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Purpose. To establish procedures for the effective evaluation of bio-
equivalence (BE) for highly-variable drugs and drug products
(HVD/P).
Methods. 2- and 4-period crossover BE studies with 24 subjects were
simulated which generally assumed within-subject coefficients of
variation of 40%. The relationship between the fraction of studies in
which BE was accepted (the statistical power) and the ratio of geo-
metric means (GMR) of the two formulations was evaluated for vari-
ous methods of analysis. These included, primarily, scaled average
BE (ABE), the corresponding approach of expanding BE limits
(BEL), and, for comparison, unscaled ABE and scaled individual BE
(IBE).
Results. Scaled ABE and expanding BEL showed very similar prop-
erties in both 2- and 4-period studies. They had steeper power curves
than scaled IBE. Unscaled ABE had very low statistical power. The
acceptance of BE by unscaled and scaled ABE and expanding BEL
was almost independent of subject-by-formulation interaction and
the ratio of within-subject variations of the two formulations. By
contrast, the conclusions reached by scaled IBE were strongly af-
fected by these parameters.
Conclusions. Scaled ABE and expanding BEL evaluate BE effec-
tively for HVD/P in both 2- and 4-period investigations. However,
additional, useful information can be obtained from 4-period studies.

KEY WORDS: highly-variable drugs; bioequivalence; scaled regula-
tory criterion; regulatory limits; 2- and 4-period crossover design;
simulated clinical trials.

INTRODUCTION

The determination of the bioequivalence (BE) of two
drug formulations has proved to be a difficult problem for
highly-variable drugs and drug products (HVD/P) which are
characterized by large within-subject variation. Customarily,
two-way crossover studies have been conducted. The loga-
rithmic means of the two kinetic responses (e.g., of AUCs, the
areas under the concentration vs. time curves) have been
evaluated together with the 90% confidence intervals (CI) of
their difference. Bioequivalence of the formulations is de-
clared if the CI is within preset regulatory limits. Typically,
the limits have been set at ±log (1.25), with the corresponding
untransformed bioequivalence limits (BEL) being between

0.80 and 1.25 for the ratio of the geometric means (GMR) of
the two kinetic responses.

When the within-subject variation is large then the esti-
mated CI is wide, and it is very difficult to remain within
preset BE limits. An obvious remedy is to increase the num-
ber of subjects participating in a study and thereby to narrow
the CI. However, a BE study becomes, as a result, very ex-
pensive and cumbersome.

To alleviate this difficulty, other approaches were pro-
posed. Blume et al. (1) recommended that some kinetic pa-
rameters could have smaller variations if BE studies were
conducted in the steady state instead of following single-dose
administrations. A workshop discussing highly-variable drugs
and drug products considered procedures for determining
their BE (2). The approach for widening the BEL for this
category drugs and drug products was particularly favored.
Boddy et al. (3) quantitatively formalized the method. Ac-
cording to their procedure, the BEL expands in proportion to
the estimated intrasubject coefficient of variation of the ref-
erence formulation.

Recent proposals related to the determination of indi-
vidual and population BE offered a parallel approach to the
regulatory criterion by scaling it with the intraindividual vari-
ance of the reference product (4–6). This variance can be
evaluated in replicate-design investigations which are con-
ducted over 3 or 4 study periods (5–7).

The same experimental design can be applied also to the
determination of average bioequivalence (i.e., of the equiva-
lence of the two mean responses) again by using reference
scaling (8). It can be, however, reasonably expected that the
procedure of scaling can be applied to the evaluation of av-
erage BE also from the results of 2-period crossover studies.

Therefore, the principal purpose of the present study is
to compare the effectivenesses of 2- and 4-period investiga-
tions performed for the determination of average BE. The
secondary goals include a contrast of the procedures of scal-
ing and of extending the BEL, and a comparison of some
characteristics of average and individual BE.

METHODS

The regulatory approaches to be discussed below will
consider several regulatory models and criteria. Using either
observed or simulated data, the parameters of a given model
are estimated and substituted into the model expression. Con-
fidence limits around the estimated magnitude of the model
are then calculated. Therefore each of the regulatory criteria
to be discussed will imply that the appropriate confidence
limit(s) of the model should be within preset bioequivalence
limit(s).

Unscaled Average Bioequivalence

The usual procedure for determining the bioequivalence
of two formulations was evaluated for comparison with the
other approaches. Accordingly, the average logarithmic ki-
netic responses of the test and reference products (mT and mR,
respectively) are contrasted. Bioequivalence is declared if the
90% confidence limits around their logarithmically calculated
difference are within preset BE limits (BEL):

−BEL # mT − mR # BEL (1)
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which is equivalent to:

(mT − mR)2 # BEL2 (2)

Usually, BEL 4 log(1.25) has been applied.
In 2-period simulated studies with N assumed subjects,

the residual mean square (s2
Res) with N-2 degrees of freedom,

obtained in an analysis of variance (ANOVA), was used as
the error term. The ANOVA contained the usual fixed com-
ponents of formulations, sequences, and periods, and the ran-
dom source of subjects-within-sequences. The estimated stan-
dard error for the difference between the means, SE 4
sRes(2/N)½, was used with the two balanced, simulated se-
quences to calculate the confidence limits.

In 4-period simulated studies, the ANOVA contained, in
addition to sources of variation described for 2-period inves-
tigations, the subject-by-formulation interaction (within se-
quences) (6,9–11). The error term relevant for assessing the
difference between the means was that of the interaction
(s2

Int) with N-2 degrees of freedom. The standard error for
the difference of the means was, again for the balanced se-
quences, SE 4 sInt/(N)½.

Reference-Scaled Individual Bioequivalence

This approach was evaluated also for comparison. The
regulatory model, derived by Schall and Luus (12) and
adopted by FDA (6), expects that individual bioequivalence
for HVD/P is declared if the upper 95% confidence limit for
the sum of three scaled model components is within a preset
BE limit (UI):

@~mT − mR!2 + ~s2
WT − s2

WR! + s2
D#/s2

WR # uI (3)

Here s2
WT and s2

WR are the within-subject variances for the
test and reference formulations, respectively, and s2

D is the
variance component for the subject-by-formulation interac-
tion. The denominator of s2

WR provides a scaling factor.
FDA (6) suggested that the reference-scaled IBE be applied
when the estimated magnitude of s2

WR exceeds a preset
value of the variance (s2

W0): s2
WR > s2

W0. As the preset
value, s2

W0 4 0.04 was suggested (6). In the present study,
however, properties of the reference-scaled IBE were deter-
mined regardless of the magnitude of the estimated s2

WR.
This permitted the comparison of this approach with scaled
average BE.

FDA (6) has taken into account that the model for indi-
vidual BE (Eq. 3) contains three terms in the numerator, and
not just one. Therefore, the regulatory limit is larger than that
applied for average BE. It considers, in its numerator, not
only the average BE limit of log(1.25) but also a variance
factor (eI) accounting for the other terms in the model (Eq. 3).
A value of eI 4 0.05 was recommended (6). Consequently, it
was suggested that the regulatory limit for IBE be (6):

uI = $@log~1.25!#2 + eI%/s
2
W0 = 2.495 (4)

IBE was evaluated only for 4-period, replicate-design, cross-
over studies.

The confidence limits were calculated by the approach of
Hyslop et al. (13). Essentially, the regulatory model of Eq. (3)
is rearranged by considering UI.s

2
WR, taking it to the left

side, and evaluating the distribution of each quadratic term
within the square brackets. Bioequivalence is declared if the
upper 95% confidence limit for the rearranged expression is

negative or zero. The rearrangement of Eq. (3) is shown in
the Appendix.

Scaled Average Bioequivalence

The regulatory model could be considered as:

~mT − mR!2/s2
SC # uA (5)

s2
SC is a variance used as a scaling factor. Consequently, the

squared BE limit is BEL2 4 UA s2
SC (in terms of the squared

difference between the means ((mT-mR)2).
A BE criterion of UA 4 1.0 was used, the value applied

by Boddy et al. (3) in their modification of the regulatory
model (see below). The scaling factor is the residual variance
(s2

SC 4 s2
Res) in 2-period studies and the within-subject

variance for the reference formulation (s2
SC 4 s2

WR) in
4-period investigations. Consequently, the regulatory model
is:

~mT − mR!2/s2
Res # uA (6)

and

~mT − mR!2/s2
WR # uA (7)

in 2- and 4-period studies, respectively. The ANOVAs de-
scribed for unscaled ABE were applied. The upper 95% con-
fidence limit was calculated by modifying the method of Hys-
lop et al. (13); the procedure is described in the Appendix.

Expanding Bioequivalence Limits

The regulatory model, presented by Boddy et al. (3),
rearranges the one for scaled ABE:

mT − mR # uA
1/2 sSC (8)

Consequently, properties of the approach should correspond
to those of scaled ABE. Notably, with UA 4 1.0, the BE limit
is BEL 4 sSC.

Simulations

A program was written in Fortran 90 (Compaq Visual
Fortran, Professional Edition, version 6.1) using the appro-
priate statistical subroutines from the IMS library (Visual Nu-
merics, Houston, TX). The computations were conducted on
a PC with a Pentium II processor. 4-period, 2-sequence stud-
ies were simulated. Results of the first two periods recorded
for both the test and reference formulation were used for
assessing 2-period investigations. 24 subjects were assumed to
participate in each simulated study, equally allocated to the
two sequences. Consequently, a total of 96 lognormally dis-
tributed kinetic parameters (e.g., AUCs) were obtained in
each investigation.

The overall average kinetic parameter for the reference
formulation was arbitrarily 100 units. A true within-subject
coefficient of CV° 4 40% was assumed for both formula-
tions. This corresponded to a standard deviation of 0.385 in
the natural logarithmic scale. In one study, however, the
variation of the test product was changed in relation to the
reference formulation. The between-subject variability was
maintained at CV° 4 40%. The square-rooted variance com-
ponent for the subject-by-formulation interaction was either
zero or had CV°D 4 30%. Five thousand simulations were
performed under each condition.
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RESULTS

Comparison of the Effectivenesses of Methods Evaluating
the Bioequivalence of HVD/P

Figure 1 presents curves depicting the fraction of simu-
lated studies in which BE was accepted (“statistical power
curves”) by various procedures at increasing assumed, true
ratios of the two geometric means (GMRo), i.e., at various
deviations between the two logarithmic means. Average bio-
equivalence (ABE) as well as scaled ABE was evaluated from
2- and 4-period simulated crossover studies. The same simu-
lated investigations permitted the determination of BE also
by the approach of expanding BE limits (3). Finally, for com-
parison, IBE was also determined in the 4-period studies.

The results shown in Fig. 1 assumed that crossover stud-
ies with 24 subjects were performed. Both the reference and
test formulations were assumed to have within-subject coef-
ficients of variation of CVWR

o 4 CVWT
o 4 40%. Subject-by-

formulation interaction was considered to be absent (CVD
o 4

0.0).
ABE determined with scaling and with expanding BEL

showed very similar characteristics in both 2- and 4-period
studies. The powers of investigations performed over two pe-
riods were somewhat lower than those conducted during four
periods. As expected, unscaled ABE exhibited, particularly
with two periods, very low statistical power, i.e., the propor-
tion of accepted studies was small. In comparison with assess-
ments by scaled ABE, scaled IBE had lower proportion of
acceptance under the condition of true BE and showed a
much more gently declining power curve. Consequently,
scaled ABE and expanding BEL reached clearer decision
than scaled IBE about the determination of BE for GMR.

Table I compares the proportion of accepting BE by
scaled ABE when twice as many subjects were assumed to
participate in 2- than in 4-period studies, i.e., when the num-

ber of measurements was the same. The proportions of ac-
cepted studies were very similar under the two conditions and
were only slightly higher in the 2-period investigations.

Effect of the Subject-by-Formulation Interaction

Figure 2 presents the proportions of accepted investiga-
tions obtained with the same methods of BE determination as
shown in Fig. 1 and under the same investigational and sta-
tistical conditions except that substantial subject-by-
formulation interaction was now assumed (CVD

o 4 30%).
The interaction had no effect on assessments by scaled ABE,
and also by expanding BEL, in 2-period studies. The accep-
tance of scaled ABE and of expanding BEL was slightly re-
duced in the presence of subject-by-formulation interaction.
By contrast, the acceptance of BE, and therefore the statisti-
cal power, declined very substantially when it was evaluated
by unscaled ABE or scaled IBE.

Effect of the Ratio of Within-Subject Variations

Figure 3 shows the proportion of accepting BE (in %) by
the various methods as the comparative variability of the two
formulations (i.e., the ratios of sWT/sWR and CVWT

o /CVWR
o )

is changed. The assumed conditions were similar to those
given for Fig. 1 except that the two means were considered to
be identical and the variability of the test formulation (so

WT

Fig. 1. Power curves for methods assessing the bioequivalence of
highly-variable drugs and drug products. The dependence of the per-
centage of accepted BE studies is shown at various ratios of the
geometric means (GMR) of the two formulations. It was assumed
that the true within-subject coefficients of variation for both products
were 40% in the simulations, and that the subject-formulation inter-
action was absent (CVD

o 4 0). scIBE: reference-scaled individual
bioequivalence; ABE: average bioequivalence; BEL: expanding bio-
equivalence limits; 2 or 4 following the designation of the method
refers to 2- or 4-period studies, respectively; scABE indicates scaled
ABE whereas ABE denotes unscaled analysis.

Table I. Acceptance (in %) of Bioequivalence by Scaled ABE in
2- and 4-Period Studies Performed with the Same Number

of Measurementsa

GMRo
2 periods
N 4 24

4 periods
N 4 12

1.00 88.46 86.94
1.05 84.93 83.87
1.10 76.62 73.72
1.15 64.24 62.32
1.20 50.59 48.95
1.25 36.69 35.21
1.30 24.81 24.28

a GMRo: Geometric mean ratio; N: number of subjects

Fig. 2. Power curves for the determination of bioequivalence of
highly-variable drugs and drug products. The methods and conditions
are identical to those described for Fig. 1 except that large subject-
by-formulation is assumed (CVD

o 4 30%).
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as well as CVWT
o ) was allowed to vary. However, the total

within-subject variance (so2
WT + so2

WR) was maintained at a
constant level which corresponded to 2CVo2 42.(40%)2.

The acceptance rate of BE was independent of the ratio
of variabilities when scaled ABE and the procedure of ex-
panding BEL were applied in two-period studies, while in
4-period investigations the rate declined slightly at high ratios
of CVWT

o /CVWR
o . The acceptance rate by unscaled ABE was

also independent of the ratio of variabilities. By contrast, the
acceptance rate of determining BE by scaled IBE was
strongly affected by changing ratios of the variabilities.

To substantiate the results presented in Figs. 1–3, addi-
tional simulations were performed. The further conditions
included [a] the assumption of 36 instead of 24 subjects for all
3 figures; [b] considering again 36 subjects for Figs. 1 and 2
and also variations within and between subjects of 50% in-
stead of 40%; [c] assuming subject-by-formulation interac-
tions for Fig. 2 also with CVD

o 420 and 40%; and [d] using for
Fig. 3 a true ratio of geometric means GMRo 4 1.1 instead of
1.0. The results of the additional simulations closely paral-
leled those shown in Figs. 1–3.

DISCUSSION

Procedures evaluating the bioequivalence of highly vari-
able drugs and drug products (HVD/P) are compared in the
present study. The problem has been difficult and frustrating
over many years and has often called for the use of unrea-
sonably large numbers of subjects. The determination of av-
erage BE, i.e., the comparison of the means of the two prod-
ucts, is emphasized in the present investigation.

The usual approach of assessing unscaled BE, with 90%
confidence limits for GMR between 0.80 and 1.25, was in-
cluded for comparison. However, the present study is con-
cerned mainly with effectiveness of scaled ABE and of the
related procedure of expanding BE limits. In 2-period studies,
scaling can be performed by means of the residual mean
square of the relevant analysis of variance. In 4-period inves-
tigations, the within-subject variance of the reference formu-
lation can be used for scaling.

The following conclusions can be drawn from the results:

1. The approaches of scaled ABE and expanding BEL
yield very similar results. The similarity of the results yielded
by the two methods is not surprising since the model for one
of the procedures is readily converted to that of the other
(Eqs. 5 and 8). Still, the method of the expanding BEL could
be somewhat preferred because the relevant confidence limits
can be calculated easily by applying the usual t-statistics. The
approach of Hyslop et al. (13) for scaled metrics accomplishes
the same goal but only indirectly. The BE limit for scaled
ABE and expanding BEL is proportional to the square-
rooted scaling factor.

2. The determination of ABE, with the same number of
subjects, over four study periods has higher statistical power
than an investigation performed during two periods. The dif-
ference between the statistical powers is reasonable since
4-period studies, with the same number of subjects, have
twice as many observations as 2-period investigations. It is
possible to consider also the condition when 2- and 4-period
studies with the same number of measurements are per-
formed. In this case, there are twice as many subjects in the 2-
than in the 4-period investigation. Under this condition, the
statistical powers are almost identical. The 2-period study has
a very small edge which is due to the larger number of degrees
of freedom applied in the computations. 4-Period investiga-
tions have further merits and advantages. In particular, they
contain additional, useful information. They permit the com-
parison of the within-subject variances of the two formula-
tions and the evaluation of the subject-by-formulation inter-
action. These terms are required for the determination of IBE
but they provide interesting information even when ABE is
evaluated. Information on these variances associated with the
test and reference formulations allows assessment of the
pharmaceutical quality of a new test product and its compari-
son with the pharmaceutical quality of the marketed brand
product.

3. Scaled IBE is less sensitive than scaled ABE to de-
viations between the means. ABE, however, is not affected
very much by differences in the test and reference variances
or the subject-by-formulation interaction. The conclusion
parallels that of Midha et al. (14). The reason is that an ABE
test has a single goal, the determination of the average BE. In
contrast, IBE assesses three goals simultaneously and can not
devote attention to any of them with maximum effectiveness.
Moreover, one of the properties of the IBE regulatory model
is that it is much more sensitive to changes in estimated
within-subject variations than to changes in the estimated de-
viation between the two means (15).

4. Large differences between the means can be accepted
by scaled ABE and especially scaled IBE with substantial
probabilities (Figs. 1 and 2). The observation is readily un-
derstandable. When the within-subject variability is large, the
variations of the other estimated statistics are also high, in-
cluding those of the two means and their difference. How-
ever, the customary framework of unscaled ABE allows only
small deviations between the means, perhaps up to about
15%. This was Benet’s motivation when he suggested, in dis-
cussions of IBE, that a secondary regulatory requirement be
established which would constrain the GMR (16). FDA has
recently adopted this approach for the evaluation of IBE
(6,17). The issue appears to be relevant also to the determi-
nation of BE for HVD/P. It is explored in an investigation
being undertaken. It is anticipated that an additional con-

Fig. 3. Percentage of accepted bioequivalence studies at various ra-
tios of the within-subject coefficients of variation of the two formu-
lations. The assumed conditions are identical to those described for
Fig. 1 except that the two means are identical and the ratio of vari-
ances is gradually raised. The total within-subject variance (so2

WT +
so2

WR) is maintained at a constant value.
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straint will lower the probability of accepting BE. However,
the effect of the constraint is expected to depend on the un-
derlying conditions.

5. The proportion of accepted BE studies by the ap-
proaches of scaled ABE and expanding BEL in two-period
studies, and by unscaled ABE, does not depend on the ratio
of within-subject variations. Scaled and unscaled ABE and
expanding BEL rely, in two-period investigations, on the es-
timation of total intraindividual variation. This is true also
about unscaled ABE in 4-period studies. However, as the
ratio of variances is raised, the within-subject variation for the
reference formulation (so2

WR and CVo
WR) decreases. Conse-

quently, the denominator of the regulatory model declines for
reference-scaled ABE in 4-period studies [Eq. (7)], and it
becomes slightly more difficult to satisfy the criterion at high
ratios of the variances.

Similar considerations apply also to reference-scaled
IBE. In addition, the third term in the numerator of the IBE
model (Eq. 3) compares the two within-subject variances. As
the ratio of these variances increases, the acceptance of IBE
(as a result of the so-called mean-variability tradeoff (15,18))
moves from a favorable towards an unfavorable condition.
Thus, the assessment of BE, by scaled ABE and expanding
BEL, showed low sensitivity to the ratio of within-subject
variances. This is a remarkable characteristic for determining
the BE of HVDs which are generally safe drugs with shallow
dose response curves. The replicate-design studies assumed
four periods in the present investigation. It is, however, ex-
pected that the results and conclusions can be qualitatively
applied also to 3-period studies.

CONCLUSIONS

Among methods evaluating the bioequivalence of highly-
variable drugs and drug products, scaled average bioequiva-
lence and the related procedure of expanding bioequivalence
limits were found to be sensitive to differences between
means and, consequently, highly effective for assessing the
equivalence of average kinetic responses. However, these
methods are insensitive to deviations between within-subject
variances and to the subject-by-formulation interaction. The
inefficiency of unscaled average bioequivalence, requiring
large numbers of subjects in BE studies, is demonstrated.
Scaled ABE can be effectively determined in both 2- and
4-period investigations. However, 4-period studies can yield
additional, useful information.

ACKNOWLEDGMENTS

The research of L. Tothfalusi was supported, in part, by
a grant (No. ETT-164/99) from the Hungarian Ministry of
Health.

APPENDIX

Linearization for Reference-Scaled
Individual Bioequivalence

FDA (6) has suggested a reference-scaled regulatory cri-
terion for the determination individual bioequivalence [Eq.
(3)]:

@~mT − mR!2 + ~s2
WT − s2

WR! + s2
D#/s2

WR # uI (9)

The criterion is useful for evaluating the IBE of highly-
variable drugs and drug products. Hyslop et al.(13) suggested,
and FDA (6) has applied, the linearization of the criterion:

~mT − mR!2 + ~s2
WT − s2

WR! + s2
D − uIs

2
WR # 0 (10)

Thus, reference-scaled IBE is rejected if the upper 95% con-
fidence limit of this expression is positive.

Confidence Limits for Scaled Average Bioequivalence

Hyslop et al. (13) described a procedure for evaluating
the upper confidence limits in studies of individual BE. The
method has been adapted for calculating the upper confi-
dence limit in investigations of scaled average BE.

4-Period Crossover Studies

The BE criterion is (Eq. 7):

~mT − mR!2/s2
WR # uA (11)

The expression can be rearranged to:

~mT − mR!2 − uA s2
WR # 0 (12)

The two independent terms can be estimated by their respec-
tive expected values:

Em = ~mT − mR!2 (13)

and

Ew = uA s2
WR

where mT and mR are the observed overall means of the test
and reference formulations, respectively, and s2

WR the esti-
mated within-subject variance for the reference product.

The confidence limits for the two terms in the rearranged
BE criterion are:

Cm = @Abs~mT − mR! + t1−a, N−2 SE#2

Cw = uA ~N − 2! s2
WR/x2

a, N−2

(14)

Here, as already noted, SE 4 (s2
Int/N)1/2. t and x2 are the

respective tabulated statistics at the indicated significance lev-
els (with a 4 0.05) and N-2 degrees of freedom.

It is worth noting that Cm and Cw, and therefore the
confidence limits, depend on generally different estimated
variances. The relevant error term for the comparison of the
means is the estimated variance of the subject-by-formulation
interaction, s2

Int (which is not identical to the much-discussed
variance component, s2

D). In contrast, the estimated within-
subject variance, s2

WR, is required for the calculation of the
corresponding confidence limit, Cw.

The squared lengths of the confidence intervals from
their respective means are:

Lm = ~Cm − Em!2

Lw = ~Cw − Ew!2 (15)

Finally, the confidence limit (CL) for the rearranged BE
criterion is:

CL = Em − Ew + ~Lm + Lw!1/2 (16)
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Scaled average BE can be accepted if the calculated upper
95% confidence limit is negative (or, better, not positive).

2-Period Crossover Studies

The BE criterion is (Eq. 6):

~mT − mR!2/s2
Res # uA (17)

A rearranged expression is:

~mT − mR!2 − uA s2
Res # 0 (18)

The procedure for the calculation of the upper confidence
limit is identical to that described for the 4-period studies
except that the estimated residual variance, s2

Res, replaces
both (s2

Int and s2
WR) and the standard error is, as already

discussed, SE 4 (2s2
Res/N)½.
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