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ficiently sensitive by the USP-NF Joint Panel on PhysiologicDATA ANALYSIS AND INTERPRETATION
Availability, and in 1968 the Panel directed the identification
of candidate articles for the first twelve official dissolutionThe dissolution rate is determined by plotting the cumula-
tests that used Apparatus 1.tive amount of solute dissolved against time. Linear regres-

The state of science is such that conduct of in vivo testingsion analysis is performed on data points in the initial linear
is necessary in the development and evaluation of dosageregion of the dissolution curve. The slope corresponds to
forms. Also, no product, including suspensions and chew-the dissolution rate (mass sec–1). (More precise estimates of
able tablets, should be developed without dissolution orslope can be obtained using a generalized linear model that
drug release characterization where a solid phase exists. Thistakes into account correlations among the measurements of
chapter sets forth, for products intended for human use,the cumulative amounts dissolved at the various sampling
guidelines for characterizing a drug that include: (1) devel-times.)
oping in vitro test methods for immediate-release and modi-The amount versus time profiles may show curvature.
fied-release dosage forms, (2) designing in vivo protocols,When this occurs, only the initial linear portion of the profile
and (3) demonstrating and assessing in vitro-in vivo correla-is used to determine the dissolution rate. Upward curvature
tions for modified-release dosage forms.(positive second derivative) of the concentration versus time

data is typically indicative of a systematic experimental
problem. Possible problems include physical degradation of IN VITRO EVALUATIONthe compact by cracking, delaminating, or disintegration.
Downward (negative second derivative) curvature of the dis-
solution profile is often indicative of a transformation of the
solid form of the compact at the surface or when saturation Dissolution and Drug Release Testing—
of the dissolution medium is inadvertently being ap- Method Development for Immediate-Releaseproached. This often occurs when a less thermodynamically

Dosage Formsstable crystalline form converts to a more stable form. Ex-
amples include conversion from an amorphous form to a

Dissolution testing is required for all solid oral Pharmaco-crystalline form or from an anhydrous form to a hydrate
peial dosage forms in which absorption of the drug is neces-form, or the formation of a salt or a salt converting to the
sary for the product to exert the desired therapeutic effect.corresponding free acid or free base. If such curvature is
Exceptions are for tablets meeting a requirement for com-observed, the crystalline form of the compact may be as-
pleteness of solution or for rapid (10 to 15 minutes) disinte-sessed by removing it from the medium and examining it
gration for soluble or radiolabeled drugs. The apparatus andby powder X-ray diffraction or another similar technique to
procedure conform to the requirements and specificationsdetermine if the exposed surface area is changing.
given in the general chapter Dissolution 〈711〉. Generally, ex-The constant surface area dissolution rate is reported in
periments are conducted at 37°.units of mass sec–1, and the dissolution flux is reported in

The dissolution medium preferably is deaerated water or,units of mass cm–2 sec–1. The dissolution flux is calculated by
if substantiated by the solubility characteristics of the drugdividing the dissolution rate by the surface area of the com-
or the formulation, a buffered aqueous solution (typically pHpact. Test conditions, typically a description of the appara-
4 to 8) or a dilute acid (0.001 N to 0.1 N hydrochloric acid)tus, rotation speed, temperature, buffer species and
may be used. The usual volume of the medium is 500 tostrength, pH, and ionic strength should also be reported
1000 mL, with the use of greater volumes (up to 2000 mL)with the analyses.
allowed for drugs having limited solubility. The quantity of
medium used should be not less than 3 times that required
to form a saturated solution of the drug substance. The sig-
nificance of deaeration of the medium should be deter-
mined. Addition of solutes (i.e., surfactants) and electrolytes
to aid in solubilization of the drug must be balanced against
the loss of the discriminatory power of the test. The use of〈1088〉 IN VITRO AND IN VIVO hydroalcoholic media is generally not favored. The use of
such media should be supported by a documented in vitro-EVALUATION OF DOSAGE FORMS in vivo correlation. Conversely, it should be recognized that
this discriminatory power could in some circumstances be
excessive in that it may result in detection of differences in

The Pharmacopeia provides for dissolution and drug re- dissolution that are not clinically significant.
lease testing in the majority of monographs for solid oral The choice of apparatus should be based on knowledge
and transdermal dosage forms. In recognition of the sensi- of the formulation design and actual dosage form perfor-
tivity of dissolution tests, where a valid bioavailability-bioe- mance in the in vitro test system. Since dissolution appara-
quivalence (BA-BE) study is in hand, the policy of this Phar- tuses tend to become less discriminating when operated at
macopeia has been to give this information dominant faster speeds, lower stirring speeds should be evaluated and
consideration in setting dissolution standards. Early practice an appropriate speed chosen in accordance with the test
was to develop dissolution requirements based on the in data. The most common operating speeds are 100 rpm for
vitro performance of clinically successful formulations. Simi- Apparatus 1 (basket) and 50 rpm for Apparatus 2 (paddle)
larity in dissolution behavior has long been sought from the for solid-oral dosage forms and 25 rpm for suspensions. A
perspectives of both bioavailability and quality control 40-mesh screen is used in almost all baskets, but other mesh
considerations. sizes may be used when the need is documented by sup-

It is the goal of the pharmaceutical scientist to find a rela- porting data.
tionship between an in vitro characteristic of a dosage form Apparatus 2 is generally preferred for tablets. Apparatus 1
and its in vivo performance. The earliest achievable in vitro is generally preferred for capsules and for dosage forms that
characteristic thought to portend an acceptable in vivo per- tend to float or that disintegrate slowly. A sinker, such as a
formance was tablet and capsule disintegration. A test for few turns of platinum wire, may be used to prevent a cap-
disintegration was adopted in USP XIV (1950). At that time, sule from floating. Other types of sinker devices that achieve
no quantitative work was done in attempting to demon- minimal coverage of dosage form surface are commercially
strate such a relationship, especially in regard to in vivo available. Where the use of a sinker device is employed, it is
product performance. However, advances in instrumental incumbent on the analyst to assure that the device used
methods of analysis ultimately opened up prospects for this does not alter the dissolution characteristics of the dosage
work. The disintegration test was recognized as being insuf- form.
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Dissolution testing should be conducted on equipment tional sampling times may be required for drug approval
that conforms to the requirements in the chapter Dissolution purposes. An early time point, usually 1 to 2 hours, is cho-
〈711〉 and that has been calibrated with both the USP Sali- sen to show that potential dose dumping is not probable.
cylic Acid and Prednisone Calibrator Tablets. The method of An intermediate time point is chosen to define the in vitro
analysis should be validated in accordance with the proce- release profile of the dosage form, and a final time point is
dures given in the chapter Validation of Compendial Proce- chosen to show essentially complete release of the drug.
dures 〈1225〉. Test times and specifications are usually established on the

The test time is generally 30 to 60 minutes, with a single basis of an evaluation of drug release profile data. For prod-
time point specification for pharmacopeial purposes. To al- ucts containing more than a single active ingredient, drug
low for typical disintegration times, test times of less than release should be determined for each active ingredient.
30 minutes should be based on demonstrated need. Indus- Where a single set of specifications cannot be established
trial and regulatory concepts of product comparability and to cover multisource monograph articles, application of a
performance may require additional time points, and this Case Three standard is appropriate. In Case Three, multiple
may also be a feature required for product registration or drug release tests are included under the same monograph
approval. For registration purposes, a plot of percentage of heading, and labeling requirements are included to indicate
drug dissolved versus time should be determined. Enough with which drug release test a specific product complies
time points should be selected to characterize adequately and, in some cases, the biological performance to be
the ascending and plateau phases of the dissolution curve. expected.

Dissolution test times and specifications usually are estab- Drug release testing should be conducted on equipment
lished on the basis of an evaluation of dissolution profile that conforms to the requirements in the chapter Drug Re-
data. Typical specifications for the amount of active ingredi- lease 〈724〉 and that has been calibrated with the appropri-
ent dissolved, expressed as a percentage of the labeled con- ate USP calibrators. The method of analysis should be vali-
tent (Q), are in the range of 70% to 80% Q dissolved. A Q dated in accordance with the procedures given in the
value in excess of 80% is not generally used, as allowance chapter Validation of Compendial Procedures 〈1225〉.
needs to be made for assay and content uniformity ranges.

For products containing more than a single active ingredi-
IN VIVO EVALUATION OF MODIFIED-RELEASEent, dissolution normally should be determined for each ac-

tive ingredient. Where a dissolution test is added to an ex- DOSAGE FORMS
isting monograph, the disintegration test is deleted.
However, in the case of sublingual preparations, a short dis- In evaluating a modified-release product, a fundamental
integration time may be retained as a monograph specifica- issue is the types of studies that should be performed to
tion in addition to a dissolution requirement. give reasonable assurance of safety and efficacy. While pro-

viding important information concerning the release charac-
teristics of the drug from the dosage form, at present in

Dissolution and Drug Release Testing— vitro studies are most useful for such purposes as monitor-
Method Development for Modified-Release ing drug product stability and manufacturing process con-

trol. The assessment of safety and efficacy of a modified-Dosage Forms
release dosage form is best achieved through observing in
vivo pharmacodynamics or pharmacokinetics. Moreover,Drug release testing is required for all modified-release
where there is a well-defined, predictive relationship be-dosage forms in which absorption of the drug is necessary
tween the plasma concentrations of the drug or active me-for the product to exert the desired therapeutic effect. The
tabolites and the clinical response (therapeutic and adverse),apparatus and procedure conform to the requirements and
it may be possible to use plasma drug concentration dataspecifications given in the general chapter Drug Release
alone as a basis for the approval of a modified-release prep-〈724〉.
aration that is designed to replace an immediate-releaseThe dissolution medium preferably is deaerated water or,
preparation.if substantiated by the solubility characteristics of the drug

The following guidelines are intended to provide guidanceor the formulation, buffered aqueous solutions (typically pH
in drug substance evaluation and the design, conduct, and4 to 8) or dilute acid (0.001 N to 0.1 N hydrochloric acid)
evaluation of studies involving modified-release dosagemay be used. (See above under Dissolution and Drug Release
forms. While these guidelines will focus on oral drug deliv-Testing—Method Development for Immediate-release Dosage
ery systems, the principles may be applicable to otherForms.) For modified-release dosage forms, the pH- and
routes of drug administration (e.g., transdermal, subcutane-surfactant-dependence of the dosage form should be evalu-
ous, intramuscular, etc.).ated by in vitro testing in media of various compositions.

The volume of medium will vary depending on the appara-
tus used and the formulation under test. Characterization of Drug SubstanceThe choice of apparatus should be based on knowledge
of the formulation design and actual dosage form perfor-
mance in the in vitro test system. Apparatus 1 (basket) or
Apparatus 2 (paddle) may be more useful at higher rotation PHYSICOCHEMICAL PROPERTIES
frequencies (e.g., the paddle at 100 rpm). Apparatus 3 (re-
ciprocating cylinder) has been found to be especially useful Physicochemical information necessary to characterize the
for bead-type modified-release dosage forms. Apparatus 4 drug substance in a modified-release dosage form should
(flow cell) may offer advantages for modified-release dosage generally be no less than for the drug substance in an im-
forms that contain active ingredients having very limited sol- mediate-release dosage form. Additional physicochemical in-
ubility. Apparatus 7 (reciprocating disk) has been shown to formation may be needed on polymorphism, particle size
have application to nondisintegrating oral modified-release distribution, solubility, dissolution rate, stability, and other
dosage forms, as well as to transdermal dosage forms. Appa- release-controlling variables of the active drug entity under
ratus 5 (paddle over disk) and Apparatus 6 (cylinder) have conditions that may react to the extremes of the physiologic
been shown to be useful for evaluating and testing trans- environment experienced by the dosage form. For purposes
dermal dosage forms. of this chapter, active drug entity is taken to be the official

At least three test times are chosen to characterize the in drug substance.
vitro drug release profile for Pharmacopeial purposes. Addi-
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tion-time data. If such data are not available, clinical trials ofPHARMACOKINETIC PROPERTIES
the modified-release dosage form should be carried out with
concurrent pharmacokinetic-pharmacodynamicIt is recommended to characterize thoroughly the input
measurements.absorption profile of the active drug entity from a rapidly

available preparation (an intravenous solution or oral solu-
tion or a well-characterized FDA-approved immediate-release Characterization of the Dosage Formdrug product), which serves in turn as a reference to evalu-
ate the input profile of the modified-release dosage form.
This information together with the biological disposition
characteristics for the active drug entity can characterize PHYSICOCHEMICAL PROPERTIES
and predict changes in the bioavailability of the drug when
input is modified as in the case of the modified-release dos- The variables employed to characterize the physicochemi-
age form. For example, if the active drug entity exhibits cal properties of the active drug entity as it exists or is dis-
saturable first-pass hepatic metabolism, a reduction in sys- cernible in the dosage form should be the same as those
temic availability could result after oral administration if the employed to characterize the drug substance. Solubility and
input rate is decreased. dissolution profiles over a relevant pH range, usually from

In designing an oral modified-release dosage form, it may pH 1 to pH 7.4, should be obtained, with particular atten-
be useful to determine the absorption of the active drug tion given to the effect of the formulation (as compared to
entity in various segments of the gastrointestinal tract (par- the active drug entity). Characterization of formulations that
ticularly in the colon in the case of dosage forms that may are insoluble in aqueous systems may require the addition
release drug in this region). The effects of food also may be of sodium lauryl sulfate or other surfactant.
important, and should be investigated.

PHARMACOKINETIC PROPERTIES
DISPOSITION PROPERTIES

The types of pharmacokinetic studies that should be con-
The information required to characterize the processes of ducted are a function of how much is known about the

disposition of the active drug entity from a modified-release active drug entity, its clinical pharmacokinetic and bi-
dosage form should include those generally determined for opharmaceutic properties, and whether pharmacokinetic
the same drug in an immediate-release dosage form. This studies are intended to be the sole basis for product ap-
may include the following: proval. As a minimum, (1) a single-dose crossover study for

(1) Disposition parameters—clearance, volume of distribu- each strength of a modified-release dosage form and (2) a
tion, half-life, mean residence time, or model-depen- multiple-dose, steady-state study using the highest strength
dent or noncompartmental parameters. of a modified-release dosage form are required to character-

(2) Linearity or characterization of nonlinearity over the ize the product. Some appropriate single-dose crossover and
dose or concentration range which could possibly be multiple-dose steady-state studies are described below.
encountered. In some modified-release capsule dosage forms, the

(3) Accumulation. strengths differ from each other only in the amount of iden-
(4) Metabolic profile and excretory organ dependence, tical beaded material contained in each capsule. In this case,

with special attention to the active metabolites and a single-dose and a multiple-dose steady-state study at the
active enantiomers of racemic mixtures. highest dosage strength are sufficient. Other strengths may

(5) Enterohepatic circulation. be characterized on the basis of comparative in vitro dissolu-
(6) Protein binding parameters and dialyzability. tion data.
(7) The effects of age, gender, race, and relevant disease The following pharmacokinetic studies would be needed

states. for most modified-release dosage forms. Such studies may,
(8) Plasma/blood ratios. in this instance, constitute the basis for characterization of
(9) A narrow therapeutic index or a clinical response that the dosage form. If approval is to be sought without con-

varies significantly as a function of the time of day. ducting clinical trials, it is recommended that there be
preconsultation with the regulatory authorities to ensure
that an adequate database exists for such approval.PHARMACODYNAMIC PROPERTIES The types of studies generally conducted can be catego-
rized as follows.Prior to developing a modified-release dosage form, infor-

Case A—mation described below should be gathered.
Case A applies to the original modified-release oral dosageConcentration-response relationships should be available

form of an active drug entity already marketed in immedi-over a dose range sufficiently wide to encompass important
ate-release form and for which extensive pharmacodynamic/therapeutic and adverse responses. In addition, the equili-
pharmacokinetic data exist.bration time1 characteristics between plasma concentration

and effect should be evaluated. These concentration-re- Single-dose Crossover Study—
sponse relationships should be sufficiently characterized so A single-dose crossover study should include the following
that a reasonable prediction of the safety margin can be treatments: the modified-release dosage form administered
made if dose-dumping from the modified-release dosage under fasting conditions; a dosage form that is rapidly avail-
form should occur. If there is a well-defined relationship be- able administered under fasting conditions; and the modi-
tween the plasma concentration of the active drug entity or fied-release dosage form administered at the same time as a
active metabolites and the clinical response (therapeutic and high-fat meal (or another type of meal that has potential for
adverse), the clinical performance of a new modified-release causing maximum perturbation).
dosage form could be characterized by plasma concentra- The study of food effects should include provision for con-

trol of the fluid intake (e.g., 6 to 8 oz.) and temperature1 Equilibration time is a measure of the time-dependent discontinuity between (e.g., ambient) at the time of drug administration. The dos-measured plasma concentrations and measured effects. The discontinuity is
more often characterized by the degree of hysteresis observed when the ef- age form should be administered within 5 minutes after
fect-concentration plot for increasing concentrations is compared with that completion of the meal.
for decreasing concentrations. Where the equilibration time is very short (i.e., If there are no significant differences in the rate or extentrapid equilibration with no active metabolites generated), there will be little

of bioavailability (AUC, Cmax, and Tmax) as a function of theor no hysteresis. That is, the same effect will be observed for a given concen-
tration independent of the interval between the time of dosing and the time meal, then additional food effect studies are not necessary.
that measurements are made.
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If significant differences in bioavailability are found, it is be made in each phase of the crossover study. It may be
necessary to define how food affects the modified-release preferable (as in the case of rhythmic variation in absorption
dosage form, as well as how the food-drug effect relates to or disposition of the drug) to measure concentrations over
time. an entire day in each phase. The presence or absence of

The purpose of these studies is twofold: first, to determine circadian variation should be verified. The modified-release
whether there is a need for labeling instructions describing dosage form should produce an AUC that is equivalent to
special conditions for administration with respect to meals the immediate-release dosage form. The degree of fluctua-
and second, to provide information concerning the pattern tion for the modified-release product should be the same as,
of absorption of the modified-release dosage form com- or less than, that for the immediate-release dosage form
pared to that of the immediate-release dosage form. The given by the approved regimen. Appropriate concentration
drug input function should be defined for modified-release measurements should include unchanged drug and major
dosage forms.2 This will aid in the development of an ap- active metabolites. For racemic drug entities, consideration
propriate in vitro dissolution test. For dosage forms that ex- should be given to the measurement of the active enanti-
hibit high variability, replicate studies are recommended. omers [enantiomer/diasteriomer distinction].

Use the following guidelines in evaluating food effect. STUDY II—Where comparisons of the pharmacokinetic
1. If no well-controlled studies have previously defined properties of an immediate-release dosage form at different

the effects of a concurrent high-fat meal on an imme- doses are not available, or where the data show non-
diate-release dosage form, studies should be per- linearity, steady-state crossover studies comparing effects of
formed to determine whether a food effect is a result the modified-release dosage form with those of the immedi-
of problems with the dosage form, i.e., food-related ate-release dosage form should be conducted at two differ-
changes in release, or food effects that are unrelated ent dose rates: one at the low end of the recommended
to the dosage form, such as changes in the drug’s dosing range and the second at the high end of the dosing
absorption from the gastrointestinal tract or changes range. In each case, the modified-release dosage form must
in the drug’s disposition (i.e., distribution or elimina- meet the criteria described in Study I with respect to AUC
tion) that are independent of absorption. The cause and fluctuations in plasma drug concentrations. If there are
of the food effect should be determined by con- significant differences between the modified-release dosage
ducting a single-dose crossover study comparing the form and the immediate-release dosage form at either the
solution (or immediate-release dosage form) under low or the high dosing rate, these data alone are not ade-
fed and fasting conditions. If there is no effect of quate to characterize the product.
food, then one would conclude that there are Data can be misleading when obtained from subjects with
problems with the dosage form. If there is an effect atypical drug disposition or physiologic characteristics, rela-
of food, then one would conclude that these are un- tive to the target population. Therefore, subject selection
related to the dosage form. should be randomized or from an appropriate target popu-

2. The effect of timing on the food-drug effect should lation. If the modified-release dosage form is for use in a
be tested by performing a four-way crossover study specific subpopulation (e.g., for children), it should be
with the modified-release dosage form administered tested in that population. Regardless of whether a drug ex-
under the following treatment conditions: fasting, hibits linear or nonlinear pharmacokinetics, the basis for
taken with a high-fat meal, 1 hour before a high-fat characterization is equivalence of AUC and of the relative
meal, and 2 hours after a high-fat meal. degree of fluctuation of concentrations of the modified-re-

3. If the food effect on an immediate-release dosage lease and immediate-release dosage forms.
form is determined to result from changes in the dis- Steady-state studies in selected patient population groups
solved drug’s absorption from the gastrointestinal or drug interaction studies may also be necessary, depend-
tract or from changes in drug disposition, studies ing upon the therapeutic use of the drug and the types of
should be designed to define the appropriate rela- individuals for whom the modified-release dosage form will
tionship between drug dosing and meals. be recommended. For drugs having narrow therapeutic in-

4. Alternative appropriate studies could be conducted if dices, it may be necessary to perform more extensive
the applicant were to label the drug for administra- plasma concentration measurements to determine the po-
tion with a meal that is not fat-loaded. In this case, tential for unusual drug-release patterns in certain subpopu-
an alternative meal composition should be lations. In such studies, it is advisable to perform more than
considered. one AUC measurement per patient to assess variability with

5. The entire single-dose, modified-release absorption both the modified-release and the immediate-release dosage
profile should be monitored. Where appropriate (e.g., forms.
in a multiple-dose study) for specific drugs and drug Case B—delivery systems, blood samples should be taken fol- Case B applies to a non-oral, modified-release dosagelowing breakfast on the second day, before the sec- form of an already marketed active drug entity for whichond dose is administered. This sampling schedule is extensive pharmacodynamic/pharmacokinetic data exist.particularly important for once-a-day products.

Case A studies (omitting the food effect studies) would6. For delayed-release (enteric-coated) dosage forms,
be appropriate for the evaluation of a modified-release dos-bioavailability studies to characterize adequately the
age form designed for a non-oral route of administration iffood effects and to support the dosing claims stated
the pattern of biotransformation to active metabolites isin the labeling should be performed.
identical for the two routes. If the biotransformation pat-Multiple-dose, Steady-state Studies— terns are different, then clinical efficacy studies should be

STUDY I—When data demonstrating linear pharmacokinet- performed with the modified-release dosage form. In addi-
ics exist for an immediate-release dosage form, a steady- tion, special studies may be necessary to assess specific risk
state study should be conducted with the modified-release factors related to the dosage form (e.g., irritation and/or
dosage form at one dose rate (preferably at the high end of sensitization at the site of application).
the usual dose-rate range) using an immediate-release dos- Case C—age form as a control. At least three trough-plasma drug Case C applies to a generic equivalent of an approvedconcentration (Cmin) determinations should be made to as- modified-release dosage form.certain that steady-state conditions have been achieved. A generic equivalent of an approved modified-release dos-Plasma-drug concentration determinations, over at least one age form should be bioequivalent to the standard modified-dosing interval of the modified-release dosage form, should release dosage form in its rate and extent of availability (i.e.,
2 Wagner–Nelson, Loo–Riegelman, and other deconvolution methods are AUC, Cmax, Cmin, and degree of fluctuation) in crossover sin-
found in textbooks on biopharmaceutics. gle-dose and steady-state studies. For an oral modified-
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release dosage form, the food studies described under Case a major advance over the single-point approach in that
A should also be performed. these two methodologies utilize all of the dissolution and

plasma level data available to develop the correlations.
Therefore, there are at least three correlation techniques

Statistical Analysis (i.e., deconvolution, statistical moment, and single point),
available to the pharmaceutical scientist. There are marked

An appropriate statistical method should be selected. (See differences in the quality of the correlation obtained with
In Vivo Bioequivalence Guidances 〈1090〉). each procedure. Thus, these methods have been catego-

The currently accepted criteria in the United States for rized and are discussed in terms of the advantages of each
equivalence for most dosage forms require that the mean along with the resulting potential utility as a predictive tool
pharmacokinetic parameters of the test dosage form should for the pharmaceutical scientist.
be within 80% to 125% of the reference dosage form using
the 90% confidence interval (or, equivalently, the two-sided
test procedure, P = 0.05), and the upper and lower bounds CORRELATION LEVELS
must be within the 90% confidence interval.

Three correlation levels have been defined and catego-
rized in descending order of usefulness. The concept of cor-

IN VITRO–IN VIVO CORRELATIONS relation level is based upon the ability of the correlation to
reflect the entire plasma drug concentration–time curve that

The term in vitro–in vivo correlation first appeared in will result from administration of the given dosage form. It
pharmaceutical literature as a result of the awareness of the is the relationship of the entire in vitro dissolution curve to
concepts of bioavailability and of in vitro dissolution rate the entire plasma level curve that defines the correlation.
determinations. The term in vitro–in vivo correlation refers Level A—This level is the highest category of correlation.to the establishment of a rational relationship between a It represents a point-to-point relationship between in vitrobiological property, or a parameter derived from a biological dissolution and the in vivo input rate of the drug from theproperty produced by a dosage form, and a physicochemi- dosage form. This latter factor is sometimes referred to as incal property or characteristic of the same dosage form. The vivo dissolution. In such a correlation, the in vitro dissolu-biological properties most commonly used are one or more tion and in vivo input rate curves are either directly super-pharmacokinetic parameters, such as Cmax or AUC, obtained imposable or may be made to be superimposable by thefollowing the administration of the dosage form. The physi- use of a constant offset value. The mathematical descriptioncochemical property most commonly used is a dosage for both curves is the same. Such a procedure is most appli-form’s in vitro dissolution behavior (e.g., percent of drug cable to modified-release systems that demonstrate an inreleased under a given set of conditions). The relationship vitro release rate that is essentially independent of the typi-between the two properties, biological and physicochemical, cal dissolution media usually employed in pharmaceutics.is then expressed quantitatively. However, this is not a requirement for a Level A correlation.With the proliferation of modified-release products, it be- With this correlative procedure, a product’s in vitro dissolu-comes necessary to examine the concept of in vitro–in vivo tion curve is compared to its in vivo input curve (i.e., thecorrelation in greater depth. Unlike immediate-release dos- curve produced by deconvolution of the plasma level data).age forms, modified-release products cannot be character- This may be done by use of mass balance model-dependentized using a single-time point dissolution test. Furthermore, techniques, such as the Wagner–Nelson procedure or thewith a modified-release product a patient is to experience a Loo–Riegelman method, or by model-independent, mathe-specific plasma level curve covering a finite time period, matical deconvolution.usually 12 to 24 hours. There must be some in vitro means The advantages of a Level A correlation are as follows:of assuring that each batch of the same product will per- • A point-to-point correlation is developed. This is notform identically in vivo. An in vitro–in vivo correlation would found with any other correlation level. It is developedsatisfy this need. Initially it was thought that developing a using every plasma level and dissolution point that hasmeaningful correlation for immediate-release dosage forms been generated. Thus, it reflects the complete plasmawould be an easier task than for modified-release products. level curve. As a result, in the case of a Level A correla-However, because of the nature of the principles upon tion, an in vitro dissolution curve can serve as a surro-which each type is based, it is believed that an in vitro–in gate for in vivo performance. Therefore, a change invivo correlation is more readily defined for modified-release manufacturing site, method of manufacture, raw mate-dosage forms. rial supplies, minor formulation modification, and even

product strength using the same formulation can be
justified without the need for additional human studies.Modified-Release Dosage Forms

• A truly meaningful (in vivo indicating) quality control
procedure, which is predictive of a dosage form’s per-
formance, is defined for the dosage form.

• The extremes of the in vitro quality control standardsGENERAL CONSIDERATIONS
can be justified by a convolution or deconvolution
procedure.Initial attempts at developing in vitro–in vivo correlations

of modified-release products utilized the same concepts as Level B—Utilizes the principles of statistical moment
those employed with immediate-release dosage forms. Thus, analysis. The mean in vitro dissolution time is compared to
numerous attempts have been made to correlate one or either the mean residence time or the mean in vivo dissolu-
more pharmacokinetic parameters, determined from in vivo tion time. Like correlation Level A, Level B utilizes all of the in
studies of a product, with the amount released in a given vitro and in vivo data but is not considered to be a point-to-
time in an in vitro dissolution test. These were essentially point correlation because it does not reflect the actual in
single-point correlations. Such relationships might indicate vivo plasma level curve, since there are a number of differ-
that increasing or decreasing the in vitro dissolution rate of ent in vivo curves that will produce similar mean residence
the modified-release dosage form would result in a corre- time values. For this reason, unlike the case of a Level A
sponding directional change in the product’s performance. correlation, one cannot rely upon a Level B correlation alone
However, they revealed little about the overall plasma level to justify formulation modification, manufacturing site
curve, which is a major factor for drug performance in the change, excipient source change, etc. In addition, in vitro
patient. data from such a correlation could not be used to justify the

The recognition and utilization of deconvolution tech- extremes of quality control standards.
niques as well as statistical moment calculations represented
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Level C—This category relates one dissolution time point strated when the in vitro dissolution curve is compared
(t50%, t90%, etc.) to one pharmacokinetic parameter such as to the drug input rate curve, it is likely that the correla-
AUC, Cmax, or Tmax. It represents a single point correlation. It tion is general and can be extrapolated within a reason-
does not reflect the complete shape of the plasma level, able range for that formulation of the active drug en-
which is the critical factor that defines the performance of tity. If, however, the dosage form exhibits dissolution
modified-release products. Since this type of correlation is behavior that varies with the in vitro conditions, it must
not predictive of actual in vivo product performance, it is be determined which set of dissolution conditions best
generally only useful as a guide in formulation development correlates with in vivo performance. One can then es-
or as a production quality control procedure. Because of its tablish whether the correlation is real or an artifact. This
obvious limitations, a Level C correlation has limited useful- is achieved by preparing at least two formulations hav-
ness in predicting in vivo drug performance and is subject ing significantly different in vitro behavior. One should
to the same caveats as a Level B correlation in its ability to demonstrate a more rapid release and the other a
support product and site changes as well as justification of slower release than the biobatch. A pilot BA-BE study
quality control standard extremes. should be performed with these formulations, and the

previously established correlation demonstrated for
both. The formulation modifications of these batches

DEVELOPING A CORRELATION should be based upon formulation factors that would
be expected to influence the product’s modified-release

This chapter does not define the only procedures for de- mechanism, and modification of these formulation fac-
veloping an in vitro–in vivo correlation, as any well-designed tors are expected to influence the dosage form’s release
and scientifically valid approach would be acceptable. To rate.
assist the pharmaceutical scientist, one possible procedure • Once a Level A correlation is established, it is possible
for developing a Level A correlation is described below. that in vitro testing may be utilized for establishing the

• The plasma level or urinary excretion data obtained in effects of manufacturing modifications such as minor
the definitive bioavailability study of the modified-re- formulation changes, manufacturing site and equip-
lease dosage form are treated by a deconvolution pro- ment change, alternative excipient suppliers, and a
cedure. The resulting data may represent the drug in- change in dosage form strength in the same formula-
put rate of the dosage form. It is also considered to tion. It is questionable whether such an extrapolation
represent in vivo dissolution when the rate-controlling with Level B and C correlations is possible.
step of the dosage form is its dissolution rate (i.e., drug
absorption, after it has dissolved, is considered to be
instantaneous). Any deconvolution procedure (i.e., mass Establishment of Dissolution Specification
balance or mathematical deconvolution) will produce Ranges
acceptable results.

• The biobatch3 is subjected to in vitro dissolution evalua- It is relatively easy to establish a multipoint dissolution
tion, and the effect of varying the dissolution conditions specification for a modified-release dosage form. The disso-
investigated. Some of the variables that can be studied lution behavior of the biobatch may be used to define the
are the apparatus (it is preferable to use official appara- amount to be released at each time point. The difficulty
tus), mixing intensity, and dissolution medium (pH, en- arises in the variation to be allowed around each time point.
zymes, surfactants, osmotic pressure, ionic strength, In the case of a Level A correlation, this may be done in two
etc.). It is not always necessary to study the dosage ways, both of which utilize the in vitro-in vivo correlation:
form’s dissolution behavior under all of the conditions convolution and deconvolution.
indicated. The number of conditions investigated will
depend largely on whether a correlation can be found
with the in vitro results obtained under the more com- CONVOLUTION
monly investigated conditions such as apparatus, agita-
tion intensity, or dissolution medium and pH value. Reasonable upper and lower dissolution values are se-
Each formulation and every drug represents an individ- lected for each time point established from the biobatch.
ual challenge. The in vitro evaluation of the dosage Historically, dissolution specifications have been selected by
form should be performed regardless of the correlation using the average dissolution of the development batches,
level being developed. with a range of ± 2.5 to 3 standard deviations. It is now

• The in vitro dissolution curve is then compared to the expected that the average dissolution values are approxi-
drug input rate curve. This can be performed by various mately the same as those of the biobatch. The dissolution
methods. Simply positioning one curve on the other curves defined by the upper and lower extremes are convo-
can often indicate the existence of a correlation. This luted to project the anticipated plasma level curves that
may then be quantified by defining the equation for would result from administration of these formulations to
each curve and comparing the corresponding con- the same panel to which the biobatch was administered. If
stants. The simplest way to demonstrate a correlation is the resulting plasma level data fall within the 95% confi-
to plot the fraction absorbed in vivo versus the fraction dence intervals obtained in the definitive BA-BE study, these
released in vitro. With a Level A correlation, this relation- ranges can be considered to be acceptable. An alternative
ship is often linear with a slope of 1. The intercept may acceptance approach that has been suggested is that when
or may not be 0 depending upon whether there is a the therapeutic window for a drug has been defined, one
lag time before the system begins to release drug in may establish an upper and lower limit if the convolution
vivo, or the absorption rate is not instantaneous result- results fall within the therapeutic window, even if they fall
ing in the presence of some finite quantity of dissolved outside the confidence interval. If they fall outside the inter-
but unabsorbed drug. In either case, it is a point-to- vals, a more limited range must be established. This should
point or a Level A correlation when the relationship is be continued until the predicted values meet the desired
linear with a slope of 1. This indicates that the curves ranges.
are essentially superimposable.

• If from the studies indicated in the in vitro dissolution
DECONVOLUTIONevaluation above, the modified-release dosage form ex-

hibits dissolution behavior that is independent of the
An acceptable set of plasma-level data is established bothvariables studied, and a Level A correlation is demon-

for a batch of material demonstrating a more rapid release
3 The batch that was used in the pivotal bioavailability study. and for one demonstrating a slower release than that of the
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biobatch. These may be selected by using the extremes of country (see the forthcoming chapter Essentials for Drug
the 95% confidence intervals or ±1 standard deviation of Product Selection 〈1096〉 for further discussion). Drug prod-
the mean plasma level. These curves are then deconvoluted, uct performance may be defined as the release of the active
and the resulting input rate curve is used to establish the pharmaceutical ingredient (API) from the drug product dos-
upper and lower dissolution specifications at each time age form, leading to systemic availability of the API neces-
point. sary for achieving a desired therapeutic response. This chap-

In the case of Level B and C correlations, batches of prod- ter discusses in vivo and in vitro approaches to determining
uct must be made at the proposed upper and lower limits drug product performance. The focus of the chapter is pri-
of the dissolution range, and it must be demonstrated that marily on the performance of solid oral drug products.
these batches are acceptable by performing a BA-BE study. The chapter references a Food and Drug Administration

(FDA) guidance, Guidance for Industry—Bioavailability and
Bioequivalence Studies for Orally Administered Drug Products—

Immediate-Release Dosage Forms General Considerations (2003) (http://www.fda.gov/; search
by document title) and a World Health Organization (WHO)
document titled Annex 7 Multisource (Generic) Pharmaceutical
Products: Guidelines on Registration Requirements to EstablishGENERAL CONSIDERATIONS Interchangeability (2006) (http://who.int/en/; search by doc-
ument title). FDA guidances are used in the United States;Since the mechanisms for release of drug from modified- and WHO, FDA, and national/regional guidelines may berelease dosage forms are more complex and variable than used by national/regional drug regulatory authorities. Fol-those associated with immediate-release dosage forms, it lowing approval, control of the quality of a drug productwould be anticipated that an in vitro-in vivo correlation can be achieved in part by the private and/or public specifi-would be easier to develop with the later formulations. Un- cation, which can include a performance test. USP providesfortunately, most of the correlation efforts to date with im- the general chapters Disintegration 〈701〉, Dissolution 〈711〉,mediate-release dosage forms have been based on the cor- Drug Release 〈724〉, In Vitro and In Vivo Evaluation of Dosagerelation Level C approach, although there also have been Forms 〈1088〉, and The Dissolution Procedure: Developmentefforts employing statistical moment theory (Level B). Al- and Validation 〈1092〉, which describe these tests andthough it is conceivable that the same Level A correlation procedures.approach may be utilized with immediate-release dosage This chapter provides general information about the con-forms, until data have been gathered to support this con- duct of bioequivalence (BE) studies as a surrogate measurecept, Level B and Level C are the best approaches that can of in vivo drug product performance and dissolution profilebe recommended with these dosage forms. comparisons as a measure of in vitro drug product perfor-
mance. The chapter also discusses conditions when an in
vivo BE requirement may be waived (biowaiver) for certain
drug products and shows how the Biopharmaceutics Classi-
fication System (BCS) can be used as a predictor of a drug
product’s performance. An appendix to this chapter defines
key scientific terminology and provides a comparison be-〈1090〉 ASSESSMENT OF DRUG tween FDA and WHO in drug product performance
assessment.PRODUCT PERFORMANCE—

BIOAVAILABILITY, BIOEQUIVALENCE, ANDBIOAVAILABILITY,
DISSOLUTIONBIOEQUIVALENCE, AND

Bioavailability (BA) studies focus on determining the pro-DISSOLUTION cess and time frame by which a drug is released from the
oral dosage form and moves to the site of action [see FDA
Guidance Guidance for Industry—Bioavailability and Bioe-
quivalence Studies for Orally Administered Drug Products—
General Considerations (2003)]. BA is an indirect or surrogate
measure of the rate and extent to which the API or activeBACKGROUND
moiety is absorbed from a drug product and becomes avail-
able at its target sites of action. BA data provide an estimateThis chapter provides recommendations for the in vivo
of systemic drug exposure, including fraction of drug ab-and in vitro assessment of drug product performance. The
sorbed. For drug products that are not intended to be ab-chapter is intended as a guide to scientists and clinicians
sorbed into the bloodstream, availability may be assessed byseeking to evaluate drug product performance by surrogate
measurements that reflect the rate and extent to which theprocedures correlative and/or antecedent to clinical trials in
active ingredient or active moiety becomes available at thehumans. USP–NF provides quality standards for drug sub-
sites of action. Drug products are considered BE if a teststances, excipients, and finished preparations. A USP–NF
drug product does not show a significant difference in ratemonograph for an official substance or preparation includes
and extent of absorption by comparison with a designatedthe article’s definition; packaging, storage, and other re-
reference drug when administered at the same molar dosequirements; and a specification. The specification consists of
of the same active moiety in the same dosage form undera series of universal tests (description, identification, impuri-
similar experimental conditions in either a single dose or inties, and assay) and specific tests, one or more analytical
multiple doses.procedures for each test, and acceptance criteria. Quality

BA and BE generally can be obtained by serially measur-standards are important attributes that must be built into
ing drug and/or metabolite concentrations in the systemicthe drug product. Meeting USP–NF standards is accepted
circulation over a prescribed period. BE studies can useglobally as assurance of high quality and is part of the re-
other approaches when systemic drug concentrations can-quirements necessary for approval of a bioequivalent (BE),
not be measured or are not appropriate. For these cases,interchangeable multisource drug product. Multisource drug
more indirect approaches to BE determination include acuteproducts must meet certain in vivo and/or in vitro perfor-
pharmacodynamic endpoints, clinical endpoints, and in vitromance standards to be considered therapeutically equivalent
studies that typically involve comparisons of the dissolutionand interchangeable. Regulatory approval for interchangea-
profiles of test and reference drug products.ble multisource products may differ somewhat in each
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