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Relative bioavailability of diazoxide,
manufactured at two different international
locations, in healthy participants under
fasting conditions: an open-label, two-
stage, adaptive, sequential two-period
crossover study
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Abstract

Theoretically, calculating the sample size required for achieving the desired power is straightforward with true
coefficient of variance (CV) estimates and true test/reference geometric mean ratios (GMRs) of selected parameters.
However, true variance estimates are often not known and are, instead, based on published literature or pilot trials.
An open-label, two-stage, adaptive, sequential two-period crossover study was used to determine relative
bioavailability of a single 100 mg dose of diazoxide manufactured at two different international sites. This design
was utilized due to the lack of intra-subject variance estimation data for diazoxide pharmacokinetic parameters.
Second-stage sample size was estimated using intra-participant variance from the first stage. Thirty-six healthy
adults (age, 18–55 years) were randomized (1:1) to receive a single dose of test/reference product, a single dose of
diazoxide (100 mg capsule), under fasting conditions with crossover after 14 days. GMRs (90% confidence interval
[CI]) of area under curve from time zero to infinity (AUC0-inf) and maximum plasma concentrations (Cmax) of test
versus reference product were 1.06 (1.03–1.10) and 1.17 (1.14–1.20), respectively. Bioequivalence was declared
at stage 1 because 90% CIs were between 0.80 and 1.25; stage 2 was not initiated since the estimated power
was >99% for both AUC0-inf and Cmax. Results of this study demonstrate efficient use of an adaptive, two-stage
sequential design to assess bioequivalence. Similar study design may be effectively used in other bioequivalence
studies wherein CV and GMRs of relevant parameters are unknown and sample size estimation is difficult.
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Background
Pharmacokinetic studies are most preferred for assessing
the bioequivalence of two drug formulations (FDA
2013). Endpoints such as peak plasma concentration
(Cmax) and area under the plasma concentration time
curve (AUC), which reflect rate and extent of absorp-
tion, respectively, are commonly used parameters. The
90% confidence interval (CI) (α, type I error = 0.05) for
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the Creative Commons license, and indicate if
the geometric mean ratio (GMR) of test/reference is
derived, and generally the two formulations are declared
bioequivalent when the 90% CIs for Cmax and AUC
fall within the limits of 0.80 and 1.25 (Davit et al.
2008, Fuglsang 2013). Health Canada specifically
requires that 90% CI for AUC and the point estimate
of Cmax fall within the limits of 0.80 and 1.25 to
declare bioequivalence (Health Canada 2012).
Sample size estimation is a vital step for bioequiva-

lence studies comparing a reference product with a new/
generic (test) product. To estimate sample size, estimates
of intra-subject variance and effect size are needed to
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achieve the desired power. As bioequivalence studies
are commonly conducted using crossover study de-
signs, variance estimates are based on a within-
participant coefficient of variation (CV), and effect
size is determined using GMRs of selected parameters
for the two formulations. Although a minimum sam-
ple size is obtained at perfect equivalence (assumed
GMR=1.00), some departure from perfect equivalence
is commonly assumed while estimating sample size
(Fenta 2014, Potvin et al. 2008).
Theoretically, calculating the sample size required for

achieving the desired power is straightforward with true
CV estimates and true test/reference GMRs of selected
parameters. However, true variance estimates are not
known and are, instead, based on published literature or
pilot trials (Fuglsang 2013). When variance estimates are
too low or choice of effect size is overly optimistic, the
study can be underpowered. In contrast, when variance
estimates are too high, unnecessarily large sample sizes
can result.
For formulations intended for systemic availability, the

Food and Drug Administration (FDA) recommends using
a two-period, two-sequence, two-treatment, single-dose
crossover study using healthy participants (FDA 2013).
Approaches to the design of bioequivalence studies in-
volving highly variable drugs have been described
(O’Brien and Fleming 1979, Pocock 1982, Potvin et al.
2008). With scarce information on CV estimates, an
adaptive design, in which the second-stage sample size
is based on the estimated intra-participant variance
from the first stage, is an approach similar to a sequen-
tial design. Method C described by Potvin et al. and
validated via a series of simulated bioequivalence stud-
ies (Potvin et al. 2008) is the adaptive design recom-
mended by Health Canada (Health Canada 2012).
Potvin’s method C uses an adaptive, two-stage se-

quential design, wherein, stage 2 is not initiated if power
is ≥ 80% (α, type I error = 0.05) at the end of stage 1
(interim analysis). If bioequivalence criteria are met (or
not met), the formulations are considered bioequivalent
(or not bioequivalent) at this stage. When power is
80% at the end of stage 1, calculation of the required
sample size is based on within-participant variability of
stage 1 and an assumed GMR (Polli et al. 2012).
Diazoxide, a widely used potassium channel activator

and hyperglycemic agent which inhibits insulin release
from the pancreas and exerts an extrapancreatic effect
(Gribble et al. 1997), has been in use for more than 40
years as a hyperglycemic agent in the management of
hypoglycemia due to hyperinsulinism (PROGLYCEM
Product Monograph 2015). Diazoxide can also be used as
an antihypertensive agent in emergency situations such as
acute and malignant hypertension (Dayton et al. 1975,
Vaziri 1984). The plasma half-life following intravenous
administration is 28 ± 8.3 hours (PROGLYCEM Product
Monograph 2015).
Several oral prescription formulations of diazoxide,

including PROGLYCEM® 100 mg capsules (Merck
Canada Inc., Canada, [manufactured in Italy]) are avail-
able. Recently, production of PROGLICEM® 100 mg
hard capsules, (MSD Sharp & Dohme GmbH, Germany)
was initiated at a facility in France. Same excipients and
manufacturing procedures were used at both manufac-
turing sites. The f2 values of the two dissolution profiles
from Italy and Germany lots were 69, 78, and 76 at pH
1.2, 4.5, and 6.8, respectively, using 2% sodium dodecyl
sulfate as dissolution media. Thus the dissolution
profiles of capsules produced at both sites were si-
milar as indicated by the f2 similarity test. The US
FDA Center for Drug Evaluation and Research re-
commends that an in vivo bioequivalence study be
conducted to support regulatory approval of certain
major changes in components, composition, and
manufacturing of an approved formulation (FDA
2010). Therefore, we conducted a bioequivalence
study to determine the in vivo relative bioavailability
of a single dose of diazoxide (100 mg) manufactured
in either France (test product) or Italy (reference
product). The intra-participant variability estimates of
Cmax and AUC for oral diazoxide are not available in
the published literature or from accessible unpub-
lished studies; thus, an adaptive, two-stage sequential
design (Potvin’s method C) was used for sample size
and power estimation.

Methods/experimental
The study was approved by the Ethics Review Board,
Optimum Clinical Research Inc. and was conducted in
accordance with Good Clinical Practice guidelines,
Current Therapeutic Products Directorate (Canada)
guidance documents, and the 2008 Declaration of
Helsinki. All participants signed a written consent form
(Privacy Consent Form and Volunteer Consent Form)
before enrollment in the study.

Study design
This open-label, single-dose, randomized, two-period,
two-treatment, two-sequence, two-stage crossover study
(protocol number: MK-6783-003-01) conducted in
healthy adults tested the hypothesis that a single dose
of diazoxide (100 mg capsule) manufactured in Patheon,
France (test product) is bioequivalent to a single dose of
diazoxide (100 mg capsule) manufactured in Comazzo,
Italy (reference product). Participants underwent routine
screening and check-in tests by Pharma Medica Research
Inc. before in-house confinement for pharmacokinetic
evaluations at stage 1. At completion of stage 1, an interim
analysis was planned to estimate the power and test
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bioequivalence if adequate (≥90%) power has been
achieved before initiating stage 2.

Participants
Healthy, nonsmoking men and women, aged 18 to 55
years, with body mass index ≥ 18.5 and ≤ 30.0 kg/m2

and willing to use an acceptable, effective method of
contraception were included in the study. Exclusion
criteria included clinically significant findings in vital
sign measurements, physical examinations,12-lead elec-
trocardiograms, or laboratory assessments; specific dis-
eases based on medical history, physical examinations,
and laboratory assessments; history of drug or alcohol
addiction requiring treatment; positive urine test results
for drugs of abuse or urine cotinine; difficulty fasting or
consuming standard meals; intolerance of venipuncture;
use of tobacco or nicotine-containing products within 6
months of drug administration; special diet within 30
days of drug administration; participation in another
clinical trial or receiving an investigational product
within 30 days of drug administration; donated or lost
whole blood (including for clinical trials) ≥ 50 mL
and ≤ 499 mL within 30 days of drug administration
or ≥ 500 mL within 56 days of drug administration;
tattoo or body piercing within 30 days of drug administra-
tion; and known history or presence of hypersensitivity or
idiosyncratic reaction to diazoxide, thiazide, or any other
drug substances with similar activity. Women who were
pregnant (based on serum human chorionic gonadotropin
levels) or lactating, had used oral or transdermal hormo-
nal contraceptives within 21 days of drug administration,
or had used implanted, injected, intravaginal, or intrauter-
ine hormonal contraceptives within 6 months of drug
administration were excluded. Mentally or legally incapac-
itated participants or those with significant emotional
problems at the time of screening or expected during
the conduct of the study or had a history of a clinic-
ally significant psychiatric disorder over the preceding
5 years were excluded.

Interventions and participant evaluations
In stage 1, eligible participants were randomized to receive
one treatment sequence (treatment sequences test/refer-
ence and reference/test to maintain a 1:1 ratio) according
to a predetermined, computer-generated randomization
scheme (procedure PLAN in SAS®). Participants were
confined in-house for at least 10 hours before and 24
hours after drug administration. Participants received a
single dose of test product (diazoxide, 100 mg hard
capsule [PROGLICEM® 100 mg Hard Capsules; distribu-
tor, MSD Sharp & Dohme GmbH, Germany; manuf-
acturer, Patheon, France; Batch No.: 3107A]) or reference
product (diazoxide, 100 mg capsule, [PROGLYCEM® 100
mg capsules; distributor, Merck Canada Inc., Canada;
manufacturer, Comazzo, Italy; Lot No.: 120118]) per
randomization, on January 24, 2014 (period 1). After a
washout period of at least 14 days (±3 hours), partici-
pants received the other study treatment on February
07, 2014 (period 2).
Diazoxide capsules were administered with 240 mL

(±5 mL) of room temperature, potable water after at
least 10 hours of overnight fasting. A hand and mouth
check-up was performed immediately after drug adminis-
tration to ensure study drug was swallowed. Participants
remained seated for 4 hours after drug administration,
and a standard protocol for requirement of ambulation
with postural changes was instituted.
After fasting for at least 4 hours after drug administra-

tion during each study period, participants were provided
with standardized xanthine-free meals with caffeine-free
beverages. Other standardized identical meals were served
throughout the confinement periods. Water consumption
was restricted for 1 hour before and after drug administra-
tion. Participants were monitored for adverse events (AEs)
during the confinement period. They were contacted by
phone approximately 14 days after drug administration
for assessment of AEs after confinement. Provisions
were made for additional health monitoring procedures
during the study period if considered necessary by in-
vestigators. Vital signs were measured before dosing
and at 2 and 8 hours (±20 minutes) after dosing. A
finger-stick glucose test was performed within 60
minutes before dosing and at 2, 4, 6, and 8 hours (±20
minutes) after dosing. Participants with predose ca-
pillary glucose values < 3.6 mmol/L were evaluated by
investigators before dosing. Clinical laboratory tests for
hematology, biochemistry, and urinalysis were con-
ducted at the end of the study.

Collection and processing of samples
During each study period, blood samples were collected
by direct venipuncture or from an indwelling cannula
before dosing and over a 72-hour period after dosing (at
hourly intervals for 12 hours, and then at 14, 18, 24, 36,
48, 60, and 72 hours) into prechilled, labeled blood col-
lection tubes containing K2-ethylenediaminetetraacetic
acid as the anticoagulant. During the confinement period,
samples were collected at participants’ homes. Subse-
quently, participants were required to visit the clinic for
collection of remaining samples. Approximately 170 mL
of blood was collected from each participant over the
entire study for pharmacokinetic analysis.
After collection, samples were maintained in an ice

bath until processing. Samples were centrifuged at ap-
proximately 4°C for approximately 10 minutes at 3,000
rpm within 30 minutes of collection and then stored in an
ice bath. Plasma was withdrawn, divided into two approxi-
mately equal aliquots, placed in labeled polypropylene
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screw-top tubes, and stored at −25 ± 10°C within 60
minutes of collection.

Pharmacokinetic outcomes
Plasma samples were assayed for diazoxide using a
validated analytical method, according to the principles
of good laboratory practice (GLP) [US Department of
Health and Human Services 2010, Organisation for Eco-
nomic Co-operation and Development (OECD) 2006).
Tandem mass spectrometry was used for diazoxide
detection. This analytical method was developed and
validated at Pharma Medica Research Inc. All samples
from a given subject were analyzed in a single analytical
batch. The lower limit of quantitation (LLOQ) of this
assay was 50.0 ng/mL and the precision and accuracy at
this level during study sample analysis were 5.6% and
100.2% respectively. Any value below the LLOQ is
reported as below the limit of quantitation (BLQ).
Pharmacokinetic parameters included Cmax, AUC

from time zero to time of the last measurable analyte
concentration (AUC0-t), AUC from time zero to in-
finity (AUC0-inf ), time to Cmax (Tmax), apparent first-
order elimination rate constant (Kel), and apparent
elimination half-life (t½).

Safety measures
Safety assessment was the frequency and severity of AEs
(medical occurrences during the study period after the
first dose of study drug was administered) in the safety
cohort, which included participants who received at least
one dose of study drug. Non-treatment-emergent ad-
verse events (NTEAEs) were defined as any AEs that
occurred after a participant had signed the written
consent form but before administration of the first dose
of study drug.

Two-stage adaptive design and sample size calculation
Based on the FDA (FDA 2013) and Health Canada
(Health Canada 2012) recommendations, an adaptive
two-stage design was used because within-participant
CV estimates for diazoxide were not available. Accord-
ing to this method, the study was to be discontinued if
power was ≥ 90% at stage 1 (interim analysis) regardless
of bioequivalence test. The power was estimated using
estimated CV from stage 1, assumed true GMR = 0.95
and α = 0.05. However, if power was < 90%, bioequiva-
lence was to be evaluated again with α = 0.0294, and the
study was to be discontinued if bioequivalence criteria
were met. If bioequivalence criteria were not met, the
sample size was to be recalculated for stage 2 using
stage 1 results with α = 0.0294. Thereafter, a final
bioequivalence evaluation was to be again attempted
at stage 2 using pooled data from both stages with α =
0.0294 (Fig. 1). Bioequivalence criteria were based on
log-transformed data: 90% CI of the GMR of AUC0-inf

must be between 0.80 and 1.25 and point estimate
GMR of Cmax must be between 0.80 and 1.25 in the
interim analysis when power ≥ 90% (interim analysis
when power < 90% or final analysis).
Planned average N varied by true CV and ranged from

36 (CV, 20%) to 150 (CV, 55%). This N range is similar
to or less than that of a single-stage study design;
however, a CV > 25% represents high variability in
bioequivalence studies. In stage 1, planned N was 36 (co-
hort 1), which provided > 95% power for an assumed
GMR of 95% if CV was ≤ 20%. For stage 2, planned total
N ≤ 150 (cohorts 1 and 2) would maintain α below 5%
and provide ≥ 70% power for CV ≤ 55% (Fig. 1).

Pharmacokinetic and statistical analyses
The pharmacokinetic dataset comprised participants
with estimates of Cmax and AUC parameters for two
periods. The statistical dataset comprised participants
from pharmacokinetic dataset but excluding identified
outliers and/or predose concentrations > 5% of the
corresponding Cmax. The values considered as outliers
should meet both of the following criteria 1) studentized
residual value larger than 3 and 2) the value is outside
the range determined by all other values for the same
PK parameter including all formulations, as recom-
mended by Health Canada (Health Canada 2012). The
safety dataset included participants who received at least
one dose of study drug.
AUC0-inf and Cmax values for each treatment were

pooled, natural log-transformed, and analyzed in separ-
ate linear mixed-effects models with fixed-effects terms
for treatment, period, and sequence. An unstructured
covariance matrix was used to allow for unequal treat-
ment variances and to model the correlation between
different treatment measurements within the same
participant via the repeated statement in SAS® PROC
MIXED. Kenward and Roger’s method (Kenward and
Roger 1997) was used to calculate the denominator de-
gree of freedom for the fixed effects.
To address the study hypothesis, two-sided 90% CIs

for the true differences in means for log-transformed
AUC0-inf and Cmax (test product–reference product)
were calculated using the mean square error from the
analysis of variance (ANOVA) and referencing a t-
distribution. Confidence limits were exponentiated to
obtain the 90% CIs for the AUC0-inf and Cmax true
GMRs (test product–reference product).
Testing of sequence, period, and treatment effects were

summarized using ANOVA. Estimates of inter-participant
and intra-participant variances were also summarized.
Interim analysis on AUC0-inf using the mixed-effect
model described above was performed after 36 partic-
ipants had completed all treatment periods. Estimates



Fig. 1 Study design and disposition of participants. AUC0-inf area under the analyte concentration versus time curve from time zero to infinity, CV
coefficient of variation, GMR geometric mean ratio
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of the within-participant CV for AUC0-inf were ob-
tained. Power was estimated using the variance esti-
mate from cohort 1, assuming α level of 0.05 and a
fixed true GMR of 0.95 using the same formula pro-
vided by Potvin et al. (Potvin et al. 2008). Health
Canada, the agency that this study was filing to, only
requires 90% CI of GMR for AUC0-inf being within
0.80 and 1.25. Thus, only the power for AUC0-inf was
considered for decision making. However, the power
requirement to trigger BE testing in stage 1 was
raised from 80% to 90%, so that it would maintain
similar power requirement if both AUC0-inf and Cmax were
considered assuming independence between the two PK
endpoints. If the power was ≥ 90%, a 90% (α = 0.05) CI for
AUC0-inf true GMR and point estimate for Cmax true
GMR were calculated using the aforementioned model.
Criteria for evaluation were based on results of an interim
analysis from stage 1. As the power was ≥ 90%, stage 2
was not required regardless of the outcome of the bio-
equivalence evaluation, and the study was considered
complete with the participants from stage 1 only.
All analyses were performed using SAS® software

(version 9.2, SAS Institute Inc., Cary, NC) and R soft-
ware version 3.0.2.
Results
Demographic and baseline characteristics
In total, 36 participants were enrolled and all completed
stage 1 of the study. The mean (standard deviation [SD])
age of participants was 41 (10) years, and 52.8% (n = 19)
were women (Table 1).

Power estimation at stage 1
At the interim analysis, the estimated power was > 99%
for AUC0-inf and the corresponding pseudo intra-
participant CV was 8.4%. Therefore, stage 2 was not
needed, the study was considered completed, and the
statistical analysis was conducted with α = 0.05.
There were no identified outliers (studentized resid-
uals) and no predose concentrations > 5% of the
corresponding Cmax; therefore, the pharmacokinetic,
statistical, and safety datasets included all 36 par-
ticipants from cohort 1.

Pharmacokinetic results
The mean plasma diazoxide concentration-time profiles
for the test and reference products are shown in Fig. 2.
At the end of stage 1, a significant treatment effect was
detected by the ANOVA for AUC from time zero to



Table 1 Demographic and baseline characteristics of
participants (safety, pharmacokinetic, and statistical datasets)

N = 36

Age (years), mean ± SD 41 ± 10

Age group, n (%)

18–40 years 17 (47.2)

41–64 years 19 (52.8)

Sex, n (%)

Male 17 (47.2)

Female 19 (52.8)

Race, n (%)

Asian 10 (27.8)

Black 8 (22.2)

White 18 (50.0)

Ethnicity, n (%)

Hispanic/Latino 3 (8.3)

BMI (kg/m2), mean ± SD 25.6 ± 2.4

Height (cm), mean ± SD 168.1 ± 8.7

Weight (kg), mean ± SD 72.7 ± 11.5

BMI body mass index, SD standard deviation
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time of the measurable analyte concentration (AUC0-t;
p ≤ 0.0001), AUC0-inf (p = 0.0052), and Cmax (p ≤ 0.0001).
ANOVA also detected a significant sequence effect in the
analysis of Cmax (p = 0.0227). The GMs of AUC0-t, AUC0-

inf, and Cmax for test and reference products were 200,000
and 185,000 ng.hour/mL; 244,000 and 230,000 ng.hour/
mL; and 5,830 and 4,990 ng/mL, respectively (Table 2).
The power was >99% for both AUC0-inf, and Cmax. By
statistical comparison, the GMRs (90% CI) of AUC0-t,
AUC0-inf, and Cmax of test versus reference product were
1.08 (1.05–1.11), 1.06 (1.03–1.10), and 1.17 (1.14–1.20),
respectively (Table 2). Thus, the study showed that
bioequivalence criteria were met for the two products.
The 90% CIs of GMR of AUC0-inf and Cmax were between
0.80 and 1.25, proving the hypothesis that a single dose of
diazoxide (100 mg capsule) manufactured in Patheon,
France (test product) is bioequivalent to a single dose of
diazoxide (100 mg capsule) manufactured in Comazzo,
Italy (reference product).
The median (range) of Tmax for the test and reference

products was 4.0 (1.0–18.0) and 4.0 (2.0–9.0) hours,
respectively. The GM (% CV) of the t½ for the test and
reference products was 27.5 hours (27.3) and 27.0 hours
(31.3), respectively. The median (range) of t½ for the test
and reference products was 27.4 (14.6–46.8) and 26.1
(15.9–51.5), respectively.

Safety
Both study products were generally well tolerated.
Overall, 20 treatment-emergent adverse events (TEAEs)
involving 9 participants were reported. No serious AEs
were reported, and all AEs were mild in severity, with
the most frequently reported AE being headache (3/36
[8.3%] participants taking the reference product; Table 3).
One participant experienced hyperglycemia (11.9 mmol/
L) during period 1 (test product), and another experi-
enced hypoglycemia (3.2 mmol/L) during period 2 (test
product). Both AEs were mild and resolved without
concomitant treatment and were considered possibly
related to study drug by the investigators. One NTEAE
of somnolence, which was also mild in severity, was
reported (Table 3). One participant reported influenza-
like symptoms during period 2 (test product).

Discussion
This pivotal bioequivalence study evaluated the relative
bioavailability of a single dose of diazoxide (100 mg),
manufactured at two international sites (France and
Italy), in healthy participants under fasting conditions
using an adaptive, two-stage sequential design approach
(Potvin et al. 2008). The study was considered complete
after stage 1 because the power of the study was > 90%
for AUC0-inf with α = 0.05. When compared with the
reference product, the pharmacokinetic parameters of
the test product were on average 8%, 6%, and 17% higher
for AUC0-t, AUC0-inf, and Cmax, respectively. The bio-
equivalence criteria were met as the 90% CI of the GMR
of AUC0-inf (1.06 [1.03, 1.10]) and the point estimate
Cmax (1.17 [1.14, 1.20]) of the test versus reference prod-
uct were within the range 0.80 to 1.25. Therefore, the
hypothesis that a single dose of diazoxide (100 mg
capsule) manufactured in Patheon, France (test product)
is bioequivalent to a single dose of diazoxide (100 mg
capsule) manufactured in Comazzo, Italy (reference prod-
uct) was supported.
In the present study, the standards set by the

Health Canada guidance document for single-dose
crossover comparative bioavailability studies were met
on log-transformed parameters calculated from the
measured data (Health Canada 2012). Also, the mea-
sured contents of the test and reference products
used in the study (expressed as percentages of the
label claim) were within 5% of each other per the
FDA recommendations (FDA 2013).
In the absence of estimates of CV and GMR from pub-

lished literature or pilot studies, the FDA recommends
the sequential design approach as an alternative (FDA
2013). This approach uses an initial limited number of
participants (planned N) to evaluate bioequivalence. If
necessary, more participants are enrolled (calculated N)
before a final bioequivalence evaluation. However, the
challenge is to control type I error rate, α (participant’s
risk and the chance of approving a bioinequivalent prod-
uct) for such approaches (Fuglsang 2013).



Fig. 2 Mean diazoxide plasma concentration-time profiles for the test and reference products a linear scale, b log-linear scale. Test, PROGLICEM®
100 mg hard capsules, Batch No.: 3107A (Merck Sharp & Dohme Corp, USA); reference, PROGLYCEM® 100 mg capsules, Lot No.: 120118 (Merck
Canada Inc., Canada)
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Group sequential approaches for bioequivalence stud-
ies have several advantages. These methods allow early
discontinuation of the trial and provide the advantage of
optimizing resource use in situations when the planned
total sample size is based on an overestimated CV. How-
ever, no provision is made for changing the maximum
number of participants, and protection against the study
being overpowered or underpowered due to a poorly an-
ticipated CV value is not guaranteed (Polli et al. 2012).
Re-estimation approaches allow the final sample size to
be estimated based on the CV estimate after stage 1. An
adaptive, two-stage sequential design has the advantage
of both group sequential and re-estimation approaches
for bioequivalence trials. An adaptive, two-stage sequen-
tial design also obviates the need for a “futility” criterion.
In pivotal simulation study sponsored by The Product

Quality Research Institute, Potvin et al. compared four
different two-stage methods for conducting bioequiva-
lence trials; one was an internal pilot study design
(method A) and the other three (methods B, C, and D)



Table 2 Pharmacokinetic results based on measured plasma study drug concentrations (N = 36)a

Parameter Product GM GM, 95% CI GMR (Test vs Reference), % GMR, 90% CI Pseudo Intra-participant % CVb

AUC0-t, ng.hour/mL Test 200,000 184,000–217,000 108.01 105.08-111.03 6.9

Reference 185,000 170,000–201,000 - - -

AUC0-inf, ng.hour/mL Test 244,000 219,000–272,000 106.12 102.62–109.75 8.4

Reference 230,000 206,000–257,000 - - -

Cmax, ng/mL Test 5,830 5,450–6,230 116.89 113.66–120.22 7.0

Reference 4,990 4,680–5,320 - - -

AUC0-inf area under the curve from time zero to infinity, AUC0-t area under the curve from time zero to the time of the last measurable analyte concentration, Cmax

maximum plasma analyte concentration, CI confidence interval, CV coefficient of variation, GM geometric mean, GMR geometric mean ratio
aA nonzero predose concentration level was obtained at the beginning of period 2 in one participant. However, the measured predose level was < 1% of the
participant’s corresponding Cmax value. In compliance with the protocol, the predose level was maintained in the pharmacokinetic analysis without
baseline correction
bEstimated based on the elements of the variance-covariance matrix as: CV(%) = 100*sqrt[(σA2 + σB2 − 2*σAB)/2], where A and B are the two treatments
Test, PROGLICEM® 100 mg hard capsules, Batch No.: 3107A (Merck Sharp & Dohme Corp, USA); reference, PROGLYCEM® 100 mg capsules, Lot No.: 120118 (Merck
Canada Inc., Canada)
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were adaptive sequential methods (Potvin et al. 2008).
These methods are based on a combination of group
sequential and re-estimation approaches for bioequiva-
lence trials. The simulation study recommended method
C based on a small advantage in power and the fact that,
if the study was found to have adequate power at stage
1, the type I error rate for that study would be controlled
around 5% and similar to that for a single-stage study
Table 3 Frequency of adverse events and nontreatment-emergent
adverse events by preferred term

AEs, n

Preferred Term Test Treatment Reference Treatment

Bacterial test positive 1 1

Dry throat 1

Hyperglycemia 1

Hypoglycemia 1

Somnolencea 1

Urine leukocyte esterase positive 1

Vomiting 1

White blood cells urine positive 1

Dizziness 1

Headache 3

Influenza-like illness 1

Nausea 1

Nitrite urine present 1

Oropharyngeal pain 1

Sinus congestion 1

Urine leukocyte esterase positive 1

White blood cells urine positive 1

Total 8 12
aNTEAE
AEs adverse events, NTEAE nontreatment emergent adverse event
Test, PROGLICEM® 100 mg hard capsules, Batch No.: 3107A (Merck Sharp &
Dohme Corp, USA); reference, PROGLYCEM® 100 mg capsules, Lot No.: 120118
(Merck Canada Inc., Canada)
design (Potvin et al. 2008). This method is also recom-
mended by Health Canada when CV is unknown.
Given the lack of evidence suggesting high within-

participant variation or GMR being different from 100%,
we concluded that Potvin’s method C was a reasonable
approach in the present scenario. The two-stage sequen-
tial design has the advantage of generating not more
than minimal inflation of type I error rate (Potvin et al.
2008). In contrast to the single-stage design which needs
recruitment of all participants at the same time, the
smaller sample size recruited at stage 1 is a major advan-
tage of this method. The bioequivalence criterion with α
= 0.05 corresponds to the conventional bioequivalence
criteria of the 90% two-sided CI for the ratio of GMs
falling within the 0.80 to 1.25 range. Results showed that
the present study had adequate power ( > 90%) at stage
1, and the specified α = 0.05 for this study was similar to
a single-stage study design. In the current study, the test
product was found to be bioequivalent to the reference
product at stage 1 with a sample of 36 participants.
In the present study, the significant sequence effect in

the analysis of Cmax was considered a random event,
given the single-dose design, involvement of healthy
volunteers, sufficiently long washout period, predose
levels from the second period being < 1% of the corre-
sponding Cmax, validated assay procedure, and diazoxide
being an exogenous entity. The significant differences in
treatment effects for AUC0-t (8%), AUC0-inf (6%), and
Cmax (17%) were believed to have no clinical importance
since the 90% CIs of the test to reference ratios were en-
tirely within the 0.80 to 1.25 bioequivalence range for all
three parameters.
There are two modifications in the present study from

Potvin’s method C to ensure the success of the present
study. First, 90% power was chosen to ensure adequate
power when evaluating bioequivalence at the interim
and final analysis. Second, the choice of sample size
made in the first stage (n1=36) is also critical to the
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success of study, and was not clearly recommended in
Potvin’s method C. Given no prior information on AUC
or Cmax for diazoxide, the sample size at stage 1 was
chosen to ensure adequate power (~90%) for intra-
participant CV ≤ 25%, a typical variability range ob-
served for clinical pharmacokinetic parameters of most
drug products.
Both study products were generally well tolerated. No

serious AEs were reported, and all AEs, including
TEAEs, were mild in severity. Safety and tolerability of
the study products were in line with known side effects
of diazoxide.

Conclusion
In an adaptive, two-stage, sequential design clinical bio-
equivalence study, a single dose of diazoxide (100 mg
capsule) manufactured in Patheon, France (test product)
was bioequivalent to a single dose of diazoxide (100 mg
capsule) manufactured in Comazzo, Italy (reference prod-
uct) in healthy normal subjects. An N of 36 participants
resulted in a power of > 90% for AUC0-inf with α = 0.05,
resembling a conventional, single-stage study design.

Abbreviations
AEs: adverse events; ANOVA: analysis of variance; AUC: area under the
plasma concentration time curve; AUC0-inf: AUC from time zero to infinity;
AUC0-t: AUC from time zero to time of the last measurable analyte
concentration; BLQ: below the limit of quantitation; CI: confidence interval;
Cmax: peak plasma concentration; CV: coefficient of variation; FDA: Food and
Drug Administration; GLP: good laboratory practice; GMR: geometric mean
ratio; Kel: apparent first-order elimination rate constant; LLOQ: lower limit of
quantitation; NTEAEs: non-treatment-emergent adverse events;
OECD: Organisation for Economic Co-operation and Development;
SD: standard deviation; t½: apparent elimination half-life; TEAEs: treatment-
emergent adverse events; Tmax: time to Cmax
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