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Current pharmacokinetic (PK) bioequivalence guidelines do not account for batch-to-batch variability in study design or
analysis. Here we evaluate the magnitude of batch-to-batch PK variability for Advair Diskus 100/50. Single doses of flutica-
sone propionate and salmeterol combinations were administered by oral inhalation to healthy subjects in a randomized
clinical crossover study comparing three different batches purchased from the market, with one batch replicated across
two treatment periods. All pairwise comparisons between different batches failed the PK bioequivalence statistical test,
demonstrating substantial PK differences between batches that were large enough to demonstrate bio-inequivalence in
some cases. In contrast, between-replicate PK bioequivalence was demonstrated for the replicated batch. Between-batch
variance was ~40–70% of the estimated residual error. This large additional source of variability necessitates re-evaluation
of bioequivalence assessment criteria to yield a result that is both generalizable and consistent with the principles of type I
and type II error rate control.

Study Highlights

WHAT IS THE CURRENT KNOWLEDGE ON THE
TOPIC?
� Current pharmacokinetic bioequivalence guidelines neither
consider nor account for batch-to-batch variability in study
design or analysis. Data demonstrating batch-to-batch variabili-
ty are not well described in the literature, making it difficult for
regulatory and scientific communities to openly discuss the
magnitude and consequences of this variability component.
WHAT QUESTION DID THIS STUDY ADDRESS?
� The current study characterized the magnitude of Advair
Diskus 100/50 within-subject between-batch pharmacokinetic
variability separately from within-subject residual error when
administered as a single dose to healthy subjects per the FDA’s
product-specific draft guidance.

WHAT THIS STUDY ADDS TO OUR KNOWLEDGE
� The current study demonstrates that Advair Diskus 100/50
batch-to-batch pharmacokinetic variability is a reproducible
phenomenon and a substantial component of total variability.
Current FDA regulatory requirements are confounded by this
batch-to-batch PK variability.
HOW MIGHT THIS CHANGE CLINICAL PHARMA-
COLOGY AND THERAPEUTICS
� Substantial batch-to-batch variability necessitates re-evalua-
tion of bioequivalence assessment criteria to ensure results that
are generalizable and consistent with the FDA’s standards of
type I and type II error rate control in bioequivalence testing.

In the US, marketing approval of a new generic drug (the “Test”
product) generally requires a demonstration of pharmacokinetic
(PK) bioequivalence to a reference listed (innovator) drug (the
“Reference” product). This requirement also applies to locally
acting orally inhaled products. The standard criterion for statisti-
cal bioequivalence applied by the US Food and Drug Administra-
tion (FDA) requires that the 90% confidence interval around the
geometric mean Test/Reference ratio (GMR) for both the maxi-
mum observed plasma concentration (Cmax) and the area under
the concentration-vs.-time curve (AUC) be entirely contained
within 80% to 125%.1 Effectively, the PK bioequivalence test pla-
ces a requirement on both the center of the GMR confidence
interval (the Test/Reference point estimate) and the GMR confi-

dence interval width, i.e., on the mean and variance of the under-
lying (log-scale) treatment difference distribution. These two
requirements ensure that differences between a generic and its
Reference Listed Drug comparator are adequately small, and that
the data supporting this claim allow sufficient certainty in the
conclusion.
In PK bioequivalence testing, it is regularly assumed that the

Test and Reference products can each be adequately represented
by a single manufacturing batch, i.e., it is assumed that between-
batch differences within a product are small enough to ignore.
Internal data led us to consider the validity of this underlying
assumption. Prior to the current study, a set of five bioequiva-
lence studies comparing a Test product to Advair Diskus 100/50
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demonstrated widely varying individual Test/Reference PK point
estimates. Common sources of between-study variability could
not reasonably explain the differences—the only clear difference
between the studies was the use of different manufacturing
batches of the Test and Reference products. To pursue the
hypothesis that between-batch differences were the cause of the
observed between-study differences, we estimated variance com-
ponents for the two studies in which several (three) batches of
either Test or Reference were administered. While statistically
significant between-batch variability of the Test product was not
found, the estimated between-batch variance of Reference for FP
Cmax, as an example metric, was 1.4-fold larger than the estimated
residual variance, and hence a highly significant contributor to
total variability of the Reference product.
To confirm the observation that batch-to-batch PK variability

of Advair Diskus 100/50 is a substantial component of total vari-
ability, we performed the study reported here. The current study
was specifically designed to separately estimate within-subject
between-batch variance and within-subject residual variance. The
design of the current study is what has seemingly been cited as
the FDA recommendation for this purpose,2 in which compari-
son across batches is accompanied by batch replication. In the
current study, one batch of Advair Diskus 100/50 was replicated
across two treatment periods and also compared to two different
batches of Advair Diskus 100/50 in a four-way randomized Wil-
liams crossover design. Further, the design compared the PK of
Advair Diskus 100/50 batches at both different and similar stages
of the shelf-life to investigate whether the PK differences were
associated with batch age.
Batch-to-batch PK variability can significantly impact estimation

of both components of the bioequivalence test, i.e., the mean and
the variance of the treatment difference. In order for the Test/
Reference ratio point estimate to be considered a sensible value it
should be consistent (reproducible) and unbiased. Clearly, if manu-
facturing batches differ from one another with regard to PK, the
conventional PK bioequivalence study in which a single batch of
Reference product is compared, often in a two-way crossover
design, to a single batch of Test product will not yield a consistent
or reliable Test/Reference point estimate. Instead, the measured
Test/Reference point estimate will be highly dependent on the
batches that happened to be selected. Equally, the width of the
GMR confidence interval should reflect all substantial sources of
uncertainty in the point estimate—ignoring batch-to-batch vari-

ability, if substantial, leads to an artificially narrow confidence
interval that overestimates the certainty in the GMR. Despite its
potential significance, batch-to-batch variability is not currently
considered or accounted for in the PK bioequivalence basis for
generic drug approval.
Both US and European regulators are aware that batch-to-

batch variability, among orally inhaled drug products (OIDPs),2,3

in particular, poses additional challenges for follow-on drug
development. However, no revised guidance for the design and
analysis of PK bioequivalence studies has yet been established to
accommodate this additional variability component. There has
been little to no discussion in the scientific community regarding
how the number of Reference (or Test) batches should be deter-
mined or how such a multiple-batch design should be analyzed in
order to construct a meaningful confidence interval around the
Test/Reference GMR. In part, perhaps, this is because data dem-
onstrating batch-to-batch variability (for OIDPs or any other
product) are not currently well described in the literature, making
it difficult for both the regulatory and scientific communities to
understand the magnitude and circumstances of this PK variabili-
ty component. The aim of the current article is to share such
data on the observed batch-to-batch PK variability of a US mar-
keted drug product, here Advair Diskus 100/50, when adminis-
tered as a single dose to healthy adult subjects as per the FDA’s
product-specific draft guidance.4

RESULTS
Twenty-eight subjects were allocated to seven copies of the Wil-
liams design given in Table 1 and an additional two subjects were
allocated to sequences 3 and 4. Of the 30 randomized subjects, 29

Table 1 Randomization schedule for the four-treatment, four-period Williams crossover trial design

Number of
subjects
randomized

Number of
subjects

completed
Sequence

no. Sequence

Period

1 2 3 4

7 7 1 A-B-C-D A B C D

7 7 2 B-D-A-C B D A C

8 7 3 C-A-D-B C A D B

8 8 4 D-C-B-A D C B A

Treatments A and B were replicates of a single manufacturing batch of Advair Diskus 100/50. In total, three different manufacturing batches were administered, one batch
in treatments A and B, one in treatment C, and one in treatment D.

Table 2 Subject demographics

EudraCT number 2015-000068-32

Population Healthy

FEV1 (% predicted) �90%

Age (years) 35 6 8.9 (18–49)

M/F 22/8

Weight (kg) 74.2 6 12.3 (51.6–97.6)

Height (cm) 173 6 9 (153–194)

BMI (kg/m2) 24.7 6 2.9 (19.5–29.7)

Data are mean 6 standard deviation (minimum–maximum).
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subjects completed all four periods of the study. One subject
(female, 40 years) was withdrawn from the study prior to treatment
in period 4 (sequence 3) due to an adverse event of cough. The
analysis population was therefore comprised of 30 subjects for three
of the four treatments and 29 subjects for the fourth treatment.
Demographics of the clinical study participants are given in

Table 2.

Individual batch pharmacokinetics
Least-square geometric mean values, along with minimum and
maximum values across all subjects, for individual manufacturing
batches of Advair Diskus 100/50 are given in Table 3. Figure 1
illustrates the average blood concentration-vs.-time profile for FP
(first 4 hours after inhalation) and salmeterol (first hour after
inhalation) from each batch of product.

Fluticasone propionate (FP) PK, at a dose of 100 lg to healthy
adult subjects, has not been previously published. Maximum
plasma concentration (Cmax) was typically reached �10 minutes
after dosing, although with a range in Tmax values (time of maxi-
mum observed plasma concentration) between individual profiles
of 3–60 minutes. Tmax variability was observed within subjects
across all treatments. The wide Tmax range is due in part to the
erratic absorption of FP, leading to multiple peaks in plasma con-
centration during the first hour after dosing. This behavior is pre-
sumably a consequence of FP’s poor solubility, which results in
dissolution being the rate-limiting step in the pulmonary absorp-
tion process. The erratic nature of the concentration profile dur-
ing absorption is prominent in the individual subject data,
although less evident in the average profiles. FP concentrations
decline with an apparent terminal elimination half-life of �11

Table 3 Summary of pharmacokinetic parameters for fluticasone propionate, 100 lg (FP) and salmeterol, 50 lg (S) following admin-
istration to healthy subjects as Advair Diskus 100/50

Batch 1 – Replicate A Batch 1 – Replicate B Batch 2 Batch 3

FP Cmax (pg/mL) 44.7 [11.1–89.4] 45.4 [19.9–78.5] 69.2 [22.2–163] 58.9 [19.9–101]

FP Tmax (min) 9 [4–60] 8 [4–60] 6 [3–30] 8 [3–60]

FP AUC(0-t) (h�pg/mL) 178 [80–328] 177 [87–377] 230 [102–392] 220 [83–411]

FP AUC(0-inf) (h�pg/mL) 210 [94–350] 192 [96–401] 256 [118–405] 236 [146–431]

FP t1/2 (h) 10.3 [3.0–18.7] 9.1 [3.5–15.1] 11.4 [6.7–16.2] 12.5 [6.6–24.4]

S Cmax (pg/mL) 81.6 [34.9–193] 85.8 [38.9–188] 132 [41.8–287] 104 [28.1–201]

S Tmax (min) 4 [3–5] 4 [3–5] 4 [3–5] 4 [3–5]

S AUC(0-t) (h�pg/mL) 114 [46–437] 122 [44–431] 154 [84–509] 145 [61–528]

S AUC(0-inf) (h�pg/mL) 137 [64–526] 154 [89–481] 180 [93–606] 170 [73–605]

S t1/2 (h) 12.5 [4.5–22.9] 12.9 [7.1–17.5] 14.5 [5.1–20.5] 13.3 [4.8–18.7]

Least squares geometric mean [range] except Tmax for which the median [range] is reported.

Figure 1 Plasma concentration-vs.-time profiles for fluticasone propionate (FP; 100 lg) and salmeterol (50 lg) following single-dose dry powder oral
inhalation to healthy adult subjects as Advair Diskus 100/50.
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hours. Variability between subjects in FP PK was high, as judged
by the wide range observed for each of the PK metrics, thus high-
lighting the importance of the crossover study design for bioequi-
valence testing where possible.
Maximum salmeterol plasma concentration was reached on

average 4 minutes after dosing, with little variability between
subjects or treatment periods; the range of individual salme-
terol Tmax values was 3–5 minutes. Salmeterol concentrations
decline with an apparent terminal elimination half-life of
�13 hours.

Pharmacokinetic batch comparisons
Geometric mean ratios with 90% confidence intervals for the
comparison of PK metrics between the treatments are summar-
ized in Table 4, and presented graphically for the Cmax metrics
in Figure 2. The two replicates of Advair Diskus 100/50 “batch
1” were demonstrated to be bioequivalent with respect to Cmax,
AUC0-t, and AUC0-inf for both FP and salmeterol, thus fully
meeting the FDA’s PK bioequivalence criteria.1

In contrast, all between-batch PK comparisons failed bioequi-
valence. The most extreme failure was “batch 1” vs. “batch 2,” for
which bio-inequivalence5 (defined as a 90% geometric mean ratio
confidence interval entirely excluded from the 80–125% bioequi-
valence zone) was demonstrated for both FP Cmax and salmeterol
Cmax. The importance of identifying the result as bio-
inequivalent, instead of simply failing bioequivalence, is to high-
light that the failure allows a definitive regulatory conclusion and
is not the consequence of inadequate study size. The FP Cmax

90% confidence interval around the geometric mean batch ratio
was 58.56–72.26%, fully outside the 80–125% bioequivalence
window. Similarly, the corresponding salmeterol Cmax 90% confi-
dence interval was 56.27–71.52%, also outside 80–125% and
thus demonstrating that Advair Diskus 100/50 “batch 1” is bio-
inequivalent to “batch 2” with regard to maximum blood concen-
trations of both active ingredients. Batch 1–vs.–batch 2 AUC
ratios also failed bioequivalence, with point estimates ranging
from 76.73% to 80.72% and all lower confidence limits below
80%. With batch differences this large, no increase in study size
would yield a passing result.
The batch 1-vs.-batch 3 comparison failed bioequivalence

on every PK metric, with point estimates ranging from
76.47% to 85.58%. The batch 2-vs.-batch 3 comparison failed
bioequivalence on both FP and salmeterol Cmax. The FP
Cmax point estimate of 117.55%, with the observed within-
subject coefficient of variation of 28.67%, would have
required 262 subjects in a two-way crossover study to have
an 80% probability of passing the bioequivalence require-
ment. Thus, batch differences this large are not consistent
with the statistical bioequivalence test. The salmeterol Cmax

point estimate of 126.48% cannot pass the bioequivalence
test for any size study because the point estimate itself is out-
side the 80–125% bioequivalence window.
As previously reported,6 within-subject differences in the time

of the last quantifiable drug concentration (tlast) between PK pro-
files that differ in magnitude (and therefore fall below assay limit
of quantitation [LOQ] at different times) can lead to bias in the

Table 4 Bioequivalence assessment within and between manu-
facturing batches of Advair Diskus 100/50

Geometric mean ratio (%)

Estimate 90% CI

Batch 1 (replicate A)– vs. –Batch 1 (replicate B)

FP Cmax 98.66 87.29–111.50

FP AUC(0-t) 100.36 92.29–109.14

FP AUC(0-tcommon) 100.68 92.87–109.15

FP AUC(0-inf) 109.17 95.59–124.68

S Cmax 95.15 82.75–109.42

S AUC(0-t) 93.54 86.81–100.79

S AUC(0-tcommon) 95.40 89.66–101.49

S AUC(0-inf) 88.78 81.07–97.21

Batch 1– vs. –Batch 2

FP Cmax 65.05 58.56–72.26

FP AUC(0-t) 77.02 71.67–82.77

FP AUC(0-tcommon) 77.99 72.80–83.54

FP AUC(0-inf) 78.39 69.66–88.21

S Cmax 63.44 56.27–71.52

S AUC(0-t) 76.73 71.97–81.81

S AUC(0-tcommon) 79.64 75.55–83.95

S AUC(0-inf) 80.72 74.68–87.25

Batch 1– vs. –Batch 3

FP Cmax 76.47 68.84–84.94

FP AUC(0-t) 80.68 75.08–86.70

FP AUC(0-tcommon) 81.37 76.06–87.06

FP AUC(0-inf) 85.25 76.90–94.51

S Cmax 80.24 71.17–90.46

S AUC(0-t) 81.20 76.15–86.57

S AUC(0-tcommon) 81.68 77.41–86.18

S AUC(0-inf) 85.58 78.42–93.40

Batch 2– vs. –Batch 3

FP Cmax 117.55 104.16–132.65

FP AUC(0-t) 104.75 96.43–113.79

FP AUC(0-tcommon) 104.34 96.55–112.76

FP AUC(0-inf) 108.75 95.63–123.68

S Cmax 126.48 110.18–145.19

S AUC(0-t) 105.82 98.30–113.91

S AUC(0-tcommon) 102.56 96.48–109.02

S AUC(0-inf) 106.02 96.04–117.04

Average bioequivalence methodology was used for the treatment comparisons
based on ln-transformed data. Geometric mean ratios and confidence intervals (CI)
were exponentiated to the original scale for display. FP, fluticasone propionate; S,
salmeterol.
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AUC(0-t) geometric mean ratio. This is simply a consequence of
comparing AUC(0-t) values that have been calculated using differ-
ent time windows, and is remedied by use of a common tlast for
all profiles for a given subject and analyte (the revised PK param-
eter is referred to as AUC(0-tcommon)). As expected, Table 4
displays this phenomenon, with all AUC(0-t) geometric mean
ratios differing from 100% more than the corresponding
AUC(0-tcommon) ratios.

Estimation of variance components
The PK differences observed between batches of Advair Diskus
100/50 indicate that it is necessary to consider not only the
within-subject residual variability, but also the within-subject
batch-to-batch variability in bioequivalence study designs and
corresponding power calculations. Estimation of the relative mag-
nitudes of these two variance components from the current study
data is provided in Table 5.

Figure 2 Pharmacokinetic bioequivalence assessment within and between manufacturing batches of Advair Diskus 100/50. The maximum plasma con-
centration (Cmax) of fluticasone propionate (FP) and salmeterol was compared among three manufacturing batches. Batches are identified numerically as
batch 1, batch 2, and batch 3. Batch 1 was replicated across two treatment periods; the comparison of the two replicates of batch 1 is indicated in red.
Comparisons between different batches are indicated in blue. For between-batch comparisons, the younger batch is represented in the numerator of the
GMR. The 80–125% bioequivalence region is shaded.

Table 5 Variance component estimation following administration of a single dose of Advair Diskus 100/50 from three different
manufacturing batches to healthy subjects

Fluticasone propionate Type 3 (Method of Moments) REML

Parameter Variance component DF Estimate r̂2
bb=r̂

2
wb P-value Estimate r̂2

bb=r̂
2
wb

Cmax r2
bb 2 0.0524 55% 0.0001 0.0455 62%

r2
wb 26 0.0959 — — 0.0731 —

AUC(0-t) r2
bb 2 0.0220 46% 0.0001 0.0189 54%

r2
wb 26 0.0474 — — 0.0348 —

AUC(0-tcommon) r2
bb 2 0.0199 46% 0.0001 0.0173 58%

r2
wb 23 0.0429 — — 0.0300 —

Salmeterol Type 3 (Method of Moments) REML

Parameter Variance component DF Estimate r̂2
bb=r̂

2
wb P-value Estimate r̂2

bb=r̂
2
wb

Cmax r2
bb 2 0.0540 41% 0.0001 0.0493 51%

r2
wb 26 0.1314 — — 0.0972 —

AUC(0-t) r2
bb 2 0.0222 59% 0.0001 0.0192 67%

r2
wb 26 0.0379 — — 0.0286 —

AUC(0-tcommon) r2
bb 2 0.0184 70% 0.0001 0.0156 83%

r2
wb 25 0.0262 — — 0.0188 —

One batch was replicated to allow estimation of within-batch variance. r2
bb: within-subject, between-batch variance. r2

wb: within-subject residual error variance (within-
subject, within-batch variance).
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For all FP PK parameters when using the Method of Moments
approach, the between-batch, within-subject variance component
(r2

bb) was highly significant (P 5 0.0001), with an estimated
magnitude as a percentage of the between-replicates within-batch,
within-subject (i.e., residual error) variance component (r2

wb) of
46–55%. Restricted maximum likelihood (REML) estimation
yielded a higher estimation of the magnitude of r2

bb as a percent-
age of r2

wb, 54-62%.
Similar results were obtained for salmeterol. For all salmeterol

PK parameters, when using the Method of Moments approach,
the between-batch, within-subject variance component (r2

bb) was
highly significant (P 5 0.0001), with an estimated magnitude as
a percentage of the between-replicates within-batch, within-
subject (i.e., residual error) variance component (r2

wb) of 41–
70%. Similar to FP, REML estimation yielded a higher estima-
tion of the magnitude of r2

bb as a percentage of r
2
wb, 51–83%.

Adverse events
There were no deaths or serious adverse events in the study. One
subject was withdrawn due to an adverse event of cough of mod-
erate intensity prior to dosing on period 4. The majority of the
adverse events were classified as mild and occurred with similar
frequency for all Advair Diskus 100/50 batches. A total of 1
(“batch 1,” replicate A), 4 (“batch 1,” replicate B), 3 (“batch 2”),
and 3 (“batch 3”) adverse events were reported for the individual
treatments.

Safety data
There were no clinically relevant trends in clinical laboratory
data or vital signs data in the study aside from a decline in hemo-
globin expected from the large blood loss involved in the study
design and a decline in creatine kinase expected from the gener-
ally sedentary lifestyle of subjects while housed in the clinical unit
during the study.

DISCUSSION
The current study has demonstrated that substantial PK differen-
ces can occur between marketed batches of an FDA-approved US
drug product, shown here for an FP/salmeterol dry powder oral
inhalation product, Advair Diskus 100/50. These differences
are large enough to cause consistent failure when Advair Diskus
100/50 is compared to itself in FDA’s test for PK bioequiva-
lence.4 The widespread use of Advair Diskus 100/50 on the
market over the past 15 years has, in broad terms, provided no
indication of concern, although subtle (or otherwise) clinical con-
sequences are unlikely to become apparent in regular market use,
especially in asthma that is itself a disease characterized by vari-
able status. Regarding systemic exposure, it is similarly possible
that the batch-to-batch PK differences described here would go
unnoticed in patient use of this locally acting product based on
the publicly available literature evidence. Existing dose–response
data for salmeterol demonstrate adverse effects on systemic phar-
macodynamic markers (heart rate, QT interval, tremor, glucose,
potassium) at doses of 100 lg and above,7–9 twice the marketed
dose, although it is acknowledged that salmeterol’s systemic
dose–response curve is not well characterized in the literature at

inhaled doses below 100 lg. For FP, the relationship between PK
and systemic effect demonstrates that FP blood levels achieved
for the 100/50 product, even at the highest end of the observed
range in healthy subjects, are more than five-fold below the level
shown to cause a 5% decline in plasma cortisol,10 a sensitive
marker of adrenocortical suppression. Further, systemic exposure
to FP has been shown to be two to three times lower in patients
with asthma compared to healthy subjects.11,12 Although the sys-
temic dose is not considered a precise surrogate for the amount
of drug reaching the site of action for this locally acting product,
it is expected that the observed variability in PK may be reflected
to some extent as variability in locally available drug as well.
However, the local pharmacological effects have been demon-
strated to be relatively insensitive to dose in asthma patients.13–16

One limitation of the literature data cited above is the use of
population averages, as individual dose–response characteristics
may differ.
Instead, the implication of the current finding is primarily rele-

vant to the assessment of PK bioequivalence using Advair Diskus
100/50 as the Reference Listed Drug. The implication is that a
generalizable assessment of PK bioequivalence for this product
requires a study design and an analysis methodology that cor-
rectly account for this substantial additional source of variability.
The necessity of this is inherent in the generic drug regulations
that sanction substitutability at the pharmacy level, and strive to
ensure consistent and predictable response in patients taking
generic drugs in the US. Although the quality of the release speci-
fications are not necessarily implicated for the example pro-
duct presented here, Advair Diskus 100/50, there may be other
products and other routes of administration for which unrecog-
nized batch-to-batch PK variability has clinically significant
ramifications.
The current study was specifically designed to separately esti-

mate within-subject between-batch variance and within-subject
residual variance. In the current study, the between-batch compo-
nent of variance was 40–70% of the estimated residual variance
across all PK metrics. There is, therefore, a clear increased risk of
both false-negative and false-positive findings when relying on
standard bioequivalence study design and analysis methods that
ignore the substantial batch-to-batch component of variability.
The results of a conventional PK bioequivalence study comparing
a single batch each of the Test and Reference products are not
generalizable to the overall product comparison, and risk inad-
equate characterization of relative PK performance in product
use over time on the commercial market.
We applied the FDA’s statistical test for PK bioequivalence to

the Reference-vs.-Reference comparisons among the different
batches used in the current study. All pairwise batch comparisons
failed the PK bioequivalence test. FP and salmeterol Cmax batch-
to-batch ratios ranged from 63% to 85% (85% being the recipro-
cal of 117%) across the three pairwise comparisons. To appreciate
the significance of this magnitude of batch-to-batch difference,
we note that success in PK bioequivalence testing typically
requires geometric mean Test/Reference ratios to be within 5–
10% of unity in order for the 90% confidence interval around
these estimated ratios to be contained within the 80–125%
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bioequivalence goalposts. An FDA review of 2,070 successful
single-dose PK bioequivalence studies of generic solid oral drug
products revealed that the average Test-vs.-Reference difference
in Cmax and AUC was only 4.35% and 3.56%, respectively, with
98% of successful studies showing a Test-vs.-Reference difference
of less than 10%.17 The batch-to-batch differences observed here,
then, are substantial in the context of bioequivalence testing.
Aspects of study execution are not likely to explain the

observed between-batch PK differences. In the bioanalysis, all
plasma samples from a subject (i.e., plasma samples from all four
treatment periods) were processed in the same analytical run to
ensure that a single calibration curve was used for quantification.
Further, the bioanalysis was blind to the randomization of treat-
ment to period. All three batches were supplied to the European
clinical site in a single insulated shipment with temperature mon-
itoring and stored in a single temperature-controlled pharmacy
for the 47 days between product receipt and completion of dos-
ing to ensure that all batches were handled in an identical man-
ner. All Diskus devices were removed from the protective foil
overwrap within 4 hours of dosing to standardize (and minimize)
exposure of the product to ambient humidity prior to dosing.
The observation of “batch 1” vs. “batch 2” bio-inequivalence

for FP Cmax and salmeterol Cmax is not a consequence of study
size; a larger study would have produced smaller confidence inter-
vals, therefore accentuating the bio-inequivalence finding. How-
ever, the repeated failure to meet the bioequivalence requirement
among the other batch-vs.-batch comparisons is potentially
attributable in part to the relatively small study size. For example,
the 90% confidence interval of 104.16% to 132.65% around the
FP Cmax “batch 2” vs. “batch 3” estimated ratio of 117.55% indi-
cates that the true batch ratio on this PK metric may be suffi-
ciently close to 100% to meet the bioequivalence requirement,
and that the current failing result is a consequence of measure-
ment noise. Equally, however, the 90% confidence interval allows
that the true batch ratio may be even further from 100% than
was observed here.
We acknowledge that the underlying causes of batch-to-batch

PK variability are potentially relevant to a discussion of how this
variability should be handled in generic drug development and
approval. We note that a decline in fine particle mass (mass of
particles with aerodynamic diameter �5 lm) with time, due to
ambient humidity exposure, is a documented phenomenon for
dry powder formulations18 and could be suggested as an explana-
tion for the observed differences in PK between batches. In the
current study we used three batches that differed in age by 12
months (“batch 1” vs. “batch 2”) and by 1 month (“batch 2” vs.
“batch 3”). Consistent with a potential decline in fine particle
mass as an explanation, the oldest of the three batches
(“batch 1”) yielded the lowest PK.
However, comparison of the two batches that were only 1

month different in age (as determined by the labeled expiry date)
revealed two surprising results: (1) PK bioequivalence between
these two batches was not met for either FP Cmax or salmeterol
Cmax, and (2) the younger of the two batches (“batch 3”) yielded
the lower PK. Batch-to-batch variability in the PK of Advair Dis-
kus 100/50 therefore appears to be driven by factors other than

(perhaps additional to) batch age. In a complex product such as
Advair Diskus, multiple sources of batch-to-batch variability are
expected. These sources may include, for example, variation in
formulation characteristics including the micronized lactose inert
bulking agent, manufacturing process variation, or variation in
the delivery performance of the Diskus device. Thus, it is not
adequate to base an assessment of bioequivalence on a single
batch of Reference chosen from the middle of the shelf-life,
because age is not the only contributor to Advair Diskus 100/50
batch-to-batch variability. We hope that the underlying cause of
the observed batch-to-batch variability will eventually be eluci-
dated, as this understanding could lead to an educated guess
regarding which other products or dosage forms might be simi-
larly impacted.
The primary consequence of the dataset presented here is that,

for products exhibiting substantial batch-to-batch variability, regu-
latory agencies should establish bioequivalence guidelines with
consideration for the emerging scientific evidence. In the 2015
Meeting Report2 entitled “Pharmacokinetics of Orally Inhaled
Drug Products” a recommendation seemingly attributed to an
FDA speaker states “To include batch-to-batch and intra-subject
variability of the reference product, the comparison of one batch
of the test product with two batches of the R product, with one R
batch being repeated, was suggested.” In essence, this is the study
run here with the “test product” actually being another batch of
the reference product, showing that the reference product is not
bioequivalent among batches and that this observed batch-to-
batch variability is additional to, not a consequence of, intrasub-
ject variability. The Meeting Report2 continues “For showing BE
[bioequivalence] of a T product, a randomized, four-way cross-
over design would then be necessary.” It is obvious from the
batch-to-batch variability of the reference product reported here
that showing BE of the T product in this “necessary” randomized,
four-way cross-over design would just be a matter of chance. We
propose that with demonstrated and substantial between-batch
variability, it is fundamentally necessary for a PK bioequivalence
assessment to include multiple batches to avoid inferences regard-
ing bioequivalence, or lack thereof, that are highly dependent on
the particular Reference and Test batches selected for a given
study. This is needed to ensure that the product average is reason-
ably well estimated and to allow an estimate of both of the sub-
stantial sources of variability, within-subject residual error, and
within-subject between-batch variation, to contribute to the deter-
mination of confidence in the estimated product difference.

METHODS
The PK of FP and salmeterol were observed in 30 healthy adult subjects
in a clinical study performed under clinical trials authorization from the
UK Medicines and Healthcare products Regulatory Agency and approval
by the Office for Research Ethics Committees Northern Ireland (Lis-
burn, UK). Written informed consent was obtained from all subjects,
and the study was conducted in accordance with the principles of the
Declaration of Helsinki.

Study design
A single dose of 100 lg FP in combination with 50 lg salmeterol formu-
lated with lactose as a dry powder was administered by oral inhalation as
Advair Diskus 100/50 to healthy adult males and females in a single-
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center, randomized, open-label, 4-sequence, 4-period crossover study.
Assessment of PK bioequivalence was the primary study objective. Three
Advair Diskus batches were investigated, with one of the batches repli-
cated to create the four treatments. The replicated batch was prospec-
tively labeled as two different treatments by pharmacy staff prior to
dosing. The number of subjects was selected to provide 80% power in
the bioequivalence assessment assuming true PK differences between
treatments do not exceed 5% and a within-subject variance of �0.0625.
Subjects were randomly allocated to treatment sequence using the statis-
tical analysis system (SAS, Cary, NC) computer package PROC PLAN.
The study was performed at Quintiles Drug Research Unit at Guy’s
Hospital, London, UK. Recruitment initiated 04 June 2015, and the last
visit occurred on 31 July 2015.
All three batches of Advair Diskus 100/50 (GlaxoSmithKline,

Research Triangle Park, NC) were purchased directly from the US mar-
ket and used within labeled expiry.
All study treatments were administered under supervision. For each of

the four study periods, participants remained in the clinic for the dura-
tion of dosing and PK observation. The dosing procedure followed the
instructions provided to patients in the Advair Diskus Medication
Guide: exhalation, quick and deep inhalation with 10-second breath-
hold, and mouth rinse. Subjects were fasted overnight for at least 10
hours prior to dosing until 4 hours postdose. Water was allowed ad libi-
tum during the study except for 1 hour prior through 1 hour postdose.
Crossover treatments were separated by a washout period of not less
than 7 days.

Clinical study participants
Participants (�18 years, body weight �50 kg, body mass index 19 to
30 kg/m2 [inclusive]) had no history of asthma, a fractional exhaled
nitric oxide (FENO) value of �47 ppb at screening, and a forced expira-
tory volume in 1 second (FEV1) of �90% of predicted at screening.
Female subjects were only entered if they were not pregnant or breast
feeding and were using medically acceptable methods of contraception.

Pharmacokinetic samples
In each treatment period, serial blood samples (6 mL) were drawn for
the determination of FP and salmeterol concentration predose and at 3,
4, 5, 6, 8, 10, 15, 20, 30, and 45 minutes and 1, 2, 4, 8, 12, 16, 20, 24,
28, 32, and 36 hours after the inhalation. Blood samples were centri-
fuged within 30 minutes of collection at �2,000g for 15 minutes at 48C.
All plasma samples were stored in a –208C freezer. The bioanalysis of FP
and salmeterol was conducted by Covance (Salt Lake City, UT) using a
validated liquid chromatography/tandem mass spectrometry (LC-MS/
MS) method with a quantitative range from 1.00 to 200 pg/mL for each
analyte.

Safety measures
Safety was monitored by recording adverse events (AE), physical exami-
nation, vital signs (blood pressure, pulse rate, body temperature), blood
hematology, serum biochemistry, and urinalysis.

Pharmacokinetics analysis
PK parameters for FP and salmeterol were calculated using standard
noncompartmental analysis. The estimated PK parameters were the max-
imum observed plasma concentration (Cmax) and time to Cmax (Tmax),
the area under the concentration-vs.-time curve to the last time of quan-
tifiable concentration [AUC(0-t)] calculated using the linear trapezoidal
method and extrapolated to infinite time [AUC(0-inf)] and the elimina-
tion rate constant (kz) and corresponding half-life.
Because terminal phase plasma concentrations can fall below the bioa-

nalytical method’s lower LOQ when sampling continues for at least
three terminal half-lives, there is the potential for a treatment bias in
AUC(0-t) due to differences in the time period over which AUC(0-t) is
calculated.5 Therefore, an additional exposure metric was analyzed. This
unbiased exposure metric, AUC(0-tcommon), was determined as the area

under the plasma concentration-vs.-time curve to the last time for which
all profiles for a given subject and analyte had a concentration �LOQ,
calculated using the linear trapezoidal method.

For comparison of the replicated batch to the other batches, the
within-subject natural log-scale PK parameters from the two replicates
were averaged to give a more robust estimate of the PK performance of
the replicated batch.

Statistical analysis
Statistical analysis of treatment means. PK parameter least-square
geometric means were determined for individual batches using an analy-
sis of variance (ANOVA) model with fixed effects for treatment, period,
and sequence, and a random subject-within-sequence term, using the
natural logarithms of the data. ESTIMATE statements in SAS PROC
GLM were used to estimate treatment differences in geometric means,
both between difference batches and within the replicated batch.

Estimation of variance components. Variance component estimation
was based on a type 3 analysis using SAS PROC MIXED that provided
a full ANOVA table indicating sources of variation (including residual
error variance), associated degrees of freedom (DF), sums of squares,
mean squares and also expected mean squares, the error term and error
DF for each of the expected mean squares. These outputs allowed
Method of Moments (MM) estimation of the variance components for
the random effect terms specified in the PROC MIXED model code
(i.e., “subject within sequence,” “treatment,” “treatment within subject
by sequence,” and residual error). The variance component for
“treatment” then corresponds to r2

bb (i.e., between-batch within-subject
variance component) and the residual error corresponds to r2

wb (i.e.,
between-replicates within-batch, within-subject variance component). A
supplementary analysis using the PROC MIXED option method-
REML to provide restricted maximum likelihood (REML) estimation
for the variance components was performed.

All calculations were performed using SAS for Windows v. 9.3 or
higher.

ACKNOWLEDGMENTS
E.B.G. is an employee of Oriel Therapeutics, a Novartis company. K.J.C.
and L.Z.B. are paid consultants to Oriel Therapeutics. B.J. is an
employee of Novartis Pharma AG. The authors thank Dr. Robert J. Meyer
for valuable discussion regarding data interpretation.

CONFLICT OF INTEREST/DISLOSURE
E.B.G. is an employee of Oriel Therapeutics, an indirect wholly-owned
subsidiary of Novartis AG. K.J.C. and L.Z.B. are paid consultants to Oriel
Therapeutics. B.J. is an employee of Novartis Pharma AG. The study was
paid for by Oriel Therapeutics.

AUTHOR CONTRIBUTIONS
E.B.G., K.J.C., B.J., and L.Z.B. wrote the article; E.B.G. and K.J.C.
designed the research; E.B.G. performed the research; E.B.J., K.J.C.,
B.J., and L.Z.B. analyzed the data.

VC 2016 The Authors. Clinical Pharmacology & Therapeutics published by
Wiley Periodicals, Inc. on behalf of The American Society for Clinical Phar-
macology and Therapeutics.

This is an open access article under the terms of the Creative Commons
Attribution-NonCommercial-NoDerivs License, which permits use and distri-
bution in any medium, provided the original work is properly cited, the use
is non-commercial and no modifications or adaptations are made.

1. Guidance for Industry. Statistical Approaches to Establishing
Bioequivalence. U.S. Department of Health and Human Services,
Food and Drug Administration, Center for Drug Evaluation and
Research (CDER), January 2001.

CLINICAL TRIAL

230 VOLUME 100 NUMBER 3 | SEPTEMBER 2016 | www.wileyonlinelibrary/cpt

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/


2. Hochhaus, G., Horhota, S., Hendeles, L., Suarez, S. & Rebello, J.
Pharmacokinetics of orally inhaled drug products. AAPS J. 17, 769–
775 (2015).

3. Lee, S.L. et al. Regulatory considerations for approval of generic
inhalation drug products in the US, EU, Brazil, China, and India. AAPS
J. 17, 1285–1304 (2015).

4. Draft Guidance on Fluticasone Propionate; Salmeterol Xinafoate. U.S.
Department of Health and Human Services, Food and Drug
Administration, Center for Drug Evaluation and Research (CDER),
September 2013.

5. Background Information for Advisory Committee for Pharmaceutical
Science: Concept and Criteria of BioINequivalence. October 20,
2004. <http://www.fda.gov/ohrms/dockets/ac/04/briefing/2004-
4078B1_06_BioINequivalence.pdf>. Accessed February 2016.

6. Fisher, D., Kramer, W. & Burmeister Getz, E. Evaluation of a scenario
in which estimates of bioequivalence are biased and a proposed
solution: tlast (common). J. Clin. Pharmacol. E-pub ahead of print.

7. Bennett, J.A. & Tattersfield, A.E. Time course and relative dose
potency of systemic effects from salmeterol and salbutamol in
healthy subjects. Thorax 52, 458–464 (1997).

8. Kirby, S. et al. Salmeterol and fluticasone propionate given as a
combination: lack of systemic pharmacodynamics and pharmacokinetic
interactions. Eur. J. Clin. Pharmacol. 56, 781–791 (2001).

9. Maconochie, J.G. & Forster, J.K. Dose-response study with high-dose
inhaled salmeterol in healthy subjects. Br. J. Clin. Pharmacol. 33,
342–345 (1992).

10. Mackie, A.E. & Bye, A. The relationship between systemic exposure
to fluticasone propionate and cortisol reduction in healthy male
volunteers. Clin. Pharmacokinet. 39, 47–54 (2000).

11. Brutsche, M.H. et al. Comparison of pharmacokinetics and systemic
effects of inhaled fluticasone propionate in patients with asthma and
healthy volunteers: a randomised crossover study. Lancet 356,
556–561 (2000).

12. Daley-Yates, P.T., Tournant, J. & Kunka, R.L. Comparison of the
systemic availability of fluticasone propionate in healthy
volunteers and patients with asthma. Clin. Pharmacokinet. 39, 39–45
(2000).

13. Daley-Yates, P.T., Austin, D.J. & Bentley, J.H. Exhaled nitric oxide
(eNO) versus adenosine-50-monophosphate (AMP) challenge for
demonstrating dose response to inhaled corticosteroid. Am. J. Respir.
Crit. Care Med. 187, A1926 (2013).

14. Lumry, W.R. et al. Fluticasone propionate hydrofluoroalkane
inhalation aerosol in patients receiving inhaled corticosteroids. Ann.
Allergy Asthma Immunol. 96, 51–59 (2006).

15. Currie, G.P., Fowler, S.J. & Lipworth, B.J. Dose response of inhaled
corticosteroids on bronchial hyperresponsiveness: a meta-analysis.
Ann. Allergy Asthma Immunol. 90, 194–198 (2003).

16. Kuna, P., Thyroff-Friesinger, U., Gath, I. & Jones, S. Randomized
equivalence trial: a novel multidose dry powder inhaler and originator
device in adult and adolescent asthma. Allergy Asthma Proc. 36,
352–364 (2015).

17. Davit, B.M. et al. Comparing generic and innovator drugs: a review
of 12 years of bioequivalence data from the United States Food
and Drug Administration. Ann. Pharmacother. 43, 1583–1597
(2009).

18. Borgstr€om, L., Asking, L. & Lipniunas, P. An in vivo and in vitro
comparison of two powder inhalers following storage at hot/humid
conditions. J. Aer. Med. 18, 304–310 (2005).

CLINICAL TRIAL

CLINICAL PHARMACOLOGY & THERAPEUTICS | VOLUME 100 NUMBER 3 | SEPTEMBER 2016 231

http://www.fda.gov/ohrms/dockets/ac/04/briefing/2004-4078B1_06_BioINequivalence.pdf
http://www.fda.gov/ohrms/dockets/ac/04/briefing/2004-4078B1_06_BioINequivalence.pdf

