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Abstract: The FDA has published recommendations for sponsors who wish to request a waiver
of in vivo bioavailability (BA) or bioequivalence (BE) studies for immediate release (IR) solid
oral dosage forms based on the Biopharmaceutics Classification System (BCS). Biowaivers
can be requested for IR formulations in which the active ingredient is shown to be a BCS class
I drug: that is, a drug showing high permeability and high solubility over a pH range of 1-7.5.
For permeability determinations, a variety of experimental methods can be used, such as the
rat in situ single pass perfusion or Caco-2 cell culture models, once the suitability of the particular
method is established. Following the recommended procedure for assessing the suitability of
permeability determinations, we determined the permeability of 20 test drugs using the in situ
single pass perfusion model in rats. The test compounds were coperfused through jejunal
intestinal segments with an internal permeability reference standard (metoprolol) over a 90 min
time period. Sample analysis was performed by HPLC, and the ratio of the effective permeability,
Peff (cm/s), of test compound to that of metoprolol was determined. To address the question of
test drug permeabilities that approach that of the internal standard, we propose that a statistical
analysis such as the “0.8-1.25 rule” used for in vivo or in vitro bioequivalence studies provide
guidance for permeability classification using the in situ single pass perfusion model. We
developed a method using the 90% confidence interval of the permeability ratio of the test to
internal reference standard in order to differentiate between high and low permeability
compounds. This analysis allowed for the proper permeability classification of all of the test
compounds and suggests a robust means for assessing drug permeability classification.
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Introduction
In August 2000, the FDA published a guidance for industry

titled “Waiver of In Vivo Bioavailability and Bioequivalence
Studies for Immediate Release Dosage Forms Containing
Certain Active Moieties/Active Ingredients based on a
Biopharmaceutics Classification System”.1 Through the use
of data obtained from solubility and permeability experi-
ments, an active moiety can be classified into one of four

biopharmaceutical classes: class I (high solubility, high
permeability), class II (low solubility, high permeability),
class III (high solubility, low permeability), class IV (low
solubility, low permeability). The guidance describes alterna-
tive ways to demonstrate bioequivalence for rapidly dissolv-
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ing, immediate-release (IR) solid oral dosage forms that
contain highly soluble and highly permeable (class I) active
ingredients. For this type of drug product, in vivo demonstra-
tion of bioequivalence may not be necessary because, once
ingested, the drug product behaves like a solution of the drug
substance, meaning that the rate and extent of drug absorption
are mainly determined by gastric emptying and largely
independent of drug dissolution or gastrointestinal transit
time. Therefore, provided that the inactive ingredients do
not significantly affect absorption of the active moiety,
rapidly dissolving IR drug products containing the same BCS
class I active moiety will be bioequivalent.

A drug substance is considered to be highly permeable
when the extent of absorption in humans, the fraction of dose
absorbed, is 90% or more of an administered dose based on
a mass balance determination or in comparison to an
intravenous reference dose. Typical means of assessing
permeability in clinical studies include determination of mass
balance, systemic (absolute) BA, or intestinal perfusion.2-4

Nonclinical methods include in vivo or in situ intestinal
perfusion studies in a suitable animal model (e.g., rats), or
in vitro permeability methods using excised intestinal tissues
or monolayers of suitable epithelial cells.5-9 The suitability
of a given permeability method should be established
whereby a rank-order relationship exists between the test

permeability values and the extent of drug absorption data
in human subjects using a sufficient number of model drugs.
For human intestinal perfusion studies,6 model drugs are
recommended. For in vivo or in situ intestinal perfusion
studies in animals and for in vitro cell culture methods, 20
model drugs are recommended. To aid in defining the high
permeability class boundary for a test compound, the use of
a high permeability internal standard with permeability in
close proximity to the low/high permeability class boundary
is recommended. Metoprolol, for example, which has a 96%
fraction absorbed (FA),10 is cited in the BCS guidance as a
potential internal reference standard. Drugs that have a
permeability above that of metoprolol, i.e., the permeability
ratio of test/metoprolol is greater than 1.0, would be
considered highly permeable, and drugs with a permeability
ratio lower than 1.0 would be considered low permeability.
In practice, however, it is the borderline drugs, which have
permeabilities close to that of the internal reference standard,
that have garnered the most attention. These drugs are not
as easy to assign permeability classification since the
variability of the method used to determine permeability may
blur the borderline between high and low permeability and
the choice of internal reference standard can significantly
impact the borderline between high and low permeability.

To address this issue, we adapted the “0.8-1.25” confi-
dence interval rule that is typically used for assessing the
BE of drug products to address these issues for permeability
that are described in 21 CFR 320.33 and recommended by
the FDA.11 Using the in situ single pass perfusion model,
we show that the permeability classification agrees with the
% FA and allows for correct assignment of permeability class
for a series of 20 test drugs. Metoprolol was selected as a
high permeability internal standard since its reported extent
of absorption is 96% and is close to the 90% FA permeability
boundary for highly permeable drugs.10 The methods and
analysis described herein provide a robust means of assessing
permeability for BCS classification.

Materials and Methods
Chemicals. The test drugs used in this study were the

highest grade commercially available. Atenolol, carba-
mazepine, cimetidine, furosemide, hydrochlorothiazide, ke-
toprofen, metoprolol tartrate, naproxen sodium, PEG4000,
piroxicam, propranolol HCl, and verapamil HCl were
purchased from Spectrum Chemical; amoxicillin, antipyrine,
caffeine, methyldopa, pindolol, and theophylline were pur-
chased from Sigma; ranitidine HCl was purchased from
Research Biochemicals International, mannitol was purchased
from EM Science, and enalaprilat was purchased from USP.
All other chemicals used in this study were purchased from

(2) Sun, D.; Yu, L. X.; Hussain, M. A.; Wall, D. A.; Smith, R. L.;
Amidon, G. L. In vitro testing of drug absorption for drug
‘developability’ assessment: forming an interface between in vitro
preclinical data and clinical outcome.Curr. Opin. Drug DiscoVery
DeV. 2004, 7 (1), 75-85.

(3) Pelkonen, O.; Boobis, A. R.; Gundert-Remy, U. In vitro prediction
of gastrointestinal absorption and bioavailability: an experts’
meeting report.Eur. J. Clin. Pharmacol.2001, 57 (9), 621-9.

(4) Lennernas, H.; Lee, I. D.; Fagerholm, U.; Amidon, G. L. A
residence-time distribution analysis of the hydrodynamics within
the intestine in man during a regional single-pass perfusion with
Loc-I- Gut: in-vivo permeability estimation.J. Pharm. Pharma-
col. 1997, 49 (7), 682-6.

(5) Tamura, S.; Tokunaga, Y.; Ibuki, R.; Amidon, G. L.; Sezaki, H.;
Yamashita, S., The site-specific transport and metabolism of
tacrolimus in rat small intestine.J. Pharm. Exp. Ther.2003, 306
(1), 310-6.

(6) Han, H.; de Vrueh, R. L.; Rhie, J. K.; Covitz, K. M.; Smith, P.
L.; Lee, C. P.; Oh, D. M.; Sadee, W.; Amidon, G. L. 5′-Amino
acid esters of antiviral nucleosides, acyclovir, and AZT are
absorbed by the intestinal PEPT1 peptide transporter.Pharm. Res.
1998, 15 (8), 1154-9.

(7) Walter, E.; Janich, S.; Roessler, B. J.; Hilfinger, J. M.; Amidon,
G. L. HT29-MTX/Caco-2 cocultures as an in vitro model for the
intestinal epithelium: in vitro-in vivo correlation with permeability
data from rats and humans.J. Pharm. Sci.1996, 85 (10), 1070-
6.

(8) Hidalgo, I.; Raub, T.; Borchardt, R., Characterization of the
Human Colon Carcinoma Cell Line (Caco-2) as a Model System
for Intestinal Epithelial Permeability.Gastroenterology1989, 96,
736-49.

(9) Artursson, P.; Karlsson, J., Correlation Between Oral Drug
Absorption In Humans And Apparent Drug Permeability Coef-
ficients In Human Intestinal Epithelial (CaCo-2) Cells.Biochem.
Biophys. Res. Commun.1991, 175 (3), 880-5.

(10) Regardh, C. G.; Borg, K. O.; Johansson, R.; Johnsson, G.; Palmer,
L. PK studies on the selective beta1-receptor antagonist metoprolol
in man.J. Pharmacokinet. Biopharm.1974, 2, (4), 347-64.

(11) Center for Drug Evaluation and Research. Approved Drug
Products with Therapeutic Equivalence Evaluations. FDA: 2006.
http://www.fda.gov/cder/orange/default.htm (accessed August 2005).
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Sigma. The HPLC solvents methanol, acetonitrile, trieth-
ylamine, orthophosphoric acid, and trifluoroacetic acid were
purchased from Fisher Chemical and were all HPLC grade.
14C-PEG 4000 was purchased from Amersham GE Health-
Care.

In Situ Single Pass Perfusion.Rats were housed and
handled according to TSRL, Inc., guidelines complying with
the U.S. Public Health Service Policy for the Care and Use
of Laboratory Animals. Male albino Sprague-Dawley rats,
9-10 weeks old and weighing 250-400 g, used in these
studies were purchased from Charles Rivers Laboratory. Prior
to each experiment, the rats were fasted for 18 h with free
access to water. The procedure for the in situ single pass
perfusion followed previously published reports.12-14 Briefly,
rats were anesthetized either with an im injection of
ketamine/xylazine and butorphanol (87 mg/kg, 7 mg/kg, and
0.05 mg/kg body weight, respectively) or by 2% isoflurane.
The abdomen was opened by a midline incision of 3-4 cm.
A jejunal segment of approximately 10 cm was carefully
exposed and cannulated on two ends with flexible PVC
tubing. The tubing was incubated in a 37° water bath to
maintain temperature, and a perfusion solution containing
10 mM MES buffer, pH 6.5, 135 mM NaCl, 5 mM KCl,
and 0.01% PEG 4000 with an osmolarity of approximately
290 mosm/L was pumped through the intestinal segment.
The isolated segment was rinsed with blank perfusion buffer,
pH 6.5 at a flow rate of 0.5 mL/min in order to clean out
any residual debris.

At the start of the study, perfusion solution containing a
test drug and the internal permeability reference drug
(metoprolol) was perfused through the intestinal segment at
a flow rate of 0.2 mL/min.14C-PEG 4000 was added to the
perfusion buffer as a nonabsorbable marker for measuring
water flux. Test drug concentrations used in the perfusion
studies were determined by dividing the highest prescribed
dose by 250 mL, the accepted gastric volume, in order to
represent the maximal drug concentration present in the
intestinal segment and were within their solubility limits
reported at pH 6.5.15-17 After steady state was reached in

the segment, as assessed by the inlet over outlet concentration
ratio of PEG 4000 which approaches 1 at steady state,
samples were taken in 10 min intervals for 1 h (10, 20, 30,
40, 50, and 60 min). All samples including perfusion samples
at different time points, original drug solution, and inlet
solution taken at the exit of the syringe were immediately
assayed by HPLC.

HPLC Analysis. All compounds were assayed following
standard HPLC methodology developed at TSRL. Most
compounds were separated on a Gemini 250 mm× 4.6 mm
C-18 column (5µm particle size, 110 Å pore size) with a
10 µL injection volume and a flow rate of 1 mL/min. For
carbamazapine, a 3.9× 300 mm, 5µm particle size C18
column was used; for furosemide, a 4.6× 250 mm, 5µm
particle size C18 column was used; for ketoprofen, a 3.9×
300 mm C18µBondapak column was used; and for theo-
phylline a 4.0× 300 mm 5µm particle size C8 column was
used. The mobile phase and detection wavelength used for
the analysis are presented in Table 1.

Data Analysis. The effective permeability (Peff) was
determined assuming the “plug flow” model expressed in

(12) Siersma, C.; Kim, J.; Clark, L.; Walton, J.; Amidon, G. Evalu-
ation of a Rank Order of the Permeability Ratios of Various
Compounds for Categorization into the Biopharmaceutics Clas-
sification System.Pharm. Res.1999, 15 (Suppl.), AAPS Meeting
Abstract.

(13) Lipka, E.; Lennernas, H.; Amidon, G. L. Interspecies correlation
of permeability estimates: The feasibility of animal data for
predicting oral absorption in humans.Pharm. Res. 1995, 12,
S-311.

(14) Amidon, G. L.; Sinko, P. J.; Fleisher, D. Estimating human oral
fraction dose absorbed: A correlation using rat intestinal mem-
brane permeability for passive and carrier-mediated compounds.
Pharm. Res.1988, 5 (10), 651-4.

(15) Avdeef, A.; Berger, C. M.; Brownell, C. pH-metric solubility. 2:
correlation between the acid-base titration and the saturation shake-
flask solubility-pH methods.Pharm. Res.2000, 17 (1), 85-9.

(16) Avdeef, A.; Berger, C. M. pH-metric solubility. 3. Dissolution
titration template method for solubility determination.Eur. J.
Pharm. Sci.2001, 14 (4), 281-91.

(17) Physicians’ Desk Reference, 59th ed.; Medical Economics Com-
pany: Montvale, NJ, 2005.

Table 1. Summary of HPLC Mobile Phase and
Temperature Conditions Used for Test Compounds

compounds
mobile phasea

aqueous:organic
wavelength

(nm)
retention timeb

(min)

amoxicillin 93/07 220 15
antipyrine 80/20 220 7.8
atenolol 80/20 220 4.4
caffeine 75/25 220 5
carbamazepine 40/60 230 7.0
cimetidine 87/13 220 4.6
enalaprilat 83/17 220 10.5
furosemide 70/30 272 9.3
hydrochlorothiazide 75/25 220 6
ketoprofen 55/45 254 8.8
mannitolc na na na
methyldopa 90/10 220 4.3
metoprolol 80/20 220 9.0
naproxen 50/50 220 8.5
pindolol 80/20 220 6.1
piroxicam 75/25 220 28.1
propranolol 75/25 220 14.8
ranitidine 87/13 220 4.6
theophylline 93/7 280 8.0
verapamil 73/27 220 31

a The aqueous phase was 0.05% trifluoroacetic acid in water. The
organic phase was 100% acetonitrile, with the following exceptions:
for carbamazepine, the aqueous phase was water and the organic
phase was methanol with 10% methylene chloride; for furosemide,
the aqueous phase was 1.4% glacial acetic acid in water and the
organic phase was tetrahydrofuran; and for theophylline, the aqueous
phase was 10 mM sodium acetate with 0.5% glacial acetic acid in
water and the organic phase was acetonitrile. b All separations were
performed under ambient temperatures with the exception of amox-
icillin (30 °C) and naproxen (35 °C). c Measured by radioactivity, not
HPLC.

articles Kim et al.

688 MOLECULAR PHARMACEUTICS VOL. 3, NO. 6



eq 1,18

where Q is the perfusion buffer flow rate,C′out/C′in is the
ratio of the outlet concentration of test drug and the inlet or
starting concentration of test drug that has been adjusted for
water transport (eq 2),R is the radius of the intestinal segment
(set to 0.2 cm), andL is the length of the intestinal segment.
The ratio of concentrationsC′out/C′in was adjusted to account
for water transport that may have occurred during the
perfusion. To correct for this, a nonabsorbed radioactive
tracer,14C-PEG 4000, was included in the perfusion buffer.
The measuredCout/Cin ratio was corrected for water transport
according to eq 2,

where Ain is equal to the radioactive counts in the inlet
sample,Aout is equal to the radioactive counts in the outlet
sample, andAbkg is the background counts. Except where
noted, all experiments were done with ann equal to 4 rats
with 6 samples collected per rat. Permeability values that
calculate as a negative number were reported as zero, and
outliers are identified by the Grubbs test for outlying
observations.

Confidence Interval Analysis.Mean permeabilities (Peff)
and standard deviation of the test drugs and metoprolol were
determined from the permeabilities obtained from 4 rats. For
the confidence interval analysis, the permeability ratio of test
drugs and metoprolol was calculated at each timed sample,
10-60 min. For each rat, then, the mean of 6 permeability
ratios was calculated. The 90% confidence interval for each
test compound was determined from the mean permeability
ratio of 4 rats, as shown in eq 3, using the confidence
function in Excel software with a significance level of 0.1,

wherexj is the mean permeability ratio,σ is the standard
deviation, andn is the sample size.

Results
We sought to test the suitability of the single pass in situ

perfusion method for permeability determinations as de-
scribed by the BCS guidance and to address the issue of
“borderline” drugs, drugs that have a FA close to that of the
high permeability reference standard and operationally
defined as those drugs that have a permeability value close
to that of the internal permeability standard. Metoprolol was
chosen as the internal permeability standard because its FA

is well documented and is 96%,10 which is close to the 90%
FA specified in the BCS guidance as the border for high
permeability drugs. The permeabilities of 20 compounds
were determined using the single pass perfusion technique
in rats. These compounds were stable in perfusion buffer
and in blank perfusate (perfusion buffer without drug that is
passed through control intestinal segments) and were soluble
at the experimental conditions used. The concentration for
the test drugs was the maximum dose divided by 250 mL as
is described in the BCS guidance for the definition of a highly
soluble compound. The compounds were coperfused with
metoprolol as an internal permeability standard.

The permeabilities and their ratios of test/metoprolol
internal standard determined in the rat perfusion are presented
as mean( standard deviation in Table 2. Also included in
this table are the literature values for human permeability,
largely determined in the laboratories of Hans Lennerna¨s and
G.L.A. using the Loc-I-Gut methodology, and the published

(18) Fagerholm, U.; Johansson, M.; Lennernas, H. Comparison Be-
tween Permeability Coefficients in Rat and Human Jejunum.
Pharm. Res.1996, 13 (9), 1336-42.

(19) Winiwarter, S.; Bonham, N. M.; Ax, F.; Hallberg, A.; Lennernas,
H.; Karlen, A. Correlation of human jejunal permeability (in vivo)
of drugs with experimentally and theoretically derived parameters.
A multivariate data analysis approach.J. Med. Chem.1998, 41
(25), 4939-49.

(20) Takamatsu, N.; Welage, L. S.; Idkaidek, N. M.; Liu, D. Y.; Lee,
P. I.; Hayashi, Y.; Rhie, J. K.; Lennernas, H.; Barnett, J. L.; Shah,
V. P.; Lesko, L.; Amidon, G. L. Human intestinal permeability
of piroxicam, propranolol, phenylalanine, and PEG 400 determined
by jejunal perfusion.Pharm. Res.1997, 14 (9), 1127-32.

(21) Takamatsu, N.; Kim, O. N.; Welage, L. S.; Idkaidek, N. M.;
Hayashi, Y.; Barnett, J.; Yamamoto, R.; Lipka, E.; Lennernas,
H.; Hussain, A.; Lesko, L.; Amidon, G. L. Human jejunal
permeability of two polar drugs: cimetidine and ranitidine.Pharm.
Res.2001, 18 (6), 742-4.

(22) Lennernas, H.; Knutson, L.; Knutson, T.; Hussain, A.; Lesko, L.;
Salmonson, T.; Amidon, G. L. The effect of amiloride on the in
vivo effective permeability of amoxicillin in human jejunum:
experience from a regional perfusion technique.Eur. J. Pharm.
Sci.2002, 15 (3), 271-7.

(23) Kasim, N. A.; Whitehouse, M.; Ramachandran, C.; Bermejo, M.;
Lennernas, H.; Hussain, A. S.; Junginger, H. E.; Stavchansky, S.
A.; Midha, K. K.; Shah, V. P.; Amidon, G. L. Molecular properties
of WHO essential drugs and provisional biopharmaceutical
classification.Mol. Pharm.2004, 1 (1), 85-96.

(24) Lennernas, H.; Ahrenstedt, O.; Hallgren, R.; Knutson, L.; Ryde,
M.; Paalzow, L. K. Regional jejunal perfusion, a new in vivo
approach to study oral drug absorption in man.Pharm. Res.1992,
9 (10), 1243-51.

(25) Lennernas, H.; Knutson, L.; Knutson, T.; Lesko, L.; Salmonson,
T.; Amidon, G. L. Human effective permeability data for
furosemide, hydrochlothiazide, ketoprofen and naproxen to be used
in the proposed biopharmaceutical classification for IR products.
Pharm. Res.1995, 12 (Suppl.), S-396.

(26) Lindahl, A.; Sandstrom, R.; Ungell, A. L.; Knutson, L.; Abra-
hamsson, B.; Lennernas, H. A human study of the regional jejunal
effective permeability of fluvastatin, atenolol, metoprolol and
antipyrine.Pharm. Res.1995, 12 (Suppl.), S-295.

(27) Koljonen, M.; Hakala, K. S.; Ahtola-Satila, T.; Laitinen, L.;
Kostiainen, R.; Kotiaho, T.; Kaukonen, A. M.; Hirvonen, J.
Evaluation of cocktail approach to standardise Caco-2 permeability
experiments.Eur. J. Pharm. Biopharm. 2006, Jun 30 (E-pub ahead
of print).

Peff(cm/s ))
Q ln(C′out/C′in)

2πRL
(1)

C′out

C′in
)

Cout

Cin

(Ain - Abkg)

(Aout - Abkg)
(2)

xj ( 1.645( σ
xn) (3)
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values for the human % FA of these drugs. The humanPeff

values are on average 3.8-fold higher than those values
measured using the rat in situ perfusion studies, which agrees
with published reports comparing human and rat perme-
abilities.18 This is likely a result of different geometric and
anatomical surface area between rats and humans.30 A direct
comparison of human and ratPeff data shows that the two
methods correctly assign a given drug’s BCS permeability
classification (Figure 1). The relatively large amount of
scattering in the permeability correlation between humans
and rats, particularly with the high permeability drugs, may
be attributed to the different models, macroscopic versus
microscopic, and experimental setup, Loc-I-Gut versus single
pass perfusion, used when measuring human or rat perme-
ability, respectively. Differential effects of efflux or absorp-
tive mechanisms between human and rat may also account
for the variability seen in Figure 1.

The permeability determinations for each test drug and
the internal reference are plotted in Figure 2. The classifica-
tion of such compounds as piroxicam as high permeability

drugs is clearly evident from the figure, since their perme-
abilities are significantly higher than that of the internal
standard, metoprolol. Similarly, the classification of the low
permeability drug methyldopa, which has a permeability of
0.016( 0.004, is straightforward. However, the low perme-
ability drugs, which have mean permeabilities less than that
of the internal standard, exhibit considerable permeability
distribution overlap with the internal standard (see standard
deviation error bars in Figure 2). Thus, the current acceptance
criteria of high permeability drugs based on the mean
permeability may become problematic when the drug being
tested has a borderline permeability where the permeability
ratio with the internal standard is close to 1.

To address this issue, we employed a confidence interval
analysis to compare a drug’s permeability with that of the
internal standard. Statistical analysis employing the “0.8-
1.25” confidence interval rule has been an accepted means
of analysis for in vitro bioequivalence studies and in vivo
bioequivalence studies.31,32 In this sense, if a permeability
study using the in situ rat perfusion study is viewed as an
“in situ bioequivalence study”, then a similar rule may be
adopted for the purpose of permeability classification. The(28) Bourdet, D. L.; Pollack, G. M.; Thakker, D. R. Intestinal absorptive

transport of the hydrophilic cation ranitidine: a kinetic modeling
approach to elucidate the role of uptake and efflux transporters
and paracellular vs. transcellular transport in Caco-2 cells.Pharm.
Res.2006, 23 (6), 1178-87.

(29) Paintaud, G.; Alvan, G.; Dahl, M. L.; Grahnen, A.; Sjovall, J.;
Svensson, J. O. Nonlinearity of amoxicillin absorption kinetics
in human.Eur. J. Clin. Pharmacol.1992, 43 (3), 283-8.

(30) Magee, D. F.; Dalley, A. F. I.Digestion and the Structure and
Function of the Gut. S. Karger Publishers, Inc.: Basel, Switzer-
land, 1986; Vol. 8.

(31) Center for Drug Evaluation and Research.Statistical Approaches
to Establishing BioequiValence; Guidance for Industry; FDA:
2001. http://www.fda.gov/cder/guidance/3616fnl.htm (accessed
September 2005).

(32) Center for Drug Evaluation and Research.Cholestyramine powder
in Vitro BioequiValence; Guidance for Industry, Interim; FDA:
1993. http://www.fda.gov/cder/guidance/cholesty.pdf (accessed
October 2005).

Table 2. The Human and Rat Permeabilities of the Test Compounds

compounds
(permeability

class)
dose
(mg)

human
permeabilitya

(10-4 cm/s)
FAa

%

rat
permeability
(10-4 cm/s)

rat Peff

ratio
test/IS

piroxicam (H) 20 10.4 ( 5.9 100 2.62 ( 0.37 28.1
ketoprofen (H) 75 8.4 ( 3.3 100 1.55 ( 0.34 7.9
carbamazepine (H) 200 4.3 ( 2.7 100 1.79 ( 0.11 7.1
naproxen (H) 500 8.3 ( 4.8 100 1.19 ( 0.12 10.1
caffeine (H) 200 ndd 100 1.19 ( 0.23 5.5
antipyrine (H) 188 5.6 ( 1.6 100 0.96 ( 0.13 4.5
theophylline (H) 300 nd 96 0.68 ( 0.19 3.8
verapamilb (H) 120 6.7 ( 2.9 100 0.65 ( 0.05 3.9
propranolol (H) 80 2.8 ( 1.3 100 0.49 ( 0.07 3.2
pindolol (H) 10 nd 89 0.293 ( 0.11 1.2
metoprolol (H) 100 1.5 ( 0.9 96 0.20 ( 0.04 1.0

furosemide (L) 80 0.05 ( 0.04 61 0.117 ( 0.08 0.69
amoxicillinc (L) 875 0.3 45-75 0.120 ( 0.11 0.50
cimetidine (L) 800 0.3 ( 0.05 60 0.105 ( 0.06 0.44
enalaprilat (L) 20 0.1 ( 0.3 8 0.057 ( 0.06 0.42
mannitol (L) nd 16 0.121 ( 0.05 0.39
ranitidineb L) 10 0.2 ( 0.06 50 0.073 ( 0.06 0.30
atenolol (L) 100 0.2 ( 0.2 50 0.060 ( 0.06 0.06
methyldopa (L) 500 0.1 45 0.016 ( 0.004 0.10
hydrochlorothiazide (L) 50 0.04 ( 0.05 67 0.001 ( 0.001 0.002

a Human permeability and FA data were taken from refs 19-26. b Verapamil27 and ranitidine28 are potential efflux pump substrates. c Amoxicillin
shows nonlinear absorption kinetics. The high dose (3000 mg) of drug shows a FA of 45% while the low dose (500 mg) shows a FA of 75%.29

d Not determined.
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acceptance criteria of a highly permeable drug would require
that the lower limit of 90% confidence interval of the mean
permeability ratio be greater than 0.8 while no upper limit
needs to be specified. In our analysis, shown in graphical
form in Figure 3, the 90% confidence interval was calculated
from the mean permeability ratio of the test drug and the
internal permeability standard (see eq 3 in the Materials and
Methods Section).

In this figure, the middle line represents the mean
permeability ratio while the top and bottom lines are the
upper and lower limit of 90% confidence limits of the mean,
respectively. Under the current BCS permeability criterion,
a drug fails to be classified as a high permeability drug if
the permeability is less than that of metoprolol regardless
of the accuracy or precision of the data. Theg0.8-90%
confidence interval criterion suggested in this study takes

the variability into consideration when determining perme-
ability class. It would be possible under the “in situ
bioequivalence” criteria for a drug with permeability less
than that of metoprolol to still be classified in the high
permeability class if its lower confidence interval were above
0.8. However, depending on the variability of the methodol-
ogy, large numbers of data points (animals) may be required
for drugs whose permeability ratio with metoprolol is below
1.0. The number of rats (n) required to ensure that the
permeability ratio is above 0.8 at the 90% confidence level
is related to the square of the relative standard deviation and
can be estimated from eq 4,

Figure 1. Comparison of permeabilities of test compounds in humans and rats. Panel A has all of the compounds (16 out of
20 compounds) which have a published human permeability value, and panel B is an expansion of the low permeability compounds
and also includes the high permeability compounds metoprolol and propranolol. In both panels, the dashed lines represent the
permeability value of metoprolol in human and rat. All data are taken from Table 2.

Figure 2. Comparison of the permeabilities of the test drugs with their coperfused internal rerference standard metoprolol
(solid bars ) test drug, open bars ) metoprolol). Panel A contains the comparative values for the high permeability drugs, and
Panel B contains the comparative permeability values for the low permeability drugs. CBMZ stands for carbamazepine, and
HCTZ stands for hydrochlorothiazide.

n ) [zcσ
Pmean

(Pmean- 0.8)]2

(4)
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wherePmean is the mean of the permeability ratio andσ is
the relative standard deviation (RSD) obtained from in situ
perfusion study using 4 rats, andzc (1.645) is the confidence
coefficient at the 90% level. This relationship is illustrated
in Figure 4, in which the sample size is plotted against the
permeability ratio in which the RSD values were 0.125, 0.25,
and 0.5.

For the drugs with high permeability (ratio>1.0) and 25%
RSD, a minimal sample size is required. However, increasing
numbers of rats will be required for drugs whose permeability
ratios fall below 1.0. For example, for test drugs with mean
permeability ratios of 0.9, approximately 14 rats will be
required if the RSD of the permeability determination is 25%.

Discussion
A considerable amount of permeability data has been

generated in humans.4,18,23-25,33-35 The human permeability
database has played an important role for estimating human
absorption and for classifying drugs into their appropriate
BCS category, which can be used in setting bioequivalence
standards for drug product approval. However, human
permeability determinations come with a high cost and
extensive experimental effort. Thus, alternative models for
prediction of drug absorption and permeability have garnered
increasing attention. The BCS Guidance lists in situ perfusion
as one possible permeability classification tool along with
others such as Caco-2 monolayer and excised tissue. Inter-
species correlations have been attempted with data generated
in humans, the in situ single pass rat perfusion model, and
a variety of other models.18,36 One advantage of the in situ
rat perfusion approach is that the in situ single pass perfusion
model appears to correlate best with the human data12,18 for

(33) Amidon, G.; Lennernas, H.; Shah, V.; Crison, J. A theoretical
basis for a biopharmaceutic drug classification: the correlation
of in vitro drug product dissolution and in vivo bioavailability.
Pharm. Res.1995, 12, 413-20.

(34) Lennernas, H.; Ahrenstedt, O.; Ungell, A. L. Intestinal drug
absorption during induced net water absorption in man; a
mechanistic study using antipyrine, atenolol and enalaprilat.Br.
J. Clin. Pharmacol.1994, 37 (6), 589-96.

(35) Lennernas, H.; Nylander, S.; Ungell, A. L. Jejunal permeability:
a comparison between the ussing chamber technique and the
single-pass perfusion in humans.Pharm. Res.1997, 14 (5), 667-
71.

(36) Sun, D.; Lennernas, H.; Welage, L. S.; Barnett, J. L.; Landowski,
C. P.; Foster, D.; Fleisher, D.; Lee, K. D.; Amidon, G. L.
Comparison of human duodenum and Caco-2 gene expression
profiles for 12,000 gene sequences tags and correlation with
permeability of 26 drugs.Pharm. Res.2002, 19 (10), 1400-16.

Figure 3. 90% confidence interval analysis of the permeability ratio of the test drugs and metoprolol (coperfused internal reference
standard) determined using the single pass in situ permeability method. Panel A contains both high and low permeability drugs.
Panel B shows all of the low permeability drug ratios along with two high permeability drugs, pindolol and propranolol. In both
panels, the dashed line represents the lower 80% confidence limit. In panel B, the dotted line represents a test to internal
reference standard permeability ratio of 1.

Figure 4. The effect of variability (RSD) on the sample size
required to meet the >0.8 confidence interval rule for “in situ
bioequivalence”. The dotted line extending to 1.0 on the X
axis indicates the sample size (4.227) at an RSD of 0.25. At
a permeability ratio of 0.9 and with an RSD of 0.25, the sample
size is 13.7 (dashed line).
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the drugs that are transported via passive diffusion mecha-
nism. More complex transport mechanisms that rely on
protein carriers and cellular energy systems, such as carrier
mediated transport, are more problematic since the types of
transporters and their expression levels may vary between
species.

The objective of the study was to determine the suitability
of the in situ perfusion model for permeability classification
of 20 selected test compounds following the BCS Guidance
and using an appropriate statistical method. The current
acceptance criterion from the BCS Guidance for the high
permeability class of drug is that the ratio of the permeability
of the test drug to that of a highly permeable internal standard
be greater than 1.0. While this rule may be workable for
highly permeable drugs, we note that for those test drugs
that are of borderline permeability, that is, their permeability
approaches that of the internal standard, a simple determi-
nation of ratio may be difficult to interpret due to the inherent
variability of the methodology.

To address this issue, we developed a confidence interval
approach for the permeability classification that includes
elements of existing FDA acceptance criteria for bioequiva-
lence testing. The 0.8-1.25 rule is commonly used in those
studies where the 90% confidence interval of the mean of
the parameters should be within the range 0.8- 1.25. As an
example, for the in vitro bioequivalence study for bile acid
sequestrants, the current acceptance criteria are that (i) the
90% confidence interval of binding capacity constant (k2) is
within 0.8 and 1.2 and (ii) the test/reference ratio of mean
binding affinity constant (k1) is within (20%.32 For in vivo
bioequivalence studies, the 90% confidence interval for the
ratio of the mean response (Cmax and AUC) of generic
products to that of an innovator product should be within
the limit of 0.8 and 1.25.31 Table 3 shows the comparison
of the acceptance criteria set for different bioequivalence
studies.

We reasoned that since the extent of drug absorption is
well correlated with its permeability in humans and animals,
the acceptance criteria for a highly permeable drug should
require that the lower limit of the 90% confidence interval
of the mean permeability ratio between the test and the
internal reference standard be greater than 0.8. For the data
set in the current work, the selected test drugs fell into their

respective permeability classes (high, ratio>1; low, ratio
<1) according to their permeability class determined in
humans.

It is also important to note that the “in situ bioequivalence”
may allow for classification of drugs with a permeability
value less than that of the internal standard as high perme-
ability, as long as the lower limit of the 90% confidence of
the mean is above 0.8. Theoretically, if the variability of
the method could be controlled throughout the permeability
testing, a drug with a test/IS permeability ratio of 0.81 could
be classified as a high permeability drug. However, practi-
cally speaking, this would require a minimum of 1109 rats
at a RSD of 25% and thus would be neither time nor cost
efficient.

Finally, the 90% FA level for a class one drug is
considered conservative by many since the experimentally
determined FA is seen to be less than 90% for many drugs
that are generally considered completely absorbed. Recom-
mendations from industrial, academic, and regulatory person-
nel include modifying the cutoff level for highly permeable
drugs for the purpose of obtaining biowaivers from the
current FA level of 90% to 85% or 80%.37-41 A practical
approach is suggested by our present work for accommodat-
ing the reduction of the FA cutoff level. That is, a reduction
in the FA level can be approximated by a reduction in the
drug to internal standard (metoprolol) permeability ratio.
This, in turn, would adjust the lower limit of the 90% CI
(0.8) for the permeability ratio. Since metoprolol is experi-
mentally estimated to have a fraction absorbed of 96%,10

FA cutoff values of 90%, 85%, or 80% would lower the
mean permeability ratio (test to metoprolol) to 0.94 (90/96),
0.88 (85/96), or 0.83 (80/96), respectively, and lower the
90% confidence interval cutoff value to 0.75, 0.71, or 0.67,
respectively. Discussion on the acceptability of lowered FA
cutoff values is ongoing.

In summary, the rat single pass perfusion method ac-
curately categorized the selected test drugs into the proper

(37) Yu, L. X.; Amidon, G. L.; Polli, J. E.; Zhao, H.; Mehta, M. U.;
Conner, D. P.; Shah, V. P.; Lesko, L. J.; Chen, M. L.; Lee, V.
H.; Hussain, A. S. Biopharmaceutics classification system: the
scientific basis for biowaiver extensions.Pharm. Res.2002, 19
(7), 921-5.

(38) Polli, J. E.; Yu, L. X.; Cook, J. A.; Amidon, G. L.; Borchardt, R.
T.; Burnside, B. A.; Burton, P. S.; Chen, M. L.; Conner, D. P.;
Faustino, P. J.; Hawi, A. A.; Hussain, A. S.; Joshi, H. N.; Kwei,
G.; Lee, V. H.; Lesko, L. J.; Lipper, R. A.; Loper, A. E.; Nerurkar,
S. G.; Polli, J. W.; Sanvordeker, D. R.; Taneja, R.; Uppoor, R.
S.; Vattikonda, C. S.; Wilding, I.; Zhang, G. Summary workshop
report: biopharmaceutics classification system-implementation
challenges and extension opportunities.J. Pharm. Sci.2004, 93
(6), 1375-81.

(39) Blume, H. H.; Schug, B. S. The biopharmaceutics classification
system (BCS): class III drugssbetter candidates for BA/BE
waiver?Eur. J. Pharm. Sci.1999, 9 (2), 117-21.

(40) Dressman, J.; Butler, J.; Hempenstall, J.; Reppas, C. The BCS:
Where do we go from here?Pharm. Technol. 2001, 7, 69-76.

(41) Kanfer, I., Report on the International Workshop on the Biop-
harmaceutics Classification System (BCS): scientific and regula-
tory aspects in practice.J. Pharm. Pharm. Sci.2002, 5 (1), 1-4.

Table 3. Summary of Current Acceptance Criteria for in
Vitro and in Vivo Bioequivalence Studies and Proposed
BCS Permeability Studies

study parameters acceptance criteria

in vitro BE Langmuir isotherms,
k1, k2 (bile acid
sequestrant)

0.8 < 90% CI of k2 < 1.2

0.8 < k1 ratio < 1.2
in vivo BE Cmax, AUC 0.8 < 90% CI < 1.25
in situ BE (BCS

permeability)
permeability ratio ratio > 1.0 (current FDA

BCS Guidance)
0.8 < lower limit of 90% CI

(suggested for “borderline”
permeability drugs)

Suitability of the in Situ Perfusion Methodology articles

VOL. 3, NO. 6 MOLECULAR PHARMACEUTICS 693



permeability class as determined in human experiments. This
positive correlation will allow for the use of the rat perfusion
system to categorize drugs into their appropriate BCS
permeability class. In addition, the development of the “in
situ bioequivalence” criteria allows for a regulatory relevant
and robust means to assess drug permeability. Thus, the in

situ rat perfusion model proved to be reliable permeability
determination which will more accurately facilitate drug
discovery and development as well as regulatory standards
for marketed products.
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