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Abstract: Orally administered, immediate-release (IR) drug products in the top 200 drug product
lists from the United States (US), Great Britain (GB), Spain (ES), and Japan (JP) were
provisionally classified based on the Biopharmaceutics Classification System (BCS). The
provisional classification is based on the aqueous solubility of the drugs reported in readily
available reference literature and a correlation of human intestinal membrane permeability for
a set of 29 reference drugs with their calculated partition coefficients. Oral IR drug products
constituted more that 50% of the top 200 drug products on all four lists, and ranged from 102
to 113 in number. Drugs with dose numbers less than or equal to unity are defined as high-
solubility drugs. More than 50% of the oral IR drug products on each list were determined to be
high-solubility drugs (55-59%). The provisional classification of permeability is based on
correlations of the human intestinal permeabilities of 29 reference drugs with the calculated
Log P or CLogP lipophilicity values for the uncharged chemical form. The Log P and CLogP
estimates were linearly correlated (r2 ) 0.79) for 187 drugs. Metoprolol was chosen as the
reference compound for permeability and Log P or CLogP. A total of 62-69.0% and 56-60%
of the drugs on the four lists exhibited CLogP and Log P estimates, respectively, greater than
or equal to the corresponding metoprolol value and are provisionally classified as high-
permeability drugs. We have compared the BCS classification in this study with the recently
proposed BDDCS classification based on fraction dose metabolism. Although the two approaches
are based on different in vivo processes, fraction dose metabolized and fraction dose absorbed
are highly correlated and, while depending on the choice of reference drug for permeability
classification, e.g., metoprolol vs cimetidine or atenolol, show excellent agreement in drug
classification. In summary, more than 55% of the drug products were classified as high-solubility
(Class 1 and Class 3) drugs in the four lists, suggesting that in vivo bioequivalence (BE) may
be assured with a less expensive and more easily implemented in vitro dissolution test.

Keywords: BCS; solubility; dose number; permeability; partition coefficient; WHO essential drugs;
top-selling US, European, Japanese drugs; BDDCS

Introduction
In vivo bioequivalence (BE) tests are the accepted standard

for ensuring the therapeutic performance of drug products
following manufacturing changes and for approval of generic

drug product efficacy claims. BE standards are based on
ensuring that reference and test products produce the same
plasma concentration-time profiles through demonstrated
statistical equivalence ofCmax and AUC. While the in vivo
BE test has been the norm for the past three decades, recently
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a new standard, applicable to a considerable number of drug
products, was developed based on the classification of the
drugs according to their biopharmaceutical properties.1 This
new standard relies on the Biopharmaceutics Classification
System (BCS)2 and is based on the fundamental properties
governing drug absorption, namely, permeability and solubil-
ity. Tests based on this new standard can ensure the similarity
of absorption, and hence the systemic availability of drug
products being compared. The BCS classifies drugs into four
categories according to their solubility and intestinal perme-
ability, and has been a useful guide for understanding when
and how dissolution tests can help in the design and
evaluation of oral dosage forms, and for defining which tests
are most suitable for ensuring (in vivo) BE. Regulatory
agencies have recently implemented BCS-based waivers of
in vivo BE studies for immediate-release (IR) solid dosage
forms of Class 1, high-solubility, high-permeability drugs,
in rapidly dissolving drug products. Waivers for Class 3
drugs (high-solubility, low-permeability) have been scientifi-
cally justified and recommended.3-6 It is important to note
that the BCS approach to “biowaivers” does not waive BE,
but waives the in vivo BE test, in lieu of a better, more
routinely conducted, and more easily implemented dissolu-
tion test.

In a previous study, we provisionally classified the oral
IR drug products that are contained on the World Health
Organization (WHO) Essential Drug List.7 This analysis
indicated that a satisfactory test for ensuring BE for more
than 55% of the high-solubility Class 1 and Class 3 drug
products on the WHO list may be based on an in vitro

dissolution test.7 Following our analyses of WHO essential
drugs, Lindenberg et al.8 also reported the classification of
WHO drugs that formed the basis of a WHO Working
Document on the BCS Classification of the Essential
Medicines List. In contrast to our report, fraction absorbed
data in human studies was the primary source for perme-
ability classification in Lindenberg et al.’s report. Since the
Lindenberg report on WHO essential medicines contained a
few medicines such as vitamins that were not included in
our original report and since some corrections based on errant
solubility or octanol-water partition coefficients have been
made to the WHO drug classification, we have revised our
classification of WHO essential drugs and present it in this
report for reference. The conclusions of our previous report
are not altered with these corrections. The comparisons in
this report are based on this revised WHO classification.

Since many of the WHO drugs are not on the top 200
drug lists of the developed countries, it would be useful to
determine similarities in the classification of approved drugs
in various regions. We therefore also describe the provisional
BCS classification of orally administered drugs in IR dosage
forms in the top 200 drug products lists from the United
States (US), Great Britian (GB), Spain (ES), and Japan (JP).

The classification of drug solubility is based on the
dimensionless dose number Do9 defined as the ratio of drug
concentration in the administered volume to its saturation
solubility in water. The classification of drug permeability
is based on a correlation of the estimatedn-octanol-water
partition coefficient of the uncharged form of the drug
molecule and the measured human jejunal permeability.10-12

The results of the provisional classification suggest, similarly
to the WHO provisional classification, that more than 50%

(1) WaiVer of In ViVo BioaVailability and BioequiValence Studies for
Immediate-Release Solid Oral Dosage Forms Based on a Biop-
harmaceutics Classification System; FDA Guidance for Industry;
Federal Drug and Food Administration: Rockville, MD, 2002.

(2) Amidon, G. L.; Lennernas, H.; Shah, V. P.; Crison, J. R. A
Theoretical Basis for a Biopharmaceutics Drug Classification: The
Correlation of In Vitro Drug Product Dissolution and In Vivo
Bioavailability. Pharm. Res.1995, 12, 413-420.

(3) Yu, L. X.; Amidon, G. L.; Polli, G. L.; Zhao, H.; Mehta, M. U.;
Conner, D. L.; Shah, V. P.; Lesko, L. J.; Chen, M.-L.; Lee, V. H.
L.; Hussain, A. S. Biopharmaceutics Classification System: The
Scientific Basis for Biowaiver Extensions.Pharm. Res.2002, 19,
921-925.

(4) Blume, H. H.; Schug, B. S. The biopharmaceutics classification
system (BCS): class III drugs-better candidate for BA/BE waiver?
Eur. J. Pharm. Sci.1999, 9, 117-121.

(5) Polli, J. E.; Yu, L. X.; Cook, J. A.; Amidon, G. L.; Borchardt, R.
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Faustino, P. J.; Hawi, A. A.; Hussain, A. S.; Joshi, H. N.; Kwei,
G.; Lee, V. H. L.; 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, 1375-1381.

(6) Cheng, C.-L.; Yu, L. X.; Lee, H.-L.; Yang, C.-Y.; Lue, C.-S.;
Chou, C.-H. Biowaiver extension potential to BCS Class III high
solubility-low permeability drugs: bridging evidence for met-
formin immediate-release tablet.Eur. J. Pharm. Sci.2004, 22,
297-304.

(7) Kasim, N. A.; Whitehouse, M.; Ramachandran, C.; Bermejo, M.;
Lennerna¨s, H.; Hussain, A. S.; Junginger, H. E.; Stavchansky, S.
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Classification.Mol. Pharm.2004, 1, 85-96.
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Chem.1998, 41, 4939-4949.
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of the drugs on the US, GB, ES, and JP lists are candidates
for biowaivers.

Recently, Wu and Benet13 proposed a Biopharmaceutics
Drug Disposition Classification System (BDDCS) based
upon solubility and extent of metabolism. The authors
suggest that it may be more useful to replace the permeability
criterion with the major route of drug elimination and propose
that designation of the major route of drug elimination “as
part or instead of permeability criteria” currently used in BCS
classifications may also increase the number of Class 1 drugs
that would become eligible for biowaivers. We have therefore
also included in this report a comparison of the BDDCS
classification of 168 drugs classified by Wu and Benet13 with
those obtained with the BCS approach using three different
reference drugs for permeability classification.

Methods
Drug Lists. Lists of the top 200 US, GB, ES, and JP drugs

were obtained from IMS Health (Fairfield, CT). Prior to
classification, parenteral and modified-release drug products
were excluded from the lists based on information obtained
from the Electronic Orange Book14 for the drugs on the US
list, from the Japanese Orange Book15 for those in the JP
list, from Medicines.org.uk.16 for drugs on the GB list, and
from PortalFarma.com17 and information provided by the
Spanish agency of medicines18 for drugs on the ES list. The
drugs on the WHO list were obtained from the 14th revised
edition of the WHO Essential Medicines core list.19 The
therapeutic categories of drugs on various lists were obtained
from appropriate reference literature and drug prescription
information sources.

Solubility. Values for drug solubility (mg/mL) were
obtained from the Merck Index,20 the USP DI,21,22 and
Japanese prescription information.23 For cases where the
reported solubility was significantly different in the above

three sources, the lowest listed value was used in dose
number calculations. For cases wherein specific values of
solubility were not available, the lower limit of the range
defined in the USP was chosen as a conservative estimate
(Table 1). For drugs that were listed as practically insoluble
(pi), a more conservative value of 0.01 mg/mL (rather than
0.1 mg/mL in the USP definition), and designated as pi*,
was used in dose number calculations. It is noted that, unlike
the solubility determinations in aqueous media covering the
physiological pH range (typically in pH 1.2, 4.5, and 6.8
buffers) proposed in the FDA,1 EMEA,24 and WHO25

guidelines, the solubility values used in the present clas-
sifications are based on drug solubility in water. It is also
likely that in some cases the specific values of solubility
adopted for ionizable drugs may not be the lowest solubility
of the drug over the physiological pH range and could
therefore represent a best-case scenario for that drug with
regard to solubility considerations.

Maximum and Lowest Dose Strengths.Values for
maximum and lowest dose strengths were obtained from the
Electronic Orange Book14 for the drugs on the US list, the
Japanese Orange Book15 for those on the JP list, Medicine-
s.org.uk16 for those on the GB list, and PortalFarma.com17

and the information provided by the Spanish agency of
medicines18 for those on the ES list.

Dose Number Calculations.The following equation was
used to calculate the dose number:

whereM0 is the maximum dose strength (milligrams),Cs is
the solubility (milligrams per milliliter),V0 ) 250 mL for

(13) Wu, C.-Y.; Benet, L. Z. Predicting Drug Disposition via Applica-
tion of BCS: Transport/Absorption/Elimination Interplay and
Development of a Biopharmaceutics Drug Disposition Classifica-
tion System.Pharm. Res.2005, 22, 11-23.

(14) Electronic Orange Book, ApproVed Drug Products with Thera-
peutic EquiValence EValuations, 24th ed. http://www.fda.gov/cder/
ob/ (accessed July 2005).

(15) Japanese Orange Book(Japanese only). http://www.jp-orange-
book.gr.jp/ (accessed July 2005).

(16) Medicines.org.uk., provided by Datapharm Communications Ltd.
http://www.medicines.org.uk/ (accessed July 2005).

(17) The database maintained by the Spanish Professional Pharmacists
Association (Spanish only). http://www.portalfarma.com/home.nsf
(accessed July 2005).

(18) The information provided by the Spanish Agency of Medicines
(Spanish only). http://www.agemed.es/Index.htm (accessed July
2005).

(19) WHO List of Essential Drugs, 14th ed., revised March 2005. http://
whqlibdoc.who.int/hq/2005/a87017_eng.pdf (accessed July 2005).

(20) The Merck Index, 13th ed.; Merck & Co., Inc.: Whitehouse
Station, NJ, 2001.

(21) USP DI Volume I, Drug Information for the Health Care
Professional, 24th ed.; Thomson Micromedex: Greenwood Vil-
lage, CO, 2004.

(22) USP DI Volume III, ApproVed Drug Products and Legal Require-
ments, 24th ed.; Thomson Micromedex: Greenwood Village, CO,
2004.

(23) Prescription information for Japanese drugs provided by Phar-
maceuticals and Medical Device Agency (Japanese only) http://
www.info.pmda.go.jp/ (accessed July 2005).

(24) EMEA, Committee for Proprietary Medicinal Products (CPMP).
Note for Guidance on the InVestigation of BioaVailability and
BioequiValence, July 2001. http://www.emea.eu.int/pdfs/human/
ewp/140198en.pdf (accessed July 2006).

(25) World Health Organization.Multisource (Generic) Pharmaceutical
Products: Guidelines on Registration Requirements to Establish
Interchangeability. Draft ReVision.http://www.who.int/medicines/
services/expertcommittees/pharmprep/QAS04_093Rev4_
final.pdf.

Table 1. Solubility Definitions

descriptive term
(solubility definition)

parts of solvent
required for

1 part of solute

solubility
range

(mg/mL)

solubility
assigned
(mg/mL)

very soluble (vs) <1 g1000 1000

freely soluble (fs) from 1 to 10 100-1000 100

soluble (s) from 10 to 30 33-100 33

sparingly soluble (sps) from 30 to 100 10-33 10

slightly soluble (ss) from 100 to 1000 1-10 1

very slightly soluble (vss) form 1000 to 10000 0.1-1 0.1

practically insoluble (pi*) g10000 <0.1 0.01

Do )
(M0/V0)

Cs
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the drugs on the US, GB, and ES lists, andV0 ) 150 mL
(according to the Japanese Guideline for BE studies26) for
drugs on the JP list. Dose numbers were also calculated using
the lowest dose strength in order to determine the number
of drugs for which the classification would change with dose
strength.

Partition Coefficients. Estimates of LogP as well as
CLogP for the uncharged solute molecule were obtained
using algorithms available with ChemDraw Ultra 8.0 soft-
ware (CambridgeSoft Corp., Cambridge, MA) and chemical
structures of the drug as depicted inThe Merck Index.20 The
algorithm for LogP (n-octanol-water partition coefficient)
is based on atomic contributions to lipophilicity,27 and that
for CLogP values was generated with algorithms based on
theoretical treatments developed by Leo.28

Correlations of Human Intestinal Permeability with
CLogP and Log P. The classification of permeability is
based on correlations of the experimentally determined
human intestinal permeability for 29 reference drugs with
estimated CLogP and LogP values of the uncharged
molecular form. Metoprolol was chosen as the reference
compound for permeability since 95% of the drug is known
to be absorbed from the gastrointestinal tract.29 Thus, drugs
that exhibit partition coefficients and human intestinal
permeability values greater than or equal to the corresponding
value for metoprolol are considered high-permeability drugs.
Conversely, drugs with estimated partition coefficients and
human intestinal permeability values less than the corre-
sponding value for metoprolol are classified as low-perme-
ability drugs. Drugs that exhibit human intestinal perme-
abilities greater than metropolol but with corresponding
CLogP (or LogP) values lower than that of metoprolol are
termed false negatives. False positives, on the other hand,
are drugs with CLogP (or LogP) values higher than that of

metoprolol but with corresponding experimental human
intestinal permeabilities that are lower than that of meto-
prolol.

Results
Characterization of Molecular Properties of Drugs.The

maximum and lowest dose strengths, solubility, dose number,
calculated LogP and CLogP, and therapeutic categories of
the oral drugs in immediate-release dosage forms on the top
200 US, GB, ES, and JP lists are shown in Tables SI1-SI4
(Supporting Information). The number of oral drugs in
immediate-release (IR) dosage forms on the US, GB, ES,
and JP lists was 113, 102, 106, and 113, respectively. A
revised classification of 130 drugs on the WHO essential
medicines list is shown in Table SI5 (Supporting Informa-
tion).

Distribution of Drug Therapeutic Category. The dis-
tribution of therapeutic category of the drugs on the US, GB,
ES, and JP lists is shown in Figure 1. It is evident from
Figure 1 that antianginals and antihypertensives comprise
the largest class in all four lists. However, while the overall

(26) Guidelines for BioequiValence Studies of Generic Products, 1997
(English version). http://www.nihs.go.jp/drug/be-guide(e)/Generic/
be97E.pdf (accessed July 2006).

(27) Ghose, A. K.; Crippen, G. M. Atomic Physicochemical Parameters
for Three-Dimensional-Structure-Directed Quantitative Structure-
Activity Relationships. 2. Modeling Dispersive and Hydrophobic
Interactions.J. Chem. Inf. Comput. Sci.1987, 27, 21-35.

(28) Leo, A. J. Calculating log Poct from Structures.Chem. ReV. 1993,
93, 1281-1306.

(29) Regårdh, C. G.; Borg, K. O.; Johansson, R.; Jojnsson, R.; Palmer,
L. Pharmacokinetic Studies On The Selectiveâ1-Receptor An-
tagonist Metoprolol In Man.J. Pharamcokinet. Biopharm.1974,
2, 347-364.

Figure 1. Comparison of the distribution of therapeutic categories on the US, GB, ES, and JP lists.
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distributions of therapeutic categories in the US, GB, and
ES are similar to each other, there are distinct differences
compared to the distribution in JP. A significantly higher
preponderance of vitamins, antihistaminic, antiinflammatory,
antiulcerative, antithrombotic, and antiasthmatic drugs is
found on the JP top 200 list. On the other hand, the
percentages of antiviral, antidepressant, anxiolytic, antipsy-
chotic, and anticonvulsant drugs were lower on the JP list.

Comparison of Drug Solubility. Figure 2 shows a plot
of the percentages of drugs on the four lists sorted by
solubility categories described in Table 1. Figure 2 also
shows the solubility classification of drugs on the WHO list
(Table SI5). The plot suggests that with some exceptions
the distribution trends in the four lists and the WHO list are
similar. A predominant percentage of the drugs on each list
(∼30-40%) were categorized as practically insoluble* (pi*)

drugs (note the lower solubility definition of pi* in Table
1).

Comparison of Dose Strength.A comparison of the
average maximum and lowest dose strengths of the drugs in
the four lists is shown in Figure 3. Figure 3 clearly shows
that the average maximum dose strength of drugs on the JP
list is less than half the average maximum dose strength of
drugs on the US/GB/ES lists, while the average lowest dose
strength is nearly two-thirds of that on the US and ES lists.
Figure 4 shows a comparison of the distribution of maximum
dose strengths in the four lists. As suggested by Figure 3,
the most significant differences are evident at the low and
high ends of the range of maximum dose strengths. The
maximum dose strengths for 10.6% of the drugs on the JP
list were less than 1 mg whereas the corresponding percent-
ages in the other three lists were significantly lower (US,

Figure 2. Comparison of the distribution of drug solubility on the US, GB, ES, JP, and WHO lists.

Figure 3. Comparison of average dose strength of the drugs on the US, GB, ES, and JP lists.
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3.5%; GB, 3.9%; ES, 2.8%; Figure 4). The percentage of
the drugs with maximum dose strengths of>300 mg on
the JP list was only 6.2%, which is significantly lower
than that in the other regions (US, 19.5%; GB, 16.7%; ES,
16.0%).

Classification of Solubility. Figure 5 shows a comparison
plot of the percentage of drugs on the four lists that exhibited
dose number Doe 1, and were thus classified as high-
solubility drugs. Thus, 54.9-58.5% of the drugs on the lists
were classified as high-solubility drugs using maximum dose
strengths. The percentage of high-solubility drugs increased
to 61.9-68.6% (7-10%) when dose number was calculated
using the lowest maximum strength (Figure 5). Figure 5 also
shows a comparison of the percentage of high-solubility
drugs on the JP list when Do was calculated using 150 mL
or 250 mL. As expected, with a higher volume of adminis-
tration (V0), the percentage of high-solubility drugs increased
from 54.9% to 60.2% when Do was calculated using

maximum dose strength and from 61.9% to 69.9% when
lowest dose strength was used in Do calculations.

Correlations of Human Intestinal Permeability with
CLogP and Log P. The experimentally determined human
jejunal permeabilities for the 29 reference drugs are listed
in Table 2 along with calculated CLogP and LogP. A plot
of the human jejunal permeability against CLogP (Figure 6)
indicated that the classification of permeability based on
metoprolol as the reference compound was correct for 19
(metoprolol included) out of 29 drugs (66%). Thus, 8 drugs
with CLogP and human intestinal permeability values greater
than or equal to the corresponding values for metoprolol
(high-permeability drugs; upper right quadrant) and 10 drugs
with CLogP and human intestinal permeability values less
than the corresponding values for metoprolol (low-perme-
ability drugs; lower left quadrant) are correctly classified.
Seven of the incorrectly classified drugs (false negatives;
upper left quadrant) are transported by carrier-mediated

Figure 4. Comparison of the distribution of dose strength of the drugs on the US, GB, ES, and JP lists.

Figure 5. Comparison of the percentage of high-solubility drugs on the US, GB, ES, and JP lists.
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mechanisms, and two (false positives; lower right quadrant)
are substrates for efflux transporters (Table 3). A similar plot
of the human jejunal permeability against LogP indicated
that 19 out of 27 drugs (70%) were correctly classified
(Figure 7). Of the 8 incorrectly classified drugs, 6 are
transported by carrier-mediated mechanisms (Table 3).
Antipyrine was an exception in both plots, and piroxicam
appears as an additional false negative in the LogP
correlation plot.

Classification of Permeability. Oral immediate-release
drugs with CLogP or LogP values greater than or equal to
the corresponding value for metoprolol, the reference drug,
were classified as high-permeability drugs. Conversely, drugs
with CLogP or LogP values lower than that of metoprolol
were considered to be low-permeability drugs. Thus, a total
of 63.2-69.0% and 58.4-59.8% of the drugs on the US,
GB, ES, and JP lists were classified as high-permeability
drugs based on CLogP and LogP, respectively (Figure 8).

BCS Classification of IR Oral Drugs. The drugs in IR
dosage forms on the US, GB, ES, and JP lists were
provisionally classified into the BCS classes on the basis of
Do and CLogP or Do and LogP (Tables SI1-SI4). A
comparison plot of the percentages of the drugs in IR dosage

forms that were classified as BCS Class 1-4 drugs using
Do and CLogP is shown in Figure 9. About 30% of the drugs
were classified as Class 1 on the US, GB, and ES lists. The
percentage of Class 1 drugs on the JP list was slightly higher
(34.5%) when Do was calculated using 150 mL and increased
further to 36.3% when Do was calculated using 250 mL (2
drugs were reclassified from Class 2 to Class 1). Compari-
sons of the corresponding percentages of the BCS drug
classes on the four lists using Do and LogP criteria are
shown in Figure 10. Although the distribution of drugs into
BCS classes was similar to that obtained with Do and CLogP
criteria (Figure 9), a relatively higher percentage of drugs
could not be classified due to missing LogP values.

BDDCS and BCS.A total of 168 drugs were classified
using BDDCS based on solubility and metabolism. Drugs
with g50% metabolism30 (Table 3 of Wu and Benet13) were
defined as extensively metabolized and thus considered high-
permeability drugs. The BDDCS classifications of the 168
drugs were compared with those obtained with the BCS
approach using Do for solubility classification and CLogP
of different reference drugs for permeability classification
(aluminum hydroxide, labetolol, lithium carbonate, and
penicillins31 could not be classified using BCS due to
unavailability of CLogP values). The permeability classifica-
tions were obtained with CLogP estimates alone due to
availability of values for a greater number of drugs and also
since previous studies had indicated that CLogP is a more
accurate predictor of octanol-water partition coefficient.32

Figure 11 shows a comparison of the BCS classification of
164 drugs with those reported in BDDCS. The classification
based on BDDCS indicates that 59 drugs are Class 1, 51 are
Class 2, 42 are Class 3, and 12 are Class 4.33

The conservative BCS classification based on metoprolol
as the reference compound (95% fraction oral dose ab-
sorbed29) indicates that a total of 42 drugs are Class 1, 54
are Class 2, 57 are Class 3, and 11 are Class 4 drugs (Figure
11). A total of 33 drugs were Class 1 drugs in both BDDCS
and BCS using metoprolol as the reference permeability drug.
Thus, 26 more drugs were Class 1 in BDDCS but not in
BCS. Six of these are actively transported (enalapril, glucose,
levodopa, phenylalanine, theophylline, and zidovudine), 2
are listed as high-solubility drugs in BDDCS (ketoprofen
and nifedipine), and 3 are borderline Class 1 in BCS
(chloramphenicol, colchicine, and ergonovine). A detailed
breakdown of the drug classes is shown in Table SI6
(Supporting Information).

(30) In footnote of Table 3 in ref 9,g50% defined as extensive
metabolism criterion. Elsewhere in text and in Figure 6 of ref 9,
g70% metabolism listed as extensive metabolism cutoff.

(31) Penicillin V potassium was classified as a BCS Class 1 drug in
the WHO provisional classification (see Table SI5).

(32) Machatha, S.; Yalkowsky, S. H. Comparison of the octanol/water
partition coefficients calculated by ClogP, ACDlogP and KowWin
to experimentally determined values.Int. J. Pharm.2005, 294,
85-192.

(33) Ciprofloxacin was dually classified in BDDCS as a Class 3 and
Class 4 drug.

Table 2. Estimated CLogP, Log P, and Human Jejunal
Permeability of Reference Drugs

drug CLogP Log P

human
permeability
(×104 cm/s)

R-methyldopa -2.26 0.39 0.10
amoxicillin -1.87 -0.58 0.30
antipyrine 0.20 1.01 5.60
atenolol -0.11 0.50 0.20
carbamazepine 2.38 2.93 4.30
cephalexin -1.84 -0.67 1.56
cimetidine 0.35 0.79 0.26
creatinine -1.77 -0.63 0.29
desipramine 4.47 3.94 4.50
D-glucose -2.21 -2.38 10.00
enalapril 0.67 1.77 1.57
enalaprilat 0.88 1.17 0.20
fluvastatin 4.05 3.41 2.40
furosemide 1.90 0.74 0.05
hydrochlorothiazide -0.37 -0.15 0.04
ketoprofen 2.76 3.31 8.70
levodopa -2.82 0.00 3.40
lisinopril -1.69 0.91 0.33
L-leucine -1.67 0.34 6.20
losartan 4.11 naa 1.15
metoprolol 1.49 1.72 1.34
naproxen 2.82 2.97 8.50
phenylalanine -1.56 0.78 4.08
piroxicam 1.89 0.29 6.65
propranolol 2.75 2.65 2.91
ranitidine 0.63 na 0.27
terbutaline 0.48 1.16 0.30
valacyclovir -1.22 -1.06 1.66
verapamil 4.47 5.69 6.80

a Not available.
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The BCS classification of the 164 drugs was also carried
out using cimetidine (65-70% fraction oral dose ab-
sorbed34,35), ranitidine (30-70% fraction oral dose ab-
sorbed36-39), and atenolol (∼50% fraction oral dose ab-
sorbed40) as the reference permeability drug. The classifica-

tion based on cimetidine as the reference drug indicates that
61 drugs are Class 1, 58 are Class 2, 31 are Class 3, and 7
are Class 4 (Figure 11). A total of 44 drugs were Class 1 in
both BDDCS and BCS. There were 15 additional drugs that

(34) Bodemar, G.; Norlander, B.; Walan, A. Pharmacokinetics of
cimetidine after single doses and during continuous treatment.
Clin. Pharmacokinet.1981, 6, 306-315.

(35) Guay, D. R.; Matzke, G. R.; Bockbrader, H. N.; Dancik, J.
Comparison of bioavailability and pharmacokinetics of cimetidine
in subjects with normal and impaired renal function.Clin. Pharm.
1983, 2, 157-162.

Figure 6. Correlation plot of the human jejunal permeability with CLogP of the reference drugs.

Table 3. Carrier-Mediated Transport or Efflux of Reference Drugs

permeability classificationa

drug evidence for transport CLogP based Log P based

R-methyldopa c c
amoxicillin c c
antipyrine no evidence of carrier-mediated transport fn fn
atenolol c c
carbamazepine c c
cephalexin substrate for peptide transporters52 fn fn
cimetidine c c
creatinine c c
desipramine c c
D-glucose substrate for glucose transporters53 fn fn
enalapril substrate for peptide transporters54 fn c
enalaprilat c c
fluvastatin c c
furosemide secretion in rat jejunum and Caco-2 cells55 fp fp
hydrochlorothiazide c c
ketoprofen c c
levodopa substrate for amino acid transporters56 fn fn
lisinopril c c
L-leucine substrate for amino acid transporters56 fn fn
losartan secretion by P-glycoprotein57 fp na
metoprolol c c
naproxen c c
phenylalanine substrate for amino acid transporters56 fn fn
piroxicam no evidence of carrier-mediated transport c fn
propranolol c c
ranitidine c na
terbutaline c c
valacyclovir substrate for peptide transporters58 fn fn
verapamil c c

a Partition coefficient comparison with human intestinal permeability classification: c ) correctly classified; fn ) false negative classification;
fp ) false positive classification; na ) not available.
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were Class 1 in BDDCS but not in BCS of which 5 are
actively transported (glucose, levodopa, phenylalanine, theo-
phylline, and zidovudine), 2 are again listed as high-solubility

drugs in BDDCS (ketoprofen and nifedipine), and 3 are
borderline Class 1 in BCS (antipyrine, isosorbide dinitrate,
and minocycline). Table SI7 (Supporting Information) shows
the classification of all 164 drugs using BCS (CLogP
cimetidine) and BDDCS.

The BCS classification using ranitidine indicates that 55
drugs are Class 1, 56 are Class 2, 44 are Class 3, and 9 are
Class 4. A total of 41 drugs were Class 1 drugs in both
BDDCS and BCS. The 18 additional drugs that were Class
1 in BDDCS but not in BCS included 5 that are actively
transported (glucose, levodopa, phenylalanine, theophylline,
and zidovudine), 2 that are listed as high-solubility drugs in
BDDCS (ketoprofen and nifedipine), and 4 that are borderline

(36) Chau, N. P.; Zech, P. Y.; Pozet, N.; Hadj-Aissa, A. Ranitidine
kinetics in normal subjects.Clin. Pharmacol. Ther.1982, 31,
770-774.

(37) Garg, D. C.; Weidler, D. J.; Eshelman, F. N. Ranitidine bioavail-
ability and kinetics in normal male subjects.Clin. Pharmacol.
Ther.1983, 33, 445-452.

(38) van Hecken, A. M.; Tjandramaga, T. B.; Mullie, A.; Verbesselt,
R.; de Schepper, P. J. Ranitidine: single dose pharmacokinetics
and absolute bioavailability in man.Br. J. Clin. Pharmacol.1982,
14, 195-200.

(39) McNeil, J. J.; Mihaly, G. W.; Anderson, A.; Marshall, A. W.;
Smallwood, R. A.; Louis, W. J. Pharmacokinetics of the H2-
receptor antagonist ranitidine in man.Br. J. Clin. Pharmacol.
1981, 12, 411-415.

(40) Mason, W. D.; Winer, N.; Kochak, G.; Cohen, I.; Bell, R. Kinetics
and absolute bioavailability of atenolol.Clin. Pharmacol. Ther.
1979, 25, 408-415.

Figure 7. Correlation plot of the human jejunal permeability with Log P of the reference drugs.

Figure 8. Comparison of the percentage of high-permeability drugs on the US, GB, ES, and JP lists.
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Class 1 in BCS (abacavir, acetaminophen, isosorbide dini-
trate, and morphine). Table SI8 (Supporting Information)
shows the classification of all 164 drugs using BCS (CLogP
ranitidine) and BDDCS.

The BCS classification using atenolol as the reference
permeability drug shows that 72 drugs are Class 1, 58 are
Class 2, 27 are Class 3, and 7 are Class 4 (Figure 11). The
number of drugs that were Class 1 drugs in both BDDCS
and BCS increased further to 51 when atenolol was used as
the reference compound in the BCS classification. There were
8 additional drugs that were Class 1 in BDDCS but not in
BCS and once again included ketoprofen and nifedipine that
are listed as high-solubility drugs in BDDCS and 3 that are
actively transported (glucose, levodopa, and phenylalanine).

However, there were 21 additional drugs that were Class 1
in BCS but were classified otherwise in BDDCS (Table SI9,
Supporting Information). A total of 15 of these drugs
exhibited oral bioavailability41,42g50% (amiloride, atenolol,
atropine, captopril, cetirizine, chloroquine, chlorthalidone,
cimetidine, dicloxacillin, digoxin, ephedrine, ethambutol,
lomefloxacin, metoclopramide, and ranitidine).

(41) Benet, L. Z.; Øie, S.; Schwarz, J. B. Design and optimization of
dosage regimens: pharmacokinetic data. InGoodman and Gil-
man’s The Pharmacological Basis of Therapeutics, 9th ed.;
Hardman, J. G., Limbird, L. E., Molinoff, P. B., Ruddon, R. W.,
Gilman, A. G., Eds.; McGraw-Hill: New York, 1996; pp 1707-
1792.

Figure 9. BCS classification of oral drugs in IR dosage forms on the US, GB, ES, and JP lists using Do and CLogP.

Figure 10. BCS classification of oral drugs in IR dosage forms on the US, GB, ES, and JP lists using Do and Log P.
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A few drugs were consistently classified as high-perme-
ability Class 1/Class 2 drugs in BCS regardless of the
reference cutoff for permeability but were classified as Class
3 or Class 4 based on poor metabolism (bidisomide,
cetirizine, chloroquine, cloxacillin, dicloxacillin, erythromy-
cin, fexofenadine, metoclopramide, and pravastatin). A few
of these, cetirizine, chloroquine, and metoclopramide, appear
to be borderline BCS Class 1 drugs based on bioavailability
alone.41,42 It is also pertinent to note that chloroquine,
colchicine, erythromycin, fexofenadine, and pravastatin are
substrates of P-gp efflux transporters. With lower reference
permeability cutoff classifications, additional drugs such as
captopril (65-70% fraction dose absorbed43), digoxin (∼80%
fraction oral dose absorbed44), ephedrine (90% fraction oral
dose absorbed45), and trimethoprim (100% oral bioavailabil-
ity41,46), drugs with g70% oral bioavailability org70%
fraction oral dose absorbed are classified in BCS as Class 1
or Class 2 but are listed as Class 3 or Class 4 drugs in
BDDCS.

Discussion
We previously reported the provisional biopharmaceutical

classification of oral immediate-release drugs on the WHO
Essential Drug List.7 The results of the provisional clas-
sification suggested that a satisfactory BE test for 67% of
the IR drug products on the WHO list may be based on an
in vitro dissolution test (biowaivers). This finding suggested
that the clinical performance of a majority of approved drugs
essential for human health can be assured with an in vitro
dissolution test. In this report, we extended our analysis of
BCS classification to the top 200 drug products on the US,
GB, ES, and JP markets and show that the distribution of
these drugs into BCS classes is similar to the classification
of drugs on the WHO list. The similarity is remarkable
considering that only 5-20% of the drugs on the WHO list
are found on the US, GB, ES, or JP lists.

The distribution of the top-selling drugs on the four lists
(countries) in terms of solubility values was very similar
(Figure 2) despite the observation that only 34-44 drugs
on the JP list were in common with the US, GB, and ES
lists. Interestingly, a predominant percentage of the drugs
(∼40%) on all four lists were categorized as practically
insoluble drugs. The higher percentage of practically in-
soluble drugs on the US, GB, ES, and JP lists compared to
that on the WHO list (27%) suggests a trend toward
discovery and development of potent, highly lipophilic
compounds in developed countries (Figure 2).

The average maximum and lowest dose strengths on the
US, GB, and ES lists were similar, and this suggests a
commonality with respect to use and clinical efficacy
standards. Conversely, the dramatically lower dose strengths
on the JP list compared to the US, GB, or ES lists (Figures
3 and 4) may reflect differences in therapeutic categories
and a higher emphasis on safety issues.

The percentage of drugs categorized as high-solubility
drugs, Doe 1, calculated using maximum dose strength was

(42) Thummel, K. E.; Shen, D. D. Design and optimization of dosage
regimens: pharmacokinetic data. InGoodman and Gilman’s The
Pharmacological Basis of Therapeutics, 10th ed.; Hardman, J.
G., Limbird, L. E., Eds.; McGraw-Hill: New York, 2001; pp
1924-2023.

(43) Duchin, K. L.; Singhvi, S. M.; Willard, D. A.; Migdalof, B. H.;
McKinstry, D. N. Captopril kinetics.Clin. Pharmacol. Ther.1982,
31, 452-458.

(44) Hinderling, P. H.; Hartmann, D. Pharmacokinetics of digoxin and
main metabolites/derivatives in healthy humans.Ther. Drug Monit.
1991, 13, 381-401.

(45) Pade, V.; Stavchansky, S. Link between Drug Absorption Solubil-
ity and Permeability Measurements in Caco-2 Cells.J. Pharm.
Sci.1987, 87, 1604-1607.

(46) Klepser, M. E.; Zhu, Z.; Nicolau, D. P.; Banevicius, M. A.;
Belliveau, P. P.; Ross, J. W.; Broisman, L.; Quintiliani, R.;
Nightingale, C. H. Oral absorption of trimethoprim-sulfamethox-
azole in patients with AIDS.Pharmacotherapy1996, 16, 656-
662.

Figure 11. Comparison plots of the classification of 164 drugs by BDDCS and by BCS using three different reference permeability
drugs.
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∼55% in the US, GB, and ES lists (Figure 5). The percentage
of drugs with Doe 1 calculated using lowest dose strength
was also similar on the US, GB, and ES lists (∼67%, Figure
5). Thus, roughly 12% of the IR drugs change BCS class
over the recommended dose strength range. The percentage
of high-solubility drugs (Doe 1) on the JP list, calculated
using maximum dose strength and 150 mL26 (V0), was similar
to that on the US, GB, and ES lists (∼55%, Figure 5). The
similarity of the percentage of high-solubility drugs on the
JP list despite a significantly lower average dose strength is
due in part to the compensatory effect of the smallerV0 of
150 mL compared to 250 mL used with drugs on the US,
GB, and ES lists.

An examination of Figures 6 and 7 indicates that the
permeability of drugs that are transported by carrier-mediated
mechanisms, as expected, is predicted to be low on the basis
of CLogP and LogP considerations. Further, as shown
earlier,7 the false-positive predictions for antipyrine and/or
piroxicam in CLogP and LogP correlations would be absent
if Log D correlations were used. However, due to the limited
availability of pKa values and experimental human jejunal
permeability data or well-defined mass balance studies,
permeability classification in this report was based on the
estimated or calculated octanol-water partition coefficient
of the uncharged form of the drug molecule. The percentage
of drugs classified as high-permeability using CLogP was
slightly higher than that using LogP (∼5%) and may be a
reflection of the greater number of drugs for which CLogP
values could be calculated compared to LogP.

The oral drugs in IR dosage forms on the US, GB, ES,
and JP lists were classified according to BCS on the basis
of Do and CLogP or LogP criteria. The percentage of drugs
that were classified as BCS Class 1 drugs on the US list
was 31.0% with CLogP and 27.4% with LogP (Figures 9
and 10). The percentage with CLogP may be higher than
that with LogP due to a greater number of drugs for which
CLogP values were available (107) compared to LogP (100).
The classification of Class 1 drugs in the other lists showed
similar trends (GB, 30.4% with CLogP and 28.4% with Log
P; ES, 30.2% with CLogP and 28.3% with LogP; JP, 34.5%
with CLogP and 30.1% with LogP using 150 mL asV0).
Thus, according to the current FDA guideline, BE testing
of around 30% of the top-selling drugs in these lists may be
based on a suitable in vitro dissolution test procedure. On
the basis of dose numbers alone (Figure 5), 55% of the drugs
were high-solubility drugs (Class 1 plus Class 3) and may
be eligible for biowaivers.

The suitability of biowaivers for high-solubility Class 3
drugs in immediate-release dosage forms has been recom-
mended3-6 although concerns of the effects of excipients on
the oral bioavailability of the candidate drug have been
expressed. Bioequivalence studies in humans conducted by
the FDA on a large number of ranitidine IR formulations
containing a wide variety and combinations of common
excipients revealed no differences in oral bioavailability
suggesting no excipient effects in vivo at levels normally
used in immediate-release dosage forms on ranitidine

permeation across the human intestine.47 Recent publications
on the effects of specified excipients on immediate-release
atenolol,48 ranitidine,49 and cimetidine50 products marketed
in Germany, Finland, and The Netherlands suggest that IR
products containing these three Class 3 drugs might be
candidates for biowaivers, as excipient interactions appeared
not to be critical with regard to their absorption in humans.
The examples of atenolol, cimetidine, and ranitidine suggest
that other Class 3 drugs that are passively (or actively)
absorbed may be candidates for biowaivers.

The BDDCS is an innovative suggestion with many
implications for metabolism and drug disposition. In general,
a significant correlation between nonpolarity of an (un-
charged) drug molecule, metabolism, and membrane perme-
ability is expected. However, comparisons or correlations
between the BDDCS and BCS will have some limitations
since they are based on different processes at the molecular
level, e.g., transport and enzyme binding vs (passive)
membrane permeation transport in different cells (intestinal
vs liver) with differences in membrane composition and
transporter expression. However, some comparison with
respect to the agreement as well as differences between the
two approaches in the classification of the common set of
164 drug compounds is warranted. The agreement in
classification of Class 2 and Class 4 drugs between BDDCS
and BCS was excellent, ranging from 87% to 92% depending
on the choice of the BCS permeability reference drug
(metoprolol, cimetidine, or atenolol). The total number of
Class 1 and Class 3 drugs in BDDCS and in BCS was almost
the same (101/164 vs 100/164), with 64-72% being identi-
cally classified. The major differences in Class 1 vs 3 were
due to the choice of permeability value (reference drug) for
high-permeability classification in the BCS. The original
choice for cutoff was purposely conservative. Altering the
permeability cutoff for classification will definitely alter the
agreement. In particular, the agreement between BCS and
BDDCS in classification for Class 1 drugs increased from
56% (BCS/metoprolol) to 75% (BCS/cimetidine) to 86%
(BCS/atenolol). The BCS classification using cimetidine as

(47) Yu, L. X. Regulatory Implementation Challenges and Extension
Opportunities of BCS. Biorelevant Dissolution and Impact of New
BA/BE Guidances, Sept 13 and 14, 2001.

(48) Vogelpoel, H.; J. Welink, J.; Amidon, G. L.; Junginger, H. E.;
Midha, K. K.; Möller, H.; Olling, M.; Shah, V. P.; Barends, D.
M. Biowaiver Monographs for Immediate Release Solid Oral
Dosage Forms Based on Biopharmaceutics Classification System
(BCS) Literature Data: Verapamil Hydrochloride, Propranolol
Hydrochloride, and Atenolol.J. Pharm. Sci.2004, 93, 1945-
1956.

(49) Kortejärvi, H.; Yliperttula, M.; Dressman, J. B.; Junginger, H.
E.; Midha, K. K.; Shah, V. P.; Barends, D. M. Biowaiver
Monographs for Immediate Release Solid Oral Dosage Forms:
Ranitidine Hydrochloride.J. Pharm. Sci.2005, 94, 1617-1625.

(50) Jantratid, E.; Prakongpan, S.; Dressman, J. B.; Amidon, G. L.;
Junginger, H. E.; Midha, K. K.; Shah, V. P.; Stavchansky, S. A.;
Barends, D. M. Biowaiver Monographs for Immediate Release
Solid Oral Dosage Forms: Cimetidine.J. Pharm.Sci. 2006, 95,
974-984.
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the reference permeability drug appears to exhibit the best
overall agreement with BDDCS for the 164 drugs (Figure
11); excluding 5 drugs that are actively transported and 3
that were borderline Class 1, the agreement in classification
of high-permeability-extensive metabolism drugs was quite
good (46/51 or∼90%).

The requirement of extensive metabolism (in addition to
being highly soluble) for a drug to be considered Class 1 in
BDDCS excludes drugs that may be highly absorbed but are
excreted unchanged into urine and bile. Drugs such as
amoxicillin, chloroquine,51 lomefloxacin, trimethoprim, and
zalcitabine that exhibitg90% oral bioavailability are all listed
as Class 3 drugs in BDDCS. Thus, classification of drugs
based only on elimination (metabolism) may not be adequate.
Lipophilicity considerations alone would not be expected to
predict active carrier-mediated transport of drugs; however,
a number of borderline BCS Class 3/Class 1 drugs would
be reclassified as Class 1 drugs with a lower permeability

criterion (70% fraction dose absorbed). Despite these dif-
ferences, it is of utmost importance to note the substantial
agreement of the two approaches in the classification of drugs
for which a simplification in the bioequivalence test is highly
merited. A more detailed examination of the importance and
reliability of key parameters, particularly for drug compounds
that are classified differently in the two approaches, might
be beneficial.

It is recognized that exceptions to the general principle
underlying the BDDCS are expected; nevertheless, we wish
to stress that the institution of appropriate in vitro dissolution
tests for high-solubility drugs would provide excellent low-
risk alternatives to in vivo bioequivalence testing regardless
of their permeability or metabolic characterization. We
emphasize that, while membrane permeability istheparam-
eter fundamentally controlling absorption as well as first-
pass metabolism (by controlling the rate of presentation of
drug to the metabolic site), it is dissolution in vivo that
controls presentation of the drug to the intestinal membrane.

In conclusion, the provisional BCS classification of the
top-selling drugs in US, GB, ES, and JP suggests that a
minimum of 25-30% of the drug products on these markets
are BCS Class 1 and candidates for waiver of in vivo BE
testing based on the FDA guidance, and that an additional
20-25% are Class 3 drugs and are candidates for biowaiver.
The impact of waivers of in vivo BE testing and its
replacement with mechanistically based dissolution tests can
not only accelerate new drug development but also signifi-
cantly impact developing countries phasing in BE standards.
The replacement of expensive in vivo testing with a simpler,
more easily implemented, routinely monitored, and more
reliable dissolution test would ensure clinical performance
of approved drug products in a rapidly globalizing market-
place.
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