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INTRODUCTION
The phenomenological and dynamic events that a drug and its
dosage form (solution, emulsion, suspension, tablet, capsule and/
or controlled-release system) undergo are complex. There exists
a body of knowledge of adequate breadth and depth whicﬁ recognizes
a variety of factors affecting the oral bicavailability of drugs
and points out the multivariable complexity of the overall situa-

tion1’2’3.

These factors are commonly grouped into physiological,
physicochemical and dosage form factors (Table 1). In the research
and development of oral formulations, the pharmaceutical scientist
employs various pathways in assessing bioavailability and/or bio-
equivalence as shown in Table 2. Despite the sophistication and
rationale underlying each avenue in practice, the approaches,

when considered as a whole, lack a programmatic strategy in de-
fining delivery problems, sorting out the key variables, setting
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1112 HO, MERKLE, AND HIGUCHI

TABLE 1

Factors Influencing Bioavailability

Physiological Factors
membrane transport mechanism biliary and pancreatic secre-

GI motility tions

stomach emptying surface-bound enzymes

disease state intestinal pH gradient
surface pH

pharmacological drug effects

Physicochemical Properties of the Drug
lipophilicity chemical stability complexation & binding

molecular size enzymic lability particle size
pKa solubility crystal form

Dosage Form Factors
solutions capsules and tablets properties: disintegra-
emulsions controlled-release tion time; dissolution
suspensions systems rates; controlled-re-

lease rates
manufacturing variables

For personal use only.

quantitative boundaries and critical pathways within which opti-
mization of oral formulations may be achieved, and pointing out
strategies and options in drug formulation design on a physico-
chemical and biophysical basis. This underscores the need to put
the factors into a comprehensive framework that the scientist can
more fruitfully and rationally utilize in the course of designing
and optimizing drug formulations, Significant developments along

these lines are far more probable and efficient if they are
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approached from a basic standpoint and physically relevant infor-
mation obtained from in vitro physicochemical, animal and human
studies are judiciously interfaced.

This presentation is aimed at establishing the basic frame-

work by which relevant physicochemical properties, dosage form
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ORAL DRUG DELIVERY SYSTEMS 1113

properties, gastrointestinal factors and mass transport kinetics
are put into quantitative and mechanistic interrelationships. The
anatomical reserve length concept for intestinal drug absorption
provides the foundation on which the facts and relationships of

rate-determining steps and factors are accommodated.

ANATOMICAL RESERVE LENGTH CONCEPT
FOR INTES SORPTION

General Description

The anatomical reserve length is the length of the small in-
testine yet available for absorption, i.e., the difference between
the small intestinal length and the length at which the drug is
completely absorbed (Fig. 1). Thus,

RL = L = &* (Eq. 1)
where

RL

anatomical reserve length, cm

L = maximum theoretical reserve length, i.e., the length of
small intestine which is 300-350 cm in humans
2* = Tength at which absorption is completed, cm

The fraction of small intestine yet available for absorption is:

(RL) - _ & (Eq. 2)

L L

Therefore, positive reserve Tengths indicate complete absorption
in the small intestine and negative reserve lengths signify in-
complete absorption. Here, we have presumed that the small in-
testine is the principal absorption compartment of the gastroin-

testinal tract which is generally the case.
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k— ¥—— RESERVE LENGTH —|
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FIGURE 1
Schematic diagram of the anatomical reserve length.

Studies Supporting the Concept

The human intestinal digestion and absorption study by
Borgstrom et a1.4 of a Tiquid mixture of homogenized oil, protein
and glucose is, in our opinion, a classical example of the reserve
length. Here, the principal constituents of the meal were com-
pletely absorbed in approximately 100 cm of the intestinal tract
(Table 3). The concentrations of pancreatic enzymes (trypsin,
chymotrypsin and amylase) and bile constituents (phospholipid and
bile salts) were determined at different levels of the small intes-
tine to correlate digestion with absorption. Taking 325 cm as the
average length of the human small intestine, the reserve length
is about 225 cm or 70% of the small intestine. From the viewpoint
of the bioavailability of drugs, other human intubation studies

which determined the extent of absorption of glucose, chenodeoxy-
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cholic acid, highly lipophilic steroids and metoprolol tartrate
solutions from samples retrieved at different lengths along the
gastrointestinal tract are seen in Table 3 to be excellent
additional examples of positive reserve length situations for
solutes which are rapidly absorbed. It is also interesting that
the compounds are representatives of a variety of mechanisms by
which they are absorbed. Sugars and proteins must initially be
digested by pancreatic and membrane-bound enzymes to glucose and
amino acids which, in turn, are actively transported. Triglycer-
ides are digested by pancreatic lipases to fatty acids, solubilized
and carried to the membrane surface by biliary bile acid micelles
and then permeate the intestinal membrane as free fatty acids.
Chenodeoxycholic acid is absorbed passively in the duodenum and
jejunum and actively in the ileum, whereas the steroids and meto-
prolol are passively absorbed.

Under the conditions of steady-state, through-and-through
perfusion of an intestinal segment, the fraction of membrane per-

meable solutes remaining is given by]0

g’g’ = exp <—E—ﬂ—r—:—ﬁ-¢-> (Eq. 3)
where
C(2) = outflow concentration at intestinal length
€c(0) = inflow concentration from an infinite reservoir
r, 2 = intestinal radius and length, cm, respectively
Q = bulk flow rate, cm3/sec
Pe = effective permeability coefficient, cm/sec
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The permeability coefficient can be readily calculated by using

= - 9 C{%
Pe ML () (Eq. 4)

and is further delineated by the following expression that takes

into account the aqueous boundary layer barrier in series with the

membrane:
P
1 aq
P = = (Eq- 5)
e Fl—'+ %; 1T+ Paq/Pm
aq m

where

Paq’Pm = permeability coefficients of the aqueous boundary

layer and membrane, cm/sec, respectively
The bulk flow rate Q is related to the linear velocity, B cm/sec,
and cross-sectional area:
Q =mrig (Eq. 6)
The mean transit time, <t> secs, which is the time at which 50%
of the drug leaves an intestinal segment, is:

2

<t> =§-=%_'Q' (Eq. 7)

Finally, the steady-state fraction absorbed is expressed by

FA. = 1 = gz (Eq. 8)

These equations can be appropriately applied to many absorption

studies carried out in intubated humans and animal models in which

the test compound is constantly infused from an infinite reservoir.

The physical model is predictive of the quantitative interplay of
the fraction of drug absorbed, intestinal length, bulk flow rate,
Tinear flow velocity, transit time, effective permeability

coefficient of the aqueous boundary layer, membrane permeability
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AMINO ACIDS
* AS N2

@ GLUCOSE

100

50

FORMULA GAA
FLOW RATE 3.6 ML/MIN

100

PERCENT REMAINING

PROTEIN

50 AS N2

=
5
8 20
T FORMULA GPL @ GLUCOSE
g_ FLOW RATE 3.2 ML/MIN LIPID
2 10 i i |

0 35 70 105

JEJUNAL LENGTH, CM

FIGURE 2

Human absorption of two nutrition formulations containing glucose,
amino acids, proteins and lipids by ste?dy-state perfusion and
sampling at various intestinal 1eng1;hs.l .

and solute Tipophilicity. Considerations of ionic equilibria and

transport mechanisms are also readily accommodated.
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In Fig. 2 the fractions of glucose, aminoacids, proteins and
lipids remaining in intubated human subjects are seen to be nearly
semilogarithmically linear with intestinal length in accordance

with Eq. 3]]. As can be seen in Fig. 3, the semilogarithmic rela-
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FIGURE 3

Semilogarithmic plot of the steady-state fraction of steroids re-
maining in various Bat intestinal lengths as a function of fluid
flow rates at pH 6'0,

tionship is also apparent for hydrocortisone and progesterone in
the rat jejunum]o.

The results of the fraction absorbed for dilute solutions of
steroids varying in Tipophilicity, e.g., n-octanol/water partition
coefficient, show sigmoidal shape profiles for various flow rates
(Fig. 4). In these rat studies it is evident that the fraction

absorbed is larger when the transit times are longer. Furthermore,
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TESTOSTERONE PROGESTERONE
DEOXYCORT ICOSTERONE ] 2
06k ANDROSTENEDIONE @b ® 0.7
-
O 0.4%
[a]
w
©
x4 CORT ICOSTERONE
8 FLOW RATE
o
‘z’: DEXAMETHASOHNE ML/MIN
g JEJUNUM 33,3 ¢cM
g HYDROCORT | SONE
o«
« 0.2}
0 / A 1 I\ 1 1 1
/ 1.0 20 3.0 4.0

LOG PARTITION COEFFICIENT (N-OCTANOL/WATER)

FIGURE 4

The influence of the 1ipophilicity of various steroids on the
steady-state fraction absorption in the rat jejunum at pH 6.0.

effective permeability coefficient versus log partition coefficient
plot in Fig. 5 provides insight to the mechanistic relationship of
the permeability coefficients of the aqueous boundary layer and

the membrane to the effective permeability coefficient (see Eq. 5).
When the absorption process is essentially membrane-controlled as
in the case of hydrocortisone (Pm << Paq)’ the effective permea-
bility is insensitive to flow rate; however, when diffusion across
the aqueous boundary layer in front of the mucosal membrane is the
rate-controlliing step as for the case of deoxycorticosterone,
testosterone and progesterone, the effective permeability is

sensitive to flow rates. The higher the flow rate, the smaller
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2.0 F
JEJunum 33,3 cn
PROGESTERONE
1.5F DEOXYCORT ICOSTERONE TESTOSTERONE @)
ANDROSTENEDIONE. ¥ |
Y 0.494
O
1.0 . j 0.247
CORT ICOSTERONE FLOW RATE
0.5k DEXAMETHASONE ML/MIN
HYDROCORT I SONE
0.2 ,_# I 4 1 Il A | A
/Li 1.0 2.0 3.0 4.0

LOG PARTITION COEFFICIENT (N-OCTANOL/WATER)

FIGURE 5

Thé influenceof.1ipophilicity of various steroids on the effective
permeability coefficient of the rat jejunal membrane.

the effective thickness of the aqueous boundary layer becomes.
Thus, the fraction of steroids absorbed in the plateau regions in
Fig. 4 is aqueous boundary layer-controlled.

Barreiro et a]é followed the intestinal motility pattern,
peak transit time and steady-state absorption of xylose, a
passively absorbed pentose sugar, concurrently in the human
jejunum. Within the scatter of the data as shown in Fig. 6, rapid
motility is accompanied by decreasing transit time and increasing
fractions of xylose absorbed are related to longer transit times.
With the use of Eqs. 4 and 7 and radius r = 1 cm to calculate the
effective permeability coefficient, it is found in Fig. 7 that Pe

is influenced by the transit time through the effect of the flow
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10 4 I/ O % <t> = £ _  length
’I B fow velocity
L] L) L} L] L |
4 8 12 16 20 24

PEAK TRANSIT TIME ACROSS 25 cm JEJUNUM, min

FIGURE 6

The effect of motility of the jejunum on the peak transit time of
a solute marker and steady-state absorption of xylosed., The data
shows inter- and intra-subject variations in 12 human volunteers
each identified by a number. Each subject was fasted overnight
and intubated for the steady-state perfusion and motility studies.
The curve in the xylose plot is the theoretical curve obtained by
computer fitting of the physical model described in the text.

velocity on the aqueous boundary layer thickness. The data in
Fig. 7 are in reasonable agreement with the computer fitted curve
obtained by nonlinear regression analysis of the following expres-
sion comparable to Eq. 5:

p = — 1 (Eq. 9)

k™" 1
b TR

where
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§:$ Change in the effective permeability coefficient of xylose in the
:gg human jejunum with flow velocity.

c8 Fig. 6 and the curve was obtained by nonlinear computer fit of
Sa Eq. 9.

52

= Qo

:%£ P, = membrane permeability coefficient which is 2.84x10

(=]

< cm/sec for xylose

(=]

a

g Paq = permeability coefficient of the aqueous boundary layer
§ = p/k 87", cm/sec

g D = aqueous diffusion coefficient, which is 1.13x10'5

é cmz/sec for xylose at 37°C

o]

(]

£ k = a parameter descriptive of the geometry of the intestinal
£

§- lTumen and kinematic viscosity, which is 5x102 when the
g flow velocity B is expressed in cm/min

D

& n = a constant which is 0.5

In turn, the Pe was used to generate the theoretical curve in the

fraction absorbed versus <t> plot in Fig. 6 using

2 P <t>
F.A, = - exp ( >

(Eq. 10)
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FIGURE 8

Relationship of the effective aqueous boundary layer thickness
with flow velocity in the jejunum of anesthestized rats and human
in vivo,

Figure 8 shows a comparison of the relationship of the
boundary layer thickness and fluid flow velocity between the human
and rat. When the effective thickness, §, is expressed in microns
and B in cm/min,

Human: & = 500 8'0'5

Rat: & = 1000 g~0+%
The values of & and B should be viewed as useful quantities within
the hydrodynamic conditions they were measured. The relationships
were determined in intubated, motile jejunum in mans and perfused,

distended, isolated jejunum segments in anesthesized ratsl0,
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Physical Model Description of the Reserve Length for Pharmaceutical
Systems

In this section we describe the key physicochemical, physio-

logical and dosage form factors and their mathematical relation-
ships within the comprehensive framework of the anatomical reserve
length. As we proceed, two major assumptions are made. The
portion of the gastrointestinal tract, in which we strive to attain
90 to 95% drug absorption, is confined to the small intestines.
This does not necessarily exclude the stomach and large intestine
as potentially important compartments. Next, in this initial
writing, we assume the small intestine to be homogeneous for
simplification, although we are cognizant of various physiological
elements that distinguishes the duodenum, jejunum and ileum from
each other. However, accounting for heterogeniety is not an in-
surmountable problem for it could be overcome by integrating over
the small intestine taken as piece-wise homogeneous segments.

A. Solutions. The reserve length at which 95% of the drug

in solution is absorbed is given by12’]3‘]4:
(R L)so1n =L - 25
(Eq. 11)
= [ - 3BY‘ - _33
2 Pe 8
where
Rgoln = intestinal length at which 95% of the drug in solu-
tion is absorbed, cm
B = linear flow velocity, cm/sec
r = intestinal radius, cm
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Pe effective permeability coefficient, cm/sec

o = axial dispersion coefficient, cm2/sec

Axial dispersion coefficients in the human intestine range from

0.1-0.5 cmz/sec for linear velocities of 0.7-5 cm/min. In practice,

30/ is sufficiently small and could be ignored. Further descrip-
tions of Pe are found in Table 4 for a variety of drug molecules

and transport mechanisms,

B. Suspensions. The reserve length for essentially mono-

dispersed suspensions undergoing concurrent fluid and particle

flow, dissolution and absorption is expressed by15:

(RL)susp =L- (zgoln ¥ 2Bartic]e)
(Eq.12)
2
pB.a B, M
-L-| B - 5Tt
e Tr PeS

where

density of the drug, gm/cm3

©
il

a_ = initial particle radius, cm
= aqueous diffusion coefficient, cm2/sec
S = effective drug solubility, gm/cm3

B, B, = Tinear velocity of the fluid and particles,
respectively, cm/sec

M = dose, gm
and the other parameters have been previously defined. The 2;01"

is the same as Eq. 11 and 2* the length at which the par-

particle’
ticles are completely dissolved, is comprised of a dissolution
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rate-controlled term and a membrane-controlled, dose-dependent
term. If the suspension slurry is very dilute and the effective
permeability is large, one gets the reserve length for the disso-

lution rate-controlled case:

R a
. 3r . PPpo
(RL)susp =L-1 s Pe *7Ds (Eq.13)

It is readily seen in Eqs. 12 and 13 that

Lim (RL) = (RL) (Eq. 14)

susp soln

a/s + 0
S +w
which, for example, is brought about by using submicron particles
and highly soluble forms of the drug.
The velocities of the fluid and the particles may be very
different. The particles can lag behind the faster moving liquid
in a settling suspension to bring about longer mean transit times

]6. More discussion will follow

for particles in the flowing liquid
later. In the above equations, we have assumed that there is
always fresh 1iquid in the intestinal tract to replace that

flowing faster than the particles.

C. Bioavailability and Bioequivalence. The reserve length

is an assessment of bioavailability, which may be defined as the
rate and extent of absorption. A positive reserve length results
in complete absorption of the dose while the effective permea-
bility coefficient of the solute permeant and also the dissolution
rate, in the case of suspensions, influence the absorption rate.

Bioequivalence is then the comparison of the bioavailability of
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drug products containing the same amounts of therapeutically

active ingredients and administered in the same dosage regimen.

Accordingly,
Bi 1 z—-)———(RL)X 1.0 (Eq. 15)
joequivalence = = 1. Eq. -
RL std
Bioi 1 I—T-—-(RL)X 2 1.0 (Eq. 16)
ioinequivalence = < 1. Eq.
RL std

where the reserve length may be appropriately expanded
mathematically.

In striving to put bioavailability and improvement of drug
formulations on a quantitative, predictive and mechanistic plane
of understanding within the intestinal tract, the reserve length
approach differs from the conventional approach taken to evaluate
and optimize drug formulations which is based on (a) blood (or
plasma) concentration of the drug versus time measurements in man
or animals, (b) subsequent pharmacokinetic analysis to obtain
pseudo-first-order absorption rate constants, and (c) seeking
in vitro disintegration/dissolution rate correlations with in vivo
absorption inferring that dissolution of solid dosage forms is
the rate-determining step. Here, the pseudo-absorption rate con-
stant is an ill1-defined descriptor of a host of concurrent events,
i.e., disintegration and dissolution, stomach emptying, fluid and
particle flow, membrane transport, physicochemical interactions
in the intestinal lumen, etc. Overall, the conventional approach
leads to empirical strategies toward improving the bioavailability

of drug formulations. The reserve length approach does not pre-
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clude the use of appropriate in vitro dissolution and blood level

measurements; however, it serves as a rational means in bridging
the gap. It should be obvious that, unlike the assessment of

bioavailability through blood level-time studies, considerations

of stomach emptying rates, tissue distribution and elimination
kinetics do not enter into the definition of bioavailability
according to the reserve length concept since only those factors
related to the intestinal length at which the drug is 90-95%
absorbed are of concern.

THEORETICAL APPLICATION OF THE RESERVE LENGTH

IN OPTIMIZING THE BIOPHARMACEUTICAL
DESIGN OF ORAL FORMULATIONS

In this section we show simple applications of the reserve
length concept to the biopharmaceutical design of oral formula-
tions. MWe strive to use realistic examples and situations as
much as possible. To set quantitative boundaries to many of the
important physicochemical and physiologically based parameters
in our calculations, we also review the pertinent literature for
what is known about the permeability coefficients of drugs in
the human intestine and flow rates and transit times of solute
and particle markers. The effects of food and drugs on gastro-
intestinal motility are discussed within the context of the
reserve length.

Solutions
One of the essential parameters of the reserve length is

the effective permeability coefficient of the drug solute for
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the aqueous boundary layer and membrane. This is readily calcu-
lated from experiments involving the steady-state perfusion of
drug solutions within defined intestinal segments in intubated
humans or large animals (dog and monkey). Table 5 lists permea-
bility coefficients of a variety of solutes in the human intes-

4 cm/sec. These estimates should

tines ranging from 0.1-9 x 10
be considered from the viewpoint that the external pump flow rates
were employed in the calculations by Eq. 4. As Barriero et a1.5

and Dillard et a1.17

have shown, the pump flow rates can be quite
different from the average flow rates due to the peristaltic
activity in the small intestines. In our judgment, the maximum
Po should be no more than 5 x 1074 cm/sec under maximum in vivo
flow conditions and this upper 1imit would correspond to the per-
meability coefficient of the aqueous boundary layer for highly
membrane permeable molecules (for example, progesterone, glucose
and amino acids).

To illustrate the interrelationship of the flow velocity

and effective permeability coefficient on the reserve length,

Tet us rearrange Eq. 11 as follows:

2 P, (L - (RL)
B* = e ( — so]n) (Eq. 17)

Here, B* is the critical flow velocity just above which the re-

serve length (RL) for a drug solute, having a permeability

soln

coefficient Pe’ is smaller than stated. The term, L'(RL)SOIn’
is the length at which absorption is effectively completed. With
the small intestinal length L = 325 cm and average radius r = Tcm,

the graph of B* versus P for (RL)soln = 0, 100, 200 and 300 cm
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FIGURE 9

Interrelationship of fluid flow velocity and effective permeability
coefficient on the reserve length of drugs in solution. The rec-
tangular box defines the range of velocities and permeability co-
efficients found in man.
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is displayed in Fig. 9. The shaded portion is the area of in-
terest bounded by B* ranging from 0.5 to 5 cm/min and Pe from
1x10™° to 5 x 107 cm/sec. These ranges of values are relevant

to human situations. Complete absorption is predicted in that
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part of the shaded area below the RL = 0 line, i.e., the zero

reserve length line. Therefore, the shaded area above the zero
reserve length 1ine means incomplete absorption within the small
intestine --.a negative reserve length situation. Consequently,

drugs having low permeability coefficients of 1 - 4 x 10'5

cm/sec
(for example, small hydrophilic molecules traversing the membrane
via the aqueous pore pathway or drugs reversibly bound to polymers
and micelles) may be completely absorbed only at low flow veloci-
ties; otherwise, at reasonably higher velocities absorption is
complete somewhere beyond the ileoceacal junction. In contrast,

drugs having higher P, > 1 x 107

cm/sec remain within the pre-
dicted 1imits of complete absorption and, even at high flow veloci-
ties, there will still be excess gut length left for absorption.

In Fig. 9, predictions are made for hydrocortisone and
progesterone in dilute solutions and supported by human absorption

studies (Schedl,1965)8.

Their physicochemical and intestinal
transport properties are found in Table 6. Hydrocortisone is less
permeable than progesterone which is an aqueous boundary layer-
controlled permeant.

Finally, inter- and intrasubject variations on (RL)soln
should be discussed. Drug molecules flow exactly as the charac-

teristics of the current of fluid flowing down the tract. From
this perspective, the marked variations in flow velocities (1 to

7 cm/min) within and between human volunteers5 (see Figs. 6 and 7)
will have a substantial influence on the variability of (RL)soln'
The influence is largely through the transit time and less through

the aqueous boundary layer effects on Pe’
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Suspensions

High slurry density suspensions. Let us consider the reserve

Tength for suspensions which is expressed by Eq. 12 and repeated

below.

2
M
- 38r poao Bp
(RL)susp L-| 55 *755 *+t— (Eq.12)
e Tr PeS
Upon setting (RL)Susp = 0, we get
032

M 3Br
B* Y + =L-. (Eq.]S)
p(zns wzpes) 2P,

where B; is the critical flow velocity of the particles. At
particle velocities greater than B;, the reserve length is negative.
Because hydrocortisone is about 3-fold less membrane permeable
and 20-fold more soluble than progesterone (see Table 6), these
steroids of contrasting properties provide good examples for the
reserve length discussions of suspensions. Log B* versus log M
plots were constructed for specified fluid flow velocities of 0.5
and 1.0 ¢cm/min and particle sizes. In Fig. 10 the profiles for
particle radii below 10 microns are essentially linear. Here,
the particle size effect via the term, p a§/2 DS, is negligible

so that the logarithmic form of Eq. 18 becomes
* 2 3B8r
log B, = log [nr P, S <L- 7 )]-Mgm (Eq. 19)

Thus, at relatively high doses the dissolution of particles flow-
ing down the tract is controlled by the membrane permeability,and
particle velocities much smaller than the fluid velocities are

required to attain positive reserve lengths. On the other hand,
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FIGURE 10

[Tlustration of the required flow velocities of progesterone and
hydrocortisone particles at given fluid flow velocities in order
to attain complete absorption within the small intestine for
relatively concentrated suspensions varying in dose. The critical
particle velocity is the velocity beyond which the reserve length
is negative,

the profiles for particle radii greater than 50 microns and,
particularly at Tow doses, deviate from linearity toward smaller
s;; the deviation reflects the increasing contribution of particle
size on dissolution and concurrent absorption.

The interesting feature of the theoretical calculations is
the influence of the dose on the reserve length. In blood level

pharmacokinetics of orally administered suspensions, apparent
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dose effects are usually attributed to nonlinear saturation absorp-
tion kinetics at the membrane level. The theory indicates that
the effects of dose may be largely related to membrane-controlled
dissolution of the particles and changes toward smaller reserve
lengths. Furthermore, the maximum particle velocity B; to
achieve complete absorption in the small intestine dramatically
decreases with increasing dose.

Between hydrocortisone and progesterone, their differences
in the 3; at any corresponding dose 1ie in the interplay of Pe’
S and g and could be readily understood with the aid of Eq. 19.

For example, at the 1 mg dose of less than 10 micron radius

particles and 8 = 1 cm/min case, B; is about 0.1 cm/min for pro
gesterone and 0.05 cm/min for hydrocortisone. Here, the high
Pe of the progesterone solute sufficiently compensates for the
Tow solubility as compared to that for hydrocortisone. Inter-
estingly, the B; for progesterone is about 0.1 cm/min for fluid
velocities p of 0.5 and 1.0 cm/min, while B; for hydrocortisone
is about 0.7 cm/min for B = 0.5 cm/min,and 0.05 cm/min for
B8 =1 cm/min. Hence, the required particle flow velocity for com-
plete absorption for the highly membrane permeable progesterone
is somewhat insensitive to reasonable ranges of fluid flow veloci-
ties. In contrast, the less membrane permeable hydrocortisone re-
quires particle velocities of about 10-to 20-fold smaller when the
fluid velocities are only doubled.

As a result of our theoretical analyses, the phenomena of

simul taneous particle flow in the fluid stream and plating out
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of particles along the surface of the small intestinal tract have
appealing features in solving a variety of problems associated
with the bioavailability of oral suspensions of high doses and

Tow water soluble drugs. We estimate that if the holdup of
particles at the surface occurs to the extent that the effective
particle velocity is 1% of the normal range of fluid velocities,
we will have taken a significant step in overcoming the disad-
vantages of wide variations in fluid flow and, consequently,
achieving predictable and uniform bioavailability in humans. How
this could be achieved is a gap area for research.

Very dilute slurry density suspensions. We now turn to the

very dilute suspension case in which there is no slurry concen-
tration effects on the dissolution rate and absorption. The
reserve length expression appropriate for this case is Eq. 13
which was previously described.

Using the examples of progesterone and hydrocortisone, Fig.
11 shows the reserve length versus particle radius for which the

particle velocity, 8_, is taken to be equal to the fluid velocity,

p
8. In general, the reserve length gets progressively smaller
with increasing particle size at a much faster pace for proges-
terone as compared to hydrocortisone. This is attributed
principally to the lower solubility and, hence, the lower disso-
lution rate of progesterone particles despite the fact that pro-
gesterone molecules are much more membrane permeable than that

for hydrocortisone. The plateau regions indicate that the rate-

determining step is the transport of the solute across the
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ITlustration of the influence of particle radius and flow velocity
on the reserve length of very dilute suspensions of progesterone
and hydrocortisone. The particle and fluid velocities are taken
to be equal.
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aqueous boundary layer and membrane, while the decreasing regions
reflect the increasing role of the dissolution step with increasing
particle size. Since hydrocortisone is more soluble than proges-
terone, the plateau region extends over a larger particle size
range. While an appreciable gain in progesterone solubility could
be conceivably achieved through micelle solubitization, for in-
stance, by the introduction of conjugated bile acids and lecithin
from biliary secretions, there will be a decrease in the effective

2]’26. Similarly, the gain in solubility

permeability coefficient
and decrease in permeability for hydrocortisone shouid be less
significant. One cannot comment enough on the marked influence
of the fluid and particle velocities on the mean transit (or
residence) times of the particle and the solute on the reserve
Tength.

In summary, the question of "how small should micronized
particles be such that dissolution is not the rate-determining
step" depends upon the interrelationships of solubility, membrane
permeability, flow velocity and particle size and, interestingly,

could be quantitatively estimated.

Evaluation of a Case History. The availability of studies

illustrating the reserve length of suspensions is scarce. This
is because human intubation studies are not usually performed to
systematically investigate the phenomenological events in the
absorption of suspensions. In our estimation there is, however,
a study that comes close as an example for examination in the

light of the anatomical reserve length.
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In the course of determining the oral biocavailability of
chenodeoxycholic acid in man, vanBerge-Henegouwen and Hofmann6 in-
fused bolus doses of 25, 200 and 400 mg doses of micellar solu-
tions of the bile acid as the sodium salt into the distal duodenum
of fasted subjects from an indwelling nasojejunal tube. Measure-
ments on intestinal aspirates showed rapid and complete passive
absorption of the molecules within 50 cm indicating a large
anatomical reserve length of 275 cm for an estimated 325 cm small
intestine. The absorption was corroborated with areas under the
blood level curve (AUC) over a 4-hour period. Thereafter, the
absorption of ingested gelatin capsules containing 200 mg
chenodeoxycholic acid as the weak acid and sodium salt was assessed
by 4 hour AUC determinations. Both preparations were completely
absorbed in which the more rapid absorption of the sodium salt
was anticipated because it was previously found to dissolve much
more rapidly than the protonated acid27. Commercial capsules con-
taining small particles of 400 mg protonated bile acid were also
found to be completely bioavailable. In terms of the reserve
length concept, it appears that oral capsules of the weak acid
form are well absorbed within the small intestine and the sodium
salt preparation has a longer reserve length. The lone exception

7 (100 by

of a commercial preparation contained large crysta152
30 microns cubic or tetragonal crystals) which resulted in poor
absorption and, possibly, negative reserve length., After the

large particles were milled, complete absorption resulted. The

bicavailability of chenodeoxycholic acid was not affected when

taken with meals.
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Small Intestinal Flow and Transit

In the preceding discussions the flow and transit time of
solutes and particles are able to have dramatic effects on the
reserve length of solutions and suspensions. Table 7 is a litera-
ture survey of transit time observed in humans and dogs.

One should be aware that the method by which the measurements
are made will bring about different interpretation of the transit
time. In the multi-lumen intubation method, the segment of small
intestine is constantly perfused with the aid of a pump (generally
2 to 10 ml/min) and then, after the introduction of a bolus dose

of a nonabsorbable dye or 14

C-PEG 4000, the solute marker flowing
past a fixed distance of the tube is collected with time, Because
of the rigthward skew of the nonsteady-state C(%,t) versus time t
curve, the peak transit time (PTT) is shorter than the mean transit
time (MTT) and the difference does not seem to be very large. The
presence of a flexible tube and the slow, steady pump flow of
liquid are not considered to be serious artifacts to normal gas-
trointestinal activity. In other methods, the transit times are
indicative of the first appearance of the marker at a distal loca-
tion of the intestinal tract. For example, the pulmonary H2 ap-
pearance time reflects the time of arrival of lactulose in the
large intestine. Lactulose is a nondigestable sugar in the small
intestine and is readily metabolized by microorganisms in the
large intestine followed by absorption and pulmonary excretion of

the anaerobically produced hydrogen. Roentgenography and gamma

scintigraphy of the gastrointestinal passage of radiopaque sub-
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stances, pellets, tablets, and colloids have the distinct advantage
in being non-invasive and are generally used as qualitative tools
to determine appearance transit times. Lately, quantitative gamma
scintigraphy is made possible with the use of a sophisticated
computer to focus at small areas of interest (observation window
slits) simultaneously at many different, fixed locations of the
gastrointestinal tract whereby the change in concentration of
9ngc-labeled markers with time at the various locations is
followed (Fig. 12). Not only can the initial appearance and mean
transit times of gamma-labeled solutes and particles be determined
from segment to segment, but also the effective axial dispersion
coefficients could be estimated to gain insights to the hydro-

]3’45. The flow velocities are not

dynamics in the intéstine
necessarily the same throughout the small intestine. Gamma scin-
tigraphy has been used by a number of investigators to study
gastric emptying and intestinal transit times46’47.

As can be seen in Table 7, there seems to be remarkable varia-
tions in the flow of marker solutions in the human jejunum
between and within normal subjects, ranging from 0.5 to 5 cm/min.
Soerge]'s24 studies indicate that the average velocity in the
ileum is slower than in the jejunum. Although the flow of suspen-
sions appear to be slower as compared to solutions, no real con-
clusions can be made. Although dogs are suitable animal models
for general pharmacokinetic and bicavailability studies, intestinal
flow studies are sparse. The flow is generally faster as compared

to humans. However, this should not impair their use for dosage

form evaluation when this factor is considered.
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STOMACH, midportion

t0.5 = 20 min

JEJUNUM, proximal ~ 25 cm
<t> = 46 min
g = 0.54 cm/min

JEJUNUM, distal ~ 100 cm
<t> = 64 min
g = 1.6 cm/min

FIGURE 12

Stomach emptying and intestinal flow profiles with time of 9ngc-
diethyltriamine penta-acetic acid chelate marker in a human subject
by quantitative gamma scintigraphy (courtesy of Dr. R. Caride of
Yale University School of Medicine). Bolus dose of the marker
solution was introduced directly into the stomach. The plots show
scintigraphic output of count rate versus time over a period of

127 minutes.

In recognizing the wide intra- and inter-subject variations
in the intestinal flow of water, we come to the conclusion that
one should strive to "neutralize" this natural physiological
phenomenon by utilizing biopharmaceutical approaches. This could
be achieved by (a) the development of prodrugs and analogs with
sufficiently high membrane permeabilities so that the absorption
rate is aqueous boundary layer-controlled, (b) increased dissolu-
tion rates of particles through increased solubility and/or

particle size reduction, and (c) delay of particle transit times.
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In striving to prolong the transit of particles, Bechgaard and

Lodefoged4]

studied the simultaneous flow of varying sizes of low
and high density coated pellets in ileostomy patients utilizing an
interesting experimental approach. After the subjects swallowed

a gelatin capsule of the color-coded pellet preparation with water
and normal activity, food and water were allowed and samples were
collected from the ileostomy bags with time. The mean transit times
from mouth to ileum for light density (p = 1.0) and high density

(P =1.6) particles were 7 hours (range 4.5 to 10.3 hrs) and 25 hours
(range 23-26.5 hrs), respectively; the effect of particle size (0.3
to 1.7 mm diameter) was not significant (Table 8). However,

9

Bogentoft et a]3 and Stricker and Ku]ke38, who could not corrobo-

rate the same qualitative findings in normal subjects, questioned
the general applicability of the conclusions derived from ileostomy

subjects4]’48.

TABLE 8
Influence of Pellets on Transit Time (Mouth to Ileum) Exerted by
Density and Size in Human ITeostomy Subjects41.48

Density Mean Transit Time, hr

3 Diameter

Pellets gm/cm m Average Range
Hard paraffin* 1.0 0.3 - 0.7 6.9 5 -

1.2 -1.7 7.3 5- 8
Barium sul fate* 1.6 0.3 - 0.7 24.6 23 - 27

1.2 - 1.7 25.4 23 - 28
*Methacrylate-coated
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To put the understanding of the flow of suspension in the
intestinal tract on a physicochemical basis, Najib and Amidon49
studied the transit times of suspensions in a horizontal plastic
tube. They related particle and fluid densities, particle size,
fluid viscosity and fluid velocity to the transit times of a
suspension and its liquid vehicle by a dimensional anaysis
approach.

In connection with attempts to increase the transit time of
particles, the strategy of promoting polymer binding to the surface

of epithelial cellis has been suggestedso.

Effects of Food, Fasting and Drug Activity

Food has long been recognized to influence the absorption and
bioavailability of drugs. The reasons are many: (a) interference
with tablet disintegration and dissolution, (b) delayed gastric
emptying allowing for more time for complete dissolution of drug
solids (nonelectrolytes and weak bases) but decreasing the appar-
ent absorption rate, (c) increased intestinal motility and flow,
(d) stimulated bile flow causing bile acid micelle solubilization
of drugs, (e) binding of drugs to food substances, (f) stimulated
pancreatic flow of enzymes, (g) drug uptake by emulsified o0il
droplets, and (h) hindered bulk diffusion of drugs. Giba]disl,
Melander52 and Beermann53 have presented comprehensive reviews
on this subject.

Table 9 gives a review of studies on food effects on the
absorption and possible reasons given by the investigators for

the observed bioavailability of drugs. It is seen that the
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improved bicavailability of a large number of drugs has been
ascribed principally to delayed gastric emptying giving rise to
more complete dissolution of the drug solid, and micelle solubili-
2ation by bile acids. Most of the examples are drugs of low
water solubility. In some cases, slow gastric emptying is seen
to decrease the absorption rate as observed by blood level measure-
ments; and, in other cases, no significant changes in biocavailabil-
ity occurred. Thus, systematic studies are needed to understand
the effects of food on drug absorption with the aid of test meals.
In the fasting state drug absorption should be viewed from
the perspective of the interdigestive migrating motor complex (see
Hofmann and Code in this symposium book). The complex is a cyclic
band of motor activity which begins in the stomach and propagates
in the small intestine. When one such complex reaches the ileum,
another one begins in the stomach. The phenomenon occurs in dogs,

other anima1561'63, and human564'67.

In dogs the cycle re-

curs every 1 to 2 hours and the calculated length of the band is
about 30 cm in the proximal small intestine and about 10 cm in

the distal portions. In the stomach and at each level of the

small intestines, there are four phases in a cycle: phase I, Tow
level motor activity; phase II, random increases in motor activity;
phase III, continuous occurrence of intense motor activity; phase
IV, rapid decrease in the intensity of motor activity. The motor
complex is abolished by the ingestion of food.

The interdigestive motor complex is most likely responsible

for the wide inter- and intrasubject variation in the peak transit
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time, xylose absorption and motility of the proximal jejunal
segment shown in Figs. 6 and 7. If it were not for the concurrent
measurements of the peak transit time and motor activity, the wide
variations in xylose absorption would not have made sense. Varia-
bility in absorption was related to variability in flow. This
points out the importance of the simultaneous use of nonabsorbable
and nonadsorbable dye solutes as flow markers, transport markers

(such as glucose and amino acids in dilute solution) for the

determination of the permeability of the aqueous boundary layer,
and lastly a marker (such as PEG-4000) to correct for water
fluxes, in addition to determining drug absorption in animals and
humans by gastrointestinal intubation methods. The use of pres-
sure tranducers to establish the phase(s) of motor activity
within which the intubation studies are performed would also be
desirable.

The interdigestive motor complex has been clearly shown to
be responsible for the clinically recognized intraindividual
variation in the results of repeated oral glucose tolerance tests,
Thompson et a168 showed that the variation in blood Tevel glucose
in intubated subjects could be produced by ingestion of the glucose
solution during different phases of the normal fasting motor
activity cycle of the stomach. The result is different stomach
emptying rates of glucose to the absorptive surface of the small
intestine. Such variation was not seen when glucose was adminis-
tered intraduodenally during the same phases in activity; however,
in our opinion, this may not be surprising in view of the fact

that glucose is a rapidly absorbable, aqueous boundary layer-
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controlled permeant. On the other hand, we would expect signifi-
cant variations with membrane-controlied permeants, xylose and
hydrocortisone for example.

As shown in Table 10, drugs can influence their own gastro-
intestinal absorption as well as other drugs through their pharma-
cological effects on gastrointestinal motility and, thereby, the
residence time (or transit time) in the stomach and small intestine.
Compounds having anticholinergic activity, such as atropine and
propantheline, slows down gastric emptying and intestinal flow, while
those possessing cholinergic activity (metoclopramide) have the
opposite effects., Ordinarily, they are not employed as additives
to affect drug absorption except for experimental purposes.

It is seen in Table 11 that drugs and other substances can
affect blood flow. It is postulated that reduced blood flow
reduces the absorption rate by (a) decreasing the effective con-
centration gradient across the epithelial cells for passively
absorbed solutes by not rapidly carrying the solute away, (b)
Towering oxygen supply to the absorption cells needed to maintain
the active transport mechanism, and (c) affecting metabolic
changes attending the integrity of the membrane. Since mesenteric
blood flow influences the sink conditions on the blood side of the
intestinal membrane, it plays a role in the reserve length concept
via the effective permeability coefficients. Reduced blood flow
will be significant when the membrane itself is not the rate-
determining barrier in the absorption process]3. Blood flow

effects on drug absorption has been reviewed by Walus and Jacobson75

and Boxenbaum78.
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TABLE 11
Effects of Selected Drugs on Blood Flow in the Gut75
Blood Flow Drugs
Increase Acetylcholine

Gastrin and cholecystokinin
Prostaglindin 02

Nifedipine

Diltiazem

Decrease Physostigmine
Prostaglandin qu

Angiotensin II
Vasopressin

Reserve Length Considerations of Controlled Release Systems

Having developed the reserve length for drugs in solution and
suspension and the background information on intestinal flow of
fluids and particles, we turn to controlled-release systems. There
are many types and variations of controlled delivery systems
but, from the general perspective of the reserve length concept,
we will adopt the classification of single-unit and multiple-unit

79 and explained in Tablel2 .

systems, used by Bechgaard and Nielsen
Since these systems are intended to give sustained blood levels
over a minimum 8-12 hour period, the transit time in the small
intestine must be sufficiently long. It has been pointed out

that the gastrointestinal transit time (includes gastric emptying
and the small intestine) of single-unit tablets are prone to large

variations, whereas stomach emptying of small pellets is zero-

order or first-order and the pellets are scattered in the intes-
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TABLE 12

HO, MERKLE, AND HIGUCHI

Classification of Oral Controlled Release Systems

System

Definition

Example

Single-unit
dosage form

Multiple-unit
dosage form

Oral pharmaceutical

formulation consis-

ting of one undisin-
tegrating unit

Oral pharmaceutical
formulation consis-
ting of a unit which
disintegrates in the
stomach into a large
number of sub-units.

Enteric-coated tablets
passing undisintegrated
through the stomach

Timed-release coated
tablets, matrix tablets,
sandwich and core-type
tablets and osmotic pump
tablets, passing through
the entire alimentary
canal,

Capsules containing
hundreds of pellets or
thousands of crystals
individually coated
(enteric or timed-re-
lease) being dispersed
upon disintegration.

Tablets containing
thousands of individually
coated crystals being
dispersed upon disinte-
gration,

sulting in longer and less variable transit times

tine and flow differently from a nondisintegrating tablet re-

48,79,80

The quasi-steady state rate of drug released from a matrix-

controlled system is given by the well-known expression:

1/2
@ _ s (ne A cs> /

dt 2 t (Eq. 20)

whereupon the amount released is related to the square root of

time:
1/2

0=s(p Acgt) (Eq. 21)
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where

Q = amount released at time t

S = surface area of the matrix system, cm2

De = effective diffusion coefficient, cm2/sec

A = amount of drug per unit volume of the matrix, mass/cm3
C. = solubility of the drug in the matrix

Here, the transport barriers of the aqueous boundary layer and
intestinal membrane are insignificant, otherwise they must be
taken into accountzz’g], As the nondisintegrating pellet flows

down the intestinal tract, time t is related approximately to

distance x and the flow velocity of the pellet, Bp, by

t = x/Bp (Eq. 22)
Thus, Eq. 21 becomes
0, A C x\'/?
p

We now define the distance down the intestinal tract at which 95%

of the drug has been released, i.e.,

Q=0.950Q,at x = 2n’;atrix pellet

where
Q. = amount of drug released at infinite time
=A - Vm
Vm = total volume of the pellet

It follows that
0.95 V_ 2 A 8,
* =
Aatrix S D, C, (Eq. 24)

Finally, the reserve length is
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= L—2*

matrix matrix
(0.95 v >2 A8y ( )
=L - Eq. 25
S De CS

For zero-order, controlled-release delivery systems, the amount

released with time is

Q=Skjt (Eq. 26)

where k0 is the zero-order rate per cmz.
In terms of any distance X,

S k0 X
Q = 5 (Eq. 27)
p

The first approximation of the length at which 95% of the dose is

released and absorbed is

0.95 A Vm B

lzero-order B k S (Eq. 28)
pellet °

and the reserve length is
0.95 A Vm B

(RL)zero-order =L- kS (Eq. 29)

o

2 . .
The zero-order rate constant, mass/cm”-sec, for various kinds of

systems are:

Nonporous lipid-like KD C

polymer membrane en- k = ——-%}—5i (Eq. 30)
capsulated aqueous °

suspension reservoi

Porous nonlipid poly- e D Cs

mer membrane encap- k0 = — (Eq. 31)

sulated solid drug
particles reservoir82
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Osmotic pump system83 _k
ky = F(no - ne) ¢y (Eq. 32)

where
D, Dm = diffusiqn coefficient in water and polymer membrane,
respectively
h = membrane thickness
e = volume fraction of aqueous por:s
K = 1ipid membrane/water partition coefficient
C. = aqueous solubility of the drug
Cd = drug concentration in the reservoir
k = membrane permeability to water

m_,m_ = osmotic pressure of driving salt agents and drug
compartment environment

At this time we would like to discuss the significance of the
reserve length for matrix- and zero-order controlled release
systems as expressed in Eqs. 25 and 29.

(a) Clearly, the concept provides the initial framework
for the quantitative and mechanistic interplay of the
small intestinal length, flow velocity of the pellet,
drug content, and physicochemical parameters governing
the release kinetics of the controlled delivery system,

(b) If g is very small or, equivalently, the transit time
for the small intestine {(i.e., <t>= L/Bp) is long,
(RL) will be positive and the controlled drug release
will be accomplished within the small intestine. In
view of the variability of fluid flow, B, it would
then be advantageous to design features in the system
to make Bp less prone to the influence of B.

(c) When (RL) is set equal to zero, we can estimate g¥, the
critical pellet flow velocity at which the entire small
intestinal length, L = 300-350 cm, is utilized for
complete biocavailability. Thus, flow velocities less
than B; will result in positive reserve lengths.
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(d) If one has a multiple-unit system in which the pellets
are designed to release its contents at different time
intervals or different locations in the intestinal
tract, then pellets for immediate release in the duo-
denum have the full advantage of the small intestinal
length, while the distally located pellets have con-
ceivably the disadvantage of less length to completely
discharge its contents for absorption.

In the case of bio-erodable pellets, the reserve length can
also be developed. Here, the amount released with time depends

upon the shape of the pe]]et84.

Spheres: Q< £3 (Eq. 33a)
Cylinders:  Q« t2 (Eq. 33b)
Slabs: Qe=t (Eq. 33c)

Lastly, there are controiled release systems which are
specially designed to remain in the stomach throughout its useful

1ifespan85’86.

The released drug solute then empties into the small
intestine for absorption. An example is the so-called hydro-
dynamically balanced system which has a density less than that

for stomach contents (see Goldberg in this book) and are intended
for drugs having poor solubility or an intestinal "absorption
window". From a physical model standpoint, the phenomena involve
the simultaneous flow, longitudinal dispersion and absorption of

13,45' It

a drug in solution with drug input from a reservoir
follows that reserve length considerations are the same as that
for solutions (see Eq. 11). Although the system encounters the
variabilities in stomach emptying and intestinal flow of the drug

solute because of the interdigestive motor complex in the fasted
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state and the possibility of expulsion of the sustained delivery
device, the system permits the drug solute to take advantage of

the entire small intestinal length for absorption.

STRATEGIES AND OPTIONS

A summary of strategies and options relevant to the reserve
length concept is given in Table 13 and is categorized by physico-
chemical/biophysical parameters and factors influencing the para-
meters. In practice one generally focuses upon strategies
independent of others and is guided by qualitative principles.

We believe that strategies and options should be considered from
a wholistic point of view--a systems approach. For example, when
one attempts to adjust the lipophilicity of the parent drug via
molecular modification for improved intestinal absorption, one
will also change the solubility, dissolution rate properties, and
the requirements for particle size and transit time. In other
words, the manipulation of one factor will invariably have physi-
cochemical, but predictable, effects on other factors.

More often, the principal dilemma the scientist faces is
knowing what the problems and their extent are, Next, the choice
of one or more strategies over others requires knowledge of the
framework by which strategies and options are interrelated. Then,
when the choice(s) is made, the question is how much effort should
be expended toward improving and optimizing the biopharmaceutical
properties of the drug and its formulation. For example, how
much more (or less).lipophilicity should be designed into the

drug? How much more solubility is minimally required? How much
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particle size reduction do we need to achieve? What kind of
release rates (dissolution and/or sustained release) do we need
when the transit times are short or long? Many more questions can
be asked. In answering the questions, we need to be guided by
quantitative principles and to know what strategic physicochemical/
biophysical factors can be controlled and what cannot be controlled
and, consequently, circumvented. Attempts to provide some of the
answers and methods of approaches are found in this chapter and

e]sewhere13’87’88.

SUMMARY

The anatomical reserve length for the intestinal absorption
of drugs is presented as the framework by which many physico-
chemical, physiological and dosage form factors are put into
quantitative interrelationships. The concept is a basic science
approach to the optimization of oral drug formulations and provides
a perspective in the selection of strategies and options within
established boundaries. The framework, thus far described here,
provides the base upon which refinements and other considerations
can be added.

What is not covered here are considerations of absorption
windows, which we have defined as that part of the small intestine
where absorption occurs for special mechanistic reasons. The
windows include the pH-absorption window, distribution of aqueous
pore pathways along the intestinal tract, specialized membrane
transport mechanisms, membrane distribution of enzyme systems and

differences in transit times in the intestinal tract. We have
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omitted this interesting topic from the reserve length treatment
since this has been discussed previous1y13. In the course of the
theoretical discussions of the reserve length, various gaps in
research were highlighted. We leave this to be further discussed

by Professor W.I. Higuchi in this symposium book.
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