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he 1990s ushered in approval of several novel immu-
osuppressant drugs, including mycophenolate mofetil,
acrolimus, cyclosporine microemulsion, everolimus and
irolimus, with consequent improvement in clinical
utcomes. Subsequently, the transplant community has
een challenged with the development and introduc-
ion of generic immunosuppression drugs. These drugs
epresent a narrow therapeutic index and are thus
lassified as critical-dose agents. Sengai Gibon, a Japa-
ese zen monk, wrote “Whether for life, whether for
eath—(it depends on) the right spoon-measure.”1 The
urpose of this educational advisory is to provide an

nternational perspective on regulatory and clinical
oncerns with generic immunosuppression medica-
ions in thoracic transplantation.

EFINITIONS: CRITICAL-DOSE DRUGS AND NARROW
HERAPEUTIC INDEX MEDICATIONS

anada and the European Union catalog immunosup-
ression medications as “critical-dose drugs,” character-

zed as those medications wherein comparatively small
ifferences in dose or concentration lead to dose- and
oncentration-dependent, serious therapeutic failures
nd/or serious adverse drug reactions.2,3 Such therapeu-
ic consequences may be persistent, irreversible, slowly
eversible or life-threatening, which could result in
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n-patient hospitalization or prolongation of existing
ospitalization, persistent or significant disability or

ncapacity and death.4

Similar in nature are narrow therapeutic index drugs,
hich are described as any pharmaceutical agent that
as a less than 2-fold difference between the minimum
oxic concentration and minimum effective concentra-
ion in blood. The United States FDA describes these
roducts as having a less than a 2-fold difference in median

ethal dose and median effective dose values, or a less than
2-fold difference in the minimum toxic concentrations

nd minimum effective concentrations in the blood,
nd that safe and effective use of the drug products
equire careful titration and patient monitoring.5

NTERNATIONAL REGULATION OF GENERIC MEDICATIONS

egulating agencies around the world designate a ge-
eric preparation as either a pharmaceutically equiva-

ent or pharmaceutical alternative product to the inno-
ator (brand) product. Most countries insist that in
rder for a generic drug to be deemed pharmaceutically
quivalent, they must contain the identical active ingre-
ient to the innovator drug in the same strength, dose
orm and route of administration, and must be pre-
cribed for the same therapeutic indication.2,3,5,6 These
roducts may differ in shape, color, inactive ingredi-
nts, release mechanism and packaging. Under these
egulations, a generic drug may be considered thera-
eutically equivalent to the innovator drug if it is
rescribed to patients under labeling conditions and
xhibits similar clinical effect and safety profile, both of
hich are largely dependent on bioequivalence.
Bioequivalence is based on a comparison of mean

harmacokinetic parameters for brand and generic
rugs, the area under the concentration–time curve
AUC), maximum concentration (Cmax) and minimum
oncentration (Cmin). The rate and extent of absorption
an be determined either in vivo or vitro, depending on
he regulating agency’s requirements for each com-
ound. Because immunosuppressant medications are
haracterized as critical-dose drugs or narrow therapeu-
ic index medications, generic manufacturers must per-
orm in vivo studies, often utilizing healthy volun-
eers.2,6,7

The pharmacokinetic studies commonly performed
onsist of a two-treatment crossover study design in 24

o 36 normal, healthy adults. Usually, both a single dose
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f the test and innovator drug product are administered
nd blood or plasma concentrations are measured over
ime to determine the rate (Cmax) and extent (AUC) of
bsorption of both products in a fasting or, occasion-

able 1. Pharmacokinetic Parameters and Study Conditions That Det

AUC Cmax

Log-transf
parame

anada 90% CI of relative
mean AUC of
test to
reference
should be
between 90%
and 112%

90% CI of the
relative mean
measured Cmax

of the test to
reference
should be
between 80.0%
and 125.0%

Must be met,
from measu
and data co
measured dr
content (per
potency of la

nited
States

90% CI of relative
mean AUC of
test to
reference
should be
between 80.0%
and 125.0%

90% CI of the
relative mean
measured Cmax

of the test to
reference
should be
between 80.0%
and 125.0%

Data are log-tr
prior to cond
statistical te
ANOVA and
a 90% CI fo
pharmacokin
parameter; C
entirely with
80% to 125
boundaries

MEA
zone
(Europe)

90% CI for test/
reference ratio
should be
within 80% to
125%

90% CI for test/
reference ratio
should be
within 80% to
125%

Data are log-tr
prior to cond
statistical te
ANOVA and
a 90% CI fo
pharmacokin
parameter; C
entirely with
80% to 125
boundaries

ustralia 90% CI of relative
mean AUC of
test to
reference
should be
between 80.0%
and 125.0%

90% CI of the
relative mean
measured Cmax

of the test to
reference
should be
between 80.0%
and 125.0%

Data is log-tra
prior to cond
statistical te
ANOVA and
a 90% CI fo
pharmacokin
parameter. C
entirely with
80% to 125
boundaries

apan 90% CI of relative
mean AUC of
test to
reference
should be
between 80.0%
and 125.0%

90% CI of relative
mean AUC of
test to
reference
should be
between 80.0%
and 125.0%

Data are log-tr
prior to cond
statistical te
ANOVA and
a 90% CI fo
pharmacokin
parameter; C
entirely with
80% to 125
boundaries

I, confidence interval; AUC, area under the curve; Cmax, maximum concentra
lly, in a fed state as well. Pharmacokinetic parameters p
f interest are plasma AUC, calculated to the last
easured concentration [AUC(0 � t)] and extrapolated

o infinity [AUC(0 � infinity)], and the maximum or
eak drug concentrations (Cmax). Table 1 contains the

ine Drug Bioequivalence by Country

ed Met in fasted
and fed state Steady-state required?

ulated
data
ted for

t
l claim)

Yes Not unless warranted by exceptional
circumstances; if required, the 90%
CI of the relative mean measured
Cmin of the test to reference should
also be between 80.0% and
125.0%

formed
ting
g by
ulating
ch

c
ust be

he

May be required,
standard high-
fat diet is
utilized; same
parameters
apply

For controlled released drugs or drugs
with low levels with one dose;
patients may be studied if the drug
is considered dangerous with
repeat doses in healthy volunteers;
log-transformation Cmin, Cmax and
AUC CI must be entirely within the
80% to 125% boundaries

formed
ting
g by
ulating
ch

c
ust be

he

Either (depending
on drug)

Under special circumstances: 90% CI
for test/reference ratio should be
within 80% to 125%; however, if
the single-dose study shows a very
similar pharmacokinetic profile for
test and reference (the 90%
confidence interval for AUC is
within 90 to 111), the requirement
for steady-state data may be
waived

rmed
ting
g by
ulating
ch

c
ust be

he

No specific
requirements

Not unless warranted by exceptional
circumstances, such as controlled
release drugs

formed
ting
g by
ulating
ch

c
ust be

he

No specific
requirements

No specific requirements

; Cmin, minimum concentration.
erm

orm
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ents by various countries for consideration of bio-
quivalence.2,5,6–9 A difference of �20% for each of the
ests is considered to be significant and, therefore,
ndesirable for all drug products. Numerically, this is
xpressed as a limit of test-product average/reference-
roduct average of 80% for the first statistical test (less
ioavailable) and a limit of reference-product average/
est-product average of 80% for the second statistical
est (more bioavailable). By convention, all data are
xpressed as a ratio of the average response (AUC and

max) for test/reference, so the limit expressed in the
econd statistical test is 125% (reciprocal of 80%). For
tatistical reasons, all data are log-transformed prior to
onducting statistical testing. In practice, these statisti-
al tests are carried out using an analysis of variance
ANOVA) procedure and calculating a 90% confidence
nterval for each pharmacokinetic parameter (Cmax and
UC). The confidence interval for both pharmacoki-
etic parameters, AUC and Cmax, must be entirely
ithin the 80% to 125% boundaries just cited.
Regulatory agencies may require multiple-dose steady-

tate studies when controlled release dose forms are
nvestigated or if the drug concentration from a single-
ose study is too low to be measured by the available
ssays. Multiple-dose studies may, however, be consid-
red too high risk for healthy volunteers in which case
atients who have the underlying disease for which the
edication was intended may be used. The same phar-
acokinetic methods and standards are applied.
Some countries may allow for in vitro testing if more

han a single strength of the innovator product is available
or generic manufacturing. The vitro dissolution testing
ses a specific methodology based on the solubility of the
roducts, which is determined by the dose and intestinal
ermeability of that drug.10 For example, tacrolimus 5 mg
ay be studied in vivo but the 0.5-mg and 1-mg doses may

ndergo in vitro dissolution testing for bioequivalence.
enerally, 12 dose units of all strengths are tested to
scertain the rate and extent of availability during various
esting scenarios that assimilate in vivo conditions.

PECIAL CONSIDERATIONS

he use of healthy volunteers does not adequately
epresent the challenges faced in dosing immunosup-
ression in transplant recipients. Patients who have
ndergone transplantation exhibit challenges of
hronic disease, experience effects of drug therapy on
on-transplanted organs, are exposed to several medi-
ations that have interactions that alter the pharmaco-
inetic profile and have demonstrated extreme intrapa-
ient variability of immunosuppressive medications.
ther potential sources of intrapatient variation in
ioequivalence include genetic factors, physiologic fac-
ors such as gastrointestinal transit time and pH, age,

ody composition, hormonal balance, non-compliance, i
moking and chronologic factors.8 Bioavailability may
lso be altered by co-administration with food and the
ffect may be largely formulation-dependent. A single-
ose strategy may be inadequate to characterize all of
hese factors in medications that are considered critical-
ose drugs or narrow therapeutic index medications
ith a large day-to-day variability in pharmacokinetic
arameters even at steady state.
In addition thoracic transplant patients, who may be

articularly vulnerable to adverse consequences of ge-
eric drug substitution, we must include those with
igh immunologic risk and history of treated allograft
ejection. As in any condition, those who have traveled
he less-than-desirable path secondary to frequent com-
lications, such as rejection episodes or serious infec-
ions, are not patients in whom destabilization of a
elicate balance is welcomed. These patients require a
eightened vigilance to any change in their physical
ondition or changes in concurrent medication and
mmunosuppression once an appropriate cocktail of

edications has been successfully established.
Unique clinical situations that deserve close attention

re described in what follows.

isease States Affecting Drug Absorption

any patients who undergo thoracic organ transplant
ave gastrointestinal factors that alter the absorption of
edications. For example, in patients with diabetes
ellitus, cyclosporine absorption is decreased or de-

ayed as compared with non-diabetic transplant pa-
ients, reflecting differences in gastric emptying.11,12

The gastrointestinal manifestations of cystic fibrosis
lso impede post-transplant management by causing
ignificant variation in the rate and extent of absorption
f orally administered immunosuppressive medications.
oth tacrolimus and cyclosporine absorption are al-
ered due to fat malabsorption, leading to a potential for
ejection, and this has lead to the need for finding
lternative ways to administer medications.13,14

Lactose intolerance affects about 70% of the world’s
opulation and can be seen in concert with inflamma-
ory bowel diseases such as Crohn’s disease. This may
reate altered absorption of drugs due to the presence
f reduced transit time from diarrhea. The content of

actose, a readily used excipient in medications, can
ary between innovator and generic formulations. Of-
en the total amount of lactose in medications is not
nown and can actually reach a critical amount that
ay lead to symptoms in patients at risk. This was

onfirmed in a recent study that determined the milli-
ram content of lactose in various medications used to
reat gastrointestinal disorders. The investigators in that
tudy discovered that some medications taken as pre-
cribed could result in as much as 1-g or higher lactose

ngestion.15



E

A
i
u
d
t
T
s
g
p
m
t
p
f
t
t
m
t

t
p
t
r
m

D

D
p
A
t
p
p
i
c
s
b
r
s
c
w

I

T
q
i
o
s
i
v
o
s
u
c
c

i
h
m
c
n
c
b
0
c
w

C

M
i
t
e
c
h
a
a
t
p
c
p
T
i
e
r
n
e
a
t
t
1
i
c
o
p

P
S
N

M
a
u
m
g
m
t
o
c
v

t

658 Uber et al. The Journal of Heart and Lung Transplantation
July 2009
thnicity

frican Americans and other populations with altered
mmunosuppression absorption patterns are typically
nderrepresented in bioequivalence studies and their
ifferences marginalized with the use of healthy volun-
eers and statistical strategies that employ averages.
his patient population has a highly variable immuno-
uppression drug absorption and exposure pattern,
overned due to intestinal P-glycoprotein or polymor-
hisms of the cytochrome P450 system or other phar-
acogenetic factors that await discovery. Drug interac-

ions of coexisting medications may also alter the
harmacokinetics in these special populations. There-

ore, the use of single-dose studies in volunteers not
aking concomitant drugs that interfere with absorp-
ion, metabolism and clearance of immunosuppression
ay greatly underestimate the needs of this popula-

ion.16,17

Genetic polymorphisms that affect drug absorp-
ion, metabolism and clearance have also been re-
orted in various Asian populations. The presence of
he CYP3A5(*)1 allele may be responsible for patients
equiring a significantly higher dose of sirolimus or tacroli-
us to achieve adequate trough concentrations.18,19

ietary Interactions

iffering food interactions with innovator and generic
roducts may have potentially serious consequences.
lthough specific product labeling may instruct patients

o take the drug with or without food, considering the
otential consequences of differing food interactions with
roducts containing such drugs, bioequivalence should

deally be demonstrated under both fasting and fed
onditions.2 For example, the SangCya generic cyclo-
porine formulation initially demonstrated regulatory
ioequivalence to Neoral; however, the product was
ecalled in the United States (in 2000) because cyclo-
porine concentrations were significantly affected by
o-administration with apple juice, an interaction that
as not seen with Neoral.20–22

nteractions With Concomitant Immunosuppressive Drugs

he current definition of bioequivalence does not re-
uire any testing on the impact of common drug

nteractions on drug levels or efficacy. The importance
f concurrent medications in post-transplant patients
hould not be underestimated. There are multiple drug
nteractions that occur in this population, which in-
olve the effect of one immunosuppressive agent on all
ther medications, including other immunosuppres-
ants. The use of generic medications may or may not
pset the fine balance currently in effect. Kovarik and
olleagues23 investigated the effect of two different

yclosporine preparations on sirolimus pharmacokinet- g
cs. They performed a single-dose crossover study of 28
ealthy subjects who were randomized to receive siroli-
us 5 mg as an oral solution with 250 mg Neoral

yclosporine as the innovator product versus the ge-
eric product, Gengraf cyclosporine. Gengraf signifi-
antly reduced the peak sirolimus blood concentration
y 17% compared with Neoral cyclosporine (p �
.0003). The AUC of sirolimus was significantly de-
reased by 11% in the presence of Gengraf as compared
ith Neoral cyclosporine (p � 0.041).

hildren

uch of the concern regarding the use of generic
mmunosuppression in adults is heightened in pediatric
ransplant recipients because of age and developmental
ffects on medication pharmacokinetics. Most commer-
ially available immunosuppressants do not currently
ave a labeled indication for pediatric use and safety,
nd efficacy data for young children are limited or
bsent. As such, it is unlikely that any bioequivalence
esting in children is included in the generic approval
rocess. Moreover, there are many developmental
hanges in physiologic factors that influence drug dis-
osition in healthy infants, children and adolescents.
hese include the level and maturity of many enzymes

nvolved in drug metabolism, such as cytochrome P450
nzymes, which may be reduced in infancy and later
each the level of activity seen in adults. Gastrointesti-
al pH and body composition change significantly from
arly infancy into childhood, thereby affecting drug
bsorption, distribution and degradation. Renal func-
ion and the capacity for tubular secretion do not reach
he level of an adult until the child reaches 6 months to
year of age.24 Thus, even without the added complex-

ty of a generic preparation, age- and transplant-related
hanges in pharmacokinetics mandate close monitoring
f immunosuppressive medications with narrow thera-
eutic indices.

RACTICAL CONSIDERATIONS: NOTIFICATION OF
WITCHING AND SURVEILLANCE
otification of Generic Substitution

ost countries have rules in place allowing dispensing
uthorities to substitute a bioequivalent generic prod-
ct for the innovator drug (Table 2). This could create
ultiple problems, as there may be more than one

eneric formulation available. Therefore, the patient
ay be exposed to several different preparations during

he course of therapy and each product may exhibit its
wn potentially different pharmacokinetic effects in
oncert with other medications that could create ad-
erse outcomes.
Currently, no country has a system in place to notify

he prescribing authority of the change from brand to

eneric medication, or generic to a different generic
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roduct. Due to the lack of such a systematic approach,
he clinician’s ability to monitor any changes depends
n the patient’s self-declaration to the health-care team.
Often, as Table 2 demonstrates, the health-care team

erforming the transplant is not always responsible for
riting the prescription, and this adds another layer of

omplexity to the problem. Surveys of physicians have
hown that there is little understanding of what deter-
ines bioequivalency of generic drugs.25 It is therefore

mperative that clinicians be required to educate them-
elves and develop programmatic direction on the use
f generic drugs.

urveillance Strategies

f the clinician changes the drug regimen of an estab-
ished post-transplant patient to include a generic for-

ulation, a heightened surveillance strategy is sug-
ested. Pharmacokinetic monitoring of the generic

able 2. Prescribing and Dispensing Regulations Regarding Bioequiva

eographic
ocation

Principal
prescribing

authority for first
year post-
transplant

Principal
prescribing

authority after 1
year post-
transplant

Automa
substitution

all

anada Any licensed MD
can prescribe

Any licensed MD
can prescribe

Pharmacy m
substitute
notification
customary
obligatory,
patient if a
being subs

nited
States

Any licensed MD
can prescribe;
however,
many
transplant
centers
provided full
care for first
year

Any licensed MD
can prescribe

Pharmacy m
substitute
are rated a
therapeutic

K Any licensed MD
can prescribe

Any licensed MD
can prescribe

Pharmacy m
substitute
are rated a
therapeutic

U Depending on
country and
center

Depending on
country and
center

Pharmacy m
substitute
are rated a
therapeutic

ustralia Any licensed MD
can prescribe

Any licensed MD
can prescribe

Pharmacy m
substitute
are rated a
therapeutic
edication and monitoring of levels of the other immu- e
osuppression should be performed until stability is
eached. Rejection surveillance, as well as monitoring
or over-immunosuppression, should be initiated and
ontinued until a new steady state has been established.
On the surface, it is perceived that use of generic

mmunosuppression would yield significant cost sav-
ngs to the medical system. However, the direct savings
otentially ensuing from such a strategy could be easily
ffset by additional surveillance therapeutic monitoring
osts. Therefore, the cost-vs-benefit of generic medica-
ion in thoracic transplantation should be ascertained,
eeping in mind the increased need for supplementary
esting and monitoring to prevent adverse allograft-
elated outcomes.

UMMARY RECOMMENDATIONS

eneric immunosuppression medications may offer an

t Generic Product Substitution by Country

generic
medications
ed

Ability to specify “brand
medically necessary” on

prescription

Notification of change
in manufacturer of
immunosuppressive
medication required

utomatically
hout
is
t not
inform the
edication is
ted

Yes, however, under most
drug plans, the patient
would be responsible
for paying the
difference between the
brand and generic cost

Not required

utomatically
drugs that

equivalent

Yes, however, under most
drug plans, the patient
would be responsible
for paying the
difference between the
brand and generic cost

Not required

utomatically
drugs that

equivalent

Not required

utomatically
drugs that

equivalent

Yes (however, it might be
questioned by
insurance and
confirmed by
prescribing doctor)

Not required

utomatically
drugs that

equivalent

Yes, however, under most
drug plans, the patient
would be responsible
for paying the
difference between the
brand and generic cost

Not required
len

tic
for
ow

ay a
wit
; it
, bu
to
m

titu
ay a
for
s
ally

ay a
for
s
ally

ay a
for
s
ally

ay a
for
s
ally
conomic advantage, but it is imperative that clinicians
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ducate themselves about their pitfalls. We offer the
ollowing recommendations:

. Clinicians should educate their patients to inform
the coordinating center if a change in either the
labeling or appearance of their immunosuppressive
medications suggests that a generic drug substitu-
tion has occurred.

. Clinical care coordinating centers must develop
structured approaches for the education of all per-
sonnel with regard to use of generic immunosup-
pressants.

. In unique clinical situations, where critical drug
dosing represents a fine balance, caution should be
exercised in the use of generic immunosuppres-
sion.

. Heightened vigilance to adverse sequelae and closer
therapeutic drug monitoring is indicated until a
stable immunosuppression milieu can be estab-
lished.

. International advocacy efforts should be undertaken
to develop routine clinical care coordinating center
notification when generic drug substitution occurs.

. International advocacy efforts should be undertaken
to compel regulating agencies to approve only
those generic immunosuppressants that have been
studied under more appropriate circumstances,
such as with concomitant interacting medications
or in transplant recipients.
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