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Background and Aim

Midazolam is a short-acting benzodiazepine widely used for indications such as conscious sedation and 

treatment of epileptic seizures [1]. Several routes of administration are available, including intravenous (IV) 

and intranasal (IN) ones. IN midazolam is particularly attractive in paediatric settings, as it enables rapid drug 

absorption, avoids invasive administration, and can benefit from user-friendly nasal spray devices. However, 

dose selection for IN midazolam in children remains challenging due to substantial pharmacokinetic (PK) 

variability associated with age-related physiological changes and differences in body size [2]. 

Population pharmacokinetic (popPK) modelling provides a quantitative framework to characterize drug PK 

variability and support dose optimization.

Aim To develop a popPK model of two nasal-spray midazolam formulations (MDZ-1 and 

MDZ-2.5) using nonlinear mixed-effects (NLME) modelling based on adult PK data, to 

translate it to paediatric subjects using allometric scaling, and subsequently evaluate its 

predictive performance against independent paediatric PK data reported in the 

literature.

Methods

Database and protocol

The dataset consisted of plasma concentration-time profiles for midazolam and its primary 1-OH metabolite 

from 28 healthy volunteers (16 males; age 32±10 years; body weight (BW) 68±12 kg) undergoing five PK 

sessions in a randomized crossover design (EudraCT-Number 2022-002154-16). In each session, subjects 

received a single dose of one of five treatments – IV midazolam Ipnovel (2.5 mg), IN MDZ-1 (1 mg, 2 mg, or 

4 mg), or IN MDZ-2.5 (5 mg) – in a random order, and blood samples were collected for PK assessment up 

to 12 hours post-dose. Each PK session was separated by a minimum washout period of 3 days (Fig. 1-3).

Fig. 1: Schematic study design – Sequence of treatment in two illustrative subjects.
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PopPK model development

PopPK modelling was performed using NLME implemented in MonolixSuite  2024R1. Structural models 

evaluated parent-metabolite transformation, number of compartments, type of absorption for IN formulation, 

and elimination processes. Allometric scaling was applied to clearance (CL) and volume (V) parameters 

using BW as a covariate with fixed exponents [3]. 
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Age and sex were evaluated as possible additional covariates. Inter-individual and inter-occasion variability 

was assumed to follow log-normal distributions. Residual variability was described using appropriate error 

models. Model selection was guided by parameter relative standard error (RSE), goodness of fit (GoF) and 

corrected Bayesian Information Criterion (BICc).

PopPK model scaling to paediatric population

The final popPK model was then scaled to paediatric population using a refined allometric scaling of CL that 

accounts for organ size and maturation [4]. 
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PopPK model ability to well describe midazolam PK in the paediatric population was evaluated by simulating 

clinical experiments with both IV and IN midazolam in the target population (from selected papers) and 

comparing the resulting PK profiles with observed data.

Paediatric popPK model assessment

A systematic review search was conducted in PubMed (on September 1, 2025) to identify literature relevant 

for population popPK model validation.

QUERY: midazolam AND (intra*nasal OR nasal OR intravenous) AND (child* OR pediatric* OR paediatric*) AND (PK OR 

pharmacokinetic OR AUC OR clearance OR bioavailability OR *compartmental OR NONMEM OR Monolix OR Phoenix)

10 useful papers, consisting of 15 PK datasets for validation

Useful paper:
• Availability of IV and/or IN PK profile/s

• For IN administrations: bioavailability is available or computable as AUCIN/AUCIV ratio

PopPK model
Parameters Estimate

STOCH. APPROX.

SE RSE (%)

Fixed Effects

F1_pop (-) 0.97 0.014 1.41

F2_pop (-) 0.99 0.035 3.55

ka1_pop (1/h) 5.08 0.63 12.4

ka2_pop (1/h) 5.03 0.63 12.5

V1_pop (L) 20.91 2.04 9.76

beta_V1_logBW 1 Fixed

Cl_pop (L/h) 19.07 0.98 5.16

beta_Cl_logBW 0.75 Fixed

Q_pop (L/h) 35.97 3.03 8.44

beta_Q_logBW 0.75 Fixed

V2_pop (L) 51.04 2.54 4.97

beta_V2_logBW 1 Fixed

Clm_pop (L/h) 25.09 2.7 10.8

beta_Clm_logBW 0.75 Fixed

Kpm_pop (1/h) 0.14 0.0083 5.82

beta_Kpm_logBW -0.25 Fixed

Standard Deviation of the Random Effects (ω) – IIV

omega_F1 1.5 0.31 20.5

omega_F2 3.93 1.63 41.5

omega_ka1 0.53 0.13 24

omega_ka2 0.44 0.18 41.2

omega_V1 0.5 0.064 12.9

omega_Cl 0.27 0.037 13.7

omega_Q 0.4 0.062 15.4

omega_V2 0.25 0.036 14.5

omega_Clm 0.54 0.072 13.4

omega_Kpm 0.29 0.041 13.9

Standard Deviation of the Random Effects (γ) – IOV

gamma1_ka1 0.55 0.061 11

gamma1_ka2 0.44 0.095 21.6

Error Model Parameters

b1 0.24 0.0045 1.9

b2 0.38 0.0076 2.02

The model adequately captured observed adult PK data, with satisfactory GoF (Fig.5) and accurate 

estimated parameters (RSE < 42%, Table 1).

Results

PopPK model

The final popPK model included first-order absorption for both MDZ-1 and MDZ-2.5 formulations, linear 

elimination, a two-compartment structure for parent compound and one compartment for 1-OH metabolite, 

unidirectional parent-to-metabolite transformation, and a proportional residual error model. BW was the only 

covariate retained across all clearance and volume parameters (Fig. 4). 

Fig. 5: Goodness of Fit – parent (left) and 1-OH metabolite (right)

Fig. 4: PopPK model scheme

Table 1: PopPK model parameters

The refined allometric scaling on CL assumed a BW-dependent exponent model identified on both children 

and adult literature data [4]. It improved characterization of the BW-CL relationship in the paediatric 

population (Fig. 6).

Data [4]

Standard allometric model

Refined allometric model
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Fig. 6: Allometric scaling model fit on CL-BW data: standard (blue [3]) vs. refined model (red [4]).

PopPK model extension to paediatric subjects
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Conclusion

• A parent–metabolite popPK model describing two intranasal midazolam formulations was 

successfully developed using NLME and translated to the paediatric population using maturation-

informed allometric scaling.

• This modelling approach demonstrated robust predictive performance for midazolam PK following 

both IV and IN administration and represents a quantitative framework to explore alternative dosing 

regimens. 

• Its application may support model-informed dose optimization of IN midazolam for children in clinical 

practice.

Paediatric popPK model assessment

Simulated paediatric PK profiles following both IV and IN midazolam administration were consistent with 

literature data, as the simulated 90% prediction interval successfully captured most of the observed PK 

concentrations across 15 independent studies (Fig. 7).

Fig. 7: Paediatric literature data vs. simulated PK (log-scale) obtained with either IV or IN midazolam administration. For IN 
experiments, PK concentrations are normalized by the respective bioavailability (F) to account for different IN formulations.

IV 0.2 mg/kg 
age = 4.5 (2-7) y, BW = 19.4 (5.1) kg

(Malinovsky, et al. 1993)

IV 34.6 mcg/kg 
age = (0.62-15.7) y

(Neupane, et al. 2022)

IV 0.15 mg/kg 
age = (0.5-12) y

(Reed, et al. 2001)

IV 0.3 mg/kg
single subject

(Muchohi, et al. 2005)

IV 0.3 mg/kg 
age = 2 (0.5-3) y, BW = 10.4 (8.7, 12.1) kg

(Muchohi, et al. 2008)

IV 0.2 mg/kg
age = 2.5 (0.8) y, BW = 15.2 (1.2) kg

(Rey, et al. 1991)

IV 0.15 mg/kg
age = (1.1-11.1) y

(Salonen, et al. 1987)

IV 0.1 mg/kg
age = 3.0 (1.4) y, BW = 12.8 (3.3) kg 

(Walbergh, et al. 1991)

IV 0.08 mg/kg
age = 13.5 (8-17) y
(Tolia, et al. 1991)

IN 2.5 mg 
BW = [20-40) kg

(Bouw, et al. 2021)

IN 1.25 mg 
BW = [10-20) kg

(Bouw, et al. 2021)

IN 5 mg 
BW = [40-60] kg

(Bouw, et al. 2021)

IN 0.2 mg/kg 
age = 3.6 (2-9) y, BW = 16.1 (3.9) kg

(Malinovsky, et al. 1993)

IN 0.2 mg/kg
age= 3.3 (0.9) y, BW = 14.1 (2.0) kg

(Rey, et al. 1991)

IN 0.1 mg/kg
age = 2.1 (0.8) y, BW = 11.8 (2.9) kg

(Walbergh, et al. 1991)

Data Simulation (median) 90% prediction interval
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Fig. 2: Individual midazolam PK 
concentration after administration of 
IV midazolam (2.5 mg), IN MDZ-1 (1 
mg, 2 mg, or 4 mg), and IN MDZ-2.5 
(5 mg).

Fig. 3: Individual 1-OH midazolam 
PK concentration after administration 
of IV midazolam (2.5 mg), IN MDZ-1 
(1 mg, 2 mg, or 4 mg), and IN MDZ-
2.5 (5 mg).
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