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Abstract
Introduction  The bioequivalence of two formulations of desmopressin (dDAVP), a vasopressin analogue prescribed for 
nocturnal enuresis treatment in children, has been previously confirmed in adults but not in children. In this study, we aimed 
to study the pharmacokinetics (PK) and pharmacodynamics (PD) of these two formulations, in both fasted and fed children, 
including patients younger than 6 years of age.
Methods  Previously published data from one PK study and one PK/PD study in children aged between 6 and 16 years were 
combined with a new PK/PD study in children aged between 6 months and 8 years, and analysed using population PK/PD 
modelling. Simulations were performed to further explore the relative bioavailability of both formulations and evaluate 
current dosing strategies.
Results  The complex absorption behaviour of the lyophilizate was modelled using a double input, linked to a one-com-
partmental model with linear elimination and an indirect response model linking dDAVP concentration to produced urine 
volume and osmolality. The final model described the observed data well and elucidated the complexity of bioequivalence 
and therapeutic equivalence of the two formulations. Simulations showed that current dosing regimens using a fixed dose of 
lyophilizate 120 μg is not adequate for children, assuming children to be in the fed state when taking dDAVP. A new age- and 
weight-based dosing regimen was suggested and was shown to lead to improved, better tailored effects.
Conclusions  Bioequivalence and therapeutic equivalence data of two formulations of the same drug in adults cannot be 
readily extrapolated to children. This study shows the importance of well-designed paediatric clinical trials and how they 
can be analysed using mixed-effects modelling to make clinically relevant inferences. A follow-up clinical trial testing the 
proposed dDAVP dosing regimen should be performed.
Clinical Trial Registration  This trial has been registered at www.clini​caltr​ials.gov (identifier NCT02584231; EudraCT 
2014-005200-13).
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1  Introduction

Desmopressin (1-deamino-8-d-arginine vasopressin, 
dDAVP) is indicated for the treatment of central diabetes 
insipidus and primary nocturnal enuresis, in practice mostly 
used for the treatment of monosymptomatic nocturnal enu-
resis (MNE). It is recommended to be taken in a fasted state 
before bedtime, which is challenging for young children due 

to the short time between the last meal in the evening and 
bedtime. Two oral formulations of dDAVP are currently 
labelled for the indication of nocturnal enuresis: a tablet 
(TAB) and a lyophilizate (MELT). Their bioequivalence at 
dose strengths of 200 and 120 µg, respectively, has been 
established in adults [1, 2] but not in children. Bioequiva-
lence has been established at the pharmacokinetic (PK) level 
in adults only [3] and was explored using the population 
approach in children [4]. The potential differences between 
these formulations at the pharmacodynamic (PD) level were 
explored both clinically [5, 6] and by using the population 
approach [7], without consistent conclusions regarding the 
link between effect and formulation. Therefore, an integrated 
analysis of the PK and PD in the paediatric population is 
warranted.

Currently, treatment for MNE is started, irrespective of 
age or weight, with the same dose of dDAVP, i.e. 120 and 
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Key Points 

This study consolidates pharmacokinetic and pharma-
codynamic data of two formulations of the vasopressin 
analogue desmopressin (dDAVP) in younger and older 
children to make inferences regarding bioequivalence 
and therapeutic equivalence.

It was shown that this knowledge cannot be readily 
extrapolated from adult data but rather from a well-
designed paediatric clinical trial, as presented in this 
study.

Current flat dosing regimens for dDAVP lyophilizate for-
mulation are inadequate in fed children, and weight- and 
age-dependent schedules were proposed.

An optimal dosing scheme should also take the pharma-
codynamic response of the treated patients into account, 
e.g. using a baseline measurement.

to see how it translates to clinical outcomes. This model was 
consequently used to obtain better dosing recommendations 
across the full paediatric age range.

2 � Materials and Methods

2.1 � Study Data

Two previously published paediatric PK studies on oral 
dDAVP and one paediatric PD study were included in the 
current analysis and their characteristics are summarized 
in Table 1 [6, 8, 11]. Østerberg et al. compared the PK of 
an oral lyophilizate in 72 children with MNE with the PK 
in 28 healthy, adult volunteers using a double-blind, ran-
domized, parallel group, multicentre study [8]. Data from 
25 of these children were available for the current analy-
sis. In a second study, De Bruyne et al. used a two-period 
crossover design to compare oral lyophilizate with a tablet 
formulation in children with MNE [11]. Of the 23 children 
that were included, 22 successfully completed the study, of 
whom the PK data were available for the current analysis. 
The PD of 18 children of the same group were also investi-
gated by De Guchtenaere et al. The data were supplemented 
with data from a new study, optimally designed based on 
the previously constructed models [4]. The characteristics 
of these patients are also described in Table 1. In short, 25 
children who needed a urinary concentration test, or who 
suffered from therapy resistant nocturnal enuresis (based on 
nocturnal polyuria) were recruited in an open label, non-
randomized, interventional PK/PD study. After a 15 ml/kg 
water load to achieve maximal diluting capacity, dDAVP 
was provided sublingually as a one-time age-adapted dose 
(see Table 1). After 3 h, urinary voids were compensated 
to maintain fluid homeostasis. Blood and urine samples 
were taken at different time points and dDAVP concentra-
tions were measured in both matrices. Furthermore, urine 
volume and urine osmolality were recorded as PD mark-
ers. The study was approved by the local Ethics Committee 
(EC/2015/0616), EudraCT (2014-005200-13) and registered 
at www.clini​caltr​ials.gov (NCT02584231) [10].

2.2 � Model Development

A previously constructed porcine two-compartmental PK 
model with double input absorption was used as a starting 
point to describe the dDAVP concentrations [9]. This model 
was extended with a renal clearance component to accom-
modate the urine concentrations, and linked to our earlier 
constructed indirect response model [7]. Furthermore, sepa-
rate absorption processes were implemented for the tablet 
and lyophilizate formulation. The log-transform both sides 
(LTBS) approach was used for the plasma concentrations, 

200 µg once daily for the lyophilizate and the tablet formu-
lation, respectively. Previous studies have been inconsistent 
regarding the need for age- or weight-dependent dDAVP 
dosing, but suggest there might be a correlation between 
body size and PK that could culminate in a potentially rel-
evant PD effect [4, 6–8]. The lack of a consensus might be 
attributed to the lack of paediatric PK/PD data across the 
entire age range. Indeed, previous analyses focused on chil-
dren older than 6 years of age, and were not able to detect a 
clinically significant effect of age or weight on dDAVP PK/
PD [4, 6–8].

Furthermore, previous studies applied a sparse sampling 
design, specifically in the early phase postdosing. An earlier 
model-based analysis suggested that these early time points 
are important to correctly describe the absorption behaviour 
of the lyophilizate formulation [7]. The complex absorption 
behaviour of this formulation has already been observed in 
pigs, and has been described using a double input absorption 
model to reflect absorption, both buccally and at the level of 
the gut following ingestion of part of the dose [9].

A new clinical trial was set up to tackle these challenges. 
In this study, the PK and PD of dDAVP in young children 
(< 8 years of age) was investigated using a sampling scheme 
with more intense sampling in the early phase [10]. In order 
to amalgamate these new data with previous work and to 
elucidate differences in PK and PD between young children, 
children and adults, a modelling and simulation strategy was 
applied. This work describes this model-based analysis of 
these data combined with previously analysed data from 
older (> 6 years) children. Building on previous hypotheses 
tested in animal models, a new PK/PD model was con-
structed in order to further understand dDAVP PK/PD and 

http://www.clinicaltrials.gov
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whereas the PD endpoints were modelled in the normal 
domain. Interindividual variability (IIV) was implemented 
on most parameters and was assumed to follow a log-normal 
distribution. Several residual error models (additive, propor-
tional and mixed, for all outputs) were tested. Furthermore, 
different PK (one- vs. two-compartment, different absorption 
models, and addition of renal clearance) and PD [simple 
inverse, maximum effect (Emax) style, or dDAVP-inhibited 
link between urine volume and osmolality] models were 
compared in order to obtain the final structural model. Once 
an appropriate mixed-effects model was obtained, covari-
ate relationships were investigated using a forward selec-
tion approach, adding them to the model one at a time and 
selecting the models with the best performance metrics to 
proceed. The covariates that were tested, were formulation 
(MELT), fed state (FED), age (AGE), body weight (WT), 
sex (SEX), and theory-based allometric models [12, 13]. 
Once the full model was obtained, backwards deletion was 
performed in order to obtain the most appropriate parsimoni-
ous model [14].

The decision to include or exclude certain model com-
ponents, both in the construction of the base model and the 
covariate model was guided by several performance met-
rics: objective function value (OFV), Akaike’s Information 
Criterion (AIC), physiological plausibility, and population 
and individual predictions versus observations and versus 

time. A drop in OFV of 3.84 (p = 0.05 using the Chi square 
distribution with q degrees of freedom (the difference in 
estimated parameters between the two compared models) as 
an approximation of the OFV distribution) was assumed to 
indicate a significantly better fit. In the backwards deletion 
step, a rise in OFV < 6.63 (p = 0.01, same approximation) 
after deletion was assumed to indicate a non-significantly 
worse model, thus leading to deletion of the covariate.

2.3 � Model Evaluation

The final PK/PD model was evaluated using different stand-
ard tools [15] for all three model outputs (dDAVP plasma 
concentration, urine volume and urine osmolality). (1) Vis-
ual and numerical predictive checks were performed, based 
on 1000 simulations of the final model and binning into 10 
bins containing the same amount of observations to assure 
equal distribution of the observed data; (2) individual and 
population predictions versus observation plots were con-
structed and a Loess smoother was added to visually check 
for deviations from the unity line; and (3) a bias-corrected 
bootstrap with acceleration constant (BCa) was performed to 
obtain second-order 90% confidence intervals (CIs) around 
the parameter estimates [16]. For this, 1000 datasets of 64 
subjects were resampled with replacement from the original 
dataset, and used to estimate the model parameters again.

Table 1   Patient characteristics

F females, LC–MS liquid chromatography–mass spectrometry, M males, min minimum, max maximum, NA not available, PD pharmacodynam-
ics, PK pharmacokinetics, RI radioimmunoassay

Variable Østerberg et al. [8] De Bruyne et al. [11]
De Guchtenaere et al. [6]

Current study [10]

No. of patients 25 (PK) 22 (PK)/18 (PD) 25 (PK/PD)
Age, years (median [min–max]) 9.7 [6.7–13] 12.5 [7–16] 5 [0.9–8.7]
Weight, kg (median [min–max]) 32 [25–63] 51 [24–82] 18 [7.0–37]
Sex 5 F and 20 M 4 F and 18 M 9 F and 16 M
Height, cm (median [min–max]) 138 [121–165] 162 [115–186] 112 [70–143]
Formulation Lyophilizate Lyophilizate and tablet Lyophilizate
Dose, µg 0–480 200 (tablet)

120 (lyophilizate)
60 (< 2 years of age)
120 (2–4 years of age)
240 (> 4 years of age)

Fed state Fasted Fed (standardized 510 kcal) meal) Fasted
Average PK samples per patient 1.9 3 per formulation 8
PK sampling times 0–24 h 1, 2 and 6 h 0.25, 0.5, 1, 2, 3, 5, 6 and 7 h
Analytical method RI LC–MS/MS RI
Linear range, pg mL−1 0.80–100 2.00–100 2.00–100
Average PD samples per patient NA 8 8
PD sampling times NA 1, 2, 3, 4, 5, 6, 7 and 8 h 1, 2, 3, 4, 5, 6, 7 and 8 h
PD endpoints NA Urinary volume (ml)

Urine osmolality (mOsm/kg)
Urinary volume (ml)
Urine osmolality (mOsm/kg)
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2.4 � Simulations

Once confidence in the model had been achieved during the 
evaluation step, it was used for simulations. In a first step, 
standard adult doses of lyophilizate 120 µg and tablet 200 µg 
[17, 18] were compared in the fasted and fed state in the 
paediatric population. As the analysed dataset did not con-
tain fasted patients taking the tablet formulation, assessing 
a food effect reliably was only possible for lyophilizate. The 
original dataset of 64 patients was thus simulated 1000 times 
after lyophilizate 120 μg + fed, lyophilizate 120 μg + fasted, 
and tablet 200 μg + fed, resulting in three times 64,000 simu-
lated patients.

Plasma concentrations over time were plotted together 
with produced urine volume over time. Because in the 
simulation a virtual sample was taken every 0.1 h, the diu-
resis rate was calculated from the simulated urine volume 
by dividing it by its corresponding time interval. To assess 
the differences in PK, the area under the plasma concentra-
tion–time curve from zero to 12 h (AUC​12) and maximum 
plasma concentration (Cmax) were calculated and compared. 
The differences in PD were assessed using the duration of 
the effect, which was defined as the time interval during 
which the diuresis rate was below 1.5 ml/h/kg. This target 
was chosen as being in-between normal urine outputs of 
1–2 ml/h/kg in healthy and critically ill children [19–21].

Table 2   Simulated dosing 
schemes

Age, years Weight, kg

< 2 2–4 4–8 8–12 12+ < 12.5 12.5–25 25–50 50–100

Standard dose (µg) 120 (all) 120 (all)
Age scheme 1 (µg) 60 120 240 360 480 –
Age scheme 2 (µg) 30 60 120 180 240 –
Weight scheme 1 (µg) – 30 60 120 240
Weight scheme 2 (µg) – 45 90 180 360
Weight scheme 3 (µg) – 60 120 240 480

MELT
Dose

Mouth/
buccal

membranes

Gastro-
intes�nal

tract

Central volume (Vd)

Urine Volume (UV)Urine Osmolality

Frac�on 1 * BIO
Ka,1

Ka,2

CL

Kin

Inhibi�on

Measurement
=

Empty compartment

BIO ~ 1/AGE
Covariates: BIO ~ FAST

BIO ~ MELT
Kin ~ AGE

TAB
Dose

D1

Kosm,in Kosm,out

Inhibi�on

Baseline osmolality

Fig. 1   Final model structure and covariate effects
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In order to compare dosing regimens, three targets were 
defined to mimic a ‘successful therapy’ (simulating both a 
reduction in urine production and a recovery of functional-
ity in the morning). A dosing regimen was deemed appli-
cable when at least 75% (P75) of patients reached at least 
6 h of decreased diuresis, 50% (P50) reached at least 8 h, 
and < 25% (P25) stayed 10 h or longer below the defined tar-
get. In other words, the percentage of the population reach-
ing the target longer than 6 h and < 10 h should be maxi-
mized and should at least reach 50%. The first two criteria 
can be seen as markers of efficacious treatment, whereas the 
last marker is indicative of a good recovery of normal urine 
production in the morning (limited carryover effect).

The variability in AUC and Cmax was described using the 
ratio of the interquartile range over the median, which is a 
non-parametric description less sensitive to outliers expected 
in such a heterogeneous population:

A second simulation study investigated alternative dos-
ing schemes. The standard dose of lyophilizate 120 μg was 
compared with two age-based and three weight-based dosing 
schemes. The first age-based scheme was identical to the one 
used in the current clinical study, extrapolated to include 
children older than 8 years. The second scheme followed 

Variability =
P75 − P25

P50

× 100%.

Table 3   Final parameter estimates and bootstrap analysis results

CV coefficient of variance, dDAVP desmopressin, IIV interindividual variability, RSE residual standard error, SD standard deviation

Parameter Estimate [%RSE] Bootstrap estimate [%RSE] Meaning parameter

Ka,1 0.210 h−1 [14.0%] 0.199 h−1 [12.4%] First-order absorption rate constant from depot 1 
(mouth/buccal membrane)

Ka,2 0.202 h−1 [26.6%] 0.213 h−1 [20.3%] First-order absorption rate constant from depot 2 (gas-
trointestinal tract)

Fr1 0.883 [6.5%] 0.852 [7.0%] Fraction of the lyophilizate dose presented to input 1 
(Fr2 = 1 − Fr1)

BIO 1 FIX 1 FIX Bioavailability of tablet in the fed state (benchmark)
D1 0.4 h FIX 0.4 h FIX Duration of zero-order dose to input 1
LAG 0.25 h FIX 0.25 FIX Lag time of absorption from input 2
Vd/F 1090 L [12.4%] 1113 L [19.3%] Apparent volume of distribution
CL/F 4960 L/h [13.3%] 4988 L/h [10.9%] Apparent clearance
Kin, UV 284 ml/h [13.7%] 286 ml/h [7.6%] Zero-order production rate of urine (in a hydrated state)
Imax, UV 0.896 [4.3%] 0.895 [1.3%] Maximal inhibition urine production by dDAVP
IC50, UV 1.86 pg/ml [7.2%] 1.88 pg/ml [13.1%] dDAVP concentration resulting in 50% inhibition
HILL 9.62 [13.6%] 9.26 [21.3%] Hill coefficient
Kin, OSM 775 mOsm/h [16.4%] 780 mOsm/h [5.7%] Zero-order production rate of osmolality response
Kout, OSM 7.13 h−1 [37.6%] 7.05 h−1 [11.9%] First-order removal rate of osmolality response
Imax, OSM 0.863 [5.8%] 0.862 [1.9%] Maximal effect of dDAVP on osmolality
IC50, OSM 1.91 pg/ml [14.9%] 1.95 [12.3%] dDAVP concentration resulting in 50% of maximal 

osmolality
GAM 8.93 [27.5%] 9.12 [21.0%] Second Hill coefficient
CV on [dDAVP] 15.6% [7.1%] 15.8% [10.4%] Proportional error model on dDAVP plasma concentra-

tion
SD on urine volume 45.5 [4.0%] 43.9 [13.5%] Additive error on urine production
SD on urine osmolality 119 [7.6%] 118 [6.8%] Additive error on osmolality
(AGE/10)Age effect on BIO −0.448 [22.0%] −0.425 [17.6%] Effect of age on BIO
MELT × formulation effect on BIO 0.955 [8.1%] 0.948 [21.0%] Effect of formulation on BIO
FAST × food effect on BIO 0.849 [48.1%] 0.869 [39.0%] Effect of fasted state on BIO
(AGE/10)Age effect on urine production 1.21 [20.2%] 1.25 [14.8%] Effect of age on urine production
IIV on Ka,1 50.9% [25.0%] 57.1% [20.5%] IIV variability on Ka,1

IIV on Ka,2 55.9% [45.8%] 53.6% [14.8%] IIV variability on Ka,2

IIV on BIO 26.6% [25.4%] 26.6% [7.03%] IIV variability on BIO
IIV on LAG 122% [36.2%] 123% [43.1%] IIV variability on LAG
IIV on Kin 33.4% [52.1%] 33.5% [9.03%] IIV variability on Kin

IIV on Kout, OSM 19.7% [44.1%] 19.2% [5.09%] IIV variability on IC50, OSM
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the same logic but used half the normal doses. The weight-
based schemes were chosen similarly. All simulated dosing 
schemes are shown in Table 2.

Simulation parameters were identical to the first simula-
tion study, applied to patients taking the lyophilizate formu-
lation. All simulations were carried out in the fed state to 
account for the fact that children are not fasted when taking 
dDAVP (1 h before bedtime). The same targets of at least 
6 h, 8 h and < 10 h of decreased diuresis were used, first 
again with a target diuresis of 1.5 ml/h/kg and then strati-
fied per age with a target of 1 ml/h/kg for children older than 
2 years of age and 2 ml/h/kg for younger children [20].

2.5 � Software

Model development and parameter estimation were per-
formed using NONMEM version 7.4 [22], with first-
order conditional estimation with interaction (FOCE + I) as 
the estimation algorithm, accessed using the Perl-Speaks-
NONMEM (PsN) software [23], embedded in the work-
bench Piraña [24]. R version 3.4.2, accessed via RStudio 
version 1.1.383 (http://www.rstud​io.com/), was used to pre-
pare the datasets, perform the simulations, and post-process 
all results, including the statistical calculations and plot 
generation.

3 � Results

Visual inspection of the new patient data containing sam-
ples obtained at early time points postdosing indicated that 
two absorption processes occurred [10]. This confirmed the 
hypothesis of a double input absorption and prompted the 
construction of a model describing this behaviour.

3.1 � Model Development

Before starting full model development, the PK data alone 
were analysed using the earlier published porcine model 
[9]. From this analysis, it was decided to start from a one-
compartment model instead of a two-compartment model 
as two compartments were not supported by the data, simi-
lar to our previous analysis [4]. Furthermore, as no IV data 
were included, the bioavailability could not be estimated 

from the data, implying that clearance (CL) and volume of 
distribution (Vd) are estimated as apparent parameters rela-
tive to bioavailability. As the data consisted of data from 
the two formulations under different scenarios, a reference 
bioavailability was chosen. As all children taking the tablet 
formulation were also fed (no fasted data were available), 
the reference bioavailability (fixed to 1) was defined to 
be the bioavailability of the tablet formulation after food 
intake (FTab,Fed). The bioavailability of lyophilizate, both in 
the fasted and fed state, could thus be estimated relative to 
FTab,Fed.

After this, the PD data were added and simultaneous PK/
PD modelling commenced. In line with previous analyses 
[7], the IIV on the maximal effect and Hill coefficients (if 
present) were fixed to 0. Furthermore, an interoccasion 
variability on urine production was included as tablet and 
lyophilizate were administered on separate days for some 
patients. The separate renal clearance pathway was omitted 
from the model for two reasons. First, an earlier analysis [10] 
attributed < 1% of the clearance to the renal pathway, which 
was confirmed by the parameter estimates of the population 
PK model. Second, as dDAVP influences the urinary out-
put, the urinary dDAVP concentrations are dependent on the 
PD and are thus not a clear marker for renal clearance. The 
analysis was continued using dDAVP plasma concentrations, 
urine volume and osmolality as model outputs.

Several indirect response PD models were compared with 
one another, and ultimately the original Emax-style inhibi-
tion of urine volume production [7] was supplemented with 
a similar inhibition of the production of urine osmolality 
response, comparable to a previously published dDAVP PD 
model in adults [25]. Furthermore, addition of the PD data 
allowed to further characterize the PK absorption part: a 
shared absorption rate constant and lag time (LAG) could be 
estimated for the gastrointestinally (non-buccally) absorbed 
part of the lyophilizate and for the tablet, but D1 and LAG 
needed to be fixed to their final values obtained after log 
likelihood profiling, for stability reasons. In the final model, 
an inverse effect of age on bioavailability, age on urine pro-
duction, and food and formulation on bioavailability were 
retained as significant covariates. Thefinal model structure 
and parameter estimates are shown in Fig. 1 and Table 3.

3.2 � Model Evaluation

In Fig. 2, the population and individual prediction versus 
observation plots are shown for all outputs. Some underpre-
diction of the lowest urine volumes, and consequently high-
est osmolality values, can be seen, but, in general, the model 
describes the data well. The visual predictive checks are 
shown in Fig. 3 and showed good prediction properties of 
the general trend and variability for plasma concentrations, 
urine volume and urine osmolality for the three scenarios 

Fig. 2   Basic goodness-of-fit plots. On top, the population (first row) 
and individual (second row) predictions versus observed values are 
shown. The dotted line represents the unity line and the solid line rep-
resents a Loess smoother through the data points. The CWRES are 
shown versus the population predictions (third row) and versus time 
after dose (fourth row). The dotted line represents the zero line and 
the solid line represents a Loess smoother through the data points. 
dDAVP desmopressin, CWRES conditionally weighted residuals, 
PRED predicted, LOESS locally estimated scatterplot smoothing

◂

http://www.rstudio.com/
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Fig. 3   Visual predictive checks for the different scenarios. On top, the 
plasma concentration–time profiles are shown, whereas the pharma-
codynamic responses, depicted as the diuresis rate and urine osmolal-
ity, are shown below. The solid line indicates the prediction median, 

the shaded area represents the 90% prediction interval, the dashed 
lines represent the 25th–75th percentile, and the dots represent the 
observed data in the different studies
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(FAST + MELT, FED + MELT and FED + TAB) for which 
data were available. The numerical predictive check con-
firmed this: 5.54% and 5.18% of observations lie above 
the predicted 95% and below the predicted 5% percentiles, 
respectively. The results of the bootstrap analysis are shown 
in Table 3. Average bias was 0.16% and varied between 
− 5.24 and 5.45% for the structural model parameters and 
− 5.13 and 12.2% for the stochastic model parameters.

3.3 � Standard Dosing

The simulation results of the standard doses are shown in 
Fig. 4 and the derived AUC, Cmax, variability estimates and 
patients reaching the targets are depicted in Table 4. Taking 
the dDAVP lyophilizate in the fasted state results in a 50% 

increase in exposure compared with the fed state. This is 
also propagated to the PD effect: 51.5% of the fasted patients 
reached 1.5 ml/h/kg for at least 8 h after taking the lyophili-
zate, compared with 25.0% of the fed patients. The percent-
age of patients in between the target range of 6 and 10 h was 
quite similar: 53.3% of the fasted patients versus 45.5% of 
the fed patients.

Comparing the two formulations in the fed state, a 
slightly higher exposure for the MELT compared with the 
tablet was observed, with lower variability. On the PD level, 
lyophilizate performed better than the tablet: 45.5% of the 
fed patients reached the target range after taking lyophilizate, 
compared with 36.7% after taking the tablet.

Fig. 4   Simulation results after lyophilizate 120 μg (fasted and fed) or 
tablet 200 μg (fed). On top, the plasma concentration–time profiles 
are shown, whereas the pharmacodynamic response, depicted as the 
diuresis rate per kilogram body weight, is shown below. The horizon-
tal line marks the target of 1.5 ml/h/kg and the solid line marks the 

median response, with the shaded area representing the 90% predic-
tion interval and the dashed lines representing the 25th–75th percen-
tiles. Vertical lines mark the targets of 6 h effect, 8 h effect and no 
more than 10 h effect
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3.4 � Alternative Dosing Schemes

In a second simulation study, alternative dosing schemes to 
the standard lyophilizate dose of 120 μg were investigated. 
As can be seen in Table 5, the original age-dependent dosing 
scheme from the present study results in almost thrice the 
exposure (compared with lyophilizate 120 μg), with long 
reductions in the diuresis rate for the majority of the simu-
lated patients (> 8 h for 79.0% of the simulations). However, 
63.9% of the simulated patients still experienced effects after 
10 h, and 42.3% still had low urine production 12 h after 
dosing. Consequently, only 31.1% of the simulated patients 
reached the target range of between 6 and 10 h of effect. 

Another age-dependent dosing scheme with half the original 
dose resulted in a slightly higher exposure (compared with 
standard dosing) and a much better PD profile as the doses 
were better tailored to the individual patients, and thus indi-
vidual exposures were vastly different from the conventional 
dose. In this case, the targets of P25 at 6 h, P50 at 8 h and 
P75 at 10 h were reached, and 59.1% of patients reached the 
target range of between 6 and 10 h of effect (Fig. 5).

Applying the weight-dependent dosing scheme, an slight 
increase in PK variability and overall higher exposure was 
observed, resulting in a longer persistence of the effect on 
diuresis rate. Scheme 1 resulted in similar overall effects 
as the conventional dosing, whereas scheme 2 reached the 

Table 5   Simulated AUC, Cmax and target attainment for the standard dosing of lyophilizate 120 μg and the different age- and weight-dependent 
dosing schemes in the fed state

AUC​ area under the plasma concentration–time curve, AUC​12 AUC from zero to 12 h, Cmax maximum plasma concentration, CI confidence inter-
val, IQR interquartile range, PD pharmacodynamics, PK pharmacokinetics

AUC​12 (pg h/ml) [90% CI] Cmax (pg/ml) [90% CI] IQR/median (AUC) IQR/median (Cmax)

PK
 120 MELT 38.7 [18.3–86.1]] 7.87 [3.45–19.6] 58.8% 70.1%
 AGEDEP1 107 [47.1–204] 21.4 [9.11–48.0] 58.6% 68.8%
 AGEDEP2 53.3 [23.6–102] 10.7 [4.55–24.0] 58.6% 68.8%
 WTDEP1 40.2 [16.2–93.6] 8.17 [3.16–21.0] 71.8% 80.3%
 WTDEP2 60.3 [24.3–140.4] 12.2 [4.74–31.5] 71.8% 80.3%
 WTDEP3 80.4 [32.4–187.2] 16.3 [6.32–41.9] 71.8% 80.3%

% patients > 6 h % patients > 8 h % patients > 10 h % patients > 6 h and < 10 h

PD
 120 MELT 55.0 25.0 9.5 45.7
 AGEDEP1 95.0 79.0 63.9 31.1
 AGEDEP2 80.5 51.0 21.4 59.1
 WTDEP1 56.7 28.5 10.9 45.8
 WTDEP2 77.0 53.8 29.2 47.8
 WTDEP3 96.3 76.9 53.4 42.9

Table 4   Simulated AUC, Cmax and PD target attainment for the standard dosing of lyophilizate 120 µg and tablet 200 µg

AUC​ area under the concentration–time curve, AUC​12 AUC from time zero to 12 h, Cmax maximum plasma concentration, CI confidence inter-
val, IQR interquartile range, PD pharmacodynamics, PK pharmacokinetics

AUC​12 (pg h/ml) [90% CI] Cmax (pg/ml) [90% CI] IQR/median (AUC) IQR/median (Cmax)

PK
 FAST MELT 55.5 [26.2–124] 11.3 [4.95–28.0] 58.8% 70.1%
 FED MELT 38.7 [18.3–86.1]] 7.87 [3.45–19.6] 58.8% 70.1%
 FED TABLET 31.7 [9.46–76.6] 5.71 [1.97–15.0] 71.3% 82.2%

% patients > 6 h % patients > 8 h % patients > 10 h % patients > 6 h and < 10 h

PD
 FAST MELT 78.2 51.5 24.9 53.3
 FED MELT 55.0 25.0 9.5 45.5
 FED TABLET 48.5 22.3 11.8 36.7
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targets of P25 at 6 h, P50 at 8 h, and P75 at 10 h, with 47.8% 
of patients reaching the target range of between 6 and 10 h of 
effect. Scheme 3 resulted in too high exposure and thus too 
long-lasting effects, with 53.4% of patients having lowered 
enuresis for more than 10 h (Fig. 6).

Based on these results, it was concluded that age-based 
dosing scheme 2 and weight-based dosing scheme 2 were the 
most optimal for paediatric dDAVP therapy. Indeed, weight-
based dosing scheme 1 barely improves upon the conven-
tional 120 μg dosing (only 28.5% of patients would reach at 
least 8 h diuresis under 1.5 ml/h/kg), whereas weight-based 
dosing scheme 3 and age-based dosing scheme 1 resulted 
in an overdosing situation, evident by the large portions of 
simulated patients who stayed under 1.5 ml/h/kg for longer 
than 10 h.

In order to further investigate the appropriateness of these 
schemes compared with conventional dosing, the simula-
tions were stratified by age. This is shown in Fig. 7 and 
Table 6. From these simulations, assuming the fed state, 

it can be seen that conventional dosing of 120 μg is not 
appropriate. Indeed, for children younger than 4 years of 
age, this dose results in prolonged effects: 95.5% of children 
younger than 2 years of age, and 36.8% of children between 
2 and 4 years of age, experienced effects longer than 10 h. In 
older children, the effect reached does not last long enough: 
only 25% of children between 4 and 8 years of age, 7.2% of 
children between 8 and 12 years of age, and 5% of children 
older than 12 years of age reached 8 h of lowered enuresis.

Looking at the age- and weight-dependent dosing 
schemes, exposure is better matched with the simulated 
patients, and targets are reached more often. For the age-
based scheme, 31.6%, 50.6%, 51.2%, 42.6% and 49.1% of 
children aged between 0 and 2 years, 2 and 4 years, 4 and 
8 years, 8 and 12 years, and older than 12 years, respec-
tively, reached the target range of between 6 and 10 h of 
effect, versus 4.5%, 59.2%, 51.2%, 26.2% and 26.1%, respec-
tively, following flat dosing. The weight-based scheme also 
performs better than flat dosing, i.e. 40.0%, 54.2%, 46.2%, 

Fig. 5   Simulation results after age-dependent dosing schemes in the 
fed state. On top, the plasma concentration–time profiles are shown, 
whereas the pharmacodynamic response, depicted as the diuresis 
rate, is shown below. The lines represent the median response and the 
shaded areas represent the 90% prediction intervals. The horizontal 

line marks the target of 1.5 ml/h/kg enuresis and the solid line marks 
the median response, with the shaded area representing the 90% pre-
diction interval and the dashed lines representing the 25th–75th per-
centiles. Vertical lines mark the targets of 6 h effect, 8 h effect and no 
more than 10 h effect
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39.6% and 30.8% of children aged between 0 and 2 years, 
2 and 4 years, 4 and 8 years, 8 and 12 years, and older than 
12 years, respectively, reached the target range of between 
6 and 10 h of effect.

4 � Discussion

In the present study, new paediatric PK/PD data for the 
peptide drug dDAVP were added to existing data and were 
re-analysed using the mixed-effects modelling approach. 
Questions that were raised in previous analyses of PK and 
PD data were further investigated [4, 7]. During these previ-
ous analyses, a discrepancy between PK and PD data was 
found, resulting in a formulation effect on some of the PD 
parameters. It was then hypothesized that this discrepancy 
was caused by a lack of a sufficient number of samples in 
the absorption part, precluding the reliable description of the 

plasma concentration–time profile following the lyophilizate 
intake, and the possible occurrence of a double absorption 
peak after buccal administration of the lyophilizate formula-
tion, which might have been missed.

This hypothesis was further supported by a juvenile ani-
mal study in pigs [9]. Therefore, new clinical data were gen-
erated using an optimized clinical trial design based on the 
previously constructed PK/PD models, which were added 
to the already available dataset. A double absorption peak 
could indeed be seen in the newly generated raw data, serv-
ing as a first confirmation of the initial hypothesis [10]. A 
simultaneous PK/PD analysis was thus performed on all 
combined data, using a double input, first-order absorption 
model linked to a one-compartmental model with first-order 
elimination, which in turn was linked to a zero-order produc-
tion of urine using an indirect response model.

A profound food effect was again detected on bioavail-
ability, as has been previously described for adults [3] and 

Fig. 6   Simulation results after weight-dependent dosing schemes 
in the fed state. On top, the plasma concentration–time profiles are 
shown, whereas the pharmacodynamic response, depicted as the diu-
resis rate, is shown below. The lines represent the median response 
and the shaded areas represent the 90% prediction intervals. The hori-

zontal line marks the target of 1.5 ml/h/kg enuresis and the solid line 
marks the median response, with the shaded area representing the 
90% prediction interval and the dashed lines representing the 25th–
75th percentiles. Vertical lines mark the targets of 6  h effect, 8  h 
effect and no more than 10 h effect
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Fig. 7   Stratification of diuresis 
simulations by age. The hori-
zontal line marks the target of 
2 ml/h/kg for children between 
0 and 2 years of age and of 
1 ml/h/kg for children above 
2 years of age, and the solid line 
represents the median response, 
with the shaded area represent-
ing the 90% prediction interval 
and the dashed lines represent-
ing the 25th–75th percentiles. 
The targets of 6 h effect, 8 h 
effect and no more than 10 h 
effect are marked by vertical 
lines
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children, based on PK data alone [4]. However, as in the 
analysed dataset, only a small part of the data came from fed 
patients, who were all older than 8 years of age; this effect 
could also be a study effect or a maturational effect. It would 
be beneficial for the current PK/PD analysis to complete the 
dataset with fed data in younger children and fasted data 
for patients taking the tablet formulation. These data should 
be collected following a similar sampling scheme as in the 
present study to appropriately capture the complex absorp-
tion behaviour.

The importance of this food effect was emphasized by 
simulating conventional versus age- and weight-dependent 
dosing regimens. It was found that the standard dosing might 
not be appropriate in children as the average target attain-
ment over the different age groups is only 33.4%, compared 
with 45.0% for the age-dependent dosing scheme and 42.2% 
for the weight-dependent dosing scheme. Looking closer at 
the stratified data, the weight-dependent dosing scheme was 
identified to provide the most favourable paediatric PD pro-
file for children younger than 4 years of age, and the age-
dependent scheme performed the best for children older than 
4 years of age, as opposed to conventional dosing. Indeed, 
children under the standard dosing regimen often suffer from 
either suboptimal or too prolonged effects, which occur sig-
nificantly less frequently with the newly proposed scheme. 
However, even with the proposed schemes, a large portion of 
children remain outside of the target ranges. Indeed, a large 
unexplained variability in the exposure–response relation-
ship remains that should be further investigated using, for 
example, biomarkers such as the baseline urine osmolality 
or aquaporin levels [26].

Several new growth effects could also be detected by the 
addition of the new dataset containing younger children. 
Indeed, an inverse effect of age on bioavailability was found. 
As no IV data were included in this model, CL and Vd are 
apparent parameters, and thus this inverse effect translates 
to a directly proportional effect of age on these parameters. 
However, as all patients younger than 7 years of age origi-
nated from a single study where they only received lyophi-
lizate, the age effect on bioavailability might be formula-
tion-dependent, and extrapolations to the tablet formulation 
should thus be handled with care. Apart from PK, age was 
also found to be a significant covariate on urine production. 
This link between size/age and PK/PD shows the benefit of 
adapted dosing schemes to ensure efficacy during the entire 
night and to prevent overdosing.

Compared with previous published paediatric PK/PD 
models, this model stands out due to its younger population, 
quantified maturation effects on both PK and PD, and the 
simultaneous consideration of PK, urine volume and urine 
osmolality. Few models describing the PK/PD of dDAVP 
have been published. An indirect response model in hydrated 

adults modelled urine osmolality as the primary response 
and linked diuresis to it using the same inhibition function. 
Model parameters were estimated using individual curve fit-
ting in WinNonlin and were, on average, 3.7 pg/ml for the 
half maximal inhibitory concentration (IC50) and 0.80 for 
the maximum inhibition (Imax) [25]. Juul et al. investigated 
dDAVP PK/PD in adults and used the previously described 
indirect response model in order to link urine osmolality 
to dDAVP plasma concentrations using non-linear mixed-
effects modelling [27]. They found IC50 and Imax values of 
1.14 pg/ml and 0.93, respectively, comparable with our val-
ues of 1.91 pg/ml and 0.863, respectively. The seemingly 
higher potency of dDAVP in adults might explain the dif-
ferences in efficacious doses between children and adults 
[27, 28].

The original observations that sparked this investiga-
tion were inconsistent results regarding bioequivalence and 
therapeutic equivalence of dDAVP in children. In the current 
PK/PD model, the formulation effect on the PD side was no 
longer present, solving the earlier observed physiologically 
implausible discrepancy. These results suggest that the two 
formulations indeed have a complex bioequivalence rela-
tionship, influenced by the differences in absorption and the 
impact of food and age on these complexities. Taken over the 
entire population, the lyophilizate 120 μg and tablet 200 μg 
have a similar exposure in the fed state, but a different effect. 
This difference is probably due to the higher variability in 
exposure after taking the tablet, possibly caused by a more 
profound food effect. However, care must be taken as only a 
small portion of the data were tablet concentrations, all com-
ing from older, fed children. To compare the formulations 
more thoroughly, fasted tablet data and data from younger 
children taking the tablet should be incorporated. As the 
effect of food on the tablet formulation has thus far not been 
tested in young children, we caution its use in this population 
and suggest lyophilizate according to the abovementioned 
dosing scheme.

5 � Conclusions

This study again exemplifies the need for a good study 
design as discrepancies present in the previous analyses of 
this compound in the paediatric population were resolved 
by the inclusion of new data originating from a trial with a 
model-based design. It was shown that current dosing using 
lyophilizate might be inappropriate in children who are not 
fasted when taking dDAVP before bedtime. Simple dosing 
schemes based on age or weight were proposed as an alterna-
tive and could now be tested in clinical practice. However, 
simulations showed that even these schemes will not achieve 
therapeutic success for a large portion of patients due to 
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Table 6   Simulated target 
attainments stratified per age 
group for the standard dose, 
best age- and weight-dependent 
dosing scheme. All patients 
were simulated to be in the fed 
state

Age range, years Regimen % patients > 6 h % patients > 8 h % 
patients > 10 h

% 
patients > 6 h 
and < 10 h

0–2 AGEDEP2 81.6 57.5 50.0 31.6
120 MELT 100.0 100 95.5 4.5
WTDEP2 97.5 80.7 57.5 40.0

2–4 AGEDEP2 55.7 18.0 5.1 50.6
120 MELT 96.0 75.7 36.8 59.2
WTDEP2 78.6 53.3 24.4 54.2

4–8 AGEDEP2 57.5 25.0 6.3 51.2
120 MELT 57.5 25.0 6.3 51.2
WTDEP2 56.8 29.2 10.6 46.2

8–12 AGEDEP2 51.2 25.3 8.6 42.6
120 MELT 26.2 7.2 0.0 26.2
WTDEP2 50.1 25.4 10.5 39.6

12+ AGEDEP2 67.9 53.6 18.9 49.1
120 MELT 26.1 5.0 0.0 26.1
WTDEP2 70.8 59.1 40.0 30.8

the remaining unexplained variability, and additional driv-
ing factors for this exposure–response variability should be 
investigated in further paediatric clinical trials.
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