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Within-subject pharmacokinetic variability has a strong influence
on individual exposure ratios in bioequivalence studies, hence on drug
formulation interchangeability
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Summary

Introduction Bioequivalence between a reference and a generic drug is based on the hypothesis that a+20% change in blood
exposure (or + 10% for drugs with narrow therapeutic index, NTI) following the generic/reference switch will not have any
therapeutic consequences. However, the individual exposure ratio between generic and reference can be higher than 1.20 (or
1.10). This study aims to analyse the different parameters influencing the individual exposure ratio, hence the conditions for
reference/generic interchangeability.

Methods Bioequivalence studies with a double cross-over design for a virtual drug were simulated using 100 random sets of
12, 24, 48 or 100 pairs of areas under the curve (AUC), varying the generic/reference AUC geometric mean ratios between
0.80 and 1.25 and the within-subject exposure variance of the reference and the generic formulations.

Results The proportion of subjects with an exposure generic/reference ratio outside the + 10% or +20% acceptance intervals
increases when (1) the reference within-subject variance increases; (2) the ratio of the generic within-subject variance on
the reference within-subject variance increases; and (3) the generic/reference mean AUC ratio diverges from 1.0. When
only considering replicated administrations of the reference, the individual exposure ratio increases with the within-subject
variance, yielding values outside the usually accepted individual exposure ratio range of 0.5 to 2 for drugs with narrow thera-
peutic index as soon as the within-subject variance standard deviation is > 0.25 (equivalent to within-patient CV% > 25%).
Conclusions Interchangeability between reference and generic formulations, especially for drugs with narrow therapeutic
index can only be assumed if, the within-subject variance of generic is less or equal to the within-subject variance of refer-
ence or, if this is not the case, if the distribution of the generic/generic individual exposure ratios is included within the
therapeutic margins of the reference drug.
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patients from generic (G) to reference (R) drugs, especially
for those with a narrow therapeutic index such as some anti-
epileptics [1] and L-thyroxin [2]. However, the mechanism
of therapeutic imbalance remains unclear and very likely
multifactorial. Therefore, certain regulatory authorities do
not recommend any replacement during treatment for a list
of medicines (no-switch list), especially those with narrow
therapeutic index. It means that the criteria of Average Bio-
equivalence required for marketing authorisation of generic
drugs are insufficient to guarantee clinical interchangeabil-
ity at the individual level i.e. the absence of a therapeutic
impact of switching between bioequivalent formulations in
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all patients. Regulatory agencies have proposed adaptating
the Average Bioequivalence methodology by expanding
the acceptation limits for drugs with large within-subject
variance (CV >30%) and narrowing them for drugs with
narrow therapeutic index [3—5]. The acceptance limits of
the European Medicine Agency (EMA) for drugs with nar-
row therapeutic index were narrowed to 0.9-1.11 for the
geometric mean ratio of generic/reference while the Food
and Drug Administration (FDA) has proposed adaptative
acceptance limits according to the reference-scaled average
bioequivalence methodology (RSABE) [5-8].

The Average Bioequivalence methodology
and reference-scaled average
bioequivalence criteria

In the usual Average Bioequivalence approach, bioequiva-
lence is accepted if the difference between the logarithmic
means of exposure (generic-reference) falls between preset
regulatory limits: In (0.8) <pp - ug <1n (1.25) where pr and
U are the population average exposure of the log trans-
formed measure for the generic and reference formulations
(In (0.8)=-0.224 and In (1.25)=0.224), corresponding to
the limits of the geometric mean ratio between 0.8 and 1.25.

With the reference-scaled average bioequivalence meth-
odology adopted by the FDA, the acceptable limits of py - g
are calculated as follows:

Sur—pg <In (125)%
owo

- [In (1.25) VR

Owo

where oy is a predetermined constant set by the regulatory
agency and oy the standard deviation (SD) of the WS vari-
ance of reference.

According to the equation:

(1) owr = owy indicates the implied limits are equal to the
standard Average Bioequivalence,

(2) owgr > oy indicates the implied limits of bioequiva-
lence acceptance are wider than the standard limits
(0.8-1.25 for geometric mean ratio),

(3) owgr < oy indicates the implied limits are narrower
than the standard limits.

The FDA has set oy, at 0.25 [5, 7] and this approach
is applied for drugs with high within-subject variance
(CV >30%), which allows enlargement of bioequivalence
acceptance limits for such drugs. For drugs with narrow
therapeutic index, oy, is set at 0.10, corresponding to bio-
equivalence limits of 0.9-1.11 for geometric mean ratio of
generic/reference exposure. If oy is <0.10, the bioequiva-
lence acceptance limits will then be narrower.
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The alternative EMA strategy has been to consider a
maximal reduction of Average Bioequivalence limits to
0.9-1.11 for the geometric mean ratio for drugs with nar-
row therapeutic index.

In addition, for drugs with narrow therapeutic index,
the FDA (and not the EMA) has proposed that the within-
subject variance of generic should not be higher than that
of reference to ensure switchability [6]. However, such
calculations require the full replication of the cross-over
design of bioequivalence studies, with two periods of
exposure for reference and two also for generic.

In order to determine if the the standard deviation (o)
values of the within-subject variance of generic (test)
and reference are comparable, the upper limit of the
ocWT/ocWR ratio has to be evaluated. The FDA requires
that the upper limit of the 90% equal-tails confidence
interval for sWT/6WR is <2.5 [6].

The (1 —®)100% CI for 2L is given by

Owr

SWT/SWR SWT/SWR

\/F“/z("l"’z) \/F‘—a/z(vl’vz)

According to the equation:

Swr 1s the estimate of oy with v, as the degree of
freedom

Swr 1s the estimate of oy with v, as the degree of
freedom

Fy.y1.v0 18 the value of the F-distribution with v,
(numerator) and v, (denominator) degrees of freedom
that has probablity of a/2 to its right.

F|_an.viy2 18 the value of the F-distribution with v,
(numerator) and v, (denominator) degrees of freedom
that has probablity of 1 — /2 to its right.

Here, a=0.1.

For the EMA, the reference-scaled average bioequiv-
alence criterion applies only to Cmax, not to the AUC
[3]: if the replicated-reference within-subject CV of
InCmax >30% (highly variable drugs) then bioequiva-
lence limits are widened using scaled-average bioequiva-
lence. Under scaled-average-bioequivalence, [U, L] =exp
[+ k- SWR], where U and L are the upper and lower limits
of the acceptance range, k the regulatory constant set to
0.760 and SWR the within-subject standard deviation of
the reference InCmax.

If replicated-reference within-subject CV of InC-
max. > 50%, then Cmax. acceptance limits are widened to a
maximum of [69.84-143.19%].

For drugs with narrow therapeutic index, EMA has
reduced the Average Bioequivalence limits, etc.
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acceptance limits for 90% CI of geometric mean ratio of
both AUC and Cmax. to [90-111%] but does not require
any within-subject variance comparison between reference
and generic.

Study rationale

The accepted bioequivalence methodology for market-
ing authorisation of generic drugs is based on the princi-
ple that differences in exposure within +20% (or 10% for
drugs with narrow therapeutic index) between generic and
reference should have no therapeutic impact. This is a gen-
erally accepted clinical pharmacological principle at the
individual level. However, it has been used for comparison
of exposure means between generics and reference drugs,
which cannot guarantee the absence of therapeutic conse-
quence in all, or most, individuals after a switch between
formulations. Indeed, the individual exposure ratio can be
outside the interval (80-120%) (or [90-110%] for drugs
with narrow therapeutic index) in a rather “significant”
proportion of subjects even if the Average Bioequivalence
criteria are met [9].

We investigated the determinants of the generic/reference
individual exposure ratio to propose additional criteria that
could guarantee the absence of therapeutic impact of the
switch of one reference to one generic during chronic treat-
ment in individuals.

Methods

We successively calculated the individual exposure ratios
derived from two available EMA data sets and simulated in
silico bioequivalence studies following different scenarios
by varying the parameters affecting bioequivalence.

Distribution of individual exposure ratios in two
EMA datasets of bioequivalence studies

We studied the two EMA individual datasets of bioequiva-
lence studies provided through the EMA Q&A document on
bioequivalence [4]. The first (EMA dataset 2) corresponds to
a three-period bioequivalence study with replicated admin-
istration of the reference drug to 24 healthy subjects. The
second (EMA dataset 1) corresponds to a replicated cross-
over design with 4 exposure periods in 78 subjects (69 sub-
jects with complete data), two periods with the reference
and two with the generic formulation. For each subject, we
calculated and plotted the individual exposure ratios (IER)
of the reference versus itself and of the generic versus the
reference. In both bioequivalence studies, the usual criteria

of bioequivalence acceptance for the generic compared to
the reference were met with the 90% CI of the geometric
mean ratio totally included within the standard interval of
80 to 125%.

In silico studies

We performed 100 sets of random lognormal simulations (u
and SD values) to mimic a 2 X 4 cross-over design (reference
1, reference 2, generic 1 and generic 2) for a virtual drug
and an increasing number of subjects of 12, 24, 48 and 100
(script of simulation provided as supplemental data).

For comparison of reference 1 to reference 2: the simula-
tion consisted in log normal simulation for reference 1 with
a mean AUC fixed to 100 pg X h/L and simulation of the
IER R1/R2 with a mean ratio=1. For R1 and R2, different
levels of WSv were investigated using SD values from 0.05
to 0.40 (same for references 1 and 2 but with different seed
for simulations). Finally, the proportion of patients with ref-
erence 1/reference 2 IER outside the 10% or 20% acceptance
limits was calculated.

Similar calculations were made to compare reference
and generic: (i) in log normal simulation for reference 1
with a mean AUC fixed to 100 pg x h/L and simulation
of the individual exposure ratio R1/G1 with variation of
the ratio between 80 and 125%; (ii) values of the standard
deviation SD of the within-subject variance were varied
from 0.05 to 0.80 for the generic and from 0.1 to 0.3 for
the reference; (iii) the proportions of patients with generic/
reference IER outside the 10% or 20% ABE acceptance
limits were calculated.

The mean and SD of the proportions of individuals out-
side the 10% and 20% acceptance ranges, the geometric
mean ratios and their corresponding 90% CI limits across
the 100 sets of simulations were calculated.

All calculations were performed using log-transformed
simulated data. We assumed subject-by-formulation interac-
tion to be negligible. All the analyses were performed in R
version 4.2.1 using the Tidyverse [10] frameworks.

Results

Description of the individual exposure ratios (IERs)
in the EMA datasets

Individual exposure ratios were explored in two steps: The
first one corresponds to the classical bioequivalence study
comparing exposure of a generic to a reference with a two-
period cross-over design. This situation is meant to ensure
interchangeability between a reference formulation and a
generic in patients during chronic treatment, with the limita-
tion that only single doses are administered.
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The second step investigates individual exposure ratios
after replicated single-dose administration of the reference,
which may be seen as more representative of a chronic treat-
ment. However, here again, only two periods of exposure are
compared, with a wash-out period between them.

Individual exposure ratios between the reference
and generic drugs

The objective was to evaluate the dispersion of individual
values of generic/reference individual exposure ratio when
the Average Bioequivalence criteria are met. Since Average
Bioequivalence acceptance is based on a variation of +20%
of the mean exposure ratio (or + 10% for drugs with narrow
therapeutic index), we calculated (from raw exposure data)
the percentage of patients with individual exposure ratio
outside the ranges of +20 and + 10%.

Figure 1 shows the generic/reference individual expo-
sure ratios in the EMA dataset bioequivalence Q&A
document [4], corresponding to a bioequivalence study
performed in 24 subjects. The generic/reference geo-

CI=97.32%-107.46%. Then the Average Bioequivalence
criterion was met, even with respect to the more drastic
acceptance range for a medicine with narrow therapeutic
index (90-111.11% for GMR following the EMA, 90-112%
following the Canadian Agency). However, as shown in
Fig. 1, six subjects (25%) were out of the 20% acceptance
range and 14 subjects (58%) out of the 10% acceptance
range. Figure 2 depicts the same individual exposure data
corresponding to the EMA dataset from a fully replicated
cross-over bioequivalence study in 69 subjects. The Aver-
age Bioequivalence criteria are borderline but met, with
a geometric mean AUC ratio (X 100)=115.66% and 90%
CI=107.11%-124.89%. When only considering data from
the first dosing periods of the reference and generic, 48 out
of the 69 subjects with complete data (69%) are outside
the +20% acceptance range.

Individual exposure ratios after repeated administration
of the reference drug

Further examination of the EMA datasets [4] shows that

metric mean AUC ratio (X 100) was 102.26% with 90% AUC (and C,,,,) values of the active substance vary with
Fig. 1 Individual generic/
reference exposure ratio in 2 O_
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Fig. 2 Individual generic/reference exposure ratio in 69 subjects (EMA dataset 1). Geometric mean ratio=115%, IC 90% = (107%-124%); 48/69

subjects (69%) are outside the +20% acceptance interval

time according to the within-subject variance of exposure
to the reference drug (Figs. 3 and 4).

In 24 subjects with two periods of administration of the
reference and one of the generic, the individual AUC ratio
between the two administrations of the reference is outside
the +20% range for 4 of them (16.6%) and outside the + 10%
range for 9 (37%) (Fig. 3). As expected, the average bio-
equivalence criterion is met, with (reference 1/reference 2)
mean AUC ratio=102.20% and 90% C1=96.72%-107.10%.
The corresponding within-subject geometric coefficient of
variation (derived from the SD of the ANOVA residual
variance) provided in the EMA document is 11.14%, which
can be regarded as rather low variability, compatible with a
drug with narrow therapeutic index. For coefficient of vari-
ation (CV) values <40%, the SD of within-subject variance
(SDys,) is very close to the CV value (x 100). For higher
CV values, SDy, is slighltly lower than the CV. Indeed CV
and SDyyq, are related by the formula:

CV(%) = 100V eSw — 1

In the BE study performed on 69 subjects (Fig. 4), the same
comparison provides a similar result: 41/69 subjects (59%)

were outside the +20% range and 50/69 (72%) outside
the + 10% range. Actually, the Average Bioequivalence crite-
ria of reference versus itself are hardly met: GMR =110.64%
90% CI=97.74%—-125.24%. Consistently, the within-subject
CV%=44.64% (also issued from the ANOVA residual vari-
ance) can be regarded as high.

Simulation of different scenarios

The determinants of individual exposure ratios are further
studied using simulations, following the same two scenar-
ios: the first of a reference formulation versus itself (repli-
cated single dose, as a proxy of a chronic treatment); and
the second of a reference versus a generic, as a proxy of
switching formulations during a chronic treatment, to assess
interchangeability.

Influence of within-subject variance of the reference
By simulating replicate single-dose administrations of a

given (reference) formulation, we studied the influence
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Fig.3 Reference/reference
individual exposure ratios in
24 subjects (EMA dataset 2).
Geometric mean ratio=100%,
90% Cl=(96%-107%). CV
(%) of within-subject variabil-
ity derived from the ANOVA
residual variance=11.5%; 4/24
subjects (16.6%) are outside
the +20% interval (dashed red
lines) and 11/24 (45%) outside
the + 10% acceptance interval
(blue lines)

2.0;

1.51

10—

0.5

Individual Exposure Ratio of Reference

0.0;

of within-subject variance of exposure on the distribution
of individual exposure ratios, on geometric mean ratios
and on bioequivalence acceptance criteria. Indeed, in this
situation, the geometric mean ratio (GMR) of exposure
tends to 1 by definition and the distribution of individual
exposure ratios is intrinsically linked to the within-subject
variance of the active substance.

Distribution of individual exposure ratios As shown on
Fig. 5, the distribution of (reference/reference) individual
exposure ratios enlarges when SDyg, increases. Up to 95%
of individual exposure ratios are strictly between 0.5 and
2 when SDyg, <0.25 (CV <25%), but with higher values
of SDy,, individual exposure ratios may be < 0.5 in some
individuals and loss of efficacy is possible, while in others
individual exposure ratio may be > 2 with an incidence of
adverse effects that may increase. The higher the SDy, of
the reference formulation, the higher are the risks. Clinical
outcome will depend on the therapeutic margin of the active
substance in terms of individual exposure fluctuations.
The limits of the boxes indicate the 25 and 75% per-
centiles, the limits of the vertical lines indicate the 2.5 and

@ Springer

Subjects

97.5% values. Points indicate the “outliers” and correspond
to 2.5% of the individual exposure ratio values.

The horizontal red lines at 0.5 and 2 IER materialize the
limits for efficacy and toxicity generally condidered for
drugs with narrow therapeutic index, respectively.

Percentage of subjects with reference/reference IER out-
side the +20% or + 10% acceptance ranges The percent-
age of subjects outside the +20% range increases when
SDys, of the reference formulation increases, following a
sigmoid relationship (Fig. 6). Almost no subjects present
with individual exposure ratio outside the +20% range
when SDyyg, <0.10 (CV < 10%). With high values of SDyg,
(>0.40), up to 75% of IERs are outside +20%. This rela-
tionship is not significantly modified when the number of
subjects is increased, which is not surprising since the true
value of WSy is independent from the number of subjects.

As expected, for a same value of SDy,, the % IERs out-
side the + 10% range is higher than that for the + 20% range
(Fig. 6).

SD value for reference on X axis =100 X standard devia-
tion of within-subject variance of the reference formulation.
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Fig.4 Reference/reference individual exposure ratios in 69 subjects (EMA dataset 1); geometric mean ratio=110%, 90% CI=(97%-125%),

WSv CV (%) =47%; 41/69 subjets (59%) are outside the 20% interval

Average Bioequivalence acceptance following replicate
administration of the reference formulation Figure 7 and
Table 1 illustrate the relationship between the number of
subjects to be included in the bioequivalence study of the
reference versus itself to remain within the acceptance limits
of Average Bioequivalence when SDyq, of the reference
formulation increases. In this situation, the geometric mean
ratio is close to 1 by definition. Without surprise, when
SDy, increases, more subjects have to be enrolled in order
to remain within the acceptance limits of Average Bioequiv-
alence, especially for drugs with narrow therapeutic index.
For SDy, > 0.50, demonstrating Average Bioequivalence
for a drug with narrow therapeutic index requires more than
48 subjects. With 100 subjects, the Average Bioequivalence
acceptance limits are met even with SDyg, values up to 0.70.
In Table 1, the results of ABE of reference vs reference
when SDy, increases are provided for the +20% and +10%
acceptance ranges. With the latter, it is even more obvi-
ous that reaching ABE requires to increase the number of
subjects: when SDyg, =35 and n=12 subjects, this+ 10%
acceptance range is not reached (90% CI limits outside the
90.0-111.11% range), whereas it is with 100 subjects.

When SDyg, =35 and n=12 subjects, the + 10% accept-
ance range is not reached (90% CI not totally included in
[90.0-111.11%]), whereas it is with 100 subjects.

Simulation of different generic-versus-reference scenarios

In this situation there are two exposure within-subject
variance (WSv) values, one for the reference and one for
the generic. We investigated the impact of the difference
between the two within-subject variances on the distribution
of generic/reference individual exposure ratios and on bio-
equivalence acceptance according to geometric mean ratios
values and to the number of enrolled subjects.

Influence on the generic/reference individual exposure ratios
for a Geometric Mean Ratio GMR close to 1 For a value of
GMR close to 1 and a given within-subject variance of the ref-
erence, the % of generic/reference individual exposure ratios
outside the +20% range increases when the generic within-
subject variance increases (Fig. 8). Symmetrically, for a given
generic within-subject variance, the distribution of generic/
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Fig.5 Distribution of individual
exposure ratios (reference
versus reference) (Y axis) across
24 simulated subjects according 41
to different values of SDy,qy

of the reference (X axis). The
reference SD value on the X
axis is 100 x standard deviation
of within-subject variance of the
reference formulation

1.00

o
~
()]

A Proportion out of

+ 10
+ 20

o
)
o

Proportion out of 10 or 20%
o
(9] ]
o

0.00 E +

20 40 60 80
Reference SD value
Fig.6 Proportion of patients (and its standard deviation) with a ref-

erence/reference individual exposure ratio out of the +20% or+10%
acceptance range, according to the reference SDy,
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reference individual exposure ratios also widens when the ref-
erence within-subject variance increases. Similar results were
obtained for the + 10% range. It is worth noting that when the
generic SDyg, <reference SDyy,, the % of individual expo-
sure ratios IERs outside the 20% range is less than that of the
reference versus itself (comparison of Figs. 6 and 8).

Generic SD value on the X axis =100 X standard deviation
of within-subject variance of the generic.

Combined influence on the generic/reference individual
exposure ratios of the generic/reference ratio of SDyg,, SDyys,
of the reference, number of subjects and GMR values Fig-
ure 9 shows that the proportion of generic/reference indi-
vidual exposure ratios outside the +20% acceptance inter-
val increases when (1) the generic/reference SDyyq, ratio
increases, (2) SDysg, of the reference increases and (3) geo-
metric mean ratio greatly diverges from 100% (GMR values
within [90-110%] had very little influence).

For a fixed value of generic/reference SDy, ratio=2.5
as proposed by the FDA (6) (materialized by red lines on
Fig. 9), the proportions of generic/reference individual
exposure ratios outside the +20% range are 45%, 70% and
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Fig.7 Number of subjects and acceptance reference/reference bio-
equivalence limits according to the within-subject variance of the
reference formulation. In this case, geometric mean ratio is close to
100% by definition. The total width (x 100) of 90% CI of the geomet-
ric mean ratio of exposure (and its standard deviation) according to
the reference SDyyg, (X axis) and to the number of subjects enrolled
(n=12 to 100). Since the whole 90%CI of the GMR should be
included within (80-125%) for bioequivalence acceptance, the total
width of this interval has to be less than 45% (dashed red line). For
drugs with narrow therapeutic index, the width of the 90% CI accept-
ance interval (90-111%) is 21% (dashed blue line). See also Table 1

80% for respective 100 X SDyg, values of 10, 20 and 30 and
geometric mean ratio between 90 and 110%. In addition,
the number of subjects does not influence this relationship.

Similar results are obtained with the + 10% acceptance
range, however with higher numbers of individuals outside
the range (Supplemental Fig. 1s).

Columns represent reference SDyyg, X 100=10, 20 and 30.

Lines represent different numbers of subjects evaluated:
12, 24, 48, 100.

X axis =ratio between the generic and reference SDy,
values.

Y axis = proportion of patients with generic/reference
individual exposure ratio outside the +20% acceptance
range.

Colored curves according to GMR values: results are very
similar with GMR values of 1, 0.9 and 1.1.

For a given generic/reference SDyg, ratio (X axis),
the proportion of subjects with a generic/reference indi-
vidual exposure ratio outside the +20% acceptance range
increases when reference SDyyg, increases (columns
from left to right) and when geometric mean ratio values
are <90% or> 110%, but are independent from the number
of subjects evaluated.

Table 1 Results of simulation studies with varying reference SDyy,
and number of subjects showing their influence on Average Bioequiv-
alence acceptance of reference/reference geometric mean ratio close
to 100%

SD of 90% inf limit GMR  90%suplim  Number

WSvx 100 of
subjects

5 98.44 0.99 101.13 24

10 96.91 0.99 102.29

15 95.42 0.99 103.47

20 93.96 0.99 104.67

25 92.57 0.99 105.90

30 91.13 0.99 107.15

35 89.76 0.99 108.43

40 88.41 0.98 109.73

45 87.10 0.98 111.06

50 85.81 0.98 112.41

55 84.54 0.98 113.79

60 83.31 0.98 115.20

65 82.10 0.98 116.64

70 80.91 0.98 118.10

75 79.75 0.98 119.60

80 78.61 0.97 121.14

5 99.29 0.99 100.63 100

10 98.60 0.99 101.26

15 97.90 0.99 101.91

20 97.22 0.99 102.56

25 96.54 0.99 103.21

30 95.87 0.99 103.87

35 95.29 0.99 104.54

40 94.55 0.99 105.22

45 93.90 0.99 105.90

50 93.26 0.99 106.59

55 92.62 0.99 107.28

60 91.99 0.99 107.99

65 91.36 0.99 108.70

70 90.74 0.99 109.42

75 90.13 0.99 110.14

80 89.53 0.99 110.87

Data are indicated in italic when BE criteria are not met for 90% CI
GMR limits outside 0.80 — 1.25 and are indicated in bold for 90% CI
limits outside 0.90-1.11 for drugs with a narrow therapeutic index

SD standard deviation, WSv within-subject variance, ABE average
bioequivalence, GMR geometric mean ratio

Average bioequivalence acceptance We studied the com-
bined influence on average bioequivalence acceptance
(90% CI limits of geometric mean ratio within [80-125%],
or [90-111%] for drugs with narrow therapeutic index) of
the generic/reference ratio of SDyg,, SDy, of the refer-
ence, number of subjects and percentage of patients with
IER outside +20%.
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Fig.8 Proportion of patients (with its SD values) with generic/refer-
ence individual exposure ratio out of the +20% acceptance range (Y
axis) depending on the generic SDy, (X axis) and on the reference
SDys, (10, 20 or 30: colored curves)

For a fixed value of generic/reference SDysg, ratio (e.g.
2.5): (i) the proportion of generic/reference individual expo-
sure ratios outside +20% increases when within-subject var-
iance of the reference increases, regardless of the number of
subjects (Fig. 10); (ii) in contrast, BE acceptance depends on
both the reference within-subject variance and the number
of subjects. Bioequivalence may not be reached if within-
subject variance is high and the number of subjects is not

sufficient (Fig. 10). But, when the generic/reference SDyq,
ratio=2.5 and reference SDyg, is <0.20, bioequivalence is
obtained whatever the number of patients.

Similar results are obtained for bioequivalence accept-
ance of generics of drugs with narrow therapeutic index
when reference within-subject variance increases or when
the number of subjects decreases (Supplemental Fig. 2),
however with a lower probability of bioequivalence accept-
ance for a given generic/reference SDy, ratio.

Whatever the situations, the proportion of generic/refer-
ence individual exposure ratios outside the +20% accept-
ance range increases when the generic/reference SDyyq,
ratio increases. Consequences on bioequivalence acceptance
(standard 90% CI limits of GMR included within the 80
to 125% interval): blue curves represent situations where
bioequivalence is accepted (1), and red curves where it is
not (0). For an upper limit of 2.5 for the generic/reference
SDyg, ratio, bioequivalence is accepted when the num-
ber of patients increases and/or when the reference SDyg,
decreases.

Discussion

In this study based on actual data and simulations, we
observed that even when the Average Bioequivalence criteria
are met between a generic and its corresponding reference
formulation, a significant proportion of individuals exhibit a
generic/reference exposure ratio outside the assumed accept-
ance limits. This observation is in apparent contradiction
with the basic principles of Average bioequivalence that any

Fig.9 Proportion of patients
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vidual exposure ratio outside 0.8-
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Fig. 10 Influence on bioequivalence acceptance of the proportion of
generic/reference individual exposure ratios outside the +20% accept-
ance range (Y axis), according to the generic/reference SDyg, ratio

difference of exposure <20% (or 10% for NTI drugs) should
not have any therapeutic impact, assuming the therapeutic
effects of the active substance are linked to its blood/plasma
concentrations. However, it simply illustrates the basic math-
ematical principle that the individual fluctuations of expo-
sure between generic and reference may be higher than the
geometric mean ratio estimated in simple cross-over bio-
equivalence studies.

Actually, for any active substance and formulation, indi-
viduals exhibit a wide range of within-subject variability
of exposure. The +20% bioequivalence acceptance range
proposed for the IC90% uncertainty interval of the mean of
the individual geometric mean exposure ratios might better
be applied to the individual reference-to-generic exposure
ratios themselves (90% of the sample distribution).

The mean within-subject exposure variability (within-
subject variance) is derived from the bioequivalence study
ANOVA. Our calculations show that the individual exposure
ratio of a reference drug versus itself (regarded as a proxy of
repeated administration of the same drug dose to patients)
increases when the standard deviation of within-subject vari-
ance (SDyg,) increases (Fig. 5). The relationship between
SDyy, and the proportion of reference/reference individual
exposure ratios outside +20% or+ 10% is almost linear, up

60 2 4 60 2 4 6

(X axis), for reference SDyyg, =10, 20, 30 (columns) and number of
subjects =12, 24, 48 and 100 (lines)

to SDyyg, values of 0.30 and reaches for higher values a pla-
teau of approx. 75% and 85%, respectively (Fig. 6), inde-
pendent of the number of subjects.

Our simulation study demonstrates that when the refer-
ence drug SDy, increases, the number of subjects has to
be increased so that the reference drug versus itself remains
within the acceptance range limits of Average Bioequiva-
lence (Fig. 7). It is for this reason that for highly variable
drugs (CV >30%), the acceptance limits of ABE for generic
formulations compared to their reference have been enlarged
by the EMA and FDA, using the Reference Scaled Average
Bioequivalence (RSABE) principles [3, 5, 9]. This is accept-
able since their therapeutic margin is generally large enough
to allow such enlargement of bioequivalence limits [9].

Indeed, for any drug (active substance) with a marketing
authorisation, whatever its level, the actual within-subject
variance of individual exposure at steady-state is associ-
ated with a favourable benefit/risk balance i.e. the within-
subject variance is included within the therapeutic margin
defined by a minimal and a maximal value of exposure. It
is interesting to note however that within-subject variance
of replicated single doses may be higher than that measured
at steady-state of a chronic treatment, due to the dampening
effect of drug accumulation on AUC and Cmax variability.
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However, for a similar mean exposure, one can anticipate
that no change in the individual benefit-risk ratio will be
observed when a generic replaces a reference drug if (i) the
generic exposure within-subject variance is less than that of
the reference; or (ii) the range of individual exposure ratios
with the generic is narrower than the therapeutic range of
the active substance. This fact is illustrated in Supplemental
Figs. 3s and 4s adapted from a previous paper by Lechat
[9]. However, the acceptable distance between the minimal
and maximal blood exposures of the active substance and
fluctuations around the mean for a given subject are gener-
ally not known. It is generally accepted that for drugs with
narrow therapeutic index the ratio between the minimal toxic
and minimal therapeutic plasma (or blood) concentrations is
small, in the order of 2 to 3.

Given such a potential impact for drugs with narrow
therapeutic index of the difference in within-subject vari-
ance between the reference and generic formulations, the
FDA has proposed to include an upper limit of 2.5 for the
90% CI of the SDyq, ratio between generic and reference
[6], in order to ensure interchangeability [6, 8]. This comes
in addition to the reference-scaled average bioequivalence
(RSABE) (cf “The Average Bioequivalence methodology
and reference-scaled average bioequivalence criteria” sec-
tion) in the Average Bioequivalence acceptance criteria. It
is worth nothing that the reported range of SDyg, for drugs
with narrow therapeutic index is 0.05-0.22 [8]. This value
of 2.5 might be too high to guarantee in all cases the absence
of therapeutic impact of switching between a generic and
its reference i.e. interchangeability. It depends on the “dis-
tance” between this upper limit and the therapeutic margin
of the reference. Our calculations show that the proportion
of subjects with individual exposure ratio outside the + 10%
acceptance range for drugs with narrow therapeutic index is
quite high when this SD ratio reaches a value of 2.5 (Fig. 8
and Supplemental Fig. 1s). For example, with SDy,g, =0.25
for the generic and 0.10 for the reference (with a generic/
reference ratio of 2.5), 45% of patients have a generic/refer-
ence exposure ratio out of the +20% range (Fig. 8), and 75%
out of the + 10% range (Supplemental Fig. 1s). This situation
may result in increased incidence of inefficacy or adverse
reactions following conversion across formulations.

We propose to use the diagram of Fig. 5 applicable to all
active substances to help solve this issue. It displays the 95%
Cl interval of individual exposure ratios after replicate admin-
istration of a same formulation, for each level of SDy, of this
formulation. It helps to estimate the maximal SDyg, value of
let us say a generic formulation (X axis) corresponding to the
maximal or minimal acceptable generic/generic individual
exposure ratio (Y axis) according to the therapeutic margin
of the reference formulation. For SDyg, <0.25, all individual
exposure ratio values are between 0.5 and 2.5 (including outli-
ers), suggesting that no therapeutic impact of the conversion

@ Springer

from reference to generic (or vice versa) is expected if their
mean bioequivalence is close to 100%.

Generics with higher SDy, than the reference may not be
clinically equivalent i.e. interchangeable. The clinical effects
of the switch will depend on the therapeutic margin of the
active substance. For reference SDyg, > 0.25, the acceptable
values of within-subject variance of the generic will depend
on the acceptable individual exposure ratio values for the
reference. In all cases however, when the generic SDyy, is
equal to or less than that of reference, no therapeutic impact
of switching between formulations is to be expected.

The multitude of adverse reactions reported following
substitution of the old reference by a new reference formu-
lation of levothyrox [11, 12] in France, despite bioequiva-
lence had been demonstrated using the usual methodology,
could be partly explained by the (unexplored) difference
of within-subject variance between the two formulations.
Indeed, within-subject variance cannot be calculated for
the two formulations separately, because of the two-period
cross-over design of the bioequivalence trial. Only a fully
replicated cross-over design with two periods of exposure
for each formulation would have allowed calculing and com-
paring formulation-specific within-subject variances [11].

Another hypothesis proposed by Concordet et al. [12]
to explain this dramatically increased incidence of adverse
reactions following the switch from the old to the new
formulation of levothyrox was a possible subject-by-
formulation interaction, which has to be differentiated from
the fluctuations of individual exposure ratioconsidered in the
present study. Such a statistical interaction has been discussed
in different articles on individual bioequivalence [7, 13, 14].
It refers to the difference between subjects of the generic/
reference exposure ratio during a bioequivalence study. Our
simulation study clearly demonstrated that individual exposure
ratio varies across subjects according to the usual fluctuations
of any biological process, including oral bioavailability of a
formulated active substance. The true subject-by-formulation
interaction occurs when the difference of exposure level
between subjects remains constant with time when subjects
are shifted from one reference to a generic drug [9]. However,
such a true subject-by-formulation interaction is rather
theoretical and is rarely observed in practice, consistent with
the fact that no pharmacological explanation can be proposed
to this phenomenon. There are no convincing reports of any
clinical impact of such subject-by-formulation interaction in
the literature. While reviewing applications of generic drugs
with modified-release formulations using the individual
bioequivalence design they proposed, the FDA failed to detect
the presence of clinically significant subject-by-formulation
interactions [7, 14]. Such an interaction was reported with
methylphenidate but was in fact related to different within-
subject variances between formulations [15]. In general, when
explored in replicated cross-over bioequivalence studies, the
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variance associated with the subject-by-formulation interaction
is negligible as compared to the within-subject variance
[16, 17]. In the study by Yu et al. [16], they concluded that
only the within-subject variability (and not the subject-by-
formulation interaction) seems to play a crucial and decisive
role in the variations of drug exposure. In addition, with in
silico calculations, we could show that similar distribution
of individual exposure ratio could be obtained in the study
of Concordet et al. [12], without any subject by formulation
interaction [18]. For these reasons, we did not include in our
statistical models for simulations any subject-by-formulation
interaction term, which can be considered as a limitation of
our study. Another limitation is that in this simulation study,
we assumed that deviations are randomly distributed while in
practice, there may be individuals with deviating absorption
or metabolism. But such deviations will similarly occur with
both reference and generic formulations.

Conclusions

In addition to the usual Average Bioequivalence criteria
applicable to bioequivalence studies, the within-subject vari-
ance of the reference and of any test formulations (includ-
ing generics) should be assessed and compared in order
to improve the prediction of no therapeutic impact of the
switch, especially for drugs with narrow therapeutic index.
This requires bioequivalence studies with fully replicated
designs. If their geometric mean exposure ratio is close to
100% and the within-subject variance of the generic is equal
to or less than that of the reference, no therapeutic conse-
quences are expected. If the generic within-subject variance
is higher than that of reference, interchangeability can only
be assumed if the 95% CI limits of the generic/generic indi-
vidual exposure ratios are included within the therapeutic
margins of the reference formulation.
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