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and these alternaiives provide an Increasea aurauon or
therapy for patients with capped medical benefits. Dur-
ing the last 27 years, the FDA has approved more than
5 000 Oenerlc drucs for marketing 1n the Umted States

FDA’s investigation of single cases of decreased efficacy
or increased toxicity never revealed problems attributed
to substitution of one approved product for another thera-
peutically equivalent product (7). In spite of this excel-

and no general consensus as to which drugs fall within
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this category (8), bioequivalence-related issues of criti-
cal-dose drugs have been discussed intensively. Benet
and Goyan (9) defined narrow-therapeutic-index drugs

s “those for which small changes in pharmacokinetic
response lead to marked changes in pharmacodynamic
response.” Accordingly, cyclosporine is generally re-
garded as a typical critical-dose drug (10-15). Bio-
equivalence testing procedures, especially in the case of
critical-dose drugs, have been criticized in the past for
many reasons, most of which potentially apply to cyclo-
sporin (9,10,12,13). A fundamental problem is the defi-
nition of bioequivalence, which is based on the assump-
tion that bioavailability (rate and extent) is a valid sur-
rogate for efficacy and safety (16,17). This requires a
clinically significant association between blood/plasma
concentrations and pharmacodynamic effects that is not
necessarily always the case. However, for cyclosporine
the relationship between pharmacokinetics and safety
has been extensively studied and provides the basis for
the generally accepted blood-level-guided dosing regi-
mens. Several other potential issues regarding the inter-
changeability of cyclosporine formulations are of con-
cern to clinicians. There is doubt that the results of piv-
otal bioequivalence studies that are conducted in healthy
volunteers are extrapolatable to transplant patients who
exhibit several factors affecting cyclosporine pharmaco-
kinetics that are not present in healthy volunteers (see
below and Fig. 1). This applies especially for subpopu-
lations of patients who are known poor absorbers. Intra-
individual variability of cyclosporine is a critical clinical
issue that has been associated with acute and chronic
rejection (18,19) and cannot be addressed by pivotal
healthy volunteer trials. This translates into suspicion
that standard bioequivalence testing may not be a valid
approach to establishing long-term safety and efficacy in
transplant patients.
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TABLE 1. Comparison of guidelines and recommer

cyclospor

Recommendation

Johnston et al., 1997'°

Average/individual
bioequivalence

Validity of average
bioequivalence questionable

Demonstration of individual
bioequivalence should be
mandatory for FDA approval

Average bioequivalence is a
valid approach to establish
interchangeability, individual

e p o s va

absorbers .
Long-term efficacy and safety
studies in transplant patients
Physicians and patients must
approve switch of CsA
formulations even if
bioequivalent

T Byaviiva

Should be required (study period
>3 months)
Not addressed

bioequivalence should be
demonstrated for the first CsA
generic approved
Recommended for first CsA
generic approved
Recommended for first CsA
generic approved

Should be required for FDA
approval of all CsA generics

Should be required for FDA
approval of all CsA generics

Not addressed 6-months pre-marketing
follow-up

Yes Not required

CsA, cyclosporine.

The question has been raised by several authors (10,
12,14,20) as to what extent the standard bioequivalence
criteria used by the FDA and most drug agencies in other
countries address these concerns and the sufficiency of
these criteria to establish the safety of substituting cy-
closporine formulations. This has also been discussed in
recent meetings (13,21%). This has resulted in several
different and sometimes contradictory guidelines and
recommendations (Table 1). It was our goal to critically
review cyclosporine bioequivalence issues and the dis-
cussed recommendations in light of bioequivalence and
clinical data that is presently available for several generic
cyclosporine formulations and in light of the extensive
experience with switching transplant patients between
the innovator’s bioequivalent cyclosporine formulations
as well as between the bioinequivalent Sandimmune and
Neoral formulations.

CYCLOSPORINE FORMULATIONS

Recognizing the limitations of the original cyclospor-
ine formulation Sandimmune, a crude oil-in-water drop-
let mixture (22), the innovator (Novartis Pharma, Basel,
Switzerland) developed a microemulsion preconcentrate,
Neoral, that improved emulsification and dispersion of
cyclosporine in the small intestine and resulted in better
and more reproducible absorption (23,25). From the be-
ginning, Neoral was developed to increase cyclosporine
bioavailability and, therefore, to be bioinequivalent (i.e.,

*Generic Immunosuppressants: Should you be worried? Transplan-
tation Society sponsored symposium. Montreal, Canada, July 12. Pre-
sentations were published in Transplant Proc 1999; 31[supplement].
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suprabioavailable) to Sandimmune (10,20,24). In fact,
Sandimmune and Neoral should be considered different
drug products (20).

In healthy volunteer studies (25,26) as well as in clini-
cal studies in transplant patients (23-25,27) and psoriasis
patients (28,29), Neoral cyclosporine pharmacokinetics
differed from those of Sandimmune, yielding increased
maximum blood concentration (C,,,,), decreased time to
reach C ., (tn.), and increased area-under-the-time—
concentration curve (AUC) (23). Depending on the dose,
the relative bioavailability of Neoral in healthy volun-
teers was 1.7-fold to 2.4-fold and the C,,, 1.9-fold to
2.1-fold higher than after the same Sandimmune cyclo-
sporine dose (26). In de novo recipients of kidney trans-
plants, depending on the time after transplantation, dose-
normalized AUCs were 32-63% higher than in Sandim-
mune-treated patients (27). The mean increases of AUC
and C, . of 39% and 15%, respectively, in stable recipi-
ents of kidney transplants after switching from Sandim-
mune to Neoral (30) were smaller than in the healthy
volunteer studies (26). Although based on healthy vol-
unteer studies, a conversion factor of 0.6 (Neoral:Sand-
immune) was estimated, transplant patients were
switched 1:1(25). In a clinical study in 55 stable recipi-
ents of kidney transplant, switching from Sandimmune to
Neoral on a ]:1 basis resulted in 22% higher cyclospor-
ine trough blood concentrations (31). However, patients
with higher cyclosporine doses before conversion from
Sandimmune to Neoral are more likely to require dose
reduction in the postconversion course. When switched
from Sandimmune to Neoral, good absorbers remain
good absorbers whereas poor absorbers become good
absorbers (32). The higher bioavailability and different



pharmacokinetic pattern of Neoral raised several satety
concerns that required clarification in clinical studies

acute rejecuon nave peen reporied dier Conversion (ov).
However, as of today, despite the two products’ signifi-
cant pharmacokinetic differences, clinical studies have
established a safety and tolerability profile of Neoral

safety, including creatinine concentrations, patient and
araft survival, as well as the incidence of acute rejection
(23,24,27,34,35). This is not surprising: because of the
drug’s highly intraindividually and interindividually
variable pharmacokinetics and narrow therapeutic index,
cyclosporine doses must be adjusted according to cyclo-
sporine blood concentrations (36). Regular therapeutic
drug monitoring is required, and the cyclosporine con-
centrations are kept in a narrow target concentration
range that is independent of the cyclosporine formula-
tion. However, because of its improved dose linearity
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and lower intruindividual pharmacokinetic variability,
Neoral is generally considered to have proven benefits to
patient care over Sandimmune (2,10,24,27).

In October 1998, the FDA approved SangCya (Sang-
stat Medical, Menlo Park, CA, USA) as the first generic
cyclosporine formulation in the United States. SangCya
is a nano-dispersion formulation based upon Sangstat’s
CPLF formulation technology (37). Bioequivalence with
Neoral was not only established in pivotal healthy vol-
unteer studies (38), but also in recipients of kidney and
liver transplants (39,40) (Table 2, Fig. 2). In addition,
individual bioequivalence between SangCya and Neoral
was demonstrated (41) (Table 3, see below) following
the draft FDA procedures (11,42). Safety and efficacy of
SangCya was established in patients with kidney grafts
during a 9-month observation period (43).

Healthy volunteer studies demonstrating bioequiva-
lence with Neoral (Table 2) have been published for two
other generic cyclosporine formulations, Neoplanta
(Hanmi Pharmaceutical, Seoul, Korea) (44,45) and Ci-
pol-NR (Chong Kun Dang, Seoul, Korea) (46). Like
Neoral, both are microemulsion formulations (46,47).
The difference between Neoplanta and Neoral is that
Neoplanta uses dimethyl isosorbide instead of ethanol as
the solvent (48). In de novo recipients of renal trans-
plants, Neoplanta and Neoral (n = 20 for each group)
showed similar efficacy in preventing graft rejection and
similar tolerability (48).

VARIABILITY OF CYCLOSPORINE
PHARMACOKINETICS

The significantly lower pharmacokinetic variability of
cyclosporine after administration of Neoral compared to
Sandimmune is commonly regarded as the major im-

TABLE 2. Comparison of the results of bioequivalence studies in healthy yolunteers and patients who have had a
transplantation with cyclosporine formulations (test) bioequivalent to Neoral (reference)*

Cyclosporine Subjects

Test Formulation

SangCya Fasted male healthy volunteers

SangCyat Fasted male and female healthy voluateers
SangCya Fasted/fed male healthy voluntecrs
SandCya Fasted female healthy volunteers

SangCya Fasted male African-American volunteers
Ncoplanta Fasted male Korean healthy volunteers
Cipol-N Fasted male Korean healthy voluntecrs
SangCya Kidney transplant patients

SangCya Liver transplant patients

Cae atio (%) AUC ratio (%)

Point Point
Estimate 90% CI Estimate 90% CI Ref.
99 97-104 99 97-103 38
95 90-101 97 92-102 41
97 91-104 100 96-105 38
92 87-100 95 92-102 38
96 81-108 90 83-96 38
97 90-101 99 94-102 45
103 100-106 100 96-104 46
90 84-102 94 86-106 39
86 81-106 95 89-109 40

Sy CVBIUL LIV oo Y.

., the AUC ratio studies on the AUC,_, in paticnts after transplant.
formulations, whereas SangCya is a nano-dispersion formulation based
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Neoral interval)
0.0327 0.72
18.2% (0.22-1.76)
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unteers and stable kidney transplant patients.
The bars represent the 90% confidence intervals
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provement of Neoral over Sandimmune (10,13,14). Fluc-
tuating cyclosporine blood concentrations have been as-

______ g BI h

pected to make clinical management easier and safer
(50), and it will reduce costs after transplantation (2).
Demonstration of equivalent pharmacokinetic variability
of generic cyclosporine formulations and Neoral has
been a major concern (10,13,14,21).

Factors that play a major role in the low and variable
oral bioavailability of cyclosporine include solubility,
emulsification, countertransport of the drug by P170-
glycoprotein and other ATP-binding cassette (ABC) pro-
tein transporters from the gut mucosa back into the gut
lumen, and first-pass metabolism in the small intestine
and liver.

After administration of cyclosporine as the original
Sandimmune formulation, absorption of cyclosporine re-
quires the following subsequent steps: formation of an
oil-in-water droplet mixture with gastrointestinal fluids,
emulsification of this mixture by bile salts, digestion of
the oil droplet, and solubilization of cyclosporine in
monoglycerides and bile salts resulting in a mixed mi-
cellar phase from which cyclosporine is absorbed
(22,25). Emulsification by bile salts has been identified
as the step that causes most of the variability in intestinal
absorption of cyclosporine after Sandimmune adminis-
tration. This step is dependent on food intake, bile flow,
and gastrointestinal motility (51). Microemulsion and
nano-dispersion cyclosporine formulations are hypoth-
esized to shortcut the critical emulsification step. In the
Neoral microemulsion, cyclosporine is dissolved in a
mixture of corn oil mono-, di- and triglycerides, the hy-
drophilic solvent propylene glycol, the surfactant poly-
oxyl-40 hydrogenated castor oil, and the antioxidant DL-
tocopherol (22). Upon contact with gastrointestinal fluid,
a monophasic microemulsion is formed that has proper-
ties similar to the putative mixed micellar phase from
which cyclosporine is absorbed.

Cyclosporine is a substrate of cytochrome P450 3A
enzymes and the ATP-binding cassette transporter P170-
glycoprotein (52-55). It is metabolized by CYP3A en-
zymes in the small intestine to its major metabolites (56).
In patients, metabolites were found to account for as
much as 50% of the measurable cyclosporine derivatives
in portal vein blood after cyclosporine instillation into
the small intestine (57). In microsomes isolated from the
duodenum of patients, cyclosporine metabolism varied
10-fold (56,58). A clinical study using intubation tech-
niques to deliver cyclosporine to different parts of the
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gastrointestinal tract established a significant inverse
correlation between cyclosporine absorption and P170-
glycoprotein messenger RNA at the administration site
(59), suggesting that P170-glycoprotein—mediated intes-
tinal countertransport significantly contributes to the in-
complete absorption of cyclosporine. In a recent clinical
study in stable recipients of kidney grafts (58), it was
found that hepatic metabolism was responsible for 56%
of the interpatient variability in apparent oral cyclospor-
ine clearance and 32% of the variability in C,_,. After
the liver effect was taken into account, the only other
parameter significantly contributing to cyclosporine
pharmacokinetic variability was intestinal P170-glyco-
protein, which was estimated to explain 17% of the vari-
ability in apparent oral clearance and 30% of the vari-
ability in C_ ., (58). In the same study, cytochrome P450
3A enzyme activities in the liver varied 3-fold and P170-
glycoprotein in the small intestine 10-fold among pa-
tients. These studies demonstrate that cytochrome
P4503A-dependent intestinal and hepatic first-pass me-
tabolism as well as P170-glycoprotein—mediated intesti-
nal countertransport reduce the oral bioavailability of
cyclosporine whereas hepatic metabolism and intestinal
countertransport also contribute to its pharmacokinetic
variability.

AVERAGE BIOEQUIVALENCE TESTING

In the 1970s it was recognized that, even when two
drug products contained the same active component at
the same dose, small changes in the product formulation
could result in significant differences in oral bioavail-
ability. Several cases of lack of effect or intoxication
after administration of pharmaceutically equivalent ge-
neric drug products were reported (60). Pharmaceutical
equivalents contain the same active ingredient, are ad-
ministered by the same route in the same dosage form,
and are of identical strength and concentration (61).
These experiences triggered an international effort to de-
velop clinical and statistical procedures to establish bio-
equivalence between pharmaceutical equivalents. Today,
drug regulatory authorities in the United States (62), the
European Community (17), and most other countries re-
quire demonstration of average bioequivalence between
the marketed and a generic drug product as the basis of
approval. The rules to establish bioequivalence are basi-
cally similar in most countries with only minor differ-
ences. Bioequivalence studies typically aim to demon-
strate that two pharmaceutical equivalents have similar
pharmacokinetics (63). The standard bioequivalence trial
is conducted according to a randomized 2-period cross-
over design and includes from 12-36 healthy normal
male adults with an appropriate wash-out between study

Ther Drug Monit, Vol. 22, No. 3, 2000
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periods. The key issue in bioequivalence testing is to
demonstrate similar oral bioavailability. Because the
pharmaceutical equivalents are orally administered, ab-
solute bioavailability cannot be directly determined.
Area-under-the curve (AUC) measurements serve as a
surrogate for the extent of absorption; the maximum
plasma concentration (C,,,) and the time of its occur-
rence (t,,,,) together characterize the rate of absorption
(64). Pharmacokinetic parameters used to establish bio-
equivalence in the FDA and European Committee for
Proprietary Medicinal Products (CPMP) guidelines are
shown in Table 4. Test and reference product are con-
sidered equivalent when the 90% confidence interval for
the true formulation means (Pyeq/Msoforence) [alls within
the acceptance limits of 0.8-1.25 (17,62). In practice, the
confidence interval approach is carried out using log-
transformed data (65). The 0.8-1.25 bioequivalence ac-
ceptance range translates into a difference in rate and
extent of absorption between the two drug products of
—20% to +25%. These acceptance limits are based on the
medical decision that a —20%/+25% difference in the
concentration of the active ingredient in blood will not be

mATmT T 4 N S OXE 0 Y SRR ST IR § SN PO

patacicrs auu canaua

Single dose Conax Cinax
[Illﬂ\ tI“II\
AUC,, AUC,,,
AUC,.., AUC,...
l'/z t'/z¢
MRT:z
Ae
Aeg.o,
dAe/dt
Multiple dose Crax CSSmax
min CsSpmin
AUC, AUC,
AUC,..,
Imﬂ\
Cauv
DF

* Food and Drug Administration

1 Committee for Proprietary Medicinal Products

1 Mentioned in the CPMP guideline'” as optional parameters.

Ae, cumulative urinary excretion from administration to the time
point of the last measured concentration; Aeg.., cumulative urinary
excretion extrapolated to infinity; dAe/dt, urinary excretion rate;
AUC,,,, area under the concentration time curve from administration to
the time of the last measured concentration; AUC,.., AUC extrapo-
lated to infinity; AUC,, AUC during a dosing interval; C,,,., maximal
blood/plasma concentration; Css,,,,, maximum blood/plasma concen-
tration at steady state; C,,;,, minimum blood/plasma concentration; C,,,
average blood/plasma concentration; Css,;,, minimum blood/plasma
concentration at steady state; DF, degree of fluctuation; MRT, mean
residence time; t;,,, blood/plasma concentration half-life; t,,, time
from administration to C, ..

Ther Drug Monit, Vol. 22, No. 3, 2000
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clinically significant (61). It is important to recognize
that it is the upper and lower limit of the 90% confidence
interval for the true mean ratios and not only the mean
ratio (point estimate) that must be within the bioequiva-
lence acceptance limits (61). The 90%-confidence inter-
val is a measure of total variability, which is influenced
by both interindividual and intraindividual variability
(11,66). Variability is a factor that has a significant im-
pact on acceptance or rejection in average bioequiva-
lence testing.

It has been suggested that the standard procedures to
establish bioequivalence may not be adequate for all
drugs and that modified procedures and additional data
may be necessary (9,60,63,67). Drugs for which the va-
lidity of the standard approach for establishing bio-
equivalence must be assessed and if necessary modified,
are (1) those with a narrow therapeutic index, (2) those
with high interindividual and intraindividual pharmaco-
kinetic variability, (3) those for which pharmacokinetics
does not correlate with pharmacodynamic effects, and
(4) those with nonlinear pharmacokinetics and/or con-
trolled modified-release formulations (60). The validity
of standard average bioequivalence procedures to estab-
lish bioequivalence of cyclosporine generics has been
challenged (10,13), mostly because cyclosporine has
been classified as a narrow-therapeutic-index, highly
variable drug (11-14). A drug is commonly regarded as
highly variable when it exhibits an intrasubject coeffi-
cient of variance =30% as estimated by analysis of vari-
ance (66,67). This criterion was clearly met by cyclo-
sporine pharmacokinetics after oral administration of the
original Sandimmune formulation. However, intrasu-
bject variability of cyclosporine pharmacokinetics is for-
mulation-dependent. Estimates of intrasubject variability
in cyclosporine AUCs of 8% (68), 7% (69), 20% (70),
and 9-21% (71) after Neoral administration have been
reported in patients with kidney transplants.

The validity of average bioequivalence and the 0.8-
1.25 acceptance range for narrow-therapeutic-index
drugs has repeatedly been questioned. Tighter accep-
tance criteria, such as an acceptance rangé of 0.9-1.1 or
the use of 95%- instead of the 90%-confidence intervals,
have been proposed for narrow-therapeutic-index drugs
(9) and are required by some drug regulatory agencies
such as Canada’s (72). In the United States it is believed
that the present requirements to prove bioequivalence are
already rigorous enough to prevent the possibility that
dosage forms meeting regulatory criteria could lead to
therapeutic problems, even for narrow-therapeutic-index
drugs (9,21,61). Benet and Goyan (9) hypothesized that
narrow-therapeutic-index drugs will have little difficulty
in being proven bioequivalent even when the acceptance



criteria is narrowed, because by defininition such drugs
are also agents with low intrasubject variability. If this
were not true patients would routinely experience cycles
of toxicity and lack of efficacy, and even therapeutic
drug monitoring would be useless (8). Indeed, although
in general the opposite is believed (10-13), cyclosporine
given as Neoral or equivalent formulations does not
seem to be an exception. So far, all pivotal healthy vol-
unteer studies (38,41,45,46) reported for cyclosporine
formulations shown to be bioequivalent to Neoral would
also meet a 0.9-1.1 bioequivalence acceptance range
(Table 2)..

Current bioequivalence guidelines require comparison
of the novel product with the corresponding form of a
well-established innovator product. Accordingly, Sand-
immune as well as Neoral qualify as reference formula-
tions for bioequivalence studies. In Canada, cyclosporine
generics bioequivalent to Sandimmune are acceptable,
although the innovator discontinued marketing of the
original Sandimmune formulation (72). Studies with ge-
neric cyclosporine formulations bioequivalent to Sand-
immune have not yet been reported.

Johnston et al (10) reviewed the study procedures used
to establish bioequivalence and clinical studies compar-
ing Sandimmune and Neoral. The authors concluded that
standard bioequivalence criteria are not sufficient to es-
tablish safety and efficacy of novel oral cyclosporine
formulations and recommended extensive healthy volun-
teer and clinical studies “that should be carried out to
establish therapeutic equivalence of any new oral form of
cyclosporine” (10). However, as discussed by Castaii-
eda-Herndndez et al (20), these recommendations are
based on several misconceptions. Johnston et al (10)
based their discussion of the validity of average bio-
equivalence criteria and their recommendations on
Neoral/Sandimmune data. This is misleading because
Sandimmune and Neoral are not bioequivalent and were
never meant to be bioequivalent (20). In contrast, all
generic cyclosporine formulations reported (38,45,46) to
date have been developed and shown to be bioequivalent
to Neoral. Although Johnston et al (10) recommended
that only oral formulations bioequivalent to Neoral
should be acceptable, the rationale of several of the rec-
ommended studies is obviously based on Sandimmune
data.

The discussion of bioequivalence guidelines for nar-
row-therapeutic-index drugs or critical-dose drugs is nei-
ther new nor cyclosporine-specific (9). In the past, the
current bioequivalence guidelines have been sufficient
for narrow-therapeutic-index drugs (9) and, from a regu-
latory point of view, are also adequate for cyclosporine
(8,20,21).
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Individual Bioequivalence Testing and
Intraindividual Variability

Interchangeability of two drug products can be con-
sidered in terms of prescribability and switchability. Pre-
scribability refers to the choice of two products when
therapy is started in a drug-naive patient (73). For recipi-
ents of transplants, prescribability is of relatively minor
interest (21). During the initial period after transplanta-
tion, cyclosporine concentrations are closely monitored
and cyclosporine doses are adjusted to maintain cyclo-
sporine blood trough concentrations or cyclosporine
AUCs in the target range. Because of the common prac-
tice of blood-level-guided dosing regimens, de novo
transplant patients can safely be treated with cyclospor-
ine even if a cyclosporine formulation is inequivalent to
the innovator’s formulation such as Sandimmune and
Neoral. Switchability (73), when a patient stabilized on
the innovator’s product is switched to a generic cyclo-
sporine formulation, is of greater clinical impact (14,21).
Average bioequivalence testing, which is as discussed
earlier the basis of approval of generic drugs in the
United States and most other countries, measures pre-
scribability rather than switchability. Therefore, the con-
cept of individual bioequivalence has been introduced
(74). Individual bioequivalence takes a possible subject-
by-formulation interaction into account in the computa-
tion of the metric. The subject-by-formulation interaction
is important when one formulation is more bioequivalent
than the other in one or more subsets of the study popu-
lation. A large subject-by-formulation interaction is an
indicator for a lack of switchability between the test and
the reference formulation in some individuals (66). In-
dividual bioequivalence studies require a replicate de-
sign, where each subject receives the generic formulation
twice and the innovator formulation twice. This study
design allows also for estimation of interindividual and
intraindividual variances. The FDA has recently pub-
lished a Draft Guidance on the introduction of individual
and population bioequivalence (11,42).

Because intraindividual variability of cyclosporine
pharmacokinetics is an important clinical issue in pa-
tients with transplant (as stated earlier), several authors
(12,13) strongly advocate the establishment of individual
bioequivalence rather than average bioequivalence as the
basis of FDA approval of generic cyclosporine formula-
tions. They are confident that the current FDA draft
guideline would satisfy these requirements. At the mo-
ment, however, the individual bioequivalence approach
has not been statistically validated (61,66,75). So far, the
FDA has retrospectively studied and presented 34 data
sets from 12 4-period cross-over studies. None of these

Ther Drug Monit, Vol. 22, No. 3, 2000
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studies was designed to establish individual bioequiva-
lence. At present, the data does not appear to provide
sufficient evidence of the prevalence of subject-by-
formulation interaction to support the introduction of in-
dividual bioequivalence (75). In addition, only two pro-
spective studies designed as individual bioequivalence
studies have been reported (75). In one of these studies
(76), one of the drugs studied was found to be bioequiva-
lent to the reference product using individual bioequiva-
lence :criteria but was not bioequivalent using average
bioequivalence criteria. Another drug was found bio-
equivalent according to average but not according to in-
dividual bioequivalence criteria. Another problem is that
the behavioral characteristics of the individual bio-
equivalence metrics are not yet fully understood (66). It
has been demonstrated that, because the scaled criterion
of bioequivalence declares the equivalence of two for-
mulations very liberally (75), two formulations were bio-
equivalent although the differences between their means
exceeded 25% (66). The statistical model for individual
bioequivalence has substantially more parameters than
the model used for average bioequivalence (75). It can be
expected that the estimated parameters have significantly
larger uncertainties and undesirable correlations under
certain conditions that have not yet completely been
evaluated (75). Additional uncertainties arise from the
use of the bootstrap method, which is used to estimate
the one-sided confidence interval. The result is different
in each calculation and may give rise to manipulations in
borderline cases (75). Most importantly, as of today the
consideration of individual bioequivalence is all theoret-
ical. There is no evidence of a clinical problem with
average bioequivalence testing; neither is there a safety
or an efficacy issue. Furthermore, there is no evidence
that individual bioequivalence would solve the problem
if it existed (61,75). Because of the unsolved methodo-
logic problems, it seems unlikely that the proposed in-
dividual bioequivalence guideline (42) will be imple-
mented in its present form (66,75). Evaluation of the
benefits of individual bioequivalence will require a da-
tabase of prospective replicate design studies that will
provide the FDA and drug companies with the necessary
information to make a reasoned consensus judgment as
to the appropriate criteria for individual bioequivalence
(11,61,66,75).

Meanwhile, although not required by the FDA for ap-
proval, individual bioequivalence between SangCya and
Neoral has been established in a replicated, four-period
cross-over design study in healthy volunteers following
the FDA draft guidelines (42) (Table 3). The results con-
firmed those found in the pivotal bioequivalence studies
(38). Both cyclosporine formulations were also bio-

Ther Drug Monit, Vol. 22, No. 3, 2000
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equivalent when data were analyzed using average bio-
equivalence metrics (Table 2). It is interesting to note
that intraindividual variability in the healthy volunteers
was similar to that reported in recipients of kidney trans-
plants (68-71).

Benet (61) recently summarized the status of indi-
vidual bioequivalence: “Currently, individual bioequiva-
lence is a theoretical solution to solve a theoretical clini-
cal problem.” Generic drugs are approved on the basis of
average bioequivalence studies. Although the FDA en-
courages companies to submit replicate design studies,
approval decisions will be made on the basis of average
bioequivalence metrics. Because it is unlikely that indi-
vidual bioequivalence will be implemented in the near
future, if at all, guidelines and recommendations for the
approval of generic cyclosporine formulations mandat-
ing individual bioequivalence as a basis of FDA approval
(12,13) seem to be of limited practical relevance.

Bioequivalence Testing in Recipients of Transplants
and Special Patient Subpopulations

It has become obvious from discussions, recommen-
dations, and consensus documents (10,13,14,21) that
there are substantial worries in the transplant community
about the extent to which pharmacokinetic comparisons
of test and reference cyclosporine formulations in
healthy volunteers, as required for approval by the FDA
and other drug agencies, reflect safety and efficacy in
transplant patients. Bioequivalence studies in the target
population are favored by the nonregulatory guidelines
and recommendations to establish bioequivalence of ge-
neric cyclosporine formulations (10,13,14) (Table 1). In
comparison to healthy volunteers, a multitude of addi-
tional factors impacts cyclosporine pharmacokinetics in
transplant patients (Figure 1), resulting in a higher inter-
individual and intraindividual variability. Patient sub-
populations that are known poor absorbers and usually
exhibit greater pharmacokinetic variability than the av-
erage stable transplant patient are of special concern
(10,12-14,20,21). However, none of the guidelines de-
fines specifically which subpopulations should be- stud-
ied. Curtis et al (32) found that approximately one third
of the recipients of kidney grafts included in their study
were poor absorbers of cyclosporine after Sandimmune
administration. These patients required the most exten-
sive dose adjustments after being switched to Neoral.
Other populations of poor absorbers include cystic fibro-
sis lung transplant recipients (77), pediatric patients (78),
African-Americans (18,79), patients with impaired bile
production (80,81), and diabetes patients (79,82). Again,
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it is important to differentiate between Sandimmune
and Neoral data. Subpopulations have been identified
mostly on the basis of cyclosporine pharmacokinetics
after Sandimmune administration. However, after
switching to Neoral, cyclosporine bioavailability and
pharmacokinetic variability significantly improved in
most patients in these subpopulations (32,77,78,80,81),
and poor absorbers of cyclosporine after Sandimmune
administration turned into good absorbers after Neoral
(32). At the moment, it is unclear whether a problem
really exists with transplant patient subpopulations and
generic cyclosporine formulations bioequivalent with
Neoral. However, the situation will be different with
generic cyclosporine formulations bioequivalent to
Sandimmune,

Patients are often receiving individualized therapy in-
cluding coadministration of several drugs. This is espe-
cially true in subpopulations such as patients with liver
function impairment, diabetes, or cystic fibrosis. These
patients require individualized treatment and it seems
impossible and unethical to expose these patients to the
controlled and congruent conditions usually required for
bioequivalence studies. It can be expected that this in-
troduces a significant study-center effect into bioequiva-
lence analysis.

Transplant recipients, especially subpopulations of
poor absorbers, are heterogenous and in most cases can
be expected to exhibit significantly higher variability of
cyclosporine pharmacokinetics within the subpopulation
than those in the general population. The expected high
pharmacokinetic variability will require much larger
numbers of subjects than studies of healthy volunteers or
stable transplant patients to yield bioequivalence with
sufficient statistical power. Because several of these sub-
populations represent small groups, recruitment may be-
come a limiting factor.

In clinical studies, bioequivalence between the generic
cyclosporine formulation SangCya and Neoral in kidney
and liver transplant recipients has been evaluated
(39,40). As shown in Table 2 and depicted in Figure 2,
the studies confirmed the results of the pivotal healthy
volunteer studies (38) and established bioequivalence be-
tween the test and reference formulation in the target

ESTABLISHING LONG-TERM SAFETY IN
TRANSPLANT PATIENTS

By design, bioequivalence studies do not have a clini-
cal endpoint. Similar plasma concentration time-profiles
are taken as a surrogate for therapeutic efficacy and
safety (64). All recommendations to establish bioequiva-
lence of generic cyclosporine formulations (10,13,14)
discuss that a therapeutic rather than a pharmacokinetic
endpoint would be desirable. Johnston et al (10) and
Kahan (14) recommend long-term safety and efficacy
studies in transplant patients. Although there is reason-
able consensus about the length of the study period, the
authors do not address the more important question of
the desired clinical effect, the sensitivity, the statistical
power and, depending on those, the number of subjects
required for such studies. Assuming the test product has
demonstrated bioequivalence, the objective may be to
demonstrate that the test product is at least as good as the
reference product in the stable patient population or in de
novo patients. The objective of the study will have enor-
mous impact on sample size. This issue has been ad-
dressed by McGilveray and Gallicano (72). Because, as
discussed earlier, switching stable patients between cy-
closporine formulations rather than starting de novo pa-
tients on a generic cyclosporine formulation is the im-
portant safety issue, stable transplant recipients should be
included in safety and efficacy studies. The patients
should randomly be assigned to two study groups. One
group of patients will be switched to the novel generic
cyclosporine formulation, the other group will continue
to receive the reference product. Parameters included in
the analysis would be the incidence and severity of side-
effects, transplant function, and the incidence of rejec-
tion episodes. An acceptable sensitivity would probably
be =10% difference between the study group receiving
the test formulation and the one receiving the reference
formulation. Considering that two bicequivalent cyclo-
sporine formulations will be compared, the number of
study subjects required to result in reasonable statistical
power (=80%) will easily exceed those of phase III
clinical trials and would be prohibitive in terms of time
and costs required for the development of generic drug
formulations. This does not take into account that cyclo-

porine doses, if necessary, will be adjusted in individual
atients to maintain cyclosporine blood concentrations
rithin the target concentration range. The efficacy and
afety of Neoral has been compared with Sandimmune in

study in which 466 renal transplant patients were en-
dlled (34). Although Sandimmune and Neoral are not
ioequivalent, the overall incidence of adverse events
was similar, despite the increased exposure of patients to
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cyclosporine in the test group after a 1:1 switch to
Neoral. In addition there was no difference in kidney
function. The results of this study comparing two bio-
inequivalent cyclosporine formulations indicate that, if
the same number of patients were included, it would be
practically impossible to detect or exclude differences in
safety and efficacy of two bioequivalent cyclosporine
formulations with reasonable sensitivity and statistical
power.

Long-term safety data have been reported for SangCya
(43) and Neoplanta (48). Considering the facts discussed
earlier.and that in each study fewer than 50 subjects were
enrolled, the studies were statistically underpowered.
Therefore, it is no surprise that both cyclosporine formu-
lations, which are bioequivalent to Neoral (38,44),
showed efficacy and safety similar to cyclosporine.
These studies may help to boost confidence of transplant
physicians and patients in the novel drug products, but
they can hardly be regarded as a valid approach for de-
tecting or excluding potential efficacy and safety differ-
ences between the test and reference formulations.

CLINICAL EXPERIENCE WITH SWITCHING
BETWEEN BIOEQUIVALENT
CYCLOSPORINE FORMULATIONS

Most of the guidelines and recommendations to estab-
lish bioequivalence of generic cyclosporine formulations
and to switch between cyclosporine formulations (10,12,
13,21) are based on the experience with switching pa-
tients between the bioinequivalent Sandimmune and
Neoral formulations. The prospect of the availability of
bioequivalent generic cyclosporine formulations has trig-
gered an intense discussion about the validity of standard
bioequivalence procedures to establish safety and effi-
cacy of cyclosporine generic products. These discussions
ignore the fact that there is already considerable experi-
ence with switching patients between bioequivalent cy-
closporine formulations. It is interesting to note that this
discussion did not emerge when the first novel cyclo-
sporine formulation, Sandimmune soft gelatin capsules,
was introduced by the innovator as a follow-up to the
oral solution more than 10 years ago. The original oral
solution contained 100 mg cyclosporine in 50 mL olive
oil, Labrafil M 1944 Cs, and ethanol (12.5%) as a vehicle
(83). The rationale for the development of the soft gelatin
capsule, in addition to increased convenience, was to
mask the unpleasant taste of the oral solution and to
avoid the variability introduced by the need to measure
the oral solution and to dispense it in milk or fruit juice
(83,84). The soft gelatin capsule formulation differed
from the oral solution and contained corn oil, gelatin,
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glycerol, Labrafil M 2125 Cs, ethanol (12.7%), red iron
oxide, sorbitol, titanium oxide, and other ingredients
(83). Because these evaluations were carried out before
1992, none of the pharmacokinetic studies published
used the bioequivalence metric that is in effect today to
compare test (capsule) and reference (oral solution) for-
mulations (85-89). In all studies, average oral bioavail-
ability of the gelatin capsules was almost consistently
9-11% higher than that of the oral solution, but did not
reach statistical significance (85-89). However, a recent
study failed to establish bioequivalence between the San-
dimmune oral solution and soft gelatin capsule in pa-
tients who had been identified as poor absorbers with
higher C,,, and AUC after administration of the soft
gelatin capsule (12). Most long-term transplant patients
were switched from the oral solution to the capsule, and
few problems have been reported. In some countries,
control of the blood concentration after switching from
oral solution to capsule was required (21). The practice
of blood-level-guided dose adjustments, which has been
shown to efficiently compensate for differences in bio-
availability, may have been one of the reasons that no
serious problems were reported with switching between
oral solution and capsule. However, because no differ-
ence in efficacy and safety were found in 466 renal trans-
plant patients between the bioinequivalent formulations
of Sandimmune and Neoral (34) as discussed earlier,
the lack of problems with switching between the bio-
equivalent Sandimmune oral solution and capsule is not
surprising.

Neoral is marketed as both capsule and oral solution.
A single bioequivalence study has been reported that
established bioequivalence between Neoral oral solution
and capsules in healthy volunteers (90). C,,,, (point es-
timate, 1.04; 90%-confidence interval, 0.98-1.12%) and
AUC (point estimate, 1.02%; 90%-confidence interval,
0.97-1.06%) were in the bioequivalence acceptance
range. Based on their study, the authors concluded that in
conjunction with routine concentration monitoring, the
microemulsion soft gelatin capsule and the microemul-
sion oral solution can be interchanged without a need for
dose adjustment and without alteration in cyclosporine
blood concentration profiles (90). Indeed no problems
have been reported with switching between oral solution
and soft gelatin microemulsion formulation in transplant
patients, although the authors’ conclusion was exclu-
sively based on healthy volunteer data (90). It can be
concluded that transplant physicians and patients already
have substantial experience with switching between bio-
equivalent cyclosporine formulations. As discussed ear-
lier, the innovator used the same procedures to establish
bioequivalence between its different cyclosporine formu-

A
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lations as those used to establish bioequivalence between
generic and the innovator’s cyclosporine formulations.
The experience with the innovator’s bjoequivalent for-
mulations (oral solution/soft gelatin capsule) has shown
that switching between bioequivalent cyclosporine for-
mulations can generally be considered safe. Based on
this data, there is no reason to believe that switching
between the innovator’s formulation and bioequivalent
generic cyclosporine formulations is less safe than
switching between the innovator’s bioequivalent cyclo-
sporine formulations.

BIOINEQUIVALENCE AND THERAPEUTIC
DRUG MONITORING

Changes of oral bioavailability and bioinequivalence
have always played an important role in the clinical man-
agement of cyclosporine-treated transplant recipients.
Patients are switched from Sandimmune to Neoral, cy-
closporine formulations that are not bioequivalent. It has
recently been shown that many drugs interacting with the
metabolism and intestinal countertransport of cyclospor-
ine have a more significant impact on the drug’s oral
bioavailability than on its systemic elimination (91). Sev-
eral drugs that are commonly used after transplantation,
such as azole antifungals and calcium antagonists, are
known inhibitors of cyclosporine metabolism and trans-
port and increase its oral bioavailability whereas other
drugs such as many corticosteroids and antiepileptics in-
duce cyclosporine transport and metabolism and reduce
its oral bioavailability. Because of their cyclosporine-
sparing effect, calcium channel blockers and azole anti-
fungals have been intentionally coadministered to im-
prove cyclosporine bioavailability (92,93). Although cy-
closporine doses were reduced by as much as 88% to
maintain cyclosporine concentrations in the target range,
kidney function was not different from that of the control
group during the observation period of 3 years (93)
(Table 5). Because of the drug’s pharmacokinetic vari-
ability in combination with its narrow therapeutic index,

TABLE S. Long-term safety of the cyclosporine-
are stable after kidne

cyclosporine blood trough concentrations or, as proposed
recently AUC values, are regularly monitored and cyclo-
sporine doses are adjusted to keep cyclosporine blood
concentrations in the target range (36). This dosing strat-
egy efficiently compensates for variability in cyclospor-
ine oral bioavailability and elimination. It is well docu-
mented that because of blood-level-guided dosing ad-
justments, even bioinequivalence as great as that
between Sandimmune and Neoral or that created when
ketoconazole is intentionally coadministered (because of
its cyclosporine-sparing effect) did not cause an in-
creased incidence of cyclosporine toxicity (34,35,93).

Therapeutic drug monitoring and the generally ac-
cepted blood-level-guided dosing regimens have not
been taken into account in most recommendations and
guidelines to establish bioequivalence of generic cyclo-
sporine formulations (10,12,13). Although we believe
that all previous experience suggests that extra monitor-
ing is not needed when patients are switched between
bioequivalent cyclosporine formulations, it can be ex-
pected that most patients will have their cyclosporine
blood concentrations checked within a short time after
being switched from the innovator’s to a generic cyclo-
sporine formulation and cyclosporine doses will be ad-
justed as necessary. This will especially be the case with
patients who are known to have fluctuating cyclosporine
blood concentrations. If individual patients exist in
whom the switch between two cyclosporine formulations
of established bioequivalence causes a shift in blood
trough concentrations, the common practice of therapeu-
tic drug monitoring in combination with blood-level—
guided dose adjustment can be expected to provide an
efficient safety net.

CONCLUSIONS

From a theoretical point of view, many of the recom-
mendations for establishing bioequivalence and safety of
generic cyclosporine formulations by Johnston et al (10),
Sabatini et al (13), and Kahan (14), seem desirable.

Months
Parameter Pre-study 1 3 6 12 24 . 36
Cyclosporine dose [mg - kg™ -d-'] 56 13 12 1.1 09 08 07
Dose reduction [%] 77 79 84 86 86 87
Trough blood concentration [pg - L™']* 140 159 144 147 188 153 124
Creatinine in serum [mg - dL™"] 1.8 1.8 1.8 1.7 1.7 1.7 1.8
Urea in serum [mg - dL.7) 27 23 23 24 23 25 29

* Measured by high-performance liquid chromatography.
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These include establishment of individual bioequiva-
lence, establishment of bioequivalence in various trans-
plant patient subpopulations, and long-term safety and
efficacy studies. However, as discussed earlier, from a
regulatory, practical, and/or statistical point of view,
some of these recommendations will be difficult or even
impossible to follow or, based on the extensive experi-
ence that already exists with the innovator’s bioequiva-
lent formulations as well as studies recently reported for
generic cyclosporine formulations, must be considered
unnecessary. Especially the recommendations by Johns-
ton et al (10) and Sabatini et al (13) have several prob-
lems that undermine their practical relevance. Based on
bioequivalence considerations of Sandimmune and
Neoral, two formulations that are bioinequivalent, Johns-
ton et al (10) proposed healthy volunteer and clinical
studies that are close to what is required for clinical
development of a new drug. This was appropriate for
Neoral which, because it is more bioavailable than San-
dimmune, had to be considered a new drug development
(21). Because of both the higher cyclosporine C,,, and
the greater exposure (AUC), several safety issues had to
be addressed in clinical studies. Most of the studies rec-
ommended by Johnston et al (10) will not be necessary
for generic cyclosporine formulations that are bioequiva-
lent to Neoral. A critical part of the recommendations by
Sabatini et al (13) focuses on the requirement to demon-
strate individual rather than average bioequivalence for
FDA approval of generic cyclosporine formulations. As
discussed earlier, the individual bioequivalence metrics
have not been sufficiently evaluated and, because of a
lack of data, the practical value of the subject-by-
formulation interaction is unclear. Although an interest-
ing theoretical concept, it seems unlikely that individual
bioequivalence will be implemented in the near future
because of many as yet unsolved problems (61,66,75).
All guidelines recommend studying bioequivalence in
subpopulations of patients who are known to be poor
absorbers and to exhibit great pharmacokinetic variabil-
ity. Again, it is important to differentiate between Sand-
immune and Neoral. All studies that have described
problems with subgroups of patients such as erratic oral
bioavailability and fluctuating cyclosporine blood con-
centrations were based on Sandimmune. It is well estab-
lished that these subgroups in particular benefitted from
being switched to Neoral, resulting in significantly im-
proved and less variable bioavailability. At the moment,
it is unclear whether a bioavailability and variability
problem in these subgroups with Neoral or bioequivalent
formulations exists. Such a study needs to be conducted
to answer this question for Neoral and one of the bio-
equivalent formulations, but as of this writing there is no
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reason to suspect that a formulation that is bioequivalent
in healthy volunteers will not also be equivalent in these
subgroups. The recommendations by Johnston et al (10)
and Kahan (14) include long-term safety and efficacy
studies in transplant patients. As discussed earlier, the
number of patients that must be enrolled in sych studies
to result in sufficient sensitivity and statistical power to
detect or exclude differences between two bioequivalent
cyclosporine formulations will exceed those required for
phase III multicenter trials during development of new
drugs. This seems prohibitive. The recommendations by
Kahan et al (14), and the roundtable discussion (21) upon
which these recommendations are based, consider the
standard bioequivalence procedure a valid approach to
establish bioequivalence between generic cyclosporine
formulations and the innovator’s respective reference
product. To strengthen clinicians’ confidence in bio-
equivalent cyclosporine generics, it is recommended that
the first approved generic cyclosporine formulation dem-
onstrate that approved bioequivalent products behave
identically in various patient populations as well as in
distinct patient subgroups, and that it demonstrate indi-
vidual bioequivalence. Some of these data are already
available. Bioequivalence between SangCya and Neoral
has successfully been established in kidney and liver
graft recipients (39,40), and in African-American sub-
jects (38), a known subpopulation of poor absorbers
(Table 1). In addition, individual bioequivalence of
SangCya and Neoral has been demonstrated in a healthy
volunteer study. All studies available for generic cyclo-
sporine formulations to date confirm the validity of piv-
otal bioequivalence trials.

Generic substitution is no novelty in transplantation
medicine. Generic immunosuppressants include cortico-
steroids and azathioprine (40). Since the introduction of
the original Sandimmune oral solution, Sandimmune
capsules and the microemulsion Neoral became avail-
able. Patients were switched between the bioequivalent
capsules and Sandimmune oral solution with little con-
cern, although similar potential safety issues as discussed
for generic substitution in recent consensus documents
(13,15) may have applied (12).

- It is understandable that, because of the high price of
losing a graft, transplant physicians are worried about
individual patients when switching from the innovator’s
to a generic cyclosporine formulation (21). However,
there is extensive experience with safely switching pa-
tients between the innovator’s bioequivalent and even
bioinequivalent formulations, and blood-level-guided
dosing adjustments are proven to efficiently compensate
for potential changes in oral bioavailability of cyclospor-
ine. It is likely that common problems in the manage-
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ment of cyclosporine-treated transplant recipients, such
as changes in pharmacokinetics caused by drug interac-
tions, diet, disease and transplant function, will create
more significant risks than switching between bioequiva-
lent cyclosporine formulations (21).

Considering the practical shortcomings of most recent
recommendations to establish bioequivalence of generic
cyclosporine formulations, the fact that thousands of
transplant patients have safely been switched between
the innovator’s bioequivalent and even bioinequivalent
cyclosporine formulations for more than a decade, and
that bioequivalence data of generic cyclosporine formu-
lations in healthy volunteers and transplant patients is
available, the present FDA guidelines for approving bio-
equivalence can be considered adequate and sufficient
for generic cvclosoorine formulatione

macokinetics and tolerability of a microemulsion formulation of
cyclosporine in renal allograft recipients: A concentration-
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