer Thickness. ~With the diffusion
coefficient considered constant in common aqueous dissolution media, the
changing intrinsic dissolution rate constant is usually accounted for by manag-
ing the effective diffusion boundary layer thickness, 8. However, the study of
particle dissolution data under changing & conditions is still very limited. Per-
haps this is because there is no clear-cut method for determining this change.
In general, it is believed that for particles with sizes up to few tens of microns,
d is comparable with the particle radius, whereas for larger particles it reaches
a plateau (20,21). The changing boundary layer thickness of a single particle
is usually taken into consideration by Eq. (10) (29,33):

173
§ = r0<m’> (10)
my

where m;, is the mass of solid drug particle at time #, m, is the initial mass of
drug particle, and r, is the initial radius of the particle. Particle size distribu-
tions are usually converted from spherical radii to other shapes of known ge-
ometry through the use of the shape factor constant and the assumption of
equivalent volume (29). However, although the hypothesis of a time-depen-
dent effective diffusion layer thickness seems realistic, the limited data simula-
tions to date are not supportive (29). More work needs to be done to determine
whether the assumption of a time-dependent diffusion layer thickness would
generally lead to more accurate simulations.

2. Description of Dissolution Profiles with (Semi)empirical

Models

The description of drug particle dissolution data with models based on convec-
tive diffusion theory requires the use of certain assumptions and still today
(one century after the proposition of the leading law) represents more an active
research area than a tool for describing drug particle dissolution data. More-
over, this approach can only be applied to rapidly disintegrating IR products
that release the drug from particles and, obviously, it is not applicable to most
ER products for which the release process is usually governed by various
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product-specific technological factors. Consequently, pharmaceutical scien-
tists frequently characterize dissolution profiles with (semi)empirical models.

For a given data set, the decision on how to describe the dissolution
kinetics with the use of a semiempirical or an empirical model usually involves
three steps. (These steps should also be considered when dissolution models
based on the convective diffusion theory are used for describing dissolution
profiles of drug products.) The first is the selection of several models that
contain assumptions appropriate to their application to the specific data set.
As a second step the goodness of fit of each model to the specific data is
assessed. This is usually done on the basis of the tightness of the residual
errors, the absence of systematic trends in the residual errors and the absence
of overparameterization. The third step relates to the decision on which model
best describes the data. Models that fit the individual specific data sets to a
similar degree are compared on the basis of their goodness of fit. Various
criteria have been suggested, of which the Akaike’s Information Criterion is
probably the most commonly used (e.g., 34). Additionally, a small coefficient
of variation of parameter estimates from various data of identical formulations
are indicative of the closeness of the estimated values to the true value of the
parameters.

From the initial attempts of Higuchi (35) and Gibaldi and Feldman (36)
to the latest population growth model (37) several semiempirical- or empirical-
modeling approaches have been considered to describe the dissolution profiles
of pharmaceutical products. Most of the proposed functions have been previ-
ously applied to other scientific fields to describe similar types of curves. These
functions may be grouped in two main categories: The first category contains
semiempirical functions that can be considered under certain conditions (35—
40). The Higuchi model (35) and the Gibaldi and Feldman first-order exponen-
tial (36) require different assumptions about the releasing solid surface area
and cannot be applied when nonsink conditions prevail or in case of S-shaped
profiles. A further approach, the population growth model (37), cannot be
applied to S-shaped curves. The so-called power law (38), the control factor
approach (39), and the order model (40) can be applied only under sink condi-
tions. The last three models have been useful for ER drug products for which
sink conditions usually prevail in vitro for a long time. However, all three
models should be employed cautiously, because additional limitations apply.

The second category of functions consists of empirical models. These
models include the ‘‘first-order series’’ approach (41); the Hill equation
(42,43); the Gomperz model (44); the quadratic model (e.g., 43); and models
based on distribution functions, such as the log-normal distribution (45), the
log-logistic distribution (e.g., 46), and the RRSBW distribution (commonly
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known as the Weibull distribution) (10,47). These models may be more effi-
cient than the semiempirical models because they can be applied without prior
consideration of sink conditions or of the shape of the curves. An S-shaped
curve may be due to the type of formulation, to a lag time before the initiation
of the dissolution process, or to a combination of both. In general, four parame-
ters are required for the complete description of these types of profiles: the
initial lag time, the final plateau value, a rate parameter, and a parameter for
the sigmoidicity of the curve. All empirical models cited in the foregoing
permit estimation of four characteristic parameters. However, with some of
them (i.e., the first-order series approach, the quadratic model, and the log-
normal distribution) it is difficult to interpret the meaning of each estimated
parameter. To date, experience suggests that the Weibull distribution is one
of most useful functions for describing drug dissolution data: not only because
each individual estimated parameter has distinct meaning (10), but also be-
cause it usually gives a better fit than other models (e.g., 13,48,49). The Wei-
bull function is written as (10,47):

Xd = Xd,max[l - ei[(hY)/Td]B] (11)

where 7 is the location parameter (which in dissolution experiments is identical
with the lag time before the onset of the dissolution), T, is the time parameter
(which provides information about the rate of the process and has units of
[time]), and 3 is the shape parameter (which is dimensionless and indicative
of the shape of the profile [} = 1 the curve is exponential, B > 1 the curve
is S-shaped, and B < I the rate is initially faster than exponential]). An advan-
tage of this function is that, in case of uncoated products (where no lag time
is present) and provided X, .., is experimentally measured, an S-shaped profile
can be characterized entirely with only two parameters: T, and B. For products
that are expected (from their type of formulation) to show lag time before the
onset of dissolution, a procedure for identifying this has been also suggested
with the Weibull function (10).

B. Comparison of Dissolution Profiles

Comparisons of cumulative dissolution profiles are performed to assess
whether or not a drug product complies with preset specifications (e.g., in
quality control testing) or to study the performance of various products under
various experimental conditions (e.g., for research purposes). Dissolution pro-
files may be tested for similarity by virtue of similarity at individual sample
time points (local similarity) or the overall profile similarity (global similarity).
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In the first case, relevant procedures are model-independent and applied di-
rectly to the raw data. The second case involves comparisons of parameters
estimated after fitting a model to the data. Before presenting an overview of
current profile comparison methods, it should be mentioned that the testing
of similarity of in vitro dissolution profiles of two dosage forms may or may
not be equivalent to testing their bioequivalence. For this to be true, both of
the following requirements must be fulfilled for the two dosage forms:

1. Dissolution process limits the overall absorption process

2. Either an in vitro—in vivo correlation (IVIVC) model has been pre-
viously developed and validated, or prediction of the plasma profile
has been previously achieved and validated. In addition, the in vitro
dissolution data used for the IVIVC model or for the prediction of
plasma profile must have been collected under identical conditions
with those used for obtaining the profiles to be compared.

1. Model-Independent Methods for Comparing Dissolution
Profiles

A restriction common to model-independent methods is that they cannot be
used for comparisons of profiles with nonidentical sampling schemes.

The U.S. Pharmacopoeia/National Formulary (USP/NF) sampling ac-
ceptance dissolution criteria constitute the simplest model-independent ap-
proach for comparing dissolution data (5). For multi—time-point dissolution
specifications, the approach is to apply the USP criteria (defined as minimum,
maximum, or range of percentage dissolved mean values at specific time
points) independently at each individual time point. This approach has two
weaknesses: (a) it does not take into account the repeated measurements over
the course of time, and (b) it does not use all the information of the dissolution
profile. The need for alternative acceptance sampling rules has been recently
considered (13,50). Eliminating both weaknesses requires the use of modeling
(13). During the last decade, various model-independent methods for the com-
parison of two dissolution profiles have been proposed, so that the repeated
measurements over the time course of a dissolution process to be taken into
account. These methods can be subgrouped into statistical and index ap-
proaches.

a. ‘‘Statistical’’ Approaches. Shah et al. (51) first proposed a repeated-
measures (split-plot) analysis of variance by which it is possible to test both
the hypothesis that two profiles do not differ relative to average dissolution
(averaged over all time points), and the hypothesis that the two profiles are
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essentially parallel. This method is similar to that previously discussed by
Westlake (52) for the analysis of blood level measurements in a bioavailability
study. A restriction of the proposed methodology, however, is that it is valid
only when the variance—covariance matrix of residuals is uniform.

Tsong et al. (53) proposed a method for assessment of mean difference
between two dissolution data sets based on multivariate Mahalanobis distance
between the two data sets. The concept of this approach is that for two sets
to be similar, the difference between a test and the reference set should be
less or equal to the maximum expected difference between various reference
data sets. Application of this method involves a sequence of steps that include
the computation of the reference multivariate statistical distance (MSD) to
define the similarity limits (based on earlier reference data sets), estimation
of confidence limits for the true MSD between test and reference data sets,
and comparison of confidence with similarity limits. However, this procedure
becomes very complicated with nonidentical covariance structures of the simi-
larity and confidence regions, especially when the number of dissolution data
points is larger than three.

Chow et al. (54) suggested an alternative approach that could be more
easily applied when many data points are to be compared. With this method,
similarity testing is based on parameters after fitting a one-degree autoregres-
sion time series model. In this approach, a concept similar to that of bioequiva-
lence is used to define lower (L) and upper (U) similarity limits for dissolution
testing as (9;, 8y), where &, = (Q — 8)/(Q + d), &y = (Q + 8)/(Q — J), and
Q is the percentage drug amount dissolved as specified in the individual mono-
graph of the USP. Two drug products are claimed to have similar dissolu-
tion profiles if the ratio of dissolution rates (estimated as %dissolved.,/%dis-
solved,; from the available data) is within (8., 8,) with 95% assurance. This
method takes into account that the dissolution rates are dependent on time and
that the dependency is a decreasing function of time. However, this method
requires the existence of a Q value. Also, the response is based on the ratio
of test over reference; if the role of two profiles is interchanged in the com-
putation, the resulting confidence interval will vary. Finally, it is very sensi-
tive to the variability of the data. If the variability is large the probability of
declaring dissimilarity is large, even when the two profiles are identical (55).

b. Index Approaches. The concept in this approach is similar to that of the
statistical approaches: a test profile is accepted as similar to a reference profile
if the difference between them is no more than the average difference among
various reference profiles. The distinction here is that the profile difference is
assessed with an index estimated from the individual raw data of two profiles.
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An index estimated from two mean sample profiles could be used as a
point-estimate measure of the difference (or similarity) of the two test dissolu-
tion conditions provided that both of the following requirements are fulfilled:
(a) for each data set, the variability at each sample time point is low (to allow
the use of mean data); (b) an acceptable dissolution difference and its corre-
sponding index value has been defined. Also, by testing difference (or similar-
ity) with a point estimate and not based on a statistical hypothesis, false-
negative or false-positive rates cannot be evaluated.

There are three commonly considered indices: the difference factor, the
similarity factor, and the Rescigno index.

The difference factor f| is a measure of the relative error between the
two curves and is defined by Eq. (12) (56):

fi=10 =4—— (12)

where R;, T; are the percentage dissolved of the reference and test profile,
respectively, at the ith time point (Fig. 2).

The similarity factor f, is a measure of the similarity in the percentage
dissolution between the two curves and is defined by Eq. (13) (56):

1"
=501og[ 100[ 1 /41 + L N\" (R — Ty 13
b og[ (/\/ +nZ(l ))] (13)

Assuming that the percentage dissolved values for two profiles cannot be
higher than 100, the difference factor can take values from O (when no differ-
ence between the two curves exists) to 100 (when maximum difference exists;
see Fig. 2). With the same assumption holding, the similarity factor can take
values from 100 (when no difference between the two curves exists) to 0
(when maximum difference exists; see Fig. 2).

These two indices are recommended by U.S. Food and Drug Administra-
tion (FDA) (1,6-8), and they are also used by independent researchers (3,57)
as point estimate measures of the difference or similarity of dissolution profiles
of various batches of the same product tested under identical experimental
conditions (i.e., in quality control testing). This is possible because the vari-
ability of the data in such types of dissolution testing is usually low and, also,
a maximum acceptable difference between two dissolution sets can be set
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Fic.2 Relation of the distance between curves and calculated values of (a) differ-
ence factor f;, and (b) similarity factor f,. (From Ref. 56.)

(based on current experience with dissolution profiles). Specifically, a coeffi-
cient of variation (CV) of no more than 20% at early time points (e.g., up to
15 min for IR products) and a CV of no more than 10% at other time points
is considered acceptable (1). In general, if the CV is consistently higher than
15%, other methods for profile comparisons should be used (1). Also, a 10%
difference between batches of the same formulation at all sample time points
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is generally acceptable (1). Thus, according to Eq. (12) for an up to 10%
difference between two curves, f; should be 15 at most, and from Eq. (13),
for an up to 10% difference between two curves, f, should be at least 50.
(Similarity limits could also be set on a product basis, rather than on the empir-
ical basis of a 10% difference.) However, before using these indices as point
estimates of difference or similarity, one should be aware of two technical
issues; about four data points (preferably equally spaced) and only one after
85% dissolution of the test or the reference (whichever occurs first) should
be used (1,6,8,55,58). Moreover, because of the sampling variation of the esti-
mate, dissolution similarity of the test and reference batches may not be as-
sessed by direct comparison of the estimated value of the index with the simi-
larity limit, but rather, should be judged on a statistical basis. In general, this
requires knowledge of the sampling distribution of the index under consider-
ation. Only the similarity factor f, has been studied from this point of view.
Initially, Liu et al. (58) suggested that, because a standard form of the esti-
mated value of the similarity factor, fz, may not exist, the ratio of the sum of
squared differences over the number of the data points tested might be a better
alternative to be used for assessing similarity on a confidence interval basis
(58). However, recently the criterion for average similarity of the dissolution
profiles using the similarity factor has been formulated as an interval procedure
(59). According to this method, by assuming that the expected value of fz
equals f>; that is, E( fz) = f», one can compare the 90% lower confidence limit
of E( fz) with the similarity limit with a 95% likelihood of reaching the correct
decision. The 90% confidence interval for the E( fz) can be simulated by a
bootstrap method (59). For nonstatisticians, the bootstrap is a relatively new,
data-based simulation method for statistical inference (60), which can be actu-
ally performed with many commercially available statistical packages for per-
sonal computers, such as Matlab®, S-plus®, and others.

The Rescigno index (61) &; was initially proposed for comparison of
plasma concentration versus time curves and is defined by Eq. (14):

Mast 1j
g=|L (14)

Hast
J IR, + T.|idt
0

where j is a positive integer (usually 1 or 2). The Rescigno index can take
values from O (when no difference between test and reference data exists) to
1 (which represents complete dissolution of one formulation before the other

Copyright © Marcel Dekker, Inc. All rights reserved.

MarceL DEkkER, INc. ﬂ
270 Madison Avenue, New York, New York 10016 o



244 Reppas and Nicolaides

begins to dissolve). Until now, this index has been used in dissolution profile
comparisons only on a relative comparative basis and seldom as a point mea-
sure estimate of similarity (3,57). One important restriction is that the similar-
ity limit of this index (based on the maximum accepted percentage difference
between two profiles) depends on whether the test curve is greater or less than
the reference curve. Furthermore, the statistical properties of this estimate have
yet to be defined.

2. Model-Dependent Multivariate Analysis Procedure for
Comparing Dissolution Profiles

The distinction from the model-independent multivariate analysis is that the
testing is done by comparing the parameters estimated after fitting a specific
model to the dissolution data instead of directly comparing the raw data. Sathe
et al. (48,49) have given thorough presentations of this procedure using the
estimated scale and shape parameters of the Weibull function to test the differ-
ence of a test batch from a reference batch. In these examples, the procedure
was applied as follows:

1. Confirmation that both test and reference data sets can be com-
pletely (and better than other models) described with the Weibull
function by using only the scale and shape parameters. [Obviously,
if one parameter is adequate, the evaluation is further simplified.
However, current experience with solid drug products indicates that
this seldom occurs (12,48,49).]

2. Definition of the similarity region, based on the intra- or interbatch
parameter variances of various earlier reference batches.

3. Computation of the multivariate statistical distance (using the M-
statistic) in model parameters between test and reference batches.

4. Estimation of the 90% confidence region of the true difference be-
tween test and reference batches.

5. Comparison of the confidence region with the similarity region.

Model-dependent multivariate analysis procedures are more useful than
the model-independent approach when the dissolution data consist of more
than four data points and functions with up to three parameters to be estimated
can be used. In such cases the model-dependent multivariate analysis proce-
dures are less complicated, they allow for different sampling points between
test and reference profiles, and they provide information of the kinetics of
the dissolution process (since the profile is automatically characterized during
estimation of the model parameters). If an adequate mathematical model can-
not be fitted to both data sets, the ‘‘principal component analysis’’ approach
may be considered. This approach compares the principal components gener-
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ated by slicing the dissolution profiles into different sections, and it offers the
possibility of avoiding a multipoint, multivariate model-independent proce-
dure (13).

3. Multivariate Statistical Versus Index Approaches

With the multivariate approaches the variance—covariance structure of the raw
data or of the estimated parameters is accounted for, in addition to the mean
dissolution values. These approaches are useful when up to three pairs of raw
data or estimated parameters are considered.

Of the index approaches, either the f; or the f, index could be used as
point estimate measures, provided that the variability of the data is low and
similarity limits can be set. However, as such, they do not account for the
variance—covariance structure of the data. Also, false-negative or false-posi-
tive rates cannot be evaluated. The f, index can additionally be used on the
basis of a confidence interval. However, experience in using the f, index in
various types of dissolution data is still limited. For example, as with most
of the proposed methods for profile comparisons, the f, index was originally
proposed for assessing differences between two average cumulative percent-
ages of dissolved versus time plots that both reach 100% dissolution. This
may indeed be true in quality control testing, but frequently not in biorelevant
dissolution testing. Furthermore, before using the bootstrap approach for simu-
lating the confidence interval, it must be known that fz is a consistent and
unbiased estimate of f,. These requirements may not be fulfilled when fewer
than 12 replications per batch are available or the number of data points per
curve differs greatly from four. When dissolution studies are run for general
research purposes, only three to six replications are performed. When 85%
dissolution occurs very quickly, there usually are only one or two usable data
points. The other extreme is the ‘‘data rich scenario’” for which the applicabil-
ity of the bootstrap procedure still needs to be evaluated.

C. Treatment of In Vitro Dissolution Profiles for Predicting
In Vivo Performance of Dosage Forms

Prediction of in vivo performance from in vitro dissolution data is usually
based on a previously established IVIVC model, which traditionally can be
constructed at three levels (5). The lowest two levels involve the establishment
of a (usually linear) relation between one in vitro parameter (from the dissolu-
tion test) and one in vivo parameter (e.g., from the plasma levels). The third
(highest) level of IVIVC (point-to-point correlation) is established between
the entire in vitro dissolution and in vivo dissolution profile (which is usually
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obtained by deconvolution techniques and is often assumed to be identical
with the in vivo absorption profile). It is obvious that complete description of
the in vivo profile is possible only where a point-to-point IVIVC model has
been developed.

Less frequently, a point-to-point assessment of the in vivo performance
is made by constructing the (simulated) plasma concentration versus time pro-
file with convolution techniques and by using the entire in vitro dissolution
profile as the input (absorption) profile.

Both deconvolution- and convolution-based techniques are discussed in
other chapters of this book and have been very useful for many types of ER
products. However, they often fail for IR products. Two main reasons are
responsible for this. In ER products, dissolution (release) rate is by definition
the rate-limiting step for absorption, whereas for IR products this is often not
true. Another reason is that dissolution rates of IR products are generally more
susceptible to the changing environment along the upper gastrointestinal (GI)
tract or in response to food intake than the release rates from ER products.
Because of the more robust release characteristics of ER products, in vitro
conditions may not be as important for ER products as for IR products, making
it easier to obtain an in vitro dissolution profile that is similar to the in vivo
profile.

1. Prediction of the In Vivo Profile of Sparingly Soluble and
Highly Lipophilic Drugs Based on In Vitro Cumulative
Dissolution Data

With IR products, the chances of establishing a point-to-point IVIVC or pre-
dicting the in vivo plasma levels should be higher in cases where drugs with
dissolution-limited absorption [i.e., class II drugs (62)] are considered and the
dissolution medium is appropriately designed. Galia et al. recently showed
(63) that with physiologically based dissolution media it is possible to forecast
trends in the in vivo performance of class II drugs. Moreover, a complete
description of the in vivo performance of class II drugs based on their in vitro
dissolution behavior may be possible using a model-dependent approach for
constructing the predicted plasma concentration versus time profile (64). The
steps for applying such an approach with a class II drug are:

1. Obtain the plasma drug concentration versus time profiles after sin-
gle-dose administration of the solid IR product to a small number
of individuals.

2. Using the same individuals and the same dose, obtain the plasma
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concentration versus time profiles after single-dose intravenous ad-

ministration of the drug.

Estimate the disposition parameters of the drug (e.g., 34).

Perform physiologically based dissolution tests (9).

5. Simulate the average oral plasma concentration versus time profile,
based on in vitro dissolution data population gastric-emptying data,
absolute bioavailability, and disposition parameters of the drug.

6. Compare the simulated profile with the actual plasma concentration
versus time profiles obtained after administration of the solid
product.

7. If the simulated profile is similar to the actual profiles, the in vitro
dissolution profile can be further used as a reference profile for fu-
ture IR products of this drug. If dissolution profiles of future prod-
ucts are similar to the reference profile their in vivo performance
will be known without extra biostudies. If the simulated profile is
not similar to the actual profile, it may worth examining the in vitro
test conditions to determine whether they need to be changed to
more adequately simulate GI conditions.

> w

It is apparent that this approach involves two different types of profile
comparisons. Comparison of simulated versus actual plasma profiles can be
based on absolute or root mean square errors using all the actual data points
or on percentage prediction errors for Cy, (e.g., 43). Alternatively, metrics
that have been recently proposed for direct plasma curve comparisons could
also be considered (61,65,66). However, although similarity can be judged
according to cut-off values of percentage prediction errors for C,,, other met-
rics should be used cautiously because both the location and the number of the
experimental data points may affect their value. The second profile comparison
involves the comparison of two in vitro dissolution profiles. As a first ap-
proach, the model-dependent multivariate approach seems to be the most ap-
propriate.

One weak point of the proposed method for predicting in vivo profiles
of sparingly soluble drugs may be the use of population data for describing the
gastric-emptying process. However, it should be made clear that this method is
proposed as a tool for better predictions at the developmental level and not for
regulatory requirements. In addition, in case of sparingly soluble and highly
lipophilic weak acids or nonionizable compounds at fasted state, variations
in gastric emptying are not expected to be of paramount importance for the
construction of the plasma profile because gastric dissolution will be limited.
If this is true, a level A correlation between the in vitro dissolution profile
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[obtained in media simulating the small intestinal lumenal conditions (9)] and
the in vivo absorption profile should be achievable.

a. Testing the Applicability of the Proposed Method. By using acetamino-
phen (paracetamol) as a negative control, and a weakly acidic drug with low
solubility and highly lipophilic characteristics (GR92132X, GlaxoWellcome,
UK), various features of the proposed model-dependent approach can be dem-
onstrated (64).

By assuming negligible gastric uptake, simultaneous solid and liquid
emptying from the stomach, and average population values for gastric-empty-
ing rate (e.g., 9), and by knowing the absolute bioavailability and disposition
parameters of the drug formulations, the scheme shown in Fig. 3 could be
applied.

Figure 4 shows the average (mean) simulated and actual concentration
versus time profiles of an acetaminophen IR product administered under fasted
and fed state conditions.

The simulated profiles, shown in Fig. 4 were obtained by using the fol-
lowing:

1. First-order gastric-emptying half-life of 2.8 h™' in fasted state and
zero-order caloric—content-dependent gastric-emptying rate of 4
Kcal/min in fed state.

Fic.3 Schematic of the proposed model for predicting the in vivo plasma profile
of drugs with high intestinal permeability after oral administration. (From Ref. 64.)
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Fic.4 Average simulated (¢) and actual (H) plasma concentration vs. time pro-
files of acetaminophen (paracetamol) under (a) fasted-state and (b) fed-state con-
ditions. f; values are 26.9 and 26.5 for the fasted- and fed-state conditions,
respectively. (From Ref. 64.)

2. The average (mean) in vitro dissolution kinetics in water and
FaSSIF (to simulate the gastric and the intestinal dissolution, respec-
tively, in the fasted state) and in milk and FeSSIF (to simulate the
gastric and the intestinal dissolution, respectively, in the fed state)
using the USP 2 apparatus at 100 rpm (63). Dissolution kinetics
were introduced into the model using the shape factor constant ap-
proach (see Sec. III.A.1.a).

Holding the gastric emptying rate constant at a predetermined value, simulated
in vivo profiles obtained with dissolution data at various agitation intensities
in water (for simulating gastric dissolution) and in SIF, or FaSSIF (for simu-
lating dissolution in small intestine) were further compared with the average
(mean) actual profile obtained under fasted state conditions. The f, values
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remained unchanged at 26.9, regardless of the data used (64). The same was
also observed when the in vivo profile obtained under fed-state conditions was
compared with various simulated profiles obtained by using in vitro dissolu-
tion data in water or milk (gastric dissolution) and SIFy, or FeSSIF (dissolution
in small intestine); f; values ranged from 26.4 to 27.3. In contrast, when the
gastric-emptying rate constant varied (from 1.85 to 5.54 h™! and from 2 to 6
Kcal/min for the fasted and fed state, respectively) and dissolution data in
water/FaSSIF or milk/FeSSIF (USP 2 apparatus, 100 rpm) were used, f; val-
ues varied from 22.7 to 33.2 in the fasted state and from 26.5 to 39.2 in the
fed state (64).

Figure 5 shows the average (mean) simulated and actual concentration
versus time profiles of GR92132X under fed-state conditions. Simulated pro-
files were estimated using experimental dissolution data (67) and the same
procedure as for the acetaminophen example under fed-state conditions (see
Fig. 4b). Simulated profiles varied considerably with the dissolution kinetics
(f1 values ranged from 15.5 to 53.0 using various dissolution data, as with
the acetaminophen example). Not surprisingly, the gastric-emptying rate also
affected the simulated profile (15.5 < f; < 41.4); the driving force for gastric
dissolution (i.e., solubility) increases, whereas gastric-emptying rates are
slowed down so that the influence of these two factors becomes comparable.

In summary, the model described confirmed that acetaminophen absorp-
tion is not dissolution-dependent and that, regardless of the media composi-
tion, in vitro dissolution data are of no value in predicting the oral absorption

25
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Fic.5 Average simulated (®) and actual (H) plasma concentration vs. time pro-
files (f; = 15.5) of a GlaxoWellcome drug with dissolution-limited absorption
under fed-state conditions. (From Ref. 64.)
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profile of this drug. Even in the fed state, for which the dissolution rate in the
stomach was simulated with the in vitro dissolution data in milk [in which
the dissolution rate can be substantially decreased (63,68)] gastric emptying
seemed to be the process that determined the rate of absorption. In contrast,
for the low-solubility, high-lipophilicity (class II) drug, the choice of physio-
logically relevant dissolution media was crucial for predicting the in vivo
plasma profile in the fed-state conditions.

In the examples presented here, simulated profiles were compared with
the mean actual profiles. However, given the high variability of plasma profiles
of poorly soluble drugs, when the difference (or similarity) is assessed with
an index, comparisons of the simulated profile with each individual actual
plasma profile should rather be performed, and assessment of similarity should
be based on the median value of the index.
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Convolution and Deconvolution
Methods

Richard Siiverkriip
University of Bonn, Bonn, Germany

I. DEFINITIONS, APPLICATIONS, AND PROBLEMS

There are at least two approaches to convolution and deconvolution methods
in biopharmaceutics and pharmacokinetics: an abstract one, for which mathe-
matical methods suited to handle broad classes of problems are applied to
elucidate the relations between plasma level curves and the underlying pro-
cesses of drug release, absorption, and disposition, or to pharmacological ef-
fects. This approach is usually preferred by workers originally trained in math-
ematics or physics. Pharmacokineticists coming from a medical, chemical, or
pharmaceutical background frequently prefer an approach oriented toward rate
processes, in which physicochemical or physiological phenomena are ex-
pressed more specifically in mathematical terms. In this instance, the initial
model is frequently inordinately complex in view of the number and the qual-
ity of the data available and has to be simplified stepwise until it can be used
to solve particular problems.

Convolution and deconvolution are operations defined for pairs of func-
tions, of which at least one is linear. In the context of pharmacokinetics, the
relation between these functions and the processes of which they are abstrac-
tions should be kept in mind. In particular, assumptions concerning linearity
and time invariance may not be perfectly valid, and such imperfections in
structural models can cause problems. In addition, experimental scatter in the

255
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observations can make it difficult to obtain reasonable estimates of the func-
tions sought.

Although deconvolution is most commonly used to determine absorp-
tion-rate profiles from plasma concentration data when individual disposition
kinetics are given, this is by no means the only application: under favorable
circumstances it may be possible to reconstruct the kinetics of in vivo drug
release. Less ambitious is the determination of the unit impulse response func-
tion, which is characteristic of a linear pharmacokinetic system, from the time
course of plasma levels if the input function is known (e.g., after infusion of
the drug at a constant rate).

In abstract terms, we are dealing with linear, causal, and time-invariant
systems, in which the unit impulse response of the system g(¢) completely
determines its response /() to any input rate function f(¢). We shall take cau-
sality here for granted. The relation is established by a Volterra-type integral
equation:

h(t) = Lf(f)g(t — Ddt ey

Here, g(#) is the unit impulse response function of the linear system, which
is sometimes called the system function or, for reasons that will become appar-
ent later, weighting function. In a more general context, the notation

h(x) = [ f0)K(y, x)dx 2)

is common, where K(y, x) is called the convolution kernel.
The function h(?) is observed after exposure of the system to an input
function f(¢). An abbreviated notation for the convolution operation is

h(r) = f(1) * g(1) 3)

The linearity of the system, which is the condition for the superposition princi-
ple to hold, is most concisely expressed in the homogeneity property: let a
be a real coefficient of the input function, then

af(r) = g(t) = ah(r) “4)

An impulse is a paradoxical kind of input function: it is the limiting case of
all input rate functions by which a given dose D enters the system as the
length of the time interval during which it enters the system approaches zero.
Expressed in terms of a constant absolute rate (zero-order) process, which is
called a pulse if A is sufficiently short, this is expressed by Verrotta (1) as
follows:
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for <t

St — 1)) = for H=t=t +A (5)

S i o

for t>1 + A

If A vanishes, and the dose is unity, the limiting function is called Dirac’s
delta function 9, and its integral is the unit-step function.

The rate function of an impulse cannot be represented graphically be-
cause it approaches infinity as A approaches zero. The different lengths of the
vertical lines in Fig. 1a indicate that we are dealing with pulse functions, where
A is still finite. On the other hand, the step functions representing cumulative
amounts (see Fig. 1b) are the integrals of impulses.

The input rate function and its integral, the cumulative amount input
function, are two representations of input kinetics that can be viewed in statisti-

input rate (amount/time, arbitrary units)
=
1

(a) time (h)

Fic. 1 Impulse train input: (a) approximate input rate function; (b) cumulative
input function; (c) plasma concentration response function (one-compartment
model).
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Convolution and Deconvolution Methods 259

cal terms as the density function and the distribution function of a residence
time distribution. The convolution of the input rate function and the monoex-
ponential disposition function corresponding to a one-compartment open body
model (see Fig. 1c) show how the input is ‘‘smeared’” along the time axis by
the convolution operation.

In pharmacokinetics, an intravenous bolus injection is the nearest ap-
proximation to the delivery of an impulse to the circulating fluids. A subcuta-
neous or intramuscular injection or the administration of an enema may be
considered as extravascular impulse release functions for which the full dose
becomes instantaneously available at the site of administration if the subse-
quent absorption step is nonsaturable and time-invariant. On the other hand,
an aqueous solution ingested orally over a short time may be a poor approxi-
mation to an impulse delivered peripherally because the time course of absorp-
tion is likely to be perturbed by physiological factors such as the kinetics of
gastric emptying. For oral administration, a gelatin capsule filled with a water-
miscible solution of the drug may be a closer approximation to impulse input.

Il. MASS BALANCE METHODS

The oldest methods used to reconstruct the time course of drug absorption
from pharmacokinetic data were based on mass balance considerations in com-
partmental models. Because they are relatively simple and transparent, they
are still frequently used. The Wagner—Nelson method (2) will be summarized
in somewhat different terms than originally proposed by the authors.

A. Wagner-Nelson Method

For the one-compartment model, with its monoexponential impulse response
function, the amount of drug remaining at the site of administration at time ¢
after administration at f,q4, is equal to the dose administered (D) minus the
amount absorbed, minus the amount eliminated presystemically. If only the
plasma level profile (or the time course of urinary excretion) of the parent
compound is assayed, there is no way to track the extent and kinetics of presys-
temic elimination. Therefore, the method is referenced only to the three com-
ponents of the bioavailable fraction of the dose (F), which are still at the site
of administration, presently in the body, and already eliminated. The extent
of absorption is equal to the total area under the plasma level curve AUC§
times the subject’s total body clearance CL.

Copyright © Marcel Dekker, Inc. All rights reserved.

MarceL DEkkER, INc. ﬂ
270 Madison Avenue, New York, New York 10016 o



260 Siiverkriip

FD = AUC{CL,, (6)

The amount of drug in the body mj(¢) is equal to the concentration observed
in the circulating fluids cp times the volume of distribution,

mpg = CBV (7)

and the amount eliminated m(z) is equal to the area under the concentration—
time curve up to ¢ times the total body clearance:

mg = CL,AUC| ()

For the one-compartment open-body model, the clearance is simply the prod-
uct of the volume of distribution and the elimination rate constant kg:

CLy = Vkg )

The bioavailable fraction of the dose administered is equal to the total amount
eliminated from the system:

AUCGCL = mg.. = FD (10)

The fraction of the dose that will be absorbed but is still at the site of adminis-
tration (m,(t)) is then given by
mu(t) _ - cg(HV + kzVAUC) - cp(t) + kzAUC)
FD k:VAUC} ksAUCY

(1D

Note that the volume of distribution, which can be determined only by
a reference experiment in which the drug is given intravenously, cancels out.
The convenience of not having to administer an intravenous reference contrib-
utes to the popularity of this method, but it comes at a price: the results are
valid only if the one-compartment model adequately represents the disposition
kinetics, and if the elimination rate constant can be determined reliably from
the terminal part of the plasma level curve.

The expression on the left of Eq. (9) can be viewed as the complement
of the distribution function of an empirical residence time distribution, from
which the input rate function f(¢) is readily obtained.

B. Loo-Riegelman Method

We shall consider only the simplest case of a mammillary two-compartment
model, because it can be readily generalized. An intravenous reference experi-
ment is required to find the number of kinetically distinguishable compart-
ments and their microscopic apparent rate constants. Wagner (3) has shown
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that assumptions concerning the internal structure of the mammillary disposi-
tion system, particularly about the absence or presence of elimination path-
ways originating from peripheral compartments, are of no consequence for
the input profiles obtained.

When there is more than one body compartment, it is convenient to
number them. Customarily, the central compartment is given the index 1 and
peripheral compartments indexes 2, . . . , M, where M is the number of distin-
guishable compartments in the mammillary system. Internal (microscopic)
transfer rate constants are denominated k;, where i is the index of the source
and j that of the target compartment (as distinguished from hybrid rate con-
stants Ay, € = 1, ..., M). The microscopic elimination rate constant from
the central compartment will be called k.

Although irrelevant for the present derivation, the formal order of prece-
dence of peripheral compartments can imply factual content in the sense that
the ranks correspond to relative rates of equilibration with the central compart-
ment. Peripheral compartments are distinguishable only if they differ in this
property, which is characterized numerically by the values of apparent return
rate constants. One way of expressing this relation is that shallow compart-
ments are given low index numbers and deep compartments high ones.

In the mammillary two-compartment model, fractions of drug absorbed
are either in the central compartment, in the peripheral compartment, or elimi-
nated, so that

t

V]Cl(t) + klEV]j Cldt + mz(t)
0

ma(t) = FD — (12)
k]EVIJ Cldt
0

where the amount in the peripheral compartment is computed stepwise
my(t) = my(ti-)e > + k12n;€1(t"—1) (1 — ety + kIZA’;HAti 13)
21

and At; = t; — t,_, and Am,; = m(t;) — m,(t,_,). For details of the derivation
see also Gibaldi and Perrier (5). The procedure is readily extended to mammil-
lary systems with three and more compartments. Similar to the Wagner—
Nelson method, it does not imply any assumptions concerning the kinetics of
drug input. An advantage is that absolute amounts can be computed because
of the intravenous reference experiment required.
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One interesting point concerns the robustness of the method for poten-
tially erroneous assumptions on intercompartmental transfers and routes of
elimination. The disposition model is taken as a representative of a set of
alternatives, of which it is in a sense the simplest member. Note that this kind
of model independence would not hold for problems related to correlations
between the time course of observable drug concentrations in body fluids and
the intensity and duration of pharmacological effects.

lil. DIRECT NUMERICAL METHODS
A. Impulse Train

The simplest direct numerical deconvolution method was introduced by Chiou
(6). Samples are taken as before at times #;, i = 0, 1, . . ., N, and the amount
of drug (expressed as a fraction of the dose administered) that enters the system
within the interval [#,_,, #;] is called f;D. The algorithm is based on the assump-
tion that the input kinetics of f;D is an impulse located at (t,_, + #,)/2 (i.e.,
at the midpoint of the sampling interval). The input rate function is depicted
as an impulse train similar to the one in Fig. la, and the cumulative input
function is a multistep function. The underlying assumption is not particularly
plausible, but the computations are simple and the cumulative input profile is
reasonable.

Although it is not customary to consider the dose fractions f;,i = 1, . . .,
N as parameters of an input model, that, in effect, is what they are. For more
elaborate deconvolution methods, the problem can also be stated as, ‘‘how
can a smooth cumulative input profile be best described by not more than one
rate parameter for each observation?”’

B. Pulse Sequence

The next logical step is to represent the input rate profile by a succession of
pulses, where the input rate f; during the ith sampling interval is constant, and
the input rate profile is a close succession of rectangular pulses. In general,
numerical deconvolution algorithms assume a particularly simple form if the
time intervals are of equal length. An example that is amenable to a manual
computation scheme was given by Stepanek (7). If g, the initial value of the
impulse response function, is greater than zero, and the time interval is Af,
then f;, the input rate within the first interval is

h
fo_io

= 14a
Atgy (14a)
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for the second interval we have

1 1
f] = - *fogl (14b)
Atg() g()
for the third
Ch 1
fo=—— = —(fg. + f181) (140)
Atgy g0

while the full recursive formula is given by

h 1
AL N § g 14d
b 20 z fign-1 (14d)

This method is, in principle, also suited to deconvolve pharmacokinetic ab-
sorption rate profiles after extravascular administration if g(z) is taken to be
the impulse response function observed after an intravenous bolus administra-
tion, but the requirement of observations spaced at equal intervals limits its
suitability for this purpose.

A related problem is the deconvolution of in vivo release kinetics if the
impulse response function observed after peripheral administration is known.
In the simplest case g(¢) is then a Bateman-type function corresponding to a
one compartment model with first order absorption. Here, g(0) = 0. If objec-
tions concerning the influence of gastric emptying on absorption kinetics and
questions as to whether the permeability of the intestinal wall is constant and
how dilution of the volume of intestinal contents from which drug is absorbed
as it passes along the gastrointestinal tract might affect the rate of its appear-
ance in the circulating fluids are disregarded, the following alternative decon-
volution formula for the pulse sequence input model (7) can be applied:

h,

— 15a
Jo v (15a)
h 1
fi= L - — fog2 (15b)
Atg, g
o hy 1
fo=—— = —(fugs — f182) (15¢)
Atg; g
n—1
hn+l 1
f;l = - fign —i (15d)
Atgy g Z; o
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The difficulty here, as before, is that equally spaced samples are uncom-
mon in pharmacokinetics—and for a good reason: the information content of
plasma concentrations toward the end of the terminal exponential disposition
phase is fairly low. A similar algorithm was published by Vaughan and Dennis
(8), who also addressed the more complex case of unequal sampling intervals
illustrated in Fig. 2 without elaborating the details. A first-order (exponentially
decreasing or constant fractional rate) input profile is displayed in Fig. 2a
as both the rate function and the cumulative input function, along with an
approximation by a sequence of five pulses of unequal length. In Fig. 2b, the
corresponding plasma level profiles are shown: a Bateman function and its
approximation by a superimposition of four response functions to a sequence
of (infusion-like) constant rate input processes.

C. Trapezoidal Formula

A better approximation is obtained if the input rate is assumed to change
linearly between the time points at which it is computed from observations
(i.e., if the input rate function is approximated by a sequence of trapezes,
rather than rectangles). For an impulse response function with g, > 0 the
corresponding deconvolution formula is

2h1 - %
= — 16a
Jo Ao (l6a)
fi= 2t (16b)
Atgy  go
2h 1
L= = - — (fog2 + 2f181) (16¢)
Atgy  go
: n—1
2h 1
fn =" - — fgn +2 ﬁgn*i (16d)
Argy 8o ' Z‘

Fic.2 Approximation of a first-order input function by a pulse sequence: (a) solid
line, pulse sequence input rate and cumulative input function; dashed line, first-
order input rate and cumulative input function; (b) plasma concentration response
functions.
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Direct deconvolution methods are unstable in the presence of experi-
mental error in the data. A simple but illustrative example is given in Fig. 3.
A monoexponential impulse response function (squares) was convolved with
a constant rate input function (closed triangles, background) to yield the famil-
iar time course of plasma levels after infusion for the one-compartment model
as the output function (circles). At about 90% of the steady-state level, a nega-
tive error of about 10% of the function value is added to just one data point
and the deconvolved input rate profile is plotted as open triangles in the fore-
ground. The magnitude of the resulting error in the input rate is initially about
50% of the true function value and increases temporarily to 100% before de-
clining exponentially. From this example, it is obvious that the results become
unpredictable when the error structure is more complex.

® .....ul.l....“.lugl
e

true input rate function f(t)
and deconvolved input rate function f*(t), [mg/h]

",

/‘ “ta ..-..IIIIIIllllI.if.‘:lllllIIIIIIIIIIIII-._T

-2

P L F e Cn e S i B M T s e T P P o e

0 6 12 18 24
time (h)

Fic.3 Error propagation on convolution using the trapezoidal formula [see Eq.
(16q) to (16d)]: squares, impulse response function (monoexponential); closed tri-
angles, true input rate function (constant, first half not visible behind deconvoluted
input rate profile); circles, output function, only one negative error added at 90%
of steady-state level; open triangles, deconvoluted input function.
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Equivalent formulas for the case of g, = 0 are available, but because
more stable alternatives are presented later, they are only mentioned here and
not discussed in detail.

Verrotta (1) considered the problem of instability in terms of a system
of linear equations and proposed a discrete convolution scheme where the
input function is a sequence of pulses and the impulse response function is
analytically or numerically integrable (some of his symbols are replaced by
equivalents used above).

h(t) = Zf(tj) Jj K(t;, — t)dr (17)
j=1

11

Defining G; = I Z_l K(t; — 1)dt and the matrix

Gll 0 e 0
G21 622 e .

o as
Gnl GnZ T Gnn

then the problem of obtaining the column vector f, given the column vector
of observations y, each of which is the sum of a function value and an error
yi = h; + &, amounts to solving the system of linear equations

y=6f 19)

The errors are assumed to be independently distributed with mean zero.
The solution is

f=Gy (20)

where G~ is the matrix inverse of G. The elements of G right of the diagonal
are zero, this suggests a recursive formula for the computation of f.

i—1
Yi = zf/
j=1

=,

@3y

The problem with this deceptively simple approach has already been
discussed: it is the propagation of the errors. With noisy data, the deconvolved
input profile begins to oscillate unpredictably after a few computation steps,
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particularly if the kernel does not decrease rapidly. Problems in which the
relative error of the estimate increases drastically, even if the errors in the
observations is small, are called ill-conditioned. There are several methods to
deal with this situation, some of which will be discussed later.

IV. TRANSFORMATION METHODS

Functions that are linearly related to measurable quantities by the convolution
integral occur frequently in technical contexts. Examples are particle size dis-
tributions, which are analyzed by the diffraction of laser beams, or relaxation
time spectra of macromolecules in solution obtained from the strains caused
by oscillating external forces. More complex two-dimensional varieties arise
in image processing, for example, in astronomy when optical or radio signals
of point-stars are spread over several detector elements and the best approxi-
mation of the true image is reconstructed by deconvolution using the instru-
ment’s ‘‘point-spread function’’ (i.e., the two-dimensional analog of the im-
pulse response function).

A. Fourier Transform

For signals sampled at constant intervals At, the discrete Fourier transform is
a powerful numerical tool for both convolution and deconvolution, particularly
in the form of the fast Fourier transform (FFT). The discrete Fourier transform
of N points h; evenly spaced in time into the frequency domain is denoted

H,(f):

N-1
H(f) = > e (22)
k=0
and the inverse transformation is
hk(t) e l §l: Hn(f)672"ikn/N (23)
N n=0

and the convolution theorem

g * h(1) <> G(f)H(f) (24)
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states that the Fourier transform of the convolution is just the product of the
Fourier transforms of the two functions. Although the problem of high-fre-
quency random error in the data can, in principle, be handled by filtering using
the same method, this approach has not caught on in pharmacokinetics and
biopharmaceutics. As in the foregoing simple direct deconvolution schemes,
the requirement of constant sampling intervals makes it poorly suited to this
field of applications.

B. Laplace Transform

The Laplace transform is a powerful tool for the solution of systems of ordi-
nary differential equations, which are the base of linear pharmacokinetic mod-
els. It can also be used to convolve and deconvolve impulse response functions
and input functions analytically (7,10-14).

Let £{ f(t)} = F(s) be the Laplace transform of f(r) with suitably chosen
transform variable s, so that

F(s) = wa(t)e”dt (25)
0

then the convolution in the time domain corresponds to an arithmetic multipli-
cation in the transformation domain:

J(@) = g(t) & F(s)G(s) (26)

Notice that the convolution operation is commutative, that is,

J(0) * g@) = g(n) * f(n) 27)

This property is of interest if the input rate function f(¢) is to be decomposed
into the underlying processes of in vivo release and absorption, which are
described by corresponding functions d(¢) and a(t),

J@) = a@) * d(1) (28)

In principle this is possible if either process or both are linear. Because
neither can be observed directly, salient features of the input rate function,
such as near-instantaneous changes, have to be rationalized by physicochemi-
cal interpretation, rather than by mathematical methods.
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V. LEAST-SQUARES METHODS
A. Analytical Input Functions (Parametric Least Squares)

If f(r) is assumed to be a function with p parameters ©,, k = 1, .. ., p, the
deconvolution problem can be restated as a regression problem, in which the
parameters are estimated by curve-fitting. In the simplest case, the objective
function to be minimized is just the sum of squares:

N
> () — (0, 1)y (29)
i=1

If the number of parameters is small, and if they are not correlated, this is the
obvious way to proceed.

Cutler (15) proposed use of the exponential input rate function with rate
constant k;,

ft) = ki, FD~% (30)

Its convolution with the monoexponential disposition function
g(t) = L et G1)
Vv

is simply the popular Bateman function

FDk;
]’lt = (1) = in e—kml _ e—ke,l 32
(1) = ¢,(n) Viko — k) kin)( ) (32)
but the method is also applicable to polyexponential disposition functions.
Veng Pedersen (16) suggested a polyexponential input rate function of the
form

q
f@) = kiDyetnr (33)
i=1

as a further generalization. The convolution integral of this type of input func-
tions with polyexponential disposition functions has a simple analytical form:
if the number of input exponentials is ¢ and that of disposition exponentials
is m, the output function is a sum of ¢ + m exponential terms, provided that
all the exponential rate constants are distinct.

Mono- and poly-(or rather oligo-)exponential input functions are popu-
lar, and the early grand master of pharmacokinetics, F. H. Dost, even consid-
ered the Bateman function the most fundamental of all pharmacokinetic mod-
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els (17). Because there is a tendency for input rates to decline over time, they
frequently correspond fairly well to observations, particularly if there are not
too many observations during the input phase. Sometimes, the notion of a
(first-order) ‘‘input rate constant’” (i.e., a constant fractional input rate) is used
uncritically as a canonical representation of the rate aspect of biovailability.
On closer inspection, the picture usually becomes more complex.

Cutler (15) also proposed to use a rate equation describing the dissolu-
tion of monodisperse powders, known in pharmaceutics as ‘‘cube-root-law,”’
as an input function, where 7, is the time at which dissolution is complete.
It characterizes the overall rate of the process:

2
32 1 — i for = 1 uis
f@®) =y tas Lais (34)

0 for >ty

In this instance, the convolution with the impulse response function character-
izing the biological system is computed numerically. The approach is valid
if the kinetics of the subsequent absorption step are known (e.g., in terms of
a constant first-order absorption rate constant) or if they can be neglected
because absorption is much faster than the dissolution or release kinetics de-
scribed by the cube-root model (see also Chapter 13).

B. Polynomials

Polynomials are a particularly flexible type of approximating functions, they
can be evaluated using only the operations of addition and multiplication, and
they are easily integrated and differentiated. It has been suggested by Cutler
(18) that input functions can be represented by polynomials, and this approach
appears to work well with smooth functions and low-order polynomials. Its
drawback seems to be that it fails if the input function is not well-behaved
anywhere in the interval of approximation. In this instance the approximation
is poor everywhere (19).

C. Splines

Two piecewise approximations to the input rate function have been discussed
in the foregoing, which can be viewed as special cases of polynomials: the
sequence of rectangles or zero-order rate processes, which is also called a
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“‘staircase function’’ is a zero-order polynomial, where the only rate parameter
in each interval is a constant coefficient,

f(t) = bO-i = Fini for tioy <t < t; (35)

the first derivative is zero in the interior of the intervals and not defined at the
abscissas f;. For the trapezoidal formula used in the numerical deconvolution
scheme [see Eqgs. (16a)—(16d)], the input rate is assumed to change linearly
between observations, so that the first derivative is constant and the second
is zero in the interior of the intervals, and at the boundaries both have no finite
values.

f = f I Gy e <<y, (36)
i i—1
As a matter of convenience, the smooth pieces of the latter two input rate
functions have been assumed to coincide with sampling intervals, but that is
not a necessity.

Piecewise fourth-order polynomials defined over a nondecreasing se-
quence of breakpoints or knots where the first derivatives are smooth and the
second derivatives are continuous at the breakpoints are called cubic splines.
In the current context, the independent variable is time, so that the breakpoints
may be denominated ¢;., j = 1, 2, . . ., m. Natural splines satisfy the end
condition that the function value and its derivatives are zero at both end points.
Splines are computationally efficient and can be used for both interpolation
and smoothing. In the latter instance they are called regression splines, where
the degree of smoothing can be chosen by attributing a suitable value in the
range [0,1] to a control parameter (19). In spline representation, the input
function can be written

fit Py = > 0Nt (37)

where the N;(¢) are spline basis functions and the p; characterize both the input
rate and its change (The symbol p [rho] is used here to indicate a close relation
to the pharmacokinetic notation, where the zero-order input rate in the jth
sampling interval is denoted r;,;.) The output function is linear with respect
to p:

h(t, p) = L Z pN(DK(t — )dt (38)
j=1
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and when Gj is redefined as

G, = J NOK( — tdt (39)
0

the deconvolution problem is again reduced to a linear regression problem
(20), where G may be better conditioned by smoothing. Verrotta suggests (21)
that the robustness of the method can be further improved by introducing
constraints on the input rate function (e.g., by requiring it to be nonnegative,
which is natural in view of its alternative interpretation as the density function
of a residence time distribution), or nonnegative and nonincreasing, which
appears, however, to be problematic, particularly for the enteral route of ad-
ministration.

D. Regularization Methods

We have seen that the matrix G is usually ill-conditioned so that small errors
in the data have large effects on the least-square estimates of f(¢;). It is the
many ‘‘input rate parameters’’ that cause the problem, and it becomes worse
if the number of observations increases. In addition, the least-squares solution
is not unique, and several sets of input rate parameters may be consistent with
the data. It is, however, possible to choose a particular function f(z), by adding
the requirement that

J(f) = L(f "(0)ydt (40)

be minimal over the interval I in which fis to be determined under the con-
straint

N
S = Z <Yf - Jf(t)K(t, T)d’c) @)

O,

i=1

where S is a number that is at first set equal to . After introducing a Lagrange
multiplier A we now seek the minimum of

N 2
I = J L/ @Fdi + 2 [Z (y = IfoKG, ””“) - S} (42)

O;

i=1
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For a given A, the minimum of J(f, A) is the same as the minimum of

j(f,k):u(f,;) + s

- Z (yf ~ Ik, ”‘“)2 + xff”mdr

O,

(43)

In this case, the objective function has two terms: the discrepancy, which is
the only one minimized in the linear regression, and an expression ensuring
the smoothness, which restricts the class of acceptable functions (22,23).

Several regularization methods are available that differ in the function
added to assure smoothness and in the way by which the regularization param-
eter A is computed.

VI. MAXIMUM ENTROPY METHODS

It has already been mentioned that any time course of drug input can be ex-
pressed in terms of a residence time distribution, where the input rate function
f(t) corresponds to the probability density of the transition from the site of
administration into the system. For a continuous input function, the entropy
of the residence time is

S(f) = ll-1n f1 f(0yde (44)

where f(7) is made dimensionless by expressing it in terms of fractions of dose
absorbed. The entropy of a distribution can be viewed as a measure of the
amount of information it contains: the information content is high if it is con-
centrated, and low if it is spread out nearly uniformly over a wide range.

Maximum entropy methods have been developed and are widely used
in the field of image analysis to deblur pictures (9). A typical application is
the problem of obtaining the sharpest possible picture of a stellar object in
astronomy, given the diffraction pattern of the instrument and atmospheric
interferences. The distortion of the signal caused by instrumental and other
factors is characterized by a point-spread function, the two-dimensional analog
of the impulse response function discussed in the foregoing.

In the present context it is noteworthy that humans are used in an instru-
mental mode to observe in vivo release characteristics of drug preparations,
usually in conjunction with the transition kinetics of drug molecules dissolved
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at the site of administration across some biological barrier into the general
circulation. Instruments have to be calibrated, and this is achieved in biophar-
maceutical studies by a reference experiment, which serves primarily to deter-
mine the system functions (i.e., the disposition kinetics) of individual subjects.
Apart from legal and regulatory aspects, this perspective has interesting scien-
tific consequences for the choice of reference preparations, which will now
be discussed briefly.

Maximum entropy methods also have a strong philosophical flavor be-
cause they are founded on bayesian probability theory. Bayes’ theorem can
be expressed as follows:

Let y be the data, f the input function sought, and H the background
information including the impulse response function and the error structure,
then the following conditional probabilities, which are functions with values
in the range [0, 1], are considered:

Pr(f|H) is the prior: the knowledge of or assumptions about f be-
fore the data are available.

Pr(y|fH) is the likelihood of the data if a specific f were true.

Pr(flyH) is the posterior or ‘‘inference’’: the knowledge of f on
account of the data.

Pr(y|H) is the “‘evidence.”
Bayes’ theorem concerning the best input function in view of the data and
prior information is

Py = L B

or (45)
likelihood

evidence

Posterior =

The method has been applied by Charter and Gull to the analysis of
drug absorption profiles (23,24). In a rheological context, Honerkamp demon-
strated that the results of regularization and maximum entropy methods can
be very similar (22).

VIl. CONSTRAINED DIRECT SEQUENTIAL ESTIMATION
WITH ITERATIVE IMPROVEMENT

If a linear pharmacokinetic system has a polyexponential impulse response
function

Copyright © Marcel Dekker, Inc. All rights reserved.

MarceL DEkkER, INc. ﬂ
270 Madison Avenue, New York, New York 10016 o



276 Siiverkriip

M
g0 = > Ao (46)
j=1

then its response function to a constant-rate (zero-order, infusion) input begin-
ning at t;,q is

0 for << tino

M
ho(®) = ri| By — Z Bje Mt tin0) for t=t;,, 47)
j=1

where B, is the reciprocal of the total body clearance if g(¢) is the plasma
level function. The obvious relations between the coefficients A; in the impulse
response function and B; in the constant input rate response function need not
be discussed here.

If the input is stopped at #;,;, a truncation correction function is added,
which has the same form as the constant input rate response function, but
opposite sign, and is shifted along the time axis (25)

[ 0 for =t

M
rul By — E B ettt
=

= N
) [rm By — Z Bje it 0>> for to<t=t @
=1

M
—Fti, B() - E Bjeikj(titi"'l) :| for t> Lin
. =1

This approach can be generalized for multiphasic constant rate processes,
where

0 for = tio
Vina fOl‘ tin-O <t = tin-i
S = : : (49)
FinN for tione <t =ty
0 for t>tyn

This provides the starting point for a numerically stable deconvolution proce-
dure, where the breakpoints of the input function are taken to be the sampling
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times, and the index in with respect to times will therefore be omitted. The
underlying notion that the input rate should change its value instantaneously
whenever the output function is observed, is somewhat strange, but is implicit
in the staircase function approach. The parameters of the disposition model
are determined in a separate reference experiment.

Proceeding from left to right, linear estimates of the input rates inside
the sampling intervals are obtained sequentially. Let ¢.; be the expected con-
centration if the input rate in the time interval [#,_,, ¢;] had been zero, ¢, the
expected concentration if it had been unity, and c,,.; the concentration actually
observed at t;. The estimate of r;,; is then

A Copsi — Cuy
Fini = N ~ Finy (50)
Cui = Cyi

where r;,, can be conveniently chosen (Fig. 4). The stability of the method
is assured by the constraint that acceptable values for 7;,; are positive or zero,
and if a negative value is obtained, it is substituted by zero for the subsequent
calculations. A negative value indicates that an observation is inconsistent
with the disposition kinetics. There may be several reasons for this, and the
discrepancy should be interpreted wherever possible. Initial estimates of the
Fi,i are biased, they can be refined by a subsequent iterative nonlinear least-
squares method in which local deviations are distributed over neighboring
observations. The method has been found to be numerically stable and efficient
(26,27).

VIIIl. DISCUSSION

In view of the mathematical problems discussed, it may seem that the main
difficulties in biopharmaceutical convolution and deconvolution operations are
caused by the ill-conditioning of matrices arising in inverse problems, but that
would be a misleading impression. Handling the intra- and interindividual
variability of humans, both relative to their disposition kinetics, as with in
vivo drug release and absorption, is at least as problematic. Also, the interpre-
tation of data in terms of underlying processes such as secondary peaks arising
(e.g., from enterohepatic recirculation) is important and should not be dis-
carded in order to apply a particularly elegant black-box method.
Regularization methods, splines, and maximum entropy methods rely
on assumptions concerning the smoothness of the underlying functions. This
may be adequate for many applications, but the saying natura non facit saltus
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Fic. 4 Constrained direct sequential estimation (monoexponential disposition
function): r,, expected response fo unit input rate; r,, expected response fo zero
input rate.

does not apply to peristaltic intestinal transport. In the analysis of absorption
profiles, the times at which the input rate increases is indicative of the kinetics
of gastric emptying or the dissolution behavior of an enteric coat and a rapid
terminal decline can signal an absorption window. In these instances, the times
at which the input rate function jumps are important parameters.

In the present context, the distinction between parametric and nonpara-
metric models appears to vanish: a staircase function with, say, 24 steps, each
of which can be viewed as a zero-order process is certainly not an input model
in the classic sense, and estimating an input rate parameter for each sampling
interval brings us to the very limit of pharmacokinetic modeling.

The real problem comes after deconvolution: to summarize salient fea-
tures of the input kinetics in a few meaningful parameters that can be compared
between individuals and used to characterize populations and drug products.
Descriptive statistical models, characterized by mean residence times, percen-
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tiles, or moments of residence time distributions are useful, but more specific
models are still more attractive, if available.

The problem of suitable reference formulations has been addressed in
the foregoing, and it seems to be a good point for closing the discussion. From
a practical and regulatory point of view, it is convenient to use the marketed
product of a prime manufacturer as a common reference for all comparable
preparations. In the context considered here, reproducibility and robustness
relative to physiological perturbations seem to be the most desirable proper-
ties, because the response to the reference is reflected in the convolution ker-
nel. The consistency of performance has so far not been given due recognition
as an important aspect of biopharmaceutical quality.
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The Correlation of In Vitro
and In Vivo Drug Dissolution

Dierk Brockmeier
Justus Liebig University, Giessen, Germany

I.  INTRODUCTION

Because the oral route is the most convenient and popular way of applying a
drug, oral formulations dominate drug therapy. Frequently, the systemic avail-
ability of orally administered formulations is determined during drug develop-
ment. The pharmacokinetic fate of a drug in the body after intravenous admin-
istration may explain or even predict reduced systemic availability of some
oral formulations.

However, the impaired systemic availability of many drugs following
oral administration is not always fully understood. Not infrequently, impaired
availability is attributed to poor permeability or incomplete dissolution. Be-
cause oral formulations play such a dominant role in drug therapy, qualitative
explanations of this kind are unsatisfactory. Research should show and quan-
tify the reasons for reduced availability. Special attention should be focused
on extended-release (ER) formulations and drug substances with low solubility
or slow dissolution rates. For these, it becomes a crucial factor whether the
drug is absorbed along the intestinal tract at the same rate and extent or
whether either the rate or the extent differs for the various segments of the
intestinal tract. The period during which a formulation or drug substance re-
sides in a particular segment of the gastrointestinal tract (GIT) will become
adecisive factor for drugs with a limited rate of absorption or that are absorbed
from only a particular segment of the GIT.
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In an analogous manner, the rate of drug release from a solid oral dosage
form, and particularly from extended-release formulations, may affect the ex-
tent of absorption, depending on the total time the formulation resides in the
gastrointestinal segment with favorable absorption properties for the drug, or
even the entire gastrointestinal residence time. In vitro studies, consideration
of the physiology of the gastrointestinal tract, and experimental results led to
the assumption that drug absorption takes place preferentially in the upper part
of the gastrointestinal tract. In the concept of Biopharmaceutical Classification
System (BCS) for intestinal absorption (1) this conservative assumption is
considered in permeability and solubility evaluations, but is not an inherent
feature. Hirtz has questioned the existence of absorption windows because of
the ‘‘absence of convincing experimental proof for its existence’ (2,3) and
his own results with metoprolol (4).

Meanwhile, various tools and experimental procedures have been devel-
oped (5—11) to facilitate the experimental investigation of the absorption prop-
erties of particular segments of the gastrointestinal tract. The application of
these techniques for various drugs have shown that the rate constant of absorp-
tion often varies along the GIT and that the differences may be moderate or
pronounced, but a uniform rate constant of absorption, as in the case of meto-
prolol, seems to be the exception and not the rule.

In this chapter, a mathematically based approach is presented that creates
a causal relation between in vitro and in vivo results for dissolution, either in
terms of the statistical moments of dissolution and residence times, or in terms
of a point-by-point comparison between the in vitro results of drug dissolution
and the hypothetical in vivo dissolution profile obtained by deconvolution.
The results of this approach can provide insight into the absorption properties
of the intestinal tract (12,13).

IIl. IN VITRO-IN VIVO CORRELATION OF DRUG
DISSOLUTION BY GLOBAL CHARACTERISTICS (LEVEL B
CORRELATION)

The fate of drug molecules administered orally is determined by the sequence
of the subsequent events of dissolution, absorption, distribution, and elimina-
tion. Consequently, the time an individual molecule spends in these sequential
states is strictly additive:

ti-lolal = ti-diss»vivo + ti-abs + ti-vss (1)
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where 1, represents the total time of an individual molecule between its
administration until its elimination from the body; #, is.ivo 1 the time elapsed
until the molecule is dissolved in the fluid of the gastrointestinal tract; and
ti.a0s 18 the time between being dissolved and appearing in the central circula-
tion; ;. represents the time the molecule spends in the steady-state volume
of distribution before being eliminated from the body, either by metabolism
or excretion (14).

Summing all individual times as ¢, and dividing this sum by the total
number of molecules (V) gives the mean of all times according to the defini-
tion in descriptive statistics:

1 1
NZ Litol = NZ (ti-diss-vivo + Liabs + ti-vss)
N i-diss-vivo N i-abs N i-vss ( )

MTtota]-vivo = MTdiss-vivo + MTabs + MTVSS

Thus the total mean time (MT i) 1S the sum of the mean dissolution time
in vivo (MT gi.vivo)s the mean absorption time (MT,,), and the mean time in
the steady-state volume of distribution (MT,) (15), the latter of which is fre-
quently referred to as the mean residence time (MRT = MT,).

A basic assumption for in vitro—in vivo correlation (IVIVC) of drug
dissolution is that the mean in vivo dissolution time is linearly related to the
mean in vitro dissolution time:

MTdiss-vivo =a+b MTdiss~vitro (3)

where MT gigvivo and MTgivino are the mean in vivo and in vitro dissolution
times respectively; a is a constant additive term that accounts for a time delay
in vivo as compared with in vitro and the slope b is a transformation factor
for the mean times. This slope, b, indicates whether the in vivo dissolution
runs—in general—ahead or behind the in vitro dissolution. For example, if
a is zero and b is 2, this indicates that the mean in vivo dissolution time is
twice as large as the mean time when the dissolution is determined in an in
vitro dissolution apparatus. In other words, the release under in vitro and in
vivo conditions do not run at the same speed, and a rescaling of the time is
necessary. Only when the slope parameter is 1 are the mean in vitro and in
vivo dissolution times the same. Reasons for assuming that the relation is
linear will be given in the following.
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If we rearrange Eq. (2) using the assumption stated in Eq. (3) it yields
the following relation:

MTlolal-vivn =a+ b MTdiss-vilm + MTahs + MTvss

4
MTIOIal-vivo =a+ b MTdiss-vilm + MTbody ( )

where MT 1.vivo and M T .10 have the same meaning as previously and MTy,,
is the mean of all times a molecule remains in the body after being dissolved
(i.e., the sum of MT,, and MT,).

When several different formulations are considered, Eq. (4) states that
a linear relation between the total mean times observed in the in vivo experi-
ments (MTuvive) and the mean in vitro dissolution times (MT i viro) for the
respective formulations will be observed (16,17).

Clearly, to validate such a linear relation, at least three formulations that
differ clearly in their mean in vitro dissolution times have to be tested in vitro
and in vivo. If the mean dissolution times for the formulations considered
differ only slightly, the set of formulations is not suitable to scrutinize the
correlation (4). Furthermore, it is assumed that the mean time in the body
system (MTyy,) (i.e., the mean of times after the molecules have been dis-
solved) is independent of the formulation. In other words, it is assumed that
MT,4, is a constant across all formulations tested. By using this assumption,
Eq. (4) can be simplified:

MTlolalwivu = A + b MTdiss~vilro (5)

where A is the sum of MT\, and a possible lag time a for dissolution under
in vivo conditions.

For different carbochromene formulations a linear relation between
MT arvivo and MT gigq.iiro €Xists (17,18). Figure 1 shows the data for this relation.
Because the time delay a was practically zero for these formulations, the inter-
cept represents the mean time in the body system (MTjy).

Such a linear relation has also been demonstrated for other drugs and
formulations (19-25), indicating that the aforementioned assumptions are, at
least in some cases, reasonable.

This methodology (i.e., the correlation of the mean in vitro dissolution
time and the total mean time in the in vivo system) has been termed the global
approach to IVIVC of drug dissolution (26).

Two further techniques that do not differ in their principal ideas from
that just outlined, but do in the way they are carried out have been used. The
first is the use of deconvolution techniques to estimate the hypothetical in vivo
dissolution profiles; from these profiles the mean in vivo dissolution times
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Fic. 1 In vitro—in vivo correlation of global dissolution time characteristics: The
total mean time (MTiotal.vive) Of four different formulations of carbochromene-HCI
studied in healthy volunteers is plotted against the respective mean in vitro disso-
lution time (MT;;.vio) Of these formulations. The solid line is the result of linear
regression. (From Ref. 17.)

are computed and thereby correlated with the corresponding mean in vitro
dissolution times (20).

The second uses the additivity of mean times and calculates the mean
in vivo dissolution times as the difference between the total mean time in the
system after administration of the extended-release formulation and the total
mean time after administration of the reference formulation. For these pur-
poses the reference formulation is in general an oral solution, but might also
be a fast-dissolving solid formulation or an intravenous application. The use
of either of the latter two reference formulations, however, requires thorough
justification. After computation of the mean in vivo dissolution time as a dif-
ference, these values are correlated with the mean in vitro dissolution times
as described earlier (21).

In any case when correlation of global dissolution time characteristics
is attempted, it is necessary to test at least three formulations in vitro and in
vivo. When alternative techniques are used, this requires the in vivo study of
a further fourth formulation, in general a solution. It is inherently assumed
that the transformation parameters a and b are the same for all four different
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formulations—at least relative to the global dissolution time characteristics.
Only under these conditions will the approach result in a linear relation.

lll. CONTINUOUS IN VITRO-IN VIVO CORRELATION OF
DRUG DISSOLUTION (POINT-BY-POINT CORRELATION)

With IVIVC of global dissolution time characteristics we are faced with a
situation in which each of several different formulations must be tested, not
only in an in vitro dissolution system, but also—and even more importantly
in terms of effort and expense—in humans. A correlation according to Eq. (5)
should be carried out with a minimum of three different formulations. This
means that even if only one formulation is finally selected for development
as a therapeutic system, several different formulations with clearly different
mean dissolution times have to be developed and tested in humans to demon-
strate a (not always satisfactory) mathematical correlation. Occasionally, it
may be difficult to justify the time and effort required. Therefore, it would be
desirable to develop a method in which a single formulation is tested in vitro
and in vivo and which is able to quantify the degree to which the in vitro
dissolution results reflect the in vivo dissolution process. Continuous IVIVC
(CIVIVIC) opens one possibility.

The theoretical basis for CIVIVIC is exactly the same as for the correla-
tion of global dissolution time characteristics. Proceeding from Eq. (3) it fol-
lows:

1 1
— 2 ti~diss-viv0 =a+ b — 2 ti~diss-vilm
N N

1 1
= ﬁz a+ NZ (b ti-diss-vilro)
(6)

1
= NZ [a +b ti‘dissvitm]
t[~diss-vivo =a+ b t[~diss-vitr0

Equation (6) states that the in vitro dissolution profile might run ahead or
behind the in vivo (i.e., they might not be superimposable per se). Cumulative
dissolution curves are samples of the statistical distribution function of the
random variable Z, 4, where the random variable Z, 4 can be interpreted as
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the residence time of drug molecules in the pharmaceutical formulation under
in vitro and in vivo dissolution conditions, respectively (27).

Zi-diss‘vivo =a+ b Zi~diss-vilr0 (7)

a and b have the same meaning as in Eq. (3), the only difference is that in
Eq. (3), it is sufficient that the relation is valid for the global dissolution time
characteristics of several formulations whereas in Eq. (7) it is stated that this
relation is valid for a complete single dissolution profile in a point-by-point
manner. Equation (7) also instructs how this point-by-point comparison has
to be carried out; this will be described in the next section.

The proof that cumulative dissolution curves are samples of the statisti-
cal distribution function of residence times of molecules in the formulation
has been given in detail elsewhere (14,27). It is this property of dissolution
curves (i.e., that they are samples of a statistical distribution function) that
dictates the method by which they are compared.

IV. RESULTS FOR THEOPHYLLINE

A rescaling of the time axis when progressing from in vitro to in vivo is often
necessary, as clearly shown by the following example. Figure 2 shows the in
vitro release of theophylline from Solosin Retard under five different dissolu-
tion conditions that clearly differ in the duration of release: 90% release is
achieved after about 4 h with the leftmost test (USP Paddle 500 mL water,
200 rpm, 37°C), whereas under an alternative condition, the release of 90%
is not achieved until about 10 h for the rightmost curve (USP Paddle 500 mL
water, 100 rpm, 37°C). There is no unique dissolution profile and only one—
if any—could be identical with the in vivo dissolution profile. It should be
kept in mind that if there is no unique in vitro dissolution profile, then it is
even less likely that there is one, single in vivo release profile.

Clearly, dissolution profiles are the product of a chance, the chance that
a molecule is released from the formulation before a certain time. This chance
is affected by the prevailing dissolution conditions.

The proof that none of the dissolution profiles depicted in Fig. 2 is identi-
cal with the in vivo dissolution profile can be shown by convolution. The in
vivo concentration—time profile based on any of the in vitro dissolution pro-
files can be predicted by convolution and, thereafter, this prediction can be
compared with the real observations. For this prediction one needs the charac-
teristic impulse response or transfer function of the body; this impulse re-
sponse was taken from the concentration—time profile observed for healthy

Copyright © Marcel Dekker, Inc. All rights reserved.

MarceL DEkkER, INc. ﬂ
270 Madison Avenue, New York, New York 10016 o



288 Brockmeier

100 - 100
—
o)
3 80 | - 80
2
& sof - 60
2
T
T 40} 440
=
£
g 20f 420

0 1 I ) * i g " 1 Ll 0
a 2 a4 6 8 10 12 14
Time [h]

Fic.2 In vitro dissolution profiles for an extended-release formulation of theoph-
ylline: The solid lines show the results of dissolution of the same formulation under
different in vitro dissolution conditions. From left to right: A, USP Paddle 500 mL
water, 200 rpm, 37°C; B, Sartorius, 100 mL water with beats, 1.2 rpm, 37°C; C,
Sartorius, 100 mL water, 1.2 rpm, 37°C; D, Sartorius, 170 mL water, 1.2 rpm,
37°C; E, USP Paddle 500 mL water, 100 rpm, 37°C. (From Ref. 13.)

volunteers after oral administration of a solution and after normalizing for the
dose. Convolution gave the results depicted in Fig. 3.

None of the predictions fit the observations—not even broadly. There-
fore none of the in vitro dissolution profiles is identical with the true in vivo
dissolution characteristics. All in vitro dissolution profiles appear to run ahead
of the in vivo after the first few hours. The gastrointestinal tract simply does
not ‘‘paddle’’ in the same way or at the same rate as the in vitro dissolution
apparatus. As a logical consequence, Levy et al. (28) suggested calibrating
the in vitro dissolution test procedure using the results of an in vivo study.
However, this procedure is time-consuming, and it is not clear if the calibra-
tion, once carried out, would also be valid for other formulations, or if the
study were to be repeated in a new test group. The calibration problem may
be overcome by the mathematical considerations considered next.

The comparison of predicted concentration—time profiles and the actu-
ally observed concentrations in volunteers shown in Fig. 3 is one type of con-
tinuous in vitro—in vivo correlation. One might now compare the values of
prediction and observation for the same times as proposed by the guidance
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Fic.3 Predicted concentration—time profiles of theophylline: The filled circles rep-
resent mean values of concentration-time data when the extended-release formu-
lation of theophylline was administered to volunteers. The solid lines show the
results of prediction by convolution based on the assumption that the in vivo drug
release from the formulation would be the same as determined in the various in
vitro tests and that the impulse response function is valid for the time period of
prediction. None of the predictions fit the observations. (From Ref. 13.)

(29); although not shown, it can be anticipated that such a correlation for the
data in Fig. 3 will not result in a linear relation between observed and predicted
values. There is, however, an alternative approach to CIVIVIC that allows a
more critical analysis of this correlation and that might provide a better insight
into the relation between in vitro and in vivo dissolution.

The basic equation for CIVIVIC [Eq. (7) and also, implicitly, Eq. (3)]
states that two dissolution profiles may be made superimposable by a uniform
linear transformation of the time axis, but that this is only possible if the times
at which the same amounts have been dissolved are linearly related to one
another. There are two ways to obtain the parameters a and b for the uniform
linear transformation of the times:

1. The parameters for the time transformation can be calculated using
the statistical moments of the dissolution times (15,30). However,
because this method can be subject to pronounced error, it will not
be described in further detail here.
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2. A much better method is described by Fig. 4, which uses three of
the in vitro dissolution profiles already shown to illustrate the com-
putational steps. To keep the figure clear, only three of the five
in vitro dissolution profiles for the extended-release formulation of
theophylline (i.e., the fastest, the middle one, and the slowest of
those shown) have been selected.

The times at which the same amounts have been dissolved are deter-
mined either graphically or numerically; interpolation of one of the two pro-
files may be necessary to arrive at the necessary values.

One starts with a measurement at time f;, under condition A, and
searches for the same amount dissolved under condition B, which gives the
time ¢,5. The pairs of times determined in this way are plotted against one
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Fic.4 Comparison of times corresponding to identical amounts dissolved: Three
dissolution profiles from Fig. 2 have been selected to illustrate the method of con-
tinuous in vitro—in vivo correlation (CIVIVIC). For a given amount dissolved under
condition A, the time t;, is noted and the time t;; is determined at which the
identical amount is dissolved under condition B. The time ;5 is determined by
interpolation for the case illustrated. The data pairs for times t; 4 and ; 5 that corre-
spond to the same amount dissolved are shown in the inset (Levy plot) for both
comparisons. They are almost perfectly and linearly related to one another indi-
cating homomorphism of all three dissolution profiles.

Copyright © Marcel Dekker, Inc. All rights reserved.

MarceL DEkkER, INc. ﬂ
270 Madison Avenue, New York, New York 10016 9



In Vitro—In Vivo Correlation 291

another. If there is a linear relation, then the dissolution profiles compared are
superimposable and the parameters for the transformation of times a and b
can be read from the regression. The time pairs that belong to the same amount
dissolved are shown for both comparisons in the inset of Fig. 4. They are
almost perfectly and linearly related to one another. This type of graphic analy-
sis has been titled by the author as the Levy plot (13,31).

The time values for each dissolution data pair related to the fast-paddle
dissolution profile (see leftmost in Fig. 4) have been transformed by the same,
uniform, linear equation as read from the regression in the inset and replotted
as open diamonds in Fig. 5. The same procedure was followed for the
rightmost (slow) paddle dissolution profile—the filled (original data) and open
(transformed data) squares: the transformed curves are both superimposable
with the middle curve (filled circles) that was obtained with the Sartorius
apparatus.
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Fic.5 Rescaling of the time axis: Three dissolution profiles from Fig. 2 have been
selected to illustrate the consequences of CIVIVIC. The time axes for the leftmost
and rightmost dissolution curves have been rescaled. The parameters for the
transformations according to Eq. (6) have been read from the regression depicted
in the inset of Fig. 4. After transformation the data originating from the USP Paddle
dissolution test (open symbols) become both almost perfectly superimposable with
the middle curve, which originates from the Sartorius apparatus.
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This means first, that it is the pharmaceutical formulation that defines
the type of the dissolution profile and not the conditions and, second, that the
information gained from these three dissolution curves is identical. The only
difference is that this information is obtained within about 6 h, 8 h, or within
about 14 h.

In early publications (31) this feature was unfortunately denoted as being
equivalent, because an equivalent information can be gained from these disso-
lution curves; the term ‘‘homomorphic’” would be more accurate. If the pro-
files are homomorphic, the statistical distribution function of dissolution times
is of the same type, irrespective of whether the distribution function can be
described by a single model (equation) or not. The only difference lies in the
scaling of the time axis.

The linearity of time transformation is important: Only if it is present
do the distribution functions remain of the same type. For example, a dissolu-
tion curve, according to the cube-root law, remains a dissolution curve ac-
cording to the cube-root law, even after transformation of the time axis. The
same applies to other types of profiles; if, for example, the residence times
of molecules in the pharmaceutical formulation follow a log-normal Gaussian
distribution, the distribution will be Gaussian after transformation. The profile
might be stretched or compressed under the various dissolution conditions,
but the type is the same.

This comparison in the horizontal direction follows directly from the
fact that two different statistical distribution functions for the random variable,
dissolution time (Z, 4), have to be compared. The oft practiced comparison of
amounts dissolved at the same time—the vertical direction—has no statistical
justification and will result in a straight line only if the dissolution profiles
are superimposable per se.

When all the in vitro dissolution profiles for the extended-release formu-
lation of theophylline were compared, it followed that they were all superim-
posable (results not shown; see Ref. 13). Although the correlation of in vitro
and in vivo dissolution profiles is the aim, the digression to the correlation of
in vitro dissolution profiles with another is necessary to show that IVIVC
should really be attempted only if in vitro testing has demonstrated that homo-
morphic dissolution profiles are obtained under varying dissolution conditions.

The comparison with the in vivo dissolution profile is enormously com-
plicated because—unlike in vitro dissolution—it is impossible to measure di-
rectly; indirect methods of determination, for example, deconvolution must be
employed. Deconvolution requires linear and time-invariant pharmacokinetics
and, for the study protocol, a sufficient sampling of the concentration—time
profile during the phase of in vivo dissolution and absorption. Even when this
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is fulfilled, the overall result of deconvolution is highly sensitive to the accu-
racy of the early readings, because they influence the calculation of the subse-
quent hypothetical dissolution values.

It cannot be assumed that the in vitro and the hypothetical in vivo disso-
lution profiles will be superimposable, because a variety of in vitro dissolution
curves can be generated, as in the theophylline example. There is no possibility
of deciding in advance which of the in vitro profiles might be valid for the
in vivo situation.

Equation (6) proceeds from the less restrictive assumption that, although
the in vitro and in vivo dissolution profiles might not be superimposable per
se, they are homomorphic (30,31). This concept of homomorphism is the es-
sential step in the CIVIVIC: It means that the in vitro and in vivo dissolution
profiles do not differ in their general shape (morphology). They might be
stretched or shortened relative to each other, but they can be superimposed
by linear rescaling of the time axis. Homomorphism in vitro—in vivo can be
interpreted as indicating that the physicochemical principles of drug release
from the formulation are the same for both the in vitro and the in vivo
conditions.

To estimate the in vivo dissolution profile, the dose-normalized response
following the administration of an oral solution or a fast-dissolving tablet is
used as a weighting function w(#). The observed concentrations are considered
as response r(t;) = C(t;), and the hypothetical input of drug AD; can be calcu-
lated using the following general deconvolution formula (30):

ADk — Cobs(tkﬂ) — Cpredicl(tkH) (8)
Wt — )

where C(t;+;) represents the (k + 1)th measured concentration when the
extended release formulation is administered, and Cyeqic(f+1) is the predicted
concentration after k individual doses AD; considered as already accounted
for as inputs into the system up to time #,. The denominator, w(t;., — t;),
represents the value of the dose-normalized weighting function at time (#;4,
— ) and can be any sum of exponential functions.

If w(7) is composed of a sum of pure exponentials [i.e., w(r) = Xhe ]
the input AD, is interpreted as a bolus input. If w(#) consists of a sum of
infusion functions (i.e., w(t) = ;Xh/[(t;+, — t)A](1 — e ™), then AD; is con-
sidered to be a dose that is administered by a constant input during the period #,
to t441. The value of Cpegiq(#+1) 18 then calculated according to the appropriate
interpretation of administration of the drug.
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By analogy to the in vitro dissolution profiles, the hypothetical in vivo
dissolution profile is obtained in cumulative terms by summing the individual
doses:

M, = M(ty) = -, X7*AD; )

The deconvolution formula [Eq. (8)] has been applied to the data for theophyl-
line using the dose-normalized concentration—time profile observed after oral
administration of a theophylline solution as the impulse response. The hypo-
thetical in vivo dissolution profile is shown as a cumulative plot in Fig. 6.
In addition, the graph shows one of the in vitro dissolution profiles for the
theophylline formulation considered. A single curve is sufficient because all
the in vitro profiles are homomorphic. It is immediately obvious that the in
vitro dissolution profile is ahead of the hypothetical in vivo dissolution curve,
except for the first hour.

The test for homomorphism was applied by graphing the time to dissolve
and absorb certain amounts under in vivo conditions versus the corresponding

100 |

in vitro

60
hypothetical in vive

40

Amount dissolved [%]
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Fic.6 In vitro and hypothetical (deconvoluted) in vivo dissolution profiles for the-
ophylline: The graph shows one of the homomorphic in vitro dissolution profiles
for the extended-release formulation of theophylline and, in addition, the hypo-
thetical in vivo dissolution profile estimated by deconvolution. The in vitro dissolu-
tion profile is ahead of the hypothetical in vivo dissolution curve except for the
first hour. (From Ref. 30.)
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times needed to dissolve the same amount under in vitro conditions using the
Levy plot. Times related to identical amounts dissolved might be taken directly
from a graph, as in Fig. 6, or determined numerically (31). The correlation
of times at which the same amounts were dissolved is shown in Fig. 7 where
the x-axis gives those times related to the in vitro dissolution, and the y-axis
is related to the hypothetical in vivo dissolution. The results for mean values
are shown.

Comparison of the times related to the same amount dissolved does not
show a simple linear relation, rather, it is biphasic. Both phases are, however,
linear. Thus, the in vitro and the hypothetical in vivo dissolution profiles are
not homomorphic over the entire dissolution profile. Similar results were
found for all other subjects in the study and also in other studies with different
theophylline formulations (12), and Kramer reports further findings for the-
ophylline in this volume (see Chapter 16).
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Fic.7 Continuous in vitro—in vivo correlation (CIVIVIC) for theophylline: The times
required for certain amounts to be dissolved and absorbed from the extended-
release formulation of theophylline administered to healthy volunteers are plotted
against the corresponding times needed to dissolve the identical amounts under
in vitro conditions (Levy plof). Values for the mean profiles are shown. The same

pattern of a biphasic Levy plot was determined for each individual in the study.
(From Ref. 30.)
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A biphasic in vitro—in vivo correlation of this type may have many
causes. The possible interpretations for a biphasic relation of this sort have
been discussed in detail for theophylline (30). It was concluded that, for the-
ophylline, the most likely interpretation for a biphasic Levy plot is that the
rate constant of absorption changes as the drug moves down the gastrointesti-
nal tract. Furthermore, because the time of transition from the first linear sec-
tion to the second occurs after about 5 h, it is highly likely that this change
occurs when the formulation enters the colon. This purely heuristic conclusion
was later confirmed by another group of scientists using an alternative experi-
mental approach with the HF capsule (5). It must be emphasized that the pre-
ceding conclusions require a thorough consideration of all physicochemical
and pharmacokinetic properties of the drug and the formulation, accompanied
by extensive in vitro testing of the formulation considered. It might not be
sufficient to test the formulation under only one condition: homomorphism
should be challenged using several apparatuses and modes.

The lower linear portion in Fig. 7 indicates that the in vitro and in vivo
release profile is superimposable, but only up to a certain time. After this,
a different time transformation would have to be used to make the profiles
superimposable. However, CIVIVIC indicates more than the likelihood of a
change in the rate constant of absorption as the formulation passes through
the gastrointestinal tract. It shows that an average of 64% of the drug is ab-
sorbed from the small intestine—with a range of 32—84%—while 25% was
absorbed from the colon (range 14—47%). It seems that the greater the fraction
of the dose remaining on passage into the colon, the more was absorbed from
the colon. In other words: the colon offers an adequate surface and suffi-
cient residence time for absorption, even when the formulation passes very
quickly into it. The bioavailability of this formulation was almost always
close to 100%.

The biphasic course (the kink) in Fig. 7 is the result of an inappropriate
use of deconvolution; inappropriate, because the impulse response is assumed
to be invariant. Over a period of 24 h (see Fig. 6), the formulation passes from
the stomach through the duodenum, jejunum, and ileum, into the colon, where
it, presumably, spends the most time. Along its way, it comes into contact
with different pH, different degrees of agitation, different volumes, different
enzymes, and different solubilizers. The importance of all of these different
influences can, at least partially, be established in vitro. A further key point
is that the absorption characteristics are not the same at the different sites in
the gastrointestinal tract. If the drug were to be injected as a solution into the
lumen at these different sites and could be held in place, one would likely
obtain different concentration—time profiles in plasma. These individual con-
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centration—time profiles would then represent the true impulse response or
transfer function of the system for the respective regions in the GI tract.

Deconvolution is based on a principle of systems theory; namely, that
one can determine an unknown input signal to the system if the response to this
input and the impulse response are known: the latter information is obtained by
analyzing the response of the system to a known input. In pharmacokinetics
this response is frequently deduced from the observations after oral adminis-
tration of a solution; for this application it is assumed for most drugs that
absorption takes place in the upper part of the intestine. Special considerations
are, however, necessary for drugs that are poorly soluble or absorbed slowly.
In the context of extended-release formulations and deconvolution an impor-
tant assumption is made for the impulse response: that it does not vary with
time and that it is independent of the extent of the input function.

The impulse response of the system is, however, dependent on local
absorption conditions in the gastrointestinal tract. Because the extended-
release formulation requires a certain time to reach these sites, the impulse
response is time-dependent because the absorption rate is region-dependent.
The assumption that absorption in the upper intestine is representative of ab-
sorption throughout the intestinal tract is unlikely to be true for many drugs.
However, the break in the Levy plot that results from an ‘‘inappropriate’” use
of deconvolution can be used to advantage in investigating whether the drug
or dosage form behaves at different locations in the GI tract.

V. RESULTS FOR PIRETANIDE

For theophylline, it was concluded from the biphasic Levy plot that the rate
constant of absorption changes along the intestinal tract and that this most
likely occurs between the small intestine and the colon or within the colon;
this was later confirmed by direct measurements.

The best way to test this interpretation of the Levy plot is to apply the
method to a drug for which a change in the rate constant of absorption has
already been shown and for which an extended-release formulation has been
studied both in vitro and in vivo. Piretanide, a loop diuretic, fulfills all these
criteria.

Figure 8 shows the concentration—time profile following endoscopic in-
stillation of 3 mg piretanide solution into the stomach, the duodenum, and the
ascending colon (32). The absorption of piretanide was delayed after adminis-
tration into the stomach. After duodenal instillation, the concentration—time
course resembles that after intravenous administration, indicating an extremely
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Fic. 8 Concentration—time profiles after instillation of piretanide into different
segments of the gastrointestinal tract: The instillation of piretanide was performed
through an endoscope under visual control. Although the absorption after gastric
placement of the dose was delayed compared with duodenal administration,
practically the same amount was absorbed. However, when piretanide was in-
stilled into the ascending colon, a clearly smaller fraction of the dose was ab-
sorbed at a striking smaller rate. (From Ref. 32.)

rapid absorption of the instilled dose from the duodenum. A remarkably low
concentration—time profile after instillation into the colon was observed, dem-
onstrating a very low absorption rate for this site. In some subjects, the concen-
tration never or only sporadically exceeded the limit of detection. In others,
the concentration—time curves resembled very much those seen after constant
infusion (i.e., zero-order input).

According to these absorption profiles of the intestinal tract (32,33),
CIVIVIC should be able to show changes in the rate constant of absorption
very clearly by a biphasic Levy plot. This is indeed so.

A study was conducted to compare concentration profiles after adminis-
tration of an oral extended-release formulation of piretanide, a conventional
tablet, and an intravenous administration in a randomized crossover design
(12). The dose for all routes was 6 mg. Deconvolution for the extended-release
formulation was carried out using the dose-normalized profile for intravenous
administration as the impulse response. This is not a serious drawback; it only

Copyright © Marcel Dekker, Inc. All rights reserved.

MarceL DEkkER, INc. ﬂ
270 Madison Avenue, New York, New York 10016 9



In Vitro—In Vivo Correlation 299

implies that the result of deconvolution cannot be considered as the pure in
vivo dissolution profile, but encompasses the absorption as well. Because the
concentration—time response after intraduodenal instillation is almost the same
as after intravenous administration, the use of the response after such adminis-
tration in deconvolution equates, in this example, to the impulse response after
intraduodenal administration.

The deconvoluted in vivo dissolution profile differed clearly from that
determined in the in vitro test. Application of CIVIVIC resulted in the biphasic
Levy plot depicted in Fig. 9. The graph shows the two subjects with the largest
and smallest ratio between the slopes for the first and second segment of the
biphasic linear regression. The same pattern was observed in 26 of 27 subjects
enrolled in the study. In one individual, no biphasic correlation was found
because nothing was absorbed in the second phase.

In general, the Levy plots differed both in the slopes for the two linear
segments and the time of transition from the first to the second segment. This
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Fic.9 Continuous in vitro—in vivo correlation for piretanide: The times required
for certain amounts to be dissolved and absorbed from the extended-release for-
mulation of piretanide is plotted against the corresponding times needed to dis-
solve the identical amounts under in vitro conditions (Levy plot). The graph shows
the two subjects with the largest and smallest ratio between the slopes for the
first and second segment of the biphasic linear regression. The same pattern was
observed in 26 of 27 subjects. (From Ref. 13.)
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time of transition varied from 2.1 to 5 h, with a mean of 3.6 h (12). During
the first phase 18.6% (7—37%) of the administered dose was absorbed, whereas
only 4.4% (1.2-9.4%) was absorbed during the second phase. It is noteworthy
that the ratio of the slopes for the two phases of the Levy plot was, for most
subjects, much greater than those determined for theophylline.

CIVIVIC indicates that piretanide is absorbed mainly in the upper small
intestine and only to a very small extent in the distal small intestine and the
colon. The fraction of the dose that leaves the well-absorbing segment of the
upper small intestine is effectively lost for systemic availability. The systemic
availability, therefore, is predominantly determined by the time the formula-
tion resides in the part of the gastrointestinal tract that has good permeability
for piretanide.

Figure 10 confirms this conclusion; it shows the relation between the
time the piretanide formulation resided in the well-absorbing window and the
systemic availability. The intercept of the regression line indicates that, on

Systemic availability [%]

Window time [h]

Fic. 10 Bioavailability of piretanide from the extended-release formulation: The
bioavailability from the extended-release formulation depends on the time the
formulation resides in the segment of the intestinal tract where piretanide is well
absorbed. The fraction of the dose that leaves the permeable segment of the upper
small intestine is effectively lost for systemic availability. The time the formulation
resided in the permeable window can be read from the CIVIVIC. The longer the
formulation resides in the segment where it is well absorbed, the higher is the
bioavailability. (From Ref. 13).
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average, only 8% of the drug is absorbed outside this section. The longer the
formulation resided in the section of the gastrointestinal tract in which it was
well absorbed, the higher was the bioavailability. The time the formulation
resided in the window can be read from the CIVIVIC. This formulation was
not further developed.

Based on the data compiled for gastrointestinal transit times, it can be
deduced that for piretanide the permeable region ends already in the distal
part of the small intestine. CIVIVIC is suitable for revealing the length of
such absorption windows in terms of time available for absorption.

VI.  DISCUSSION AND CONCLUSION

The theoretical and methodological basis for continuous in vitro—in vivo corre-
lation of drug dissolution (CIVIVIC) has been described by elaborating the
concept of global IVIVC using the mean in vitro dissolution and mean time
in the body system. The method compares times at which identical amounts
have been dissolved under in vitro and in vivo conditions. This comparison
of dissolution curves differs from that in the guidance (29) in which amounts
dissolved after a given time are compared.

The method of CIVIVIC has been illustrated by the results of a study
with an extended-release theophylline formulation. The analysis resulted in a
biphasic Levy plot. It was interpreted that this is caused by a change in the
absorption rate constant for theophylline with the site of the intestinal tract.
This interpretation has been confirmed by Staib and co-workers (5) who dem-
onstrated that the rate constant of absorption was smaller in the distal segments
of the intestinal tract (particularly in the colon) than in the proximal part of
the small intestine.

Qualitatively similar results were recorded in other studies with different
theophylline formulations (12,13; see also Chapter 16). The slopes for the two
segments of the Levy plot were different from those reported in the foregoing,
even when the same in vitro dissolution apparatus was used for comparison.
However, on average, the time for transition from the first linear segment to
the second was very similar for all these studies.

For drugs such as piretanide, for which an extensive change in the rate
constant of absorption (permeability) has been revealed experimentally
(32,33), it can be anticipated that CIVIVIC will most likely not result in a
single linear correlation, but with an at least biphasic Levy plot; this has been
exactly demonstrated for piretanide. Moreover, CIVIVIC revealed that the
time the formulation resides in the well-absorbing part of the gastrointestinal
tract predominantly determined the systemic availability of piretanide from
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the formulation studied. CIVIVIC can therefore be used to determine the
“‘length’’ of the absorption window in terms of time. This time is decisive
for further formulation development, because any drug released after this time
is effectively lost for systemic availability; window residence time in relation
to release/dissolution becomes the crucial factor for bioavailability for any
formulation developed. Equally as helpful, CIVIVIC provides an estimate of
how this in vivo absorption window residence time can be transformed into
the in vitro experimental time.

CIVIVIC can only be predictive—as with any IVIVC—when the re-
lease properties of an extended release formulation determined in vitro are
reflected in the release profiles determined in vivo. The in vivo relevance of
the in vitro dissolution properties of an extended-release formulation can be
assessed by a series of in vitro studies. Such experiments can partly challenge
the hypothesis that the release profile will be reflected in the concentration—
time profile, without having to perform a study in humans. An important re-
quirement for in vivo relevance of an in vitro dissolution profile is that the
profile of in vitro dissolution is broadly independent of environmental condi-
tions, such as pH, physical agitation, enzymes, solubilizer, etc., used in the
in vitro experimental series.

Clearly, if different environmental conditions in vitro result in nonhomo-
morphic dissolution profiles, one does not know which of the different profiles
should be considered as the input to the body system. If the morphology of
the dissolution profile is highly sensitive to environmental conditions, this will
be reflected by high intraindividual and interindividual variability of the in
vivo release profile and thus homomorphism of in vitro and in vivo dissolution
profiles cannot be expected.

On the other hand, if variation of the test conditions results in homomor-
phic in vitro dissolution profiles, any representative of this class can be used
to link in vitro and in vivo dissolution. In the ideal case, the profile is indepen-
dent of environmental factors. In such a case, one could assume, with confi-
dence, that the dissolution profile in vivo will be the same as in the in vitro
experiments.

The latter independence has been partly demonstrated for formulations
based on the osmotic pump as an oral delivery system; the osmotic pump is
considered to be a system that usually releases the drug independently of the
environmental dissolution conditions. Results for such an osmotic pump, the
oral delivery system GITS with nifedipine, have been presented by Bode (34).
He applied the methods as described in this paper and revealed that the in
vitro dissolution profiles were nearly superimposable with the deconvoluted
in vivo dissolution profiles for the first 3—4 h, after which they ran ahead. In
other words, a one-to-one correlation was valid only for 3—4 h, and thereafter,
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the correlation clearly deviated from the line of identity, resulting in a biphasic
Levy plot. These findings were independent of the type of in vitro dissolution
conditions applied. Not surprisingly, Bode and co-workers (35) have also
shown that the rate of nifedipine absorption for the same dose administered
is clearly slower from the colon than from the upper intestine.

With CIVIVIC it is assumed that the total in vitro dissolution profile
can be projected isomorphically to yield the in vivo dissolution profile: this
means that the in vitro and in vivo dissolution profiles must not differ in their
morphology, but need only be stretched or shortened relative to each other.
Otherwise, neither the prediction of the concentration by convolution (includ-
ing time base rescaling) nor the correlation of the hypothetical in vivo dissolu-
tion obtained by deconvolution with the in vitro test will produce a meaningful
correlation.

In contrast to continuous correlation, the assumptions for the global ap-
proach of in vitro—in vivo correlation are less restrictive, similarity ‘‘on aver-
age’’ may be sufficient.

In summary, with a suitable extended-release formulation it is possible
to study the absorption features of the gastrointestinal tract relative to the drug
considered by combining the technique of deconvolution and CIVIVIC. The
procedure turns extended-release formulations into probes that can be used to
determine differences in the rate and extent of absorption from different parts
of the gastrointestinal tract. The information gained from this analysis can be
used to direct strategies for the further development of extended-release dos-
age forms.
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IVIVC: A Perspective from the
Workbench

Johannes Kramer
LQS Eschborn, Germany

I. IVIVC: AN INTEGRAL PART OF DISSOLUTION
METHODOLOGY

Identity, purity, assay, and uniformity of dose are the classic parameters for
the quality of pharmaceuticals. Beside these, biopharmaceutical tests are re-
quired to evaluate the rate of drug release from oral dosage forms. Fast and
complete release is the prerequisite for bioavailability of immediate-release
(IR) oral drug products, whereas a constant rate of release that is robust to
the local conditions is preferred for controlled-release (CR) formulations.

Drug release can be tested either in vivo or in vitro. If in vitro methods
are ‘‘verified’’ by in vivo data, they may be used as surrogates for clinical
trials. This so-called in vivo verification of in vitro specifications is necessary
to interpret dissolution profiles obtained from investigations in any stage of
a drug product’s lifecycle. From the early phase of technological development
through scaling-up procedures to the pharmaceutical quality control of mar-
keted batches at the time of release and the end of shelf life, meaningful in
vitro data are mandatory to evaluate possible changes or differences in drug
release in the context of drug product safety and efficacy.

Dissolution testing is a powerful tool to estimate the in vivo performance
of a drug product. The ‘‘reliability’” of dissolution profiles should be verified
by qualification and calibration of the equipment and by validation of methods.
Additionally, the biopharmaceutical verification of methods includes the proof
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of a correlation of in vitro and in vivo performance as well as their discrimina-
tory power to detect the absence of nonbioequivalent units within one lot and
between lots of a given product. In general, dissolution-testing methods have
to be developed for each formulation individually on the basis of an in vitro—
in vivo correlation (IVIVC).

Il. QUALIFICATION OF EQUIPMENT AND VALIDATION OF
METHODS IS ESSENTIAL BEFORE STARTING AN IVIVC

For the in vitro characterization of most drug products, the compendial disso-
lution apparatuses are well suited. It is commonly accepted that alternatives
are recommended only in cases when the pharmacopoeial apparatus (e.g., as
described in Ph. Eur., PJ, and USP cannot be used) (1).

Qualification of dissolution equipment should be performed in the same
manner as for any other equipment used in pharmaceutical analysis. Qualifica-
tion concerns itself with the general proof of suitability of the dissolution
apparatus. In addition, individual qualification of modifications to the method-
ology, for instance, devices for automated sampling, sinkers, and filters, may
be necessary. Some qualification work can be performed by checking physical
parameters (e.g., centering shafts, measuring wobble), others require ‘‘chemi-
cal’’ calibration tests with calibration standards. The commonly used pharma-
copoeial test procedure is described in the U.S. Pharmacopeia (USP) as the
‘‘apparatus suitability test’” (2).

Great progress has been achieved in harmonization of methodological
specifications. Only small differences in dissolution equipment generated by
differences in pharmacopoeial specifications and industrial standards (e.g., be-
tween European and U.S. equipment) still exist. Moreover, most of these dif-
ferences do not affect the results of dissolution experiments (3). Finally, it
should be noted that validation is both product- and method-related. It should
consider the formulation properties, the properties of the drug substance, the
stability of the analyte throughout the pharmaceutical analysis, as well as dis-
solution media, sampling, sample transfer, and the method for chemical analy-
sis. The qualification and validation of all technical instruments and analytical
methods is prerequisite to verification with in vivo-data.

lil. IN VITRO DISSOLUTION METHODOLOGY IN LIGHT
OF PHYSIOLOGICAL FACTORS

Good technical operating conditions are mandatory, but a fine-tuning of meth-
ods relative to the ‘‘dissolution conditions’’ in the human gastrointestinal tract
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is also highly desirable. The chance of achieving an IVIVC increases if
biorelevant parameters are included in dissolution method development. The
choice of an appropriate method should be based primarily on the drug
product’s properties. Multiparticulate dosage forms may require methods
different from those of monoparticulate formulations (4). The drug sub-
stance’s properties also have to be considered. Appropriate conditions for
the in vitro characterization of IR-dosage forms can be chosen within the
framework of the Biopharmaceutical Drug Classification system (BCS),
which is a categorization of drug substances according to their solubility
and permeability (5; see also Chapter 9). The applicability of this system
to the conception of in vitro methods is, however, limited because dissolution
remains unaffected by solubility as long as in vitro dissolution experiments
are performed under ‘‘sink conditions.”” According to the definition in the
FIP-dissolution guideline, sink conditions means that under the conditions of
the chosen dissolution method, complete release of the drug from an individual
dosage form results in a concentration not exceeding 30% of its maximum
solubility (1).

In vitro dissolution does not necessarily reflect in vivo dissolution. To
reach better concordance with physiology, further research has to be under-
taken to define the relevant physiological conditions. Composition of a disso-
lution medium should simulate the physicochemical properties of body fluids
(6). For routine dissolution testing, physiological substances could be replaced
stepwise by synthetic reagents showing the same physicochemical effects but
which are available in analytical quality (7). Little is yet known about the
hydrodynamics of the gastrointestinal tract in relation to how they affect re-
lease from dosage forms before and at the site of absorption. Meanwhile, fur-
ther investigations are being undertaken to improve established dissolution
apparatus (8).

For oral dosage forms, no one dissolution apparatus is known to be
optimal. The performance depends rather on the combination of dosage form,
apparatus, and operating conditions. Also, the pharmacopoeias do not stipulate
how data are to be presented (e.g., as fractional or cumulative curves release).
A fit to mathematical functions describing release mechanisms is not usually
desirable because the fitting procedure introduces a loss of precision.

IV. WELL-HIDDEN IN VIVO PARAMETERS

The concept of IVIVC requires a clear definition of the kinetic step that has
to be determined. For the case of solid oral dosage forms, the in vivo dissolu-
tion is to be correlated with the respective in vitro process. The dissolution
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behavior of a certain dosage form in the GI tract is experimentally inaccessible.
But as long as absorption occurs much faster than dissolution, the in vivo
dissolution may be extracted from the plasma concentration versus time profile
after oral application of the drug. The concentration versus time profiles repre-
sent a combination of overlapping kinetic processes, including drug input,
distribution, and elimination. Parameters useful for describing plasma profiles
in bioavailability studies, such as time to peak, maximum concentration, and
area under the curve (AUC) provide precise information about the extent of
drug absorption, but cannot be used for IVIVC purposes because a clear pa-
rameter for the rate of absorption is missing. Therefore, the input kinetics have
to be extracted form the profiles by comparative ‘‘peeling off’” of the other
processes. If such a comparison is undertaken with a parenteral solution, a
direct separation of dissolution and absorption kinetics will not be possible.
If an oral solution should be given as the reference medication, the absorption
process may be clearly identifiable. In a simplified description, any differences
observed after application of the same dose of drug in a solid oral dosage
form should be due to the dissolution process having to take place before
absorption. This forms the basis of the concept of peeling off the in vivo
parameters to be correlated or compared with the in vitro profiles (see also
Chapters 14 and 15).

It should be noted that the results of this extraction provide only an
apparent or hypothetical dissolution profile because it combines the contribu-
tions of in vivo dissolution and absorption, from which dissolution can be
accurately estimated only if it is the rate-limiting step. Consequently, an
IVIVC can be achieved only when all of the drug being dissolved in vivo is
quickly and quantitatively absorbed. In general, the BCS provides important
information on how to estimate which of the two kinetic processes could be
the rate-limiting step. But the BCS does not assess dissolution and absorption
directly, but rather, solubility and permeability parameters, which are difficult
to interpret in terms of kinetic parameters. The most useful way to determine
the relation of absorption and dissolution rates is from absorption studies of
aqueous drug solutions applied at different sites of the GI tract, for instance,
as published by Staib and co-workers for theophylline (9). A comparison of
absorption kinetics at different regions of the GI tract with the deconvoluted
profiles obtained from studies with solid oral dosage forms is easy to perform
and provides the information on which is the rate-limiting step. An example,
for a graphic comparison, is given in Fig. 1.

Once it is proved that the absorption process is not the rate-limiting step,
the results from deconvolution can be assumed to represent in vivo dissolution
and used further for IVIVC purposes.
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Fic.1 Comparison of the hypothetical mean in vivo dissolution profile obtained
from numerical deconvolution of response function after application of a mono-
particulate theophylline extended-release dosage form with absorption profiles
generated from rate constants, k, (From Ref. 9.)

V. VERIFICATION OF DISSOLUTION METHODS:
THE CORRELATION ITSELF

Depending on the amount of information to be used in the correlation, the
USP introduces a rank order to follow. This rank order of correlation proce-
dures (listed in USP’s chapter (1088); 10) is also the background for regulatory
recommendations in Europe (11) and is generally accepted for the establish-
ment of in vitro—in vivo correlation. At level A, entire profiles are correlated
point by point. At the next level B, a data reduction is performed using statisti-
cal moment theory to calculate the correlation parameters. At level B, the
shapes of the profiles are described by their skewness and curtosis. The param-
eters calculated for a level B correlation are called the moments. The first
moment is the so-called mean time, which is calculated for both the in vitro
and in vivo profiles. For a correlation in a strict sense, more than one set of
in vivo data are required. The same is true for level C, in which the data
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reduction procedures do not necessarily lead to analogous parameters for the
characterization of the in vitro and in vivo profiles.

A. Level A Correlation

Level A correlations provide a way of verifying dissolution methods, by show-
ing similarity of the entire (hypothetical) in vivo dissolution profile with the
entire in vitro dissolution profile. The in vivo concentration profiles can be
analyzed by a model-independent procedure called deconvolution, or by fit to
compartmental models. The term ‘‘deconvolution’” is often used to describe
both procedures, which is in a way misleading. However, the performance
of deconvolution may require prior fitting of experimental data, to a suit-
able model.

Deconvolution is a simple method requiring results from the application
of the solid oral dosage form under concern and an oral aqueous solution of
the drug substance, given in two separate phases of a clinical study to the
same group of volunteers. The general design of the study is that of a bioavail-
ability study (i.e., a two-phase—crossover design). The subjects being studied
must fulfill all inclusion and exclusion criteria for bioavailability studies. The
number of volunteers depends on the estimated variability and desired statisti-
cal power. The sampling schedule should be based on the pharmacokinetic
properties of the drug substance and the expected behavior of the dosage form,
making sure that the dosage—form-related segments of the concentration curve
can be clearly described by a satisfactory number of data points. The subjects’
kinetic responses are interpreted and compared on an individual basis. For
deconvolution purposes, the drug is usually given in one phase as the oral
solution and in the other phase as the formulation of interest. There are also
more sophisticated designs, including more than two variations of one formu-
lation, but no solution (12). The application of the oral solution characterizes
the human body as a system which transforms the administered drug in a
characteristic way. The signal response to the oral solution is called the system
function, and the signal response to the solid oral dosage form is called the
response function. By deconvolution, which can either be performed algebrai-
cally or numerically, the input function, which is the in vivo transition process
from solid to dissolved drug (i.e., the dissolution process), may be determined.
The scheme is depicted in Fig. 2.

Besides being reversible, one major advantage of deconvolution is that
it requires no fit to a model and, if performed correctly, the resulting mean
in vivo curve yields asymptotically to the point estimate of oral bioavailability
gained from the intraindividual comparisons of the amounts absorbed from

Copyright © Marcel Dekker, Inc. All rights reserved.

MarceL DEkkER, INc. ﬂ
270 Madison Avenue, New York, New York 10016 o



IVIVC: A Perspective from the Workbench 313

conc. [mgfl]
2 :
10 ‘
8 i- —— system function
A - I N
2 M,
oral solution 2 = ~3 |
ol g = . _“_1 time
0 3 2 15 0 24 W
o, [mg]
10 —— response function
_ 5 | 117
» - o 11T
g Lf1 AT ke
4 ,] e T
tablet i L e o
2d
UL'!L & %

deconvolution ™

f""'*
Ly
o) / | o dawhidpoik |

= / time [b]
0 i [N T S . | T |

Fic.2 Principle of numerical deconvolution displayed for a monoparticulate oral
dosage form containing 540 mg theophylline. System function obtained from ap-
plication of an aqueous oral solution containing 270 mg (n = 18).
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the oral solution and the solid oral dosage form. The prerequisites to perform
deconvolution are linearity of the system (i.e., that the drug exhibits a linear
pharmacokinetics) and its invariance over time. This limits its use to drugs
with linear pharmacokinetics, at least in the therapeutic range. A further limita-
tion is that the response function and system function are obtained from a
finite set of data points that usually contain errors. These errors are then propa-
gated by the deconvolution, which is particularly problematic in the case of
numerical deconvolution because of the algorithm’s remarkable numerical in-
stability (13).

Whereas deconvolution needs no model fitting to obtain hypothetical in
vivo dissolution profiles, but rather uses the data of an alternative application
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Fic.3 (Left) In vitro dissolution of three batches of a 10-mg monoparticulate ex-
tended-release formulation. USP apparatus (2), 100 rpm, 1000 mL purified water,
37°C, mean (n = 6). [Right) Corresponding plasma ‘concentration vs. time profiles,
mean (n = 6), dose correction for 20-mg oral solution and 20-mg fast batch.
(Bottom) Level A IVIVC for the three batches after performance of Wagner—Nelson
method.
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of the drug as an oral solution, level A correlation may also be performed
after fitting to pharmacokinetic compartmental models. In addition to multi-
compartmental models, the fit to a one-compartment model using the
so-called Wagner—Nelson method (14) may be suitable to characterize the
pharmacokinetic behavior of many drugs. It is a mass balance procedure and
provides no information about the relative bioavailability if used solely for
the application of the formulation under concern. Furthermore, it has no built-
in control, as described in the foregoing, for the numerical deconvolution.
However, if the relative bioavailability is known, the resulting curve may be
standardized. Beside its use for the verification of the similarity of in vivo
and in vitro dissolution profiles, the Wagner—Nelson method may also be ap-
plied to proof the discriminatory power of a dissolution method, as exemplified
in Fig. 3.

The advantage of this method is its simple application using standard
in vivo plasma concentration versus time profiles. However, the algorithm
requires an absolutely precise estimation of the elimination rate constant. The
method may be used for both single-dose applications and multiple-dose appli-
cations, as long as the design of the study allows an exact description of the
terminal phase and, hence, enough data for a precise estimation of the elimina-
tion rate constant.

Both numerical deconvolution and the Wagner—Nelson method use en-
tire profiles, thereby maximizing the use of the information provided. These
continuous methods make it easy to set specifications on the basis of biofind-
ings, thus ensuring that all batches that meet the specifications are bioequiva-
lent.

1. Level A Correlation May Provide Information on the
Transit of Solid Dosage Forms

The IVIVC is usually displayed as Levy plots as a display of time intervals
needed to dissolve equal masses on the in vivo and the in vitro side (15). But
the Levy plot can provide additional information. With the transit of the dosage
form through the gastrointestinal tract, the hypothetical deconvoluted in vivo
dissolution profile may change. This can be due to changes in the dissolution
pattern of the dosage form when the environmental conditions affect drug
release (i.e., full control of the drug release is not provided by the technology
of the dosage form). It can also be due to changes in the relation of dissolution
versus absorption rate as the rate-controlling step to appearance in the blood.
As the absorption rate may change with region in the gut, changes in the
hypothetical dissolution profiles may, in fact, represent the phenomenon of
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Fic.4 (Left) In vitro dissolution of a 540-mg monoparticulate extended-release
theophylline formulation in USP apparatus (2), 150 rpm, 900 mL phosphate
buffer, pH 6.8 USP, 37°C, mean (n = é). (Right) Hypothetical in vivo dissolution
profile after numerical deconvolution, mean (n = 18). (Bottom) Level A IVIVC.
Biphasic regression plot. Inset with identical scales for initial phase.

absorption becoming the rate-limiting step. This happens typically with ex-
tended-release dosage forms after the dosage form’s transition from the small
to the large bowel (see Chapter 15). By using the more stable in vitro dissolu-
tion kinetics as a measure to determine changes in the in vivo pattern, the
Levy plot depicts discontinuities that may be interpreted as the time of entry
into the colon. Depending on whether the dosage form is administered with
food, the residence time in the proximal part of the GI tract will vary and the
occurrence of the discontinuity may be delayed. An example is depicted for
a monoparticulate extended release dosage form containing theophylline (16),
as shown in Fig. 4. Comparable results were found for a multiparticulate dos-
age form after analysis of in vivo data taken from the literature (17,18) and
in vitro data from inhouse studies, as depicted in Fig. 5.
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Fic. 5 (Left) In vitro dissolution of a 200-mg multiparticulate extended-release
theophylline formulation. USP apparatus (2), 150 rpm, 900 mL phosphate buffer
pH 6.8 USP, 37°C, mean (n = 6). (Right) Hypothetical in vivo dissolution profile
after performance of Wagner-Nelson method. (Bottom) Level A IVIVC: biphasic
regression plot.

B. Level B Correlation: The Statistical Moment Theory

If the entire profile cannot be used for correlation, data reduction that leads
to comparable and preferably analogous parameters on the in vivo and the in
vitro side is required. The statistical moment theory uses empirical distribution
functions, and it is a model-independent method. But as in the Wagner—Nelson
method, a precise estimation of the elimination rate constant is a must. For
the experimental in vitro data, dissolution experiments should be performed
until drug release is complete. This restricts the method to experiments in
which the volume and composition of the medium do not limit the final amount
dissolved (i.e., dissolution under sink conditions). The results on the level of
the first moment are composite results of mean times. By simple arithmetic

-
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Fic.6 (Left) In vitro dissolution of three manufacturing variables of a 50-mg im-
mediate-release propafenone formulation. USP apparatus (2), 75 rpm, 1000 mL
artificial gastric fluid USP, 37°C, mean (n = 6). (Right) Corresponding plasma
from concentration vs. time profiles from 0 to 8 h, mean (n = 19). Inset 0-24 h.
(Bottom) Level B IVIVC: regression plot of mean dissolution times, means and
CVs.

operations, such as subtraction, mean dissolution times in vivo may be com-
puted from mean residence times and correlated with mean dissolution times
in vitro.

Figure 6 shows an example of a successful level B correlation (19). The
drug propafenone, given as a film-coated tablet, was found to undergo exten-
sive first-pass metabolism. Linear pharmacokinetics, a prerequisite to per-
forming deconvolution, did not apply. The total amount absorbed—one third
of the oral solution—was too low to obtain a meaningful correlation at level
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A in terms of providing enough safety for the patients. By using the statistical
moment theory, a correlation was established, which showed that the in vitro
method was suitable for characterizing formulation variables in the dosage
form under investigation. Moreover, in vitro dissolution occurred approxi-
mately four times faster than in vivo dissolution, which was very important
for setting in vitro dissolution specifications.

The major disadvantage of the statistical moment theory is that it is
nonreversible. This means that profiles with different shapes may have identi-
cal mean times and that from mean times, no backtracking to the in vivo
profile is possible. But when the correlation is established for the dissolution
of one product, profiles of variations of that one product do not usually differ
that much in shape. If only the slope and not the shape is different, profiles
are homomorphic. Methods have been published on how to set specifications
for homomorphic profiles (20).

C. Level C Correlation

Level C correlation also implies data reduction. The use of correlated param-
eters needs to be justified (21). An example in which the in vivo pharma-
cokinetic parameters are verified by results from concomitantly recorded
pharmacodynamic parameters is described for the oral antidiabetic drug glibe-
nclamide (22).

VI. THE SETTING OF SPECIFICATIONS

The setting of specifications should be based on biological (pharmacokinetic)
findings and not on mechanistic approaches (23). General pharmacopoeial
standards (i.e., those applicable to more than one product) are difficult to de-
fine. The European Pharmacopeia does not describe any individual mono-
graph on formulations. A general requirement such as 70% of total drug dis-
solved within 45 min is of no great use to discriminate the biopharmaceutical
quality of products. Specifications at earlier time points are most desirable
(e.g., after 15 or 20 min), but are limited to certain drugs belonging to class
I of the BCS. For ‘‘nonbioproblem’’ drugs, it was discussed whether Q 80%
in 30 min would be physiologically relevant, because the #,,, in vivo of many
of these drugs in the fasted state bioavailability studies is about 30 min (24).
However, a comparison of in vitro and in vivo time axes is most desirable,
because a time-scaling factor as great as 4 or more may be required (19).

If absorption, rather than in vivo dissolution, is the rate-limiting step,
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dissolution specifications cannot be based on bioavailability findings. Inas-
much as dissolution is not necessarily a predictor of absorption, tests are lim-
ited to their use as a quality control tool on a routine or periodical basis in
these cases. If input is absorption-controlled, the predictive power should be
assessed taking into account the physical behavior and the specifications of
the drug substance.

The CR or MR dosage forms are best candidates for establishing in
vitro—in vivo correlation, because the product is inherently designed to make
the release significantly slower than absorption. Although correlation in the
mathematical sense does not necessarily imply discriminatory power, in the
biopharmaceutical sense it implies both, and the setting of specifications
should be based on bioavailability data (e.g., using side batches at the upper
and lower level of the bioequivalence range). Side batches may be produced
by variations of critical manufacturing steps within the limits tolerated by
Good Manufacturing Practices (GMP). They should represent realistic modi-
fications of one product, rather than different but similar products.

Nevertheless, if IVIVC is successfully established for one product, there
may be a chance to extend the IVIVC to a series of homologous formulations
or even to other products containing the same drug substance. There are a few
examples, such as glibenclamide, for which a substance-related correlation
was established for more than one IR product. In a second step, comparative
(bioavailability) studies may be performed to extend those specifications veri-
fied by IVIVC to other (generic) products of different origin, demonstrating
that these products are interchangeable. If nonanalogous parameters are corre-
lated—and this often occurs in so-called single-point correlation—statistical
reasons do not warrant interpolation on the basis of in vitro data. Relative to
the requirement that in vitro dissolution must discriminate between different
qualities in the preparation, specifications must first be set for each product
individually.
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[Biopharmaceutics classification
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Intestinal permeability, Cell
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assessment of efflux mecha-
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ties, 66
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[Caco-1I monolayers]
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of the GI tract)
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expression of transporters, 85
fermentation of carbohydrates,
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mixing efficiency, 5
permeability, 84
transit times, 5
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volution and convolution
methods)
Crohn’s disease (see also Inflam-
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tract), 12, 15, 22, 25
bile acid loss, 24

Deconvolution and convolution

methods (see also In vitro—
in vivo correlations), 255—
280

assumption of linearity, 256

concerns with methodologies
available, 277, 314

convolution, 287
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[Deconvolution and convolution
methods]
deconvolution, 311
deconvolution of in vivo dissolu-
tion, 292
direct numerical methods, 262,
314
impulse input, 256, 257, 259
input rate function, 256
instability due to experimental
error in data, 266
least-squares methods, 270
Loo-Riegelman method, 260
maximum entropy methods, 274
regularization methods, 273
response function, 256
transformation methods, 268
Wagner-Nelson method, 259,
314
Diarrhea and malabsorption, 24, 27
Diffusion chambers (see also
Caco-II monolayers), 52
to detect metabolism during
transport, 75
using intestinal tissue, 60, 126
Dissolution:
aims of dissolution testing, 183,
197
agitation rate, 175, 203
biopharmaceutically relevant
tests, 156, 198, 308
biowaivers, 198, 201, 215
Class 1 drugs, 158, 159
Class 2 drugs, 161, 167, 168,
169, 212
Class 3 drugs, 173
Class 4 drugs, 174, 212
considerations for extended-
release dosage forms, 185,
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[Dissolution]

decision tree for dissolution test-
ing, 179

deconvolution of in vivo dissolu-
tion, 292

direct measurement in humans,
110

dissolution number, 139

in emulsions, 148

enhancement by surfactants,
145, 171

equipment, 174, 209

food effects, 164, 220

immediate release products,
155-181

importance of hydrodynamics,
175, 203, 205

in vivo—in vitro comparison,
113

rate, 212, 233

peak vessels, 175, 205, 177, 207

robustness to GI conditions,
199, 200, 214

role in product development,
pre- and postapproval, 184,
193, 197, 198, 201, 215

specifications for extended-
release products, 187

study design, 230

test conditions for extended-
release products, 186, 205,
207

test duration, 171, 186

Dissolution data:

analysis, 229-254

changes in boundary layer thick-
ness during dissolution,
236

changes in surface area during
dissolution, 234
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[Dissolution data]

characterization of the dissolu-
tion profile, 231
dissolution efficiency, 233
mean dissolution time, 232
prediction of in vivo perfor-
mance, 245
profile comparison, 238 (see
also Dissolution profiles,
comparison)
semi-empirical models, 236
single vs. multipoint assessment,
229

Dissolution media:

biorelevant media, 164

Class 1 drugs, 158

Class 2 drugs, 161, 212

Class 3 drugs, 173

Class 4 drugs, 174, 212

Ensure, 164

extended-release products, 185

FaSSIF and FeSSIF, 164

food effect studies, 164, 220

hydroalcoholic media, 171

milk, 164

poorly soluble drugs, 161, 174,
212

sink conditions, 212, 213

use of surfactants, 171, 172,
213, 215

Dissolution profiles, comparison,

238
difference factor, f,, 241
index approaches, 240
model-dependent methods, 244
model-independent methods,
239
multivariate approaches, 245
Rescigno index, 243
similarity factor, f,, 190, 241
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[Dissolution profiles, comparison]
statistical approaches, 239
Weibull function, 244

Dogs, as an absorption model, 86

(see also Perfusion studies)

Dosage forms:
colonic transit, 5
design of formulation-specific

dissolution tests, 205, 207
esophageal transit, 2
formulation and robustness of

absorption profile, 199,

214
gastric emptying, 3
robustness of release to GI con-

ditions, 199, 200, 214
small intestine transit, 5
transit times via IVIVC data,

315

Dose number, 139

Dose: solubility ratio, 161

Drug properties relevant to absorp-

tion, 33
hydrogen bonding, 38, 39, 106
lipophilicity, 35, 36, 37, 44, 84,

104, 106
molecular charge, 38
molecular size, 38, 39, 43
Rule of Five, 33
solubility, 34, 137-153

Efflux mechanisms (see P-Glyco-
proteins)

Esophagus, transit time, 2

Everted intestinal rings, 55

correlation with bioavailability,

58

Everted intestinal sacs, 52, 57

Extended-release dosage forms,
183-195

Index

[Extended-release dosage forms]
in vitro—in vivo correlations,
200
robustness to GI conditions,
199, 200, 214
Extent of drug absorption, 73, 99

Fats:
malabsorption, 19
maldigestion, 24
Fluid volumes in the GI tract, 145
Food effects on drug absorption:
extended-release formulations,
193
mechanisms, 220
prediction of food effects, 220,
221
Formulation-specific dissolution
tests (see Dosage forms,
Dissolution)
Fourier transforms, use in convolu-
tion and deconvolution,
268
Fraction absorbed:
correlation with human perme-
ability data, 141
equations, 140, 260, 261
f, (see Similarity Factor [f,])

Gastric emptying (see also Transit
times):
influence on absorption pattern,
151
use in prediction of plasma pro-
files, 248

High throughput screening, 66,
120

HT29-18-CI cell line (see also In-
testinal permeability), 40
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Hydrodynamics:
artifacts in in vitro testing, 207
in dissolution testing, 175, 203
and formulation density, 203
special needs for erodible matri-
ces, 209
variability in vivo, 204
Hydrogen bonding and drug ab-
sorption (see Drug proper-
ties relevant to absorption)

Ileocecal junction, transit, 7
Inflammatory disorders of the GI
tract, 25
AIDS enteropathy, 26
celiac disease, 26
and colonic transit, 6
Crohn’s disease, 25
and permeability, 12
Intestinal cell suspensions, 52, 54
Intestinal malabsorption, 18
after small bowel resection, 28
carbohydrates, 21
and diarrhea, 24, 29
drug-induced, 23, 27
in the elderly, 28
fats, 19
proteins, 22
radiation induced, 27
role of systemic diseases, 26
tables, 19, 20, 22
Intestinal maldigestion, 20, 22
Intestinal perfusions (see also Per-
fusion studies), 76
Intestinal permeability, 40 (see
also Perfusion studies)
age-dependency, 76
analysis from Levy plots, 295
animal models, 43
apparent permeability, P,,,, 61
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[Intestinal permeability]

comparison of in vitro methods,
68

comparison of methods with hu-
man bioavailability, 103, 126

correlation with fraction ab-
sorbed, 141

correction for tissue binding, 56,
75

Crohn’s disease, 12

in effective permeability, P., 73,
102,140

equations based on physical
properties, 42

human, 43

measurement with Loc-I-Gut, 13

mechanisms of absorption (see
Uptake mechanisms)

pathogenic alterations, 12

pharmacological alterations, 12

prediction using cell lines, 40

reference compounds for validat-
ing permeability methods,
78

regional dependency, 84, 281—
305, 307-322

variability in data, 68

viability of tissue/monolayers,
78, 128

wall permeability

P,, 56
P,, 138
In vitro—in vivo correlations

(IVIVC), 149, 281-305,
307-322

assumption of linearity, 256,
283, 292

biowaivers, 198

biphasic Levy plots, 295, 195,
297
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[In vitro—in vivo correlations]

case examples (extended-release
products), 200, 205, 207

case examples (immediate-
release products), 248, 249,
250

causality in IVIVC, 282

Class 2 drugs, 246

continuous IVIVC, 286, 287,
312

dissolution tests, 198, 203

expectations based on the BCS,
149, 192

extended-release products, 188

food effects, 220

global approach, 282, 285, 316

homomorphism of dissolution
profiles, 292, 294

level A, B, and C correlations,
282, 286, 312, 316

Levy plots, 291, 295, 299, 315,
318

mean dissolution time correla-
tions, 283

point-by-point correlation, 286

preparation of in vitro data,
245

side batches, 188

Laplace transforms, use in convolu-
tion and deconvolution,
269

Least-squares methods, use in con-
volution and deconvolu-
tion, 270

Levy plots, 291, 315

Limitations to drug absorption, 31,
51, 156

first pass metabolism, 81, 90,
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P-Glycoprotein mediated efflux,
45, 86
poor permeability, 31, 129, 139
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160
Lipophilicity and drug absorption,
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717, 101
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correlation to human bioavail-
ability, 103
correlation to log D, 104
drugs studied, 105
Loo-Riegelman method, 260 (see
also Deconvolution and
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Malabsorption (see Intestinal mal-
absorption)

Maldigestion (see Intestinal mal-
digestion)

Mechanisms of absorption (see Up-
take mechanisms)

Metabolism in the intestinal wall,
90, 107

Molecular charge and drug absorp-
tion, 38

Molecular size and drug absorp-
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data analysis, 78, 102
single pass perfusions in dogs,
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single pass perfusions in rats, 76
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nal permeability)
P-Glycoproteins:
in Caco-II cells, 66
inducers, 89
mediated efflux, 45, 86
physiological role, 87
relation to metabolism, 107
substrate specificity, 87, 107
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Poorly soluble drugs:
dissolution testing, 161, 174,
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dose: solubility ratio, 161
limitation to absorption, 34,
137-153, 160
relationship to fraction ab-
sorbed, 142
sink conditions for dissolution
tests, 212
Postapproval changes:
extended-release dosage forms,
201, 215
food effects, 193
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Proteins, malabsorption, 22
Pulsincap, 5, 6
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correlation to human bio-
availability, 126, 127

Rats, as an absorption model (see
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rings, Everted intestinal
sacs, Perfusion studies)
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ability studies, 78, 105

Regional dependency of drug ab-
sorption, 84, 295

Rule of Five for drug absorption,
33

Similarity factor (f,):
comparison of dissolution pro-
files, 241

dissolution profiles of extended-

release products, 190
Small intestine:

factors affecting mucosal homeo-

stasis, 14
malabsorption (see Intestinal
malabsorption)

maldigestion (see Intestinal mal-

digestion)
metabolism in the small intes-
tine, 90
mucosal inflammation, 14
transit times, 5

Solubility and drug absorption, 34,

137-153
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relationship to fraction ab-

sorbed, 142
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Solubility and drug dissolution,
212
Stomach:
fed/fasted differences, 3
pH, 163
surface tension, 163
transit time, 2
Surface tension, gastric, 163
Surfactants and drug dissolution,
145, 171, 213
choice of surfactant, 215, 217,
218
purity of surfactant, 214

Tablets (see Dosage forms)
Transit times:

colon, 5

and duration of dissolution test,

172

during sleep, 7

esophageal, 2

ileocecal junction, 7

influence of motility phase, 150
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from IVIVC, 313
small intestine, 5
stomach, 3, 150
timing of dose, 7

Uptake mechanisms, 31, 32, 124,
125
carrier-mediated absorption,
125
efflux mechanisms (see P-Glyco-
proteins)
paracellular pathway, 43, 124
passive transcellular diffusion,
31, 124
Uptake vs. transport-based in vitro
methods, 52, 53
Ussing chambers (see Diffusion
chambers)

Wagner-Nelson method (see also
Deconvolution and convolu-
tion methods), 259
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