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Abstract

Purpose For a new formulation of a drug, only pharmacokinetic bioequivalence with the original formulation has to be demon-
strated in healthy, young adults. However, “children are not small adults,” and to guarantee a safe and effective treatment, age-
adapted drug development is required. Desmopressin, a vasopressin analogue prescribed for nocturnal enuresis in children, was
studied as an example formulation first developed in adults and then extrapolated to a pediatric indication.

Methods Population pharmacokinetic and pharmacodynamic modeling was used to analyze previously published desmopressin data
of 18 children suffering from nocturnal enuresis. The main objective was the comparison of the therapeutic equivalence of two
desmopressin formulations: tablet and lyophilisate. The measurements for pharmacokinetics and pharmacodynamics were respectively
plasma desmopressin concentration and urine osmolality and diuresis.

Results The half maximal inhibitory concentration for inhibition of urine production was 0.7 pg/mL lower for the lyophilisate than
for the tablet. The effect of formulation on the half maximal inhibitory concentration seems to suggest that the 120-p1g lyophilisate
has a more pronounced effect on the urine volume and osmolality than the 200-pg tablet, even when the same exposure is achieved.
Conclusions A new indirect response model for desmopressin was constructed and validated, using a previously built pharma-
cokinetic model and additional pharmacodynamic data. In order to draw solid conclusions regarding the efficacy and safety of
desmopressin in children, pharmacokinetics and pharmacodynamics data should be analyzed together. This study adds proof to
potential differences in pediatric and adult pharmacokinetic and pharmacodynamic properties of desmopressin and exemplifies
the need for pediatric clinical trials, not only for every new drug but also for every new formulation.

Keywords Bioequivalence - 1-Deamino-8-D-arginine vasopressin (IDAVP) - Children - Tablet - Lyophilisate - PKPD modeling

Introduction safe prescription, the Food and Drug Administration

(FDA) and European Medicines Agency (EMA) regula-

Clinical drug studies in children are characterized by sev-
eral practical and ethical issues [1]. In order to reassure
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tions on pediatric drug research have tried to find a com-
promise between minimal exposure of children to a pedi-
atric research program and acquiring sufficient pharmaco-
kinetics and pharmacodynamics (PKPD) and safety data.
To obtain registration for a new or generic formulation of
an existing drug in children, pediatric bioequivalence
studies are not required. Rather, PK studies are performed
in a limited number of healthy young male volunteers,
assuming that PK is a surrogate for the PD, hardly ever
accounting for the potential effects of gender-, size-, age-,
and maturation-specific differences [2, 3]. However, “chil-
dren are not small adults,” and to guarantee a safe and
effective treatment, age-adapted drug development is re-
quired [4]. The SAFE-PEDRUG project (http://safepedrug.
eu) aims to redefine the current premises in pediatric drug
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research. Therefore, this project aspires to develop a new
strategy, using a multidisciplinary bottom-up approach
starting from knowledge of the pediatric physiology and
pharmacology.

Desmopressin (dDAVP, 1-deamino-8-D-arginine vaso-
pressin), a synthetic vasopressin analogue originally devel-
oped for central diabetes insipidus, is one of the index drugs
under study in the SAFE-PEDRUG project. Since 1980, this
oligopeptide was approved for primary monosymptomatic
nocturnal enuresis (MNE) in children, based on the finding
that enuretic children lack the nocturnal rise in vasopressin
levels, resulting in a relatively high overnight urine produc-
tion [5]. It is an interesting drug to be studied because of its
peptidic nature, which leads to low bioavailability with
large between-subject variability (tablet: 0.08-0.16% of
the administered dose; for the lyophilisate: 0.25% of the
administered dose in adults) [6, 7]. Moreover, in contrast
with the most pediatric drug dosing regimens, the available
dDAVP formulations do not require an age- or size-adapted
dose [8, 9]. Nevertheless, the lack of age- and size depen-
dency was recently questioned, not only in children but also
in the elderly [10-12].

Currently, only the tablet and the lyophilisate are la-
beled for the use in children with MNE. Bioequivalence
studies in adults have shown that the average bioavail-
ability of the lyophilisate is approximately 60% higher
than the tablet [7]. The existing 200/400-pg tablet for-
mulations are thus considered to be bioequivalent to the
120/240-pg lyophilisate. Moreover, the bioavailability of
dDAVP lyophilisate is less influenced by food interac-
tions, most likely due to the fact that the absorption
mainly occurs through oral and/or buccal mucosae [10,
13]. Following the aforementioned FDA and EMA reg-
ulations, the same dosing regimen is applied in children,
despite the absence of pediatric data [8, 14].

IPrevious pilot studies of our research group already
questioned the claimed PK bioequivalence features, especially
when administered in children [10, 11, 15]. Furthermore, the
correlation between PK and PD shows some temporal delays
as was demonstrated in a recent study [16], and it might be
expected to be even more complex in infants and small chil-
dren because renal medullary concentrating activity develops
progressively during the first years of life [17]. Moreover,
additional research in children on the equivalence of PD ef-
fects, the therapeutic equivalence, of dDAVP is required,
concerning the anti-enuretic effect (number of wet nights per
week), the antidiuretic effect (urinary volume per time unit),
and the renal concentrating capacity (urinary osmolality).
Finally, in order to draw solid conclusions regarding the effi-
cacy and safety of dDAVP in children, PK and PD data should
be analyzed together. The aim of this study was to investigate
the therapeutic equivalence of dDAVP tablet and lyophilisate
in children with MNE.

@ Springer

Material and methods
Study data

Previously published data from a pilot study were analyzed
using population PKPD modeling. The design of this inter-
ventional prospective study was a two-period cross-over trial,
which is the preferred design for bioequivalence studies of
two formulations according to the EMA guidelines. Data
was collected on two separate days in identical standardized
conditions, in children who were fed a standard meal (Fig. 1).
The tested formulae of dDAVP were a 200-ug tablet
(Desmotab®, Ferring N.V. Aalst, Belgium) and a 120-ug
lyophilisate (Minirin®, Melt, Ferring) at respectively day
one and day two.On arrival, participants had been fasting
since the morning. A 15 mL/kg water load was administered
to suppress the subjects’ own vasopressin secretion. If com-
plete dilution was reached, a standardized meal of 510 kcal
(McDonald’s® - Happy Meal™) was served, immediately
followed by dDAVP administration. To maintain hydration,
produced urine was compensated by drinking an equal
amount of water and insensible loss (estimated as 500 mL/
m” body surface area per 24 h) was compensated 5 h post-
dDAVP dose. Patients between 5 and 18 years old, suffering
from MNE, and partially responding to dDAVP tablet or nasal
spray were included. All children were recruited in a tertiary
enuresis center (Ghent University Hospital, Belgium).
Exclusion criteria were dDAVP hypersensitivity, abnormali-
ties of the oral cavity, use of antibiotics, diuretics or any other
drug known to have an effect on dDAVP—plasma concentra-
tions, or any clinically significant disease likely to interfere
with the evaluations.

In this PKPD population modeling study, data of 18 out of
the 23 originally included children were analyzed. The rea-
sons to exclude data of five patients were the following: one
patient was not able to take oral medication, one patient did
not stop dDAVP treatment the day before the test, one patient
did not reach full dilution after fluid intake, and two patients
had collection errors (Table 1).Written informed consent was
signed by all parents and/or a legal guardian, while children of
appropriate intellectual maturity completed an assent form
(age > 12 years). Approval was obtained from the local ethical
committee (EC 2009/653), and the study was performed in
accordance with the ICH guidelines of Good Clinical
Practice [18].

Model development

The dDAVP-plasma concentrations, urinary volumes, and
urine osmolalities were used as the PK and PD endpoints,
respectively. A sequential PKPD approach was applied to
these data. For this, a previously built and published one-
compartmental PK model with first-order absorption, based
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Fig. 1 Study design (adapted
from De Guchtenaere A. et al., J
Urol 2011 [10])
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on the same patients, was used to predict the dDAVP—plasma
concentrations at the PD time points [15]. As dDAVP works
by regulating a physiological process, i.e., water reabsorption,
an indirect response model was found to best describe the link
between plasma concentrations and PD endpoints [19, 20]. In
previous work by Callreus et al., a type 2 indirect response
model was used to describe the influence of dDAVP on the
urine osmolality in adults [21]. This osmolality was then
linked to the urine production via an effect compartment.
This model was considered at the start of the model building
process but soon replaced by another model structure. In this
alternative, urine is considered to be produced according to a
zero-order function, which is inhibited by dDAVP, i.c., a type
1 indirect response model was applied [19]. A type 1 indirect
response model is the inhibition of the appearance rate of
response (in this case, inhibition of urine production), whereas
a type 2 indirect response model indicates the inhibition of the
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disappearance of a response (in previous models used to in-
hibit the inhibition of the disappearance of the concentrating
capacity).

At each measurement, the urine compartment was reset to
simulate bladder voiding, and the total urine volume at the
time of measurement was linked to the osmolality using an
Enax-type model. The model structure and link between pre-
dicted urine volume and measured urine osmolality are
depicted in Fig. 2.

The estimation of the population parameters proceeded it-
eratively using FOCE in NONMEM version 7.3(Ellicott City,
Maryland), and the interindividual variability (ITV) was as-
sumed to follow a log-normal distribution [22]. Different re-
sidual error models were tested and eventually an additive
residual error model was used for the osmolality, whereas a
proportional residual error was chosen for the urine volume.
Once an appropriate mixed effects model was obtained,

Table 1 Patient and study design

characteristics Patient characteristics

Number of patients

Age (years) (median [min—max])
Weight (kg) (median [min—max])
Sex

Height (cm) (median [min—max])
Study design characteristics
Formulation

Dose (ug)

Fed state

Urine sampling times
PD endpoints

Blood sampling times
PK endpoints

n=18

13 [7-16]

51 [24-82]

4 females and 14 males
161 [115-186]

dDAVP lyophilisate and tablet (cross-over; 2 weeks between treatments)
200 (tablet)

120 (lyophilisate)

Fed (standardized 510 kcal meal)

1,2,3,4,5,6,7 and 8 h post dose

Urinary volume (ml) and urine osmolality (mOsm/kg)

1,2, and 6 h post dose

dDAVP concentration (pg/ml)

PD pharmacodynamics, PK pharmacokinetic
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Fig. 2 Model structure and graphical depiction of the link between
predicted urine volume and urine osmolality. A one-compartmental mod-
el with first-order absorption is used to predict the dDAVP—plasma

covariate relationships were investigated using forward selec-
tion by adding them to the model one at a time and selecting
the models with the best performance metrics to proceed with.
The covariates that were tested were the formulation (MELT),
age (AGE), body weight (WT), sex (SEX), the Tanner Index
(TAN), and the urinary creatinine level (UCREA). The model
development decisions were driven by the following metrics:
the objective function value (OFV), physiological plausibility,
Akaike’s information criterion (AIC), condition number (CN),
and the relative standard error (RSE) of the parameter esti-
mates. A drop in the OFV of 3.84 was assumed to indicate a
significantly better fit. Since in the end, only one covariate
was included in the model, no backward deletion step was
performed (Fig. 3).

Model evaluation

To assess the quality of the model, different evaluation tech-
niques were applied. Both a prediction-corrected visual pre-
dictive check (pcVPC) and a numerical predictive check
(NPC) were performed [23, 24]. Individual and population
predictions were compared with the data, and a normalized
prediction distribution error (NPDE) analysis was performed.
For this, the final model was simulated 1000 times, after
which the NPDEs were calculated [25]. Under the null hy-
pothesis that the model describes the data, the distribution of
NPDEs should be equal to the standard normal distribution N
(0, 1). This hypothesis was formally tested using the Wilcoxon
signed-rank test (HO: 12 = 0), the Fisher variance ratio test (HO:
o= 1), and the Shapiro—Wilks normality test (HO: Z~N (u,
0%)). Bootstrap analysis was also performed. For this, 2000
datasets of 18 subjects were resampled with replacement from
the original dataset. The bias-corrected bootstrap with accel-
eration constant (BCa) method was used in order to obtain
second-order correct 90% Cls around the parameter estimates
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[26]. This method corrects for bias and skewness in the stan-
dard bootstrap Cls and thus provides a more reliable estimate
of the parameter Cls.

Results

The parameters of the final model are shown in Table 2. All
model parameters could be estimated with adequate impreci-
sion (RSE < 50%). Inter-individual variabilities could be esti-
mated for K, (zero-order urine production rate), ICsy (IDAVP
concentration which results in half the maximum urine pro-
duction inhibition), and Os (urine volume resulting in 50% of
maximal osmolality). A lag time mixture model was added to
the PD model to account for differences in time to reach com-
plete dilution versus the timing of drug administration be-
tween patients. Because the tablet and lyophilisate were dosed
on separate days, an interoccasion variability was included as
well, to account for differences within the patient between the
two study days. The only covariate that significantly improved
the model was the formulation: the ICsq(for inhibition of urine
production) was 0.7 pg/mL lower for the lyophilisate than for
the tablet. The visual predictive check plots and NPDE results
for both urine production and osmolality are depicted in
Fig. 2, indicating good model performance. The numerical
predictive check showed that 8.24% of the urinary volume
observations lie above and 9.61% below the 90% prediction
interval (PI), whereas for osmolality, these values are 3.23 and
3.01%, respectively.

These values should be around 5% in a good performing
model. Plots of individual and population predictions plotted
against the observations showed no significant deviations
from the line of unity (data not shown). Regarding the
NPDE results, no significant deviations from the standard
normal distribution could be detected for either of the PD
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Fig. 3 Model evaluation results. On the bottom, the visual predictive
checks are shown for urinary volume (left) and osmolality (right). The
red dotted line represents the total median model prediction, and the blue
shaded area between the blue dotted lines represents the 90% prediction
interval. The observed median and 90% interval are depicted by the full
lines. On the top, the normalized prediction error distribution (NPDE) for

endpoints (Table 3), indicating that the model describes the
data well. The 90% CIs of the BCa bootstrap analysis
(1967/2000 runs completed minimization) are included in
Table 2. The bootstrap estimates deviated between — 6.42
and + 14.12% from the model estimates, with an average de-
viation of —0.08%.

The effect of formulation on the ICs, seems to suggest that
the lyophilisate has a more pronounced effect on the urine
volume and osmolality than the tablet, even when the same
exposure is achieved. This is shown in Fig. 4, which is the
result of 1000 simulations of the study population after

urinary volume (left) and osmolality (right) are shown. Red lines show the
NPDE distribution with the standard normal distribution (black line)
overlaid. The mean of this distribution was —0.001 for the urinary
volume and —0.023 for the urine osmolality, whereas the standard
deviation was 1.003 and 0.909, respectively

administration of a 120-ug lyophilisate or a 200-ug tablet.
The 120-pg lyophilisate results in a lower urine volume and
a higher urine concentration than the 200-pg tablet.

Discussion
Using dDAVP as an example drug, this study indicates that
therapeutic equivalence between two different formulations of

a drug (with narrow therapeutic range) established in adults
does not necessarily guarantee therapeutic equivalence in
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Table 2 Parameter estimates of the final PD model
Parameter Estimate [%RSE] Meaning parameter Bootstrap [90% CI]
Ko=0, x ! +IoV) 405 mL/h [11%)] Zero-order production rate of urine 386
[308-479]
Inax =6 0.917 [0.7%] Maximal inhibition urine production by dDAVP 0918
[0.903-0.927]
ICso=(MELT x fg + 63) xe™  2.08 pg/mL [8.5%] dDAVP concentration resulting in 50% inhibition 2.05
[1.67-2.43]
HILL =46, 4.70 [6.5%] Hill coefficient 4.69
[3.85-5.9]
Opmax =05 810 [1.8%)] Maximal osmolality 821
[775-861]
Enax =05 0.84 [2.3%] Maximal effect of urine volume on osmolality 0.84

[0.812-0.866]

Oso=07 %V’ 93.4 mL [10.1%] Urine volume resulting in 50% of maximal osmolality 87.4
[76.4-102]
Og —0.692 pg/mL [12.9%]  Effect of MELT formulation on ICsq —0.678
[-0.872-0.44]
Toait = 0o 0.381 h [17.6%] Lag in dose administration for second group 0.40
[0.273-0.622]
Frac Popl 0.515 [25.8%] Fraction present in group not having a lag in dose administration 0.519
[0.31-0.702]
IIVon Ky 29.1% [38%)] Interindividual variability on K, 37.9%
[13.7-58.7]
IV on ICs, 30.7% [22%] Interindividual variability on ICs 29.0%
[17.3-42.1]
IV on Os 38.5% [21%] Interindividual variability on Os 38.4%
[22.0-54.6]
OoCC 38.0% [18%] Magnitude of interoccasion variability on the urine production rate ~ 36.5%
[20.047.5]
CV on urine production 0.425 (5.1%) Proportional error model on urine production 0.423

SD on osmolality 124 (4.5%)

[0.375-0.475]

Additive error model on osmolality 121

[97.8-141]

children. This may lead to questioning the existing legislation
for children in clinical practice. To the best of our knowledge,
this is the first study where a population PKPD modeling
approach was applied to previously obtained dDAVP data in
children, with a reduced urine flow rate and a rise in urine
osmolality as PD parameters [27]. The strength of this analysis
is that the limitations of the original study, with limited plasma

concentration samples but rich PD sampling, were partially
overcome by using nonlinear mixed effects modeling to ob-
tain the PKPD parameters [28].

Interestingly, by linkinga previously published PK model
to a PD model, a significant effect of the pharmaceutical for-
mulation on the ICs, was found. Since this is physiologically
implausible, it must be explained by the use of the (predicted)

Table 3 Formal tests for HO:

NPDE distribution = N (0, 1) for Test HO Value p value Conclusion

both urinary volume and urine

osmolality Urinary volume
Wilcoxon signed-rank n=0 V=21,684 0.842 HO cannot be rejected
Fisher variance ratio o°=0 F=0.986 0.897 HO cannot be rejected
Shapiro—Wilks Z~N (11, 0% W=0.994 0422 HO cannot be rejected

Osmolality

Wilcoxon signed-rank n=0 V=20,960 0.692 HO cannot be rejected
Fisher variance ratio ?=0 F=0.892 0.234 HO cannot be rejected
Shapiro—Wilks Z~N (1, o) W=0.995 0.402 HO cannot be rejected
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Fig. 4 Simulated urine volume and osmolality over time after administration of a 120-pg lyophilisate or a 200-pg tablet. The solid and dashed lines
represent the average responses, and the hatched areas represent the 90% prediction intervals. TAB tablet formulation, MELT lyophilisate formulation

plasma concentration as the input for the PD model, which
causes formulation to lose its meaning. Only at the PK side,
one could expect a formulation effect, as was found in the
previous PK analysis [15], be it that higher doses of the
lyophilisate seemed to be required to reach bioequivalence
to the tablet in children, contrary to the findings in the current
analysis. Assuming no contribution of metabolites to the PD
effect, this effect of formulation on ICsy (ICs¢ MELT 1S
0.692 pg/mL lower than ICs(,14p) indicates that there is either
a formulation effect in the PK part that was not captured by the
PK model or a mismatch between the PK and PD models.
Most likely, this discrepancy is explained by the PK sampling
design of the original study [11]. Indeed, as was shown previ-
ously [15], the absorption of desmopressin is happening in the
first hour after dosing. Unfortunately, in the original study,
there was no blood sampling in the first hour, which is why
an important part of the PK data (the absorption characteris-
tics) is missing [11]. It is possible that the lyophilisate is
absorbed so fast that a large peak in the concentration—time
profile is not identified. Another possibility is the occurrence
of two peaks, corresponding with a small fraction that is
swallowed and a large fraction that is absorbed through the
buccal mucosae. This implies that the true plasma concentra-
tions of this formulation are underestimated, and the formula-
tion effect on the PK side is thus also underestimated, which
could also explain the findings of our previous PK analysis,
where a higher dose of the lyophilisate seemed to be required
to reach bioequivalence to the tablet. This would in turn lead
to an overestimation on the PD side, as the (predicted) plasma
concentrations linked to their respective osmolality and urine
volume would be too low. This hypothesis is exemplified in
Fig. 5. In this case, the use of population modeling revealed
flaws in study design and suggested improvements for future
clinical trials, i.e., the inclusion of more PK sampling in the
absorption part.

Notwithstanding the aforementioned discrepancy between
PK data and the PD effects, some inferences can already be

gathered from the PD model. Both the high Hill factor (4.70)
and low ICs, (2.08 pg/mL) indicate that dDAVP has a pro-
found and fast effect, starting already at very low
concentrations.

In adults, an even higher Hill factor (13) was found using
the previous indirect response model by Callreus et al. [21],
whereas the ICso (3.7 £1.2 pg/mL) was comparable. Our
model however starts from the urine volume as a response
as opposed to the osmolality, which is more in line with the
mechanism of action of desmopressin. The assumption of a
zero-order urine production is supported within the scope of
this study, as the children were pre-hydrated in order to sup-
press their endogenous AVP secretion, until minimum con-
centrating capacity was reached. The dDAVP has an approx-
imately ten times higher antidiuretic potency than AVP, effec-
tively removing the link between plasma osmolality and urine
production.

Our data support the earlier observation that the
lyophilisate has superior PD effects in children in comparison
with the tablet [10], despite lower plasma concentrations in
PK studies [11]. In the past, PD studies of dDAVP were main-
ly performed in young healthy men or in patients with diabetes
insipidus or nocturia. Moreover, most PD data were collected
in fasting state, while there is clearly an effect of concomitant
food intake in adults and in children [10, 13, 15]. It is a well-
known phenomenon that after oral dosing, there is a large
inter-individual variability in plasma concentrations of
dDAVP [29, 30]. However, an earlier PK analysis of these
data showed a significantly smaller variability in plasma con-
centrations after lyophilisate dosing compared to tablet dosing
[15]. Not only is this advantageous for the efficacy in individ-
ual patients, i.e., the antidiuretic effect (urinary volume per
time unit) and the renal concentrating capacity (urinary osmo-
lality); it is even more important for the safety, since the dose
of dDAVP tends to be more correlated to the duration of action
than to the maximal concentrating capacity [31]. This is espe-
cially important in children, in view of the increased risk of
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Fig. 5 Sampling too late can result in missing an early occurring peak in
plasma concentrations. The black circles are the sampling times of the PK
study that was analyzed [11], while the dotted line shows the part of the

hyponatremia when the effect is prolonged and the ability to
regain diluting capacity the next morning is lost [32].

A possible pitfall of this study is the fact that all patients in
the study had a full stomach at the moment of dDAVP admin-
istration, since the main aim of the original study was to in-
vestigate the effect of food [10]. Urinary osmolality and di-
uresis correlate not only with the concentrating activity of
dDAVP, but also with the renal osmotic load due to the meal.
However, since all patients received a standard meal and were
in a fed state, the relative effect of osmotic load does not
obscure the findings. Furthermore, the study population was
relatively small, and extra data should be gathered.

In order to confirm our hypothesis of a potential therapeutic
difference between the two formulations, a formal, well-
designed PKPD study should be performed in the pediatric
population. Only then, the true difference between tablet and
lyophilisate can be thoroughly characterized. A design for
such a study was already proposed previously and includes
more samples in the first hour after dosing [15]. We realize
that our findings may put the current legislation into question
and might induce reflections concerning generic products and
maybe even biosimilars (since desmopressin is an
oligopeptide). It is undeniable that there are ethical and prac-
tical considerations in performing large PKPD studies with
multiple blood sampling in children. However, they should
never overrule safety considerations when exposing children
to drugs. Moreover, sensitive biomarkers are extremely im-
portant to explore the drug effect in pediatric drug studies.
They can help to minimize the necessary number of patients
to be exposed to study drug. Finally, practical issues in
performing pediatric clinical drug trials can largely be over-
come by population approaches as an option to explore the
bioequivalence and therapeutic profile and minimize the bur-
den for pediatric patients by optimizing trial design. This
study indicates that minor changes in formulation make bio-
equivalence studies in children necessary and the collection of
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safety data required, in view of the derived therapeutic equiv-
alence. Appropriate PKPD studies are thus pivotal in the pe-
diatric population, not only for every new drug but also for
every new formulation.
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