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Bioequivalence for Narrow Therapeutic

Index Drugs

Wenlei Jiang and Lawrence X. Yu

8.1 Introduction

Bioequivalence (BE) is defined as the absence of a significant difference in the rate

and extent to which the active ingredient or active moiety in pharmaceutical

equivalents or pharmaceutical alternatives becomes available at the site of drug

action when administered at the same molar dose under similar conditions in an

appropriately designed study. BE studies of systemically absorbed drug products

are generally conducted by determining pharmacokinetic endpoints to compare the

in vivo rate and extent of drug absorption of a test and a reference drug product in

healthy subjects. A test product is considered bioequivalent to a reference product if

the 90 % confidence intervals for the geometric mean test/reference ratios of the

area under the drug’s plasma concentration versus time curve (AUC) and peak

plasma concentration (Cmax) both fall within the predefined BE limits of 80.00–

125.00 %.

Although this BE limit has been successfully used to approve thousands of

generic drugs, questions persist about whether it is appropriate for narrow thera-

peutic index (NTI) drugs, for which small changes in blood concentration could

potentially cause serious therapeutic failures and/or serious adverse drug reactions

in patients. While health care professionals, pharmaceutical scientists, regulatory

agencies, and consumer advocates agree that more stringent criteria for BE should

be considered for regulatory approval of NTI drugs, they disagree about how much

assurance is needed about the similarity of a generic and its original innovator

(reference) product for NTI drugs to be considered therapeutically equivalent.

FDA recently reconsidered the BE approach for NTI drugs and recommends a

new approach to demonstrate bioequivalence of NTI drugs (US Food and Drug
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Administration 2012). This chapter discusses various public perspectives on the

interchangeability of NTI drugs, reviews definitions and regulatory BE approaches

by various international regulatory bodies, and examines the key characteristics of

NTI drugs. The discussion will focus on the FDA’s approach for NTI drugs with

illustration of case studies.

8.2 Public Perspectives

There exist numerous anecdotal post-market reports that claim therapeutic failure

or increased adverse events when switching from reference to generic drug prod-

ucts. There is, however, no well-controlled clinical study that demonstrates these

events are related to switching between generic and reference drug products.

Current spontaneous adverse event reporting systems are limited in their ability

to compare safety signal between one drug product and another. As a result, the

bulk of clinical evidence related to interchangeability of generic drugs is found in

case reports and observational studies, which are difficult to prove causality.

Surveys of pharmacists and other health care professionals show that some

believe that generic versions of certain drugs should not be dispensed (Kirking

et al. 2001; Vasquez and Min 1999). Medical associations have issued various

official positions on this issue. A 2006 joint position statement from the American

Association of Clinical Endocrinologists, the Endocrine Society, and the American

Thyroid Association raised concerns about FDA’s approach for evaluating BE of

generic levothyroxine products and recommended that physicians not prescribe

generic levothyroxine drug products. The American Medical Association (AMA)

issued a report in 2007 (American Medical Association 2007; https://www.aace.

com/files/position-statements/aace-tes-ata-thyroxineproducts.pdf) generally back-

ing the use of generic drugs, but recommending continued research into the best

approach to determine individual product BE and specifically advocating FDA to

reexamine its BE criteria for levothyroxine. The 2006 position statement from the

American Academy of Neurology opposed generic substitution of anticonvulsant

drugs for the treatment of epilepsy without the attending physician’s approval

(Liow et al. 2007). The American Society of Transplantation Conference report

indicated that physicians supported the use of generic immunosuppressive agents in

low-risk transplant recipients (Alloway 2003), however maintained that data is

inadequate to make recommendations on the use of generic immunosuppressant

medications in potentially at-risk patient populations (e.g., African Americans and

pediatrics). The report recommended that demonstration of BE in at-risk patient

populations be incorporated into the generic drug approval process. Although not

all drugs in these categories are necessarily NTI drugs, the medical associations’

concerns about interchangeability point to areas for investigation.

Finally, in the United States, policies related to NTI drug substitution differ

among states. Currently 13 states list specific NTI drugs that are considered

nonsubstitutable (National Association of Boards of Pharmacy 2006). The
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pharmacy laws of North Carolina require that a prescription for an NTI drug be

refilled “using only the same drug product by the same manufacturer that the

pharmacist last dispensed under the prescription, unless the prescriber is notified

by the pharmacist prior to the dispensing of another manufacturer’s product and the

prescriber and the patient give documented consent to the dispensing of the other

manufacturer’s product” (Pope 2009). Many states currently have mandatory

generic substitution laws, although these laws may vary significantly. In Oklahoma,

a pharmacist must obtain approval from the patient or prescriber before substituting

with a generic product while in Vermont a physician must provide a statement of

generic ineffectiveness to prevent generic substitution. The different approach

states take to the regulation on generic substitution of NTI drugs underscores the

continued uncertainties in the community.

8.3 Regulatory Definition of Narrow Therapeutic

Index Drugs

Several terms are used to describe the drugs in which comparatively small differ-

ences in dose or concentration may lead to serious therapeutic failures and/or

serious adverse drug reactions in patients, including narrow therapeutic index,
narrow therapeutic range, narrow therapeutic ratio, narrow therapeutic window,
and critical-dose drugs. Table 8.1 summarizes the terms for this type of drugs used

by different regulatory bodies, as well as the drug list in regulatory guidance if

provided.

Health Canada has long documented this category of drugs that required greater

degree of assurance in bioequivalence studies and named them critical-dose drugs.

Critical-dose drugs are defined as those drugs where comparatively small differ-

ences in dose or concentration lead to dose- and concentration-dependent, serious

therapeutic failures and/or serious adverse drug reactions which may be persistent,

irreversible, slowly reversible, or life-threatening, which could result in inpatient

hospitalization or prolongation of existing hospitalization, persistent or significant

disability or incapacity, or death (Health Canada 2012). Critical-dose drugs apply to

products including, but not limited to, those containing cyclosporine, digoxin,

flecainide, lithium, phenytoin, sirolimus, tacrolimus, theophylline, and warfarin.

European Medicines Agency (EMA) does not define a set of criteria to catego-

rize drugs as NTI drugs and they decide it case-by-case by Committee for Human

Medicinal Products (CHMP) whether an active substance is an NTI drug based on

clinical considerations. For instance, in the “Questions & Answers: Positions on

specific questions addressed to the pharmacokinetics working party” document,

they specify that tacrolimus and cyclosporine are NTI drugs in their individual

product bioequivalence guidance (European Medicines Agency).

Japan Pharmaceutical and Food Safety Bureau uses the term narrow therapeutic

range drug but has no definition on it in relevant guidelines. Nonetheless, a long list
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of narrow therapeutic range drug is provided including mostly antiepileptic drugs,

antidiabetic compounds, immunosuppressants, and others (Japan Pharmaceutical

and Food Safety Bureau 2012a).

For United States Food and Drug Administration, the Code of Federal Regula-

tions (21CFR320.33) uses narrow therapeutic ratio and defines it as follows:

(a) There is less than a twofold difference in median lethal dose (LD50) and

median effective dose (ED50) values

(b) There is less than a twofold difference in the minimum toxic concentrations

(MTC) and minimum effective concentrations (MEC) in the blood

(c) Safe and effective use of the drug products requires careful titration and patient

monitoring

The CFR definition about narrow therapeutic ratio highlights the importance of

careful dosage titration and patient monitoring. However, it may not be clinically

practical to assess it as the values of LD50, ED50, MTC, or MEC are frequently not

available during drug development or even after approval. In its guidances to

industry, FDA also identified narrow therapeutic range drug products as those

containing certain drug substances that are “subject to therapeutic drug concentra-

tion or pharmacodynamic monitoring, and/or where product labeling indicates a

narrow therapeutic range designation” (US Food and Drug Administration 2003,

2000).

The 2010 and 2011 FDA advisory committee meeting discussed the definitions

of NTI drugs (US Food and Drug Administration 2010b, 2011). Following discus-

sions in conjunction with the committee’s recommendations, FDA is using the term

NTI and defining NTI drugs as those drugs where small differences in dose or blood

concentration may lead to serious therapeutic failures and/or adverse drug reactions

that are life-threatening or result in persistent or significant disability or incapacity

(US Food and Drug Administration 2012).

8.4 Characteristic of Narrow Therapeutic Index Drugs

For NTI drugs, small differences in dose or concentration may lead to serious

therapeutic failures and/or serious adverse drug reactions in patients. This section

describes the general characteristics of NTI drugs, which can be used to classify

certain drugs as NTI drugs.

First, we need to determine what are considered serious therapeutic failure or

serious adverse drug reactions. If drug concentrations are below therapeutic con-

centrations for these indications, e.g., epilepsy, depression, schizophrenia, immu-

nosuppression, cardiovascular disease, heart failure and atrial fibrillation, asthma

and bronchospasm, anticoagulation, the therapeutic failures may be rated severe.

Drug product black box warnings are generally considered as suggestion of severe

toxicities. The severe toxicities can be hematological, cardiovascular, and neuro-

logical related such as bleeding, QT prolongation, arrhythmia, tachycardia,

8 Bioequivalence for Narrow Therapeutic Index Drugs 195



bradycardia, heart palpitations, hypertension, strokes, coma, seizures, and others.

However, only severe toxicities relevant to drug substance are included to support

the determination of NTI. For example, the cremophor vehicle for Taxol is thought

to be responsible for most of the hypersensitive reactions seen with paclitaxel

(Liebmann et al. 1993). The toxicities induced by cremophor in the drug product

should not be considered in the determination of the drug substance as NTI. Further,

the degree of adverse events or toxic effects should be evaluated based on the

relative severity of the disease under investigation. For example, most clinicians

will not treat a mild disease at the risk of serious side effects. Yet, one may tolerate

more serious side effects to treat a life-threatening disease. Severe allergic reactions

such as anaphylaxis are not considered in NTI determination since they are only

pertaining to a small specific patient population and are not dose-/concentration-

dependent.

Second, NTI drugs often have close therapeutic and toxic doses (or the associated

blood/plasma concentrations). Adverse events can either possess their own dose-/

concentration-response relationships or reflect extensions of therapeutic effects.

Due to limitations in clinical studies, complete dose-/concentration-response curves

are seldom developed. Therefore, therapeutic range data, blood concentration data

associated with serious toxicity, and/or drug–drug interaction data can be used to

estimate the ratio of toxic concentration to effective concentration. Table 8.2 lists

some drugs’ therapeutic ranges and estimated toxic/effective concentration ratios.

The estimated toxic/effective concentration ratios provide quantitative information

Table 8.2 Therapeutic drug ranges, concentrations associated with serious toxicity, and estimated

toxic/effective concentration ratios (http://www.nlm.nih.gov/medlineplus/ency/article/003430.htm)

Drugs Therapeutic range

Plasma

concentration

associated with

serious toxicity

Estimated toxic/

effective

concentration

ratio

Phenytoin (http://www.

clinicalpharmacology-ip.com/

Forms/drugoptions.aspx?cpnum=

484&n=Phenytoin)a

10–20 mcg/ml >40 mcg/ml 2.7

Digoxin (http://www.

clinicalpharmacology-ip.com/

Forms/Monograph/monograph.

aspx?cpnum=190&sec=monmp)

0.8–1.5 ng/ml

(CHF)

>2.5 ng/ml 1.4

1.5–2.0 ng/ml

(arrhythmia)

Lithium (http://www.

clinicalpharmacology-ip.com/

Forms/Monograph/monograph.

aspx?cpnum=351&sec=monmp)

0.6–2 meq/L >1.5 meq/L 2.5

0.8–1.2 meq/L >2 meq/L 2.5

Theophylline (http://www.

clinicalpharmacology-ip.com/

Forms/Monograph/monograph.

aspx?cpnum=599&sec=monmp)

5–15 mcg/ml

(bronchodilator)

>20 mcg/ml 2

6–13 mcg/ml (pre-

mature apnea)
aFor drugs with both therapeutic range data and concentrations associated with serious toxicity

available, the toxic/effective concentration ratio is estimated by toxic concentration/middle value

of therapeutic range
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about how close the effective and toxic concentrations are. It should be noted that

not every drug would have therapeutic range data available. Further, the therapeutic

range data are usually the mean estimates for a population, which may not reflect

therapeutic range in an individual patient. In addition, the drug concentrations

associated with serious toxicities are often not available, which adds challenges to

define a clear range between effective and toxic dose/concentration.

Third, as small variations in drug exposure can have significant clinical impact,

many NTI drugs are subject to therapeutic drug monitoring based on pharmacoki-

netic or pharmacodynamics measures. Nevertheless, not all drugs subject to ther-

apeutic monitoring are NTI drugs. For example, clinicians may conduct therapeutic

monitoring because patients have potential compliance problems or clinical obser-

vation alone could not optimize the drug dose.

Fourth, NTI drugs generally have small to medium within-subject variability

(WSV). WSV is estimated via root mean square error (RMSE) values of the

bioequivalence parameters Cmax and AUC0-t (Davit et al. 2008). Here, WSV refers

to a measure of variability in blood concentration within the same subject, when the

subject is administered two doses of the same formulation on two different occa-

sions (Van Peer 2010). This variability may be intrinsic to the drug substance and/or

the formulation, but also includes analytical variability, drug product quality

variability, and unexplained random variation. WSV is of particular importance

for NTI drugs because variations in plasma concentrations may have severe con-

sequences. Approved drugs with narrow therapeutic indices should have exhibited

small WSV. Otherwise, patients would routinely experience cycles of toxicity and

lack of efficacy, and therapeutic monitoring would be useless (Benet 2006). A drug

is considered highly variable if its WSV for Cmax and/or area under the curve

(AUC) is greater than 30 % (Haidar et al. 2008). Table 8.3 summarizes the residual

variability of PK parameters of six drugs from single-dose, two-way, crossover BE

studies with mean residual coefficient of variation (CV) ranging from 5.7 to 21.7 %.

The mean residual CV includes WSV as well as variations caused by differences

between test and references formulations. Therefore, the actual WSV would be

Table 8.3 Summary of residual variability (%CV)a from Abbreviated New Drug Applications

(ANDAs)

Drug products # of BE Studies

AUC0-t Cmax

Mean Range Mean Range

Warfarin 29 5.7 3.3, 11.0 12.7 7.7, 20.1

Lithium carbonate 16 7.8 4.5, 14.0 13.5 6.4, 24.4

Digoxin 5 21.7 13.1, 32.2 21.0 14.3, 26.1

Phenytoin 12 9.2 4.1, 18.6 14.9 7.4, 20.0

Theophylline 3 17.9 12.8, 24.2 18.2 11.8, 25.8

Tacrolimus 6 21.9 16.8, 26.6 19.0 15.0, 24.4
aThe residual variability is the derived ANOVA root mean square error (RMSE) from two-way

crossover BE studies, comparing test and reference products. The RMSE, as it is calculated from

combined test and reference data, is an estimate of the residual variability in the pharmacokinetic

measures of each individual drug substance
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even smaller. All drugs in Table 8.3 possess low-to-moderate WSV. In some cases,

the clinical use of NTI drug often involves small dose adjustments of less than 20 %

(Parks 2006). There is the implicit assumption that product variation and specifi-

cally variation introduced by product substitution be less than the size of dose

adjustments.

In summary, the following characteristics generally apply to NTI drugs:

(a) sub-therapeutic concentrations may lead to serious therapeutic failure; (b)

there is little separation between therapeutic and toxic doses (or the associated

blood/plasma concentrations); (c) they are subject to therapeutic monitoring based

on pharmacokinetic (PK) or pharmacodynamic (PD) measures; (d) they possess

low-to-moderate (i.e., no more than 30 %) WSV; and (e) in clinical practice, doses

are often adjusted in very small increments (less than 20 %). These characteristics

can help the classification of drugs as NTI drugs.

8.5 Bioequivalence Approaches for Narrow Therapeutic

Index Drugs

Bioequivalence (BE) studies are an integral component of the drug development

and approval process. BE studies are designed to determine if there is a significant

difference in the rate and extent to which the active drug ingredient, or active

moiety, becomes available at the site of drug action. The conventional bioequiva-

lence study is usually conducted in healthy subjects with pharmacokinetic

(PK) endpoints using a single-dose, two-way, crossover study design. Samples of

an accessible biologic fluid such as blood or urine are analyzed for drug concen-

trations, and pharmacokinetic measures such as AUC and peak concentration

(Cmax), are obtained from the resulting concentration-time profiles. The BE param-

eters, AUC and Cmax, are statistically analyzed using a two one-sided test procedure

to determine whether the average values for the measures estimated after adminis-

tration of the test and reference products are comparable. Two products are gener-

ally judged bioequivalent if the 90 % confidence interval of the geometric mean

ratio (GMR) of AUC and Cmax fall within 80–125 % (US Food and Drug Admin-

istration 2003).

The BE limit of 80.00–125.00 % is based on the premise that a 20 % difference

between test and reference product is not clinically significant. The two one-sided

test procedure for evaluating BE simultaneously controls the average difference

between the test and reference product and the precision with which the population

averages are estimated. The precision is determined by the WSV of BE measures

and the number of subjects in the study. A drug product with large WSVmay need a

large number of subjects to pass bioequivalence standards while a product with very

low variability may pass with a larger difference in mean response, as shown in

Fig. 8.1. The assumption that 20 % difference between test and reference product is

not clinically significant may not hold for NTI drugs. Thus, the large difference in
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mean Cmax or AUC of two generic NTI products may potentially cause large plasma

drug concentration fluctuation when patients switch between two products, poten-

tially resulting in therapeutic failure or serious adverse events. As such, the

conventional BE limits may be appropriate for most systemically available drug

products, but not necessarily sufficient for NTI drugs.

Over the years various regulatory bodies have taken different bioequivalence

approaches for NTI drugs (Table 8.4). Essentially, there are two approaches: Direct

tightening of average bioequivalence limits and scaled average bioequivalence

based on the WSV of the RLD.

8.5.1 Direct Tightening of Average Bioequivalence Limits

Considering that the bioequivalence limits of 80.00–125.00 % for the standard 90 %

confidence interval may be too relaxed, some regulatory agencies take the approach

of direct tightening of bioequivalence limits to a narrower range.

Health Canada requires the applicant to conduct a single-dose, two-way cross-

over or parallel study in healthy subjects or patients to demonstrate bioequivalence

of NTI drugs. The criterion for the 90 % confidence interval of the relative mean

AUC of the test to reference formulation is tightened to 90.0–112.0 % inclusive,

whereas the criterion for the 90 % confidence interval of the relative mean Cmax of

the test to reference formulation remains to be 80.0 and 125.0 % (Health Canada

2012). These requirements are to be met in both the fasted and fed states. Steady-

state studies are not required for critical-dose drugs unless warranted by exceptional

circumstances. If a steady-state study is required, the 90 % confidence interval of

the relative mean Cmin of the test to reference formulation should also be between

80.0 and 125.0 % inclusive. If the bioequivalence study is conducted in patients

Fig. 8.1 Effect of variability on BE studies, where T is the test product and R is the reference

product
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who are already receiving the drug as part of treatment, Health Canada highly

recommends that the study group be as homogeneous as possible with respect to

predictable sources of variation in drug disposition.

EMA recommends the acceptance interval for AUC of NTI drugs be tightened to

90.00–111.11 % (European Medicines Agency 2010). Where Cmax is of particular

importance for safety, efficacy, or drug level monitoring, the 90.00–111.11 %

acceptance interval should also be applied for Cmax. Therapeutic Goods Adminis-

tration (TGA) of Australia follows the EMA guideline about NTI drugs (Thera-

peutic Goods Administration of Australia). Certain countries within the European

Union have more specific policies and guidance related to NTI drugs. For example,

the Danish Medicines Agency requires that the 90 % confidence interval for the

ratio of the test and reference products for AUC and Cmax must be within the 90.00–

111.11 % (Danish Medicines Agency). Furthermore, the confidence interval must

include 100 %.

Table 8.4 Bioequivalence study design and criteria for narrow therapeutic index drugs

Regulatory

agencies Bioequivalence study design Bioequivalence criteria

Health Canada Single-dose two-way crossover

or parallel study in healthy

subjects

The 90 % confidence interval of the rela-

tive mean AUC and Cmax of the test to

reference formulation should be

within 90.0–112.0 % and 80.0–

125.0 %, respectively

European Medicine

Agency

Single-dose two-way crossover

or parallel study in healthy

subjects

The 90 % confidence interval for AUC

should be tightened to 90.00–

111.11 %. Where Cmax is of particular

importance for safety, efficacy, or

drug level monitoring, the 90.00–

111.11 % acceptance interval should

also be applied to Cmax

South Africa Medi-

cine Control

Council

Single-dose two-way crossover

or parallel study in healthy

subjects

The 90 % confidence interval of the rela-

tive mean AUC and Cmax of the test to

reference formulation should be

within 80.0–125.0 %

Japan Pharmaceuti-

cal and Food

Safety Bureau

Single-dose two-way crossover

or parallel study in healthy

subjects

The 90 % confidence interval of the rela-

tive mean AUC and Cmax of the test to

reference formulation should be

within 80.0–125.0 %

US FDA Single-dose, fully replicated,

four-way crossover study in

healthy subjects

The 90 % confidence interval of the rela-

tive mean AUC and Cmax of the test to

reference formulation must pass both

the reference-scaled limits and the

unscaled average bioequivalence

limits of 80.00–125.00 %. In addition,

the upper limit of the 90 % confidence

interval of the ratio of the within-

subject standard deviation of the test

to reference product (σWT/σWR) is less

than or equal to 2.5
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As of South Africa Medicines Control Council, for general products, the 90 %

confidence interval for the test/reference ratio of AUC and Cmax should lie within

the acceptance interval of 80–125 % and 75–133 %, respectively (South Africa

Medicines Control Council 2011). For NTI products, the 90 % confidence interval

for the test/reference ratio of Cmax is tightened to 80–125 %.

In Japan, if the 90 % confidence interval of the difference in the average values

of logarithmic Cmax and AUC between test and reference products is within log

(0.80)–log(1.25), products are considered to be bioequivalent. In some cases the

confidence interval is not within the above range, however the test products can still

be accepted as bioequivalent if (1) the total sample size of the initial bioequivalence

study is not less than 20 (n¼ 10/group) or pooled sample size of the initial and

add-on subject studies is not less than 30, (2) the differences in average values of

logarithmic Cmax and AUC between two products are within log(0.90)–log(1.11),

and (3) dissolution rates of test and reference products are evaluated to be similar.

These bioequivalence criteria apply to both conventional drug products and narrow

therapeutic range products in Japan (Japan Pharmaceutical and Food Safety Bureau

2012b). However, for NTI drugs, a stricter requirement is used when applying

biowaiver among different product strengths. For example, in the case of immediate

release (IR) and enteric coated products containing NTI drugs, the test and refer-

ence are considered equivalent only if their dissolution profiles meet equivalence

criteria and their average dissolution at 30 min are not less than 85 % under multiple

testing conditions (Japan Pharmaceutical and Food Safety Bureau 2012a). For

conventional drug products, they only need to meet the former dissolution criteria.

8.5.2 Reference-Scaled Average Bioequivalence Approach
for NTI Drugs

The long time debate in the United States whether the BE limits of 80.00–125.00 %

for the 90 % confidence interval is sufficient for NTI drugs was intensely discussed

at the April 2010, FDA advisory committee meeting on NTI drugs (US Food and

Drug Administration 2010a). The committee voted 11–2 that the BE criterion for

the 90 % confidence interval to be within 80.00–125.00 % is insufficient for NTI

drugs. Based on the input from the advisory committee, FDA conducted simula-

tions to investigate the application of different BE approaches for NTI drugs,

including the use of (1) direct tightening of BE limits and (2) tightening BE limits

based on reference variability (the reference-scaled average BE approach). Vari-
ables evaluated in the simulations included WSV, sample size, and point estimate

limit. The powers of a given study design using the reference-scaled average BE

versus average BE approach were compared. Given the variation of WSV in NTI

drugs (Yu 2011), the fixed average BE limits of 90–111 % can be too strict for truly

equivalent generic drugs (i.e. GMR¼ 0.95–1.05) with medium WSV. The simula-

tion results indicated that an approach that tightens BE limits based on reference
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variability is the preferred approach for evaluating BE of NTI drugs, i.e., the

reference-scaled average bioequivalence approach. Based on these efforts, FDA

is now recommending a four-way, fully replicated, crossover study design to

demonstrate bioequivalence for NTI drugs. This study design permits not only

the comparison of the mean of the test and reference drug products, but also the

WSV of the test and reference drug products.

8.5.2.1 Mean Comparison

Because both test and reference drug products are given twice in each subject, the

four-way, crossover, fully replicated study design enables the scaling of the accep-

tance BE limits to the WSV of the reference product. Scaled average BE for both

AUC and Cmax is evaluated by testing the following null hypothesis (US Food and

Drug Administration 2012):

H0 :
μT � μRð Þ2
σ2WR

> θ ð8:1Þ

(given θ> 0) versus the alternative hypothesis:

H1 :
μT � μRð Þ2
σ2WR

� θ ð8:2Þ

where μT and μR are the averages of the log-transformed measure (Cmax, AUC) for

the test and reference drug products, respectively; usually testing is done at level

α¼ 0.05; and θ is the scaled average BE limits. Furthermore,

θ ¼ ln Δð Þ½ �2
σ2W0

ð8:3Þ

where Δ is 1/0.9, the upper BE limit for Test/Reference ratio of geometric means,

and σW0¼ 0.10. Note that rejection of the null hypothesis, H0, supports the conclu-

sion of equivalence.

The baseline BE limits for NTI drugs are set at 90.00–111.11 % using the

reference WSV (CV) of 10 %, but these limits would be scaled, based on the

observed WSV of the reference product in the study. If reference WSV is less than

or equal to 10%, then the reference-scaled BE limits are narrower than 90–

111.11 %. If reference WSV is greater than 10 %, then the reference-scaled BE

limits are wider than 90–111.11 %. These limits expand as the variability increases.

However, since it is considered not desirable clinically to have these limits

exceeded 80.00–125.00 %, FDA recommends that all BE studies on NTI drugs

must pass both the reference-scaled approach and the unscaled average bioequiv-

alence limits of 80.00–125.00 %. Because of these two criteria, the BE limits for

these drug products would be tightened as shown in Fig. 8.2.
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8.5.2.2 Within-Subject Variability Comparison

WSV is of particular importance for NTI drugs because variations in plasma

concentrations may have serious consequences. If an NTI test drug product has

much higher WSV than the reference drug product in a BE study, the larger

variation in blood concentration may result in higher likelihood of serious thera-

peutic failures and/or adverse reactions. Therefore, the test/reference ratio of

within-subject standard deviation is evaluated. WSV comparison of the test and

reference drug products is carried out by a one-sided F test. The null hypothesis for

this test is the following.

H0 : σWT=σWR > δ ð8:4Þ

And the alternative hypothesis is:

H1 : σWT=σWR � δ ð8:5Þ

where δ is the regulatory limit to declare the WSV of the test drug product is not

greater than that of the reference drug product. The 90 % confidence interval of the

ratio of the within-subject standard deviation of the test to reference drug product,

σWT/σWR, is given by
sWT=sWRffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Fα=2 v1;v2ð Þ

p ; sWT=sWRffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
F1�α=2 v1;v2ð Þ

p
� �

, where sWT is the estimate of σWT

with v1 as the degrees of freedom, sWR is the estimate of σWR with v2 as the degrees
of freedom, Fα/2(v1, v2) is the value of the F-distribution with v1 (numerator) and v2
(denominator) degrees of freedom that has a probability of α/2 to its right, and

F1� α/2(v1, v2) is the value of the F-distribution with v1 (numerator) and v2 (denom-

inator) degrees of freedom that has a probability of 1� α/2 to its right. Here α is

equal to 0.1. Equivalent WSV is declared when the upper limit of the 90 %

Fig. 8.2 Implied BE limits of geometric mean ratios for NTI drugs
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confidence interval for σWT/σWR is less than or equal to 2.5—i.e. the test statistic is

based on the upper limit of the 90 % confidence interval (Jiang et al. 2012; US Food

and Drug Administration 2012).

The reference-scaled average BE approach has been used successfully to dem-

onstrate the BE of highly variable drugs and drug products (Davit et al. 2012).

Highly variable drugs and drug products are those having greater than 30 % of

WSV in pharmacokinetic measures (AUC and/or Cmax), and generally exhibit a

wide therapeutic window. Using the reference-scaled approach for highly variable

drugs and drug products, the sample size required for a BE study is significantly

reduced while avoiding the risk of allowing therapeutically inequivalent products

to reach the market. Application of the reference-scaled approach for NTI

drugs will tighten the BE limits of these drug products and circumvent the possi-

bility of approving a generic product with a large mean difference from its reference

drug product. Additional variability comparison will further reduce the risk of

approving a generic drug product with a large variability difference from its

reference drug product.

8.6 Case Studies

8.6.1 Warfarin (FDA) (http://www.clinicalpharmacology-ip.
com/Forms/Monograph/monograph.aspx?cpnum=
650&sec=moninte; http://www.thomsonhc.com/
micromedex2/librarian/ND_T/evidencexpert/ND_PR/
evidencexpert/CS/D343B0/ND_AppProduct/
evidencexpert/DUPLICATIONSHIELDSYNC/175679/
ND_PG/evidencexpert/ND_B/evidencexpert/ND_P/
evidencexpert/PFActionId/evidencexpert.
DisplayDrugpointDocument?docId=671285&
contentSetId=100&title=Warfarin+Sodium&
servicesTitle=Warfarin+Sodium&topicId=
administrationMonitoringSection&subtopicId=null)

Warfarin is generally recognized as a NTI drug. Warfarin was first selected as a

model drug to undergo a stepwise analysis to determine whether it satisfies all four

general characteristics of NTI drugs: (1) sub-therapeutic concentrations may lead to

serious therapeutic failure; (2) there is little separation between therapeutic and

toxic doses (or the associated blood/plasma concentrations); (3) they are subject to

therapeutic monitoring based on pharmacokinetic (PK) or pharmacodynamic

(PD) measures; (4) they possess low-to-moderate WSV.

Warfarin is used for the following indication including (1) prophylaxis and/or

treatment of venous thrombosis and its extension, and pulmonary embolism;
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(2) prophylaxis and/or treatment of the thromboembolic complications associated

with atrial fibrillation and/or cardiac valve replacement; and (3) reducing the risk of

death, recurrent myocardial infarction, and thromboembolic events such as stroke or

systemic embolization after myocardial infarction (FDA). The dosage and admin-

istration of warfarin must be individualized for each patient according to the

particular patient’s prothrombin (PT)/international normalized ratio (INR) response

to the drug. If underdosed, failed treatment for the above indications may result in

acute or recurrent thromboembolic episodes which are considered severe therapeutic

failure. There is a black box warning in the warfarin label. If overdosed warfarin

sodium can cause major or fatal bleeding, which are considered serious toxicity.

Warfarin’s dose–response relationship in an individual patient is unpredictable

based on population data and therefore a new patient’s maintenance dose is difficult

to predict. The label states that “It cannot be emphasized too strongly that treatment

of each patient is a highly individualized matter. COUMADIN (Warfarin Sodium), a

narrow therapeutic range (index) drug, may be affected by factors such as other

drugs and dietary vitamin K. Dosage should be controlled by periodic determinations

of prothrombin time (PT)/International Normalized Ratio (INR).” The relationship

between warfarin dose and INR response is steep, which may lead to serious

therapeutic failures and/or adverse drug reactions and make the selection of a

maintenance dose challenging (Dalere et al. 1999) Based on the dose–response

curve, one can estimate the toxic and effective doses for patients. INR< 2 or INR> 4

is considered likely to cause therapeutic failure or serious toxicity respectively (US

Food and Drug Administration), the corresponding effective and toxic doses would

be about 5 and 7 mg, respectively. Therefore, the ratio of toxic dose/effective dose is

1.4, which is very tight. In addition, some drug–drug interaction data also suggest that

there is little separation between effective and toxic warfarin doses in patients. For

example, studies have shown that rifampin increased the clearance of R-warfarin and

S-warfarin 3.5-fold and 2-fold, respectively. Clinicians may need to increase warfa-

rin’s daily dose by two- to threefolds within the 1st week of starting rifampin. Upon

discontinuation of rifampin, warfarin doses need to be reduced by half (FDA).

Warfarin undergoes pharmacodynamic monitoring. The biomarker that is used

to measure warfarin’s efficacy is the international normalized ratio (INR) and

prothrombin time (PT). The INR is a good indicator of effectiveness and risk of

bleeding during warfarin therapy. It is recommended to monitor INR levels in

warfarin naı̈ve patients starting after the initial two or three doses and at least

once per month in patients receiving a stable dose regimen of warfarin (Ansell

et al. 2008). Dose adjustment should be individualized to patient’s INR to ensure

efficacy and prevent adverse reactions (e.g., excessive bleeding). Patients at a

higher risk of bleeding may benefit from more frequent INR monitoring, careful

dose adjustment to desired INR, and a shorter duration of therapy.

In addition, the ANOVA RMSE was calculated based on the results of 2-period

2-sequence crossover bioequivalence studies in healthy subjects. Table 8.3 provides a

summary of RMSE from approved warfarin ANDAs reviewed between 1996 and

2008. The analysis suggested that warfarin has mean within-subject CV of 5.7 % and

12.7 % for AUC and Cmax, respectively. RMSE includes the variability between

generic and reference drug products. Therefore, actual WSV would be even smaller.
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In summary, warfarin therapeutic failure has serious consequences and overdose

will cause severe toxicity. The dose that is minimally effective is relatively close to

the minimum dose that leads to serious toxicity. Warfarin is subject to regular

therapeutic monitoring based on INR, and has a small to medium (<30 %) WSV.

Therefore, warfarin is classified as an NTI drug.

Since FDA has concluded that Warfarin sodium is a NTI drug, a fully replicated

crossover design was recommended to demonstrate bioequivalence of generic

warfarin sodium tablet in both fasting and fed states. The detailed statistical

procedure and SAS code were provided in FDA individual bioequivalence guid-

ance database (US Food and Drug Administration 2012) (see “Appendix”).

8.6.2 Tacrolimus (FDA)

Tacrolimus capsule is a calcineurin-inhibitor immunosuppressant indicated for the

prophylaxis of organ rejection in patients receiving allogeneic kidney transplants,

allogeneic liver transplants, or allogeneic heart transplants. It is often used con-

comitantly with azathioprine or mycophenolate mofetil (MMF) and adrenal corti-

costeroids. The consequences of underdosing including morbidity/mortality

associated with graft rejection are of major clinical importance and can substan-

tially affect clinical outcome.

Tacrolimus can cause serious toxicities including malignancies, infection, neph-

rotoxicity, neurotoxicity, and hypertension. The black box warnings in the tacrolimus

label include malignancies and serious infections. Patients receiving immunosup-

pressants, including Prograf, are at increased risk of developing lymphomas and other

malignancies, particularly of the skin. The risk appears to be related to the intensity

and duration of immunosuppression rather than to the use of any specific agent.

Patients receiving immunosuppressants, including Prograf, are at increased risk of

developing bacterial, viral, fungal, and protozoal infections, including opportunistic

infections. These infections may lead to serious, including fatal outcomes.

Tacrolimus can cause acute or chronic nephrotoxicity, particularly when used in

high doses. Acute nephrotoxicity is most often related to vasoconstriction of the

afferent renal arteriole, which is characterized by increasing serum creatinine,

hyperkalemia, and/or a decrease in urine output, and is typically reversible. Chronic

CNI nephrotoxicity is associated with mostly irreversible histologic damage to all

compartments of the kidneys, including glomeruli, arterioles, and tubulo-interstitium.

The toxic tacrolimus concentration is not well defined. Acute oral overdose has

been associated with tacrolimus levels of 19–97 ng/ml. The initial oral dosage

recommendations for adult patients with kidney, liver, or heart transplants along

with recommendations for whole blood trough concentrations in the package insert

are shown in Table 8.5. In the case of heart transplantation, the observed whole

blood trough concentrations ranged from 10 to 20 ng/mL. The observed whole blood

trough concentration range suggested that tacrolimus has a close effective trough

concentration and trough concentration associated with serious toxicity. Masuda and

Inui et al. reported that surveys of tacrolimus trough concentrations at the steady-
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state and clinical events revealed that patients with a trough concentration of

between 10 and 20 ng/mL avoided acute cellular rejection, infections, and side

effects and most of the adverse effects occurred at a blood concentration higher than

20 ng/mL. Since surveyed patients were safely discharged from hospital without

complications, the trough blood concentration of tacrolimus ranging between 10 and

20 (ng/mL) was suggested to be the therapeutic range (Masuda and Inui 2006).

In addition, available drug–drug interaction data also suggest that tacrolimus has

a close effective drug concentration and drug concentration associated with serious

toxicity. Tacrolimus is metabolized mainly by CYP3A enzymes, drug substances

known to inhibit these enzymes may increase tacrolimus whole blood concentra-

tions. Drugs known to induce CYP3A enzymes may decrease tacrolimus whole

blood concentration. For example, sirolimus (2–5 mg/day) decreases tacrolimus

blood concentrations (mean AUC0-12 and Cmin by 30 %) vs tacrolimus alone.

Sirolimus (1 mg/day) led to decrease in mean AUC0-12 and Cmin by ~3 % and

11 %, respectively. This extent of tacrolimus pharmacokinetic parameter changes

was considered major. Thus, use of sirolimus, in combination with tacrolimus, for

prevention of graft rejection is not recommended. However, if concurrent use is

deemed necessary, monitoring patients closely for loss of tacrolimus efficacy is

required. In summary, therapeutic range data and drug–drug interaction data pro-

vide quantitative estimate about the closeness of effective tacrolimus concentration

and concentration associated with serious toxicity.

Monitoring of tacrolimus blood concentrations in conjunction with other labo-

ratory and clinical parameters is considered an essential aid to patient management

for the evaluation of rejection, toxicity, dose adjustments, and compliance. The

relative risks of toxicity and efficacy failure are related to tacrolimus whole blood

trough concentrations. Therefore, monitoring of whole blood trough concentrations

is recommended to assist in the clinical evaluation of toxicity and efficacy failure.

Table 8.5 Summary of initial oral dosage recommendations and observed whole blood trough

tacrolimus concentrations in adults

Patient population

Recommended Prograf initial

oral dosage. Note: daily doses

should be administered as two

divided doses, every 12 h

Observed whole blood

trough concentrations

Adult Kidney transplant 0.2 mg/kg/day Month 1–3: 7–20 ng/mL

In combination with

azathioprine

Month 4–12: 5–15 ng/mL

In combination with

MMF/IL-2 receptor

antagonista

0.1 mg/kg/day Month 1–12: 4–11 ng/mL

Adult liver transplant

pediatric liver transplant

0.10–0.15 mg/kg/day Month 1–12: 5–20 ng/mL

Adult heart transplant 0.075 mg/kg/day Month 1–3: 10–20 ng/mL

Month �4: 5–15 ng/mL
aIn a second smaller trial, the initial dose of tacrolimus was 0.15–0.2 mg/kg/day and observed

tacrolimus trough concentrations were 6–16 ng/mL during months 1–3 and 5–12 ng/mL during

months 4–12
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Factors influencing frequency of monitoring include but are not limited to hepatic

or renal dysfunction, the addition or discontinuation of potentially interacting drugs

and the post-transplant time.

In addition, the ANOVA RMSE from tacrolimus bioequivalence statistical

analyses (Table 8.3) suggest that the WSV of tacrolimus is moderate.

In summary, for tacrolimus, therapeutic failure caused by underdose has serious

consequences and overdose will cause severe toxicity. The minimum effective drug

concentration is relatively close to the minimum drug concentration that leads to

serious toxicity. Tacrolimus is subject to therapeutic drug monitoring based on

trough whole blood concentration, and has medium (<30 %) WSV. Therefore,

tacrolimus meets proposed NTI classification criteria and is an NTI drug.

Tacrolimus is also considered as a critical-dose drug by Health Canada based on

the following (Health Canada 2012): (1) Tacrolimus may cause neurotoxicity and

nephrotoxicity and the likelihood increases with higher blood levels; (2) Monitoring

of tacrolimus blood levels in conjunction with other laboratory and clinical param-

eters is considered an essential aid to patient management. (3) In kidney transplant

patients a significant correlation was found between tacrolimus levels and the

incidence of both toxicity and rejection.

EMA also considers tacrolimus as a drug with a NTI (EMA 2012):

(1) Tacrolimus is a drug that requires individual dose titration to achieve a satis-

factory balance between maximizing efficacy and minimizing serious dose-related

toxicity. Plasma level monitoring is routinely employed to facilitate dose titration;

(2) Recommended Therapeutic Drug Monitoring schemes often set desirable levels

close to the upper or lower limit of the therapeutic window (5 or 20 ng/ml); (3) The

consequences of overdosing and of underdosing (including morbidity/mortality

associated with graft rejection) are of major clinical importance and can substan-

tially affect clinical outcome.

8.7 Future Perspectives

The adaptation of the BA/BE concept has enabled the approval of quality generic

drug products. To provide enhanced assurance of the therapeutic equivalence of

NTI drugs, FDA and other regulatory agencies have tightened their bioequivalence

limits. As of Oct 2013, FDA has updated two product-specific bioequivalence

recommendations and recommended reference-scaled bioequivalence approach

for NTI drugs including warfarin sodium tablet and tacrolimus capsule. Broad

implementation of this new bioequivalence approach is challenging because some

drugs do not have an established NTI classification. It is imperative to establish a

systematic process to identify and classify drugs as an NTI. Dose adjustment and

therapeutic monitoring data in clinical practice may provide insight about the drug

dose/concentration and response relationship. In 2013, FDA has initiated research

projects to integrate clinical practice data with statistical tools to characterize

the drug dose/concentration–response relationship and classify drugs with NTI

(US Food and Drug Administration 2013).
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Further, differences do exist in the determination and approval standards for NTI

drugs among major regulatory bodies. Generic applicants have to conduct different

types of bioequivalence studies for marketing the same generic NTI products in

different regions of the world. A global NTI drug list and harmonized bioequiva-

lence criteria are essential for creating lasting standards and will speed up the

development and approval processes of generic NTI drugs.

Disclaimer The views presented in this article by the authors do not necessarily reflect those of

the US FDA.

Appendix: Method for Statistical Analysis Using

the Reference-Scaled Average Bioequivalence Approach

for Narrow Therapeutic Index Drugs

Step 1. Determine sWR, the estimate of within-subject standard deviation (SD) of

the reference product, for the pharmacokinetic (PK) parameters AUC and

Cmax. Calculation for sWR can be conducted as follows:

s2WR ¼

Xm
i¼1

Xnj
j¼1

Dij � Di:

� �
2

2 n� mð Þ

where: i¼ number of sequences m used in the study; [m¼ 2 for fully

replicated design: TRTR and RTRT]; j¼ number of subjects within each

sequence; T¼Test product; R¼Reference product

Dij¼Rij1�Rij2 (where 1 and 2 represent replicate reference treatments)

Di: ¼

Xni
j¼1

Dij

ni

n ¼
Xm
i¼1

nj (i.e. total number of subjects used in the study, while ni is the

number of subjects used in sequence i)

Step 2. Use the reference-scaled procedure to determine BE for individual PK

parameter(s).

Determine the 95 % upper confidence bound for:

YT � YR

� �2 � θs2WR
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Where:

• YT andYR are the means of the ln-transformed PK endpoint (AUC and/or

Cmax) obtained from the BE study for the test and reference products,

respectively

• θ � ln Δð Þ
σW0

� �2
(scaled average BE limit)

• and σW0¼ 0.10 (regulatory constant), Δ¼ 1.11111 (¼1/0.9, the upper

BE limit)

The method of obtaining the upper confidence bound is based on

Howe’s Approximation I, which is described in the following paper:

W.G. Howe (1974), Approximate Confidence Limits on the Mean of X

+Y Where X and Y are Two Tabled Independent Random Variables,

Journal of the American Statistical Association, 69 (347): 789–794.

Step 3. Use the unscaled average bioequivalence procedure to determine BE for

individual PK parameter(s). Every study should pass the scaled average

bioequivalence limits and also unscaled average bioequivalence limits of

80.00–125.00 %.

Step 4. Calculate the 90 % confidence interval of the ratio of the within-subject

standard deviation of test product to reference product σWT/σWR. The upper

limit of the 90 % confidence interval for σWT/σWR will be evaluated to

determine if σWT and σWR are comparable. The proposed acceptance

criteria for the upper limit of the 90 % equal-tails confidence interval for

σWT/σWR is less than or equal to 2.5.

The (1� α)100% CI for σWT

σWR
is given by

sWT=sWRffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Fα=2 v1; v2ð Þp ;

sWT=sWRffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
F1�α=2 v1; v2ð Þp

 !

where

• sWT is the estimate of σWT with v1 as the degree of freedom
• sWR is the estimate of σWR with v2 as the degree of freedom
• Fα=2,ν1,ν2 is the value of the F-distribution with ν1 (numerator) and ν2

(denominator) degrees of freedom that has probability of α/2 to its right.
• F1�α=2,ν1,ν2 is the value of the F-distribution with ν1 (numerator) and ν2

(denominator) degrees of freedom that has probability of 1� α/2 to its

right.

• here α¼ 0.1.

If SAS® is used for statistical analysis*

PROC MIXED should be used for fully replicated (4-period, 2-sequence

replicated crossover 4-way) BE studies

*not necessary to use SAS® if other software accomplishes same objectives
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Example SAS Codes: 4-Period, 2-Sequence Replicated
Crossover Study

For a bioequivalence study with the following sequence assignments in a fully

replicated 4-way crossover design:

Period 1 Period 2 Period 3 Period 4

Sequence 1 T R T R

Sequence 2 R T R T

The following codes are an example of the determination of reference-scaled

average bioequivalence for LAUCT. Assume that the datasets TEST and REF, have

already been created, with TEST having all of the test observations and REF having

all of the reference observations.

Dataset containing TEST 1 observations:

data test1;
set test;
if (seq=1 and per=1) or (seq=2 and per=2);
lat1t=lauct; 

run; 

Dataset containing TEST 2 observations:

data test2; 
set test;if (seq=1 and per=3) or (seq=2 and per=4);
lat2t=lauct; 

run; 

Dataset containing REFERENCE 1 observations:

data ref1;
set ref;if (seq=1 and per=2) or (seq=2 and per=1);
lat1r=lauct; 

run;

Dataset containing REFERENCE 2 observations:

data ref2;
set ref;

if (seq=1 and per=4) or (seq=2 and per=3);
lat2r=lauct; 

run; 
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The number of subjects in each sequence is n1 and n2 for sequences

1 and 2, respectively.

Define the following quantities:

Tijk¼ kth observation (k¼ 1 or 2) on T for subject j within sequence i
Rijk¼ kth observation (k¼ 1 or 2) on R for subject j within sequence i

Iij ¼ Tij1 þ Tij2

2
� Rij1 þ Rij2

2

and

Dij ¼ Rij1 � Rij2

Iij is the difference between the mean of a subject’s (specifically subject j within
sequence i) two observations on T and the mean of the subject’s two observations

on R, while Dij is the difference between a subject’s two observations on R.

Determine Iij and Dij

data scavbe;
merge test1 test2 ref1 ref2;
by seq subj;
ilat=0.5*(lat1t+lat2t-lat1r-lat2r);
dlat=lat1r-lat2r; 

run; 

Intermediate analysis—ilat

proc mixed data=scavbe;
class seq;
model ilat =seq/ddfm=satterth;
estimate 'average' intercept 1 seq 0.5 0.5/e cl alpha=0.1;
ods output CovParms=iout1;
ods output Estimates=iout2;
ods output NObs=iout3;
title1 'scaled average BE';
title2 'intermediate analysis - ilat, mixed';

run;

From the dataset IOUT2, calculate the following:

IOUT2:

pointest=exp(estimate);
x=estimate**2–stderr**2;
boundx=(max((abs(lower)),(abs(upper))))**2;
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Intermediate analysis—dlat

proc mixed data=scavbe;
class seq;
model dlat=seq/ddfm=satterth;
estimate 'average' intercept 1 seq 0.5 0.5/e cl alpha=0.1;
ods output CovParms=dout1;
ods output Estimates=dout2;
ods output NObs=dout3;
title1 'scaled average BE';
title2 'intermediate analysis - dlat, mixed';

run; 

From the dataset DOUT1, calculate the following:

DOUT1: s2wr¼estimate/2;

From the dataset DOUT2, calculate the following:

DOUT2: dfd¼df;

From the above parameters, calculate the final 95 % upper confidence bound:

theta=((log(1.11111))/0.1)**2;
y=-theta*s2wr;

boundy=y*dfd/cinv(0.95,dfd);
sWR=sqrt(s2wr);

critbound=(x+y)+sqrt(((boundx-x)**2)+((boundy-y)**2));

Calculate the unscaled average bioequivalence limits:

Calculation of unscaled 90 % bioequivalence confidence intervals:

PROC MIXED 
data=pk;
CLASSES SEQ SUBJ PER TRT;
MODEL LAUCT = SEQ PER TRT/ DDFM=SATTERTH;
RANDOM TRT/TYPE=FA0(2) SUB=SUBJ G;
REPEATED/GRP=TRT SUB=SUBJ;ESTIMATE 'T vs. R' TRT 1 -1/CL ALPHA=0.1;ods output
Estimates=unsc1;
title1 'unscaled BE 90% CI - guidance version';title2 'AUCt'; 
run; 
data unsc1;

set unsc1;
unscabe_lower=exp(lower);
unscabe_upper=exp(upper);

run;
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