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Abstract
Background and Objective Spinal muscular atrophy (SMA) is a progressive neuromuscular disease caused by insufficient 
levels of survival motor neuron (SMN) protein. Risdiplam  (EvrysdiTM) increases SMN protein and is approved for the treat-
ment of SMA. Risdiplam has high oral bioavailability and is primarily eliminated through hepatic metabolism by flavin-
containing monooxygenase3 (FMO3) and cytochrome P450 (CYP) 3A, by 75% and 20%, respectively. While the FMO3 
ontogeny is critical input data for the prediction of risdiplam pharmacokinetics (PK) in children, it was mostly studied in vitro, 
and robust in vivo FMO3 ontogeny is currently lacking. We derived in vivo FMO3 ontogeny by mechanistic population PK 
modelling of risdiplam and investigated its impact on drug-drug interactions in children.
Methods Population and physiologically based PK (PPK and PBPK) modelling conducted during the development of ris-
diplam were integrated into a mechanistic PPK (Mech-PPK) model to estimate in vivo FMO3 ontogeny. A total of 10,205 
risdiplam plasma concentration-time data from 525 subjects aged 2 months–61 years were included. Six different structural 
models were examined to describe the in vivo FMO3 ontogeny. Impact of the newly estimated FMO3 ontogeny on predic-
tions of drug–drug interaction (DDI) in children was investigated by simulations for dual CYP3A-FMO3 substrates including 
risdiplam and theoretical substrates covering a range of metabolic fractions (fm) of CYP3A and FMO3  (fmCYP3A:fmFMO3 = 
10%:90%, 50%:50%, 90%:10%).
Results All six models consistently predicted higher FMO3 expression/activity in children, reaching a maximum at the 
age of 2 years with an approximately threefold difference compared with adults. Different trajectories of FMO3 ontogeny 
in infants < 4 months of age were predicted by the six models, likely due to limited observations for this age range. Use of 
this  in vivo FMO3 ontogeny function improved prediction of risdiplam PK in children compared to in vitro FMO3 ontogeny 
functions. The simulations of theoretical dual CYP3A-FMO3 substrates predicted comparable or decreased CYP3A-victim 
DDI propensity in children compared to adults across the range of fm values. Refinement of FMO3 ontogeny in the risdiplam 
model had no impact on the previously predicted low CYP3A-victim or -perpetrator DDI risk of risdiplam in children.
Conclusion Mech-PPK modelling successfully estimated in vivo FMO3 ontogeny from risdiplam data collected from 525 
subjects aged 2 months–61 years. To our knowledge, this is the first investigation of in vivo FMO3 ontogeny by population 
approach using comprehensive data covering a wide age range. Derivation of a robust in vivo FMO3 ontogeny function has 
significant implications on the prospective prediction of PK and DDI in children for other FMO3 substrates in the future, as 
illustrated in the current study for FMO3 and/or dual CYP3A-FMO3 substrates.
Clinical Trial Registry Numbers NCT02633709, NCT03032172, NCT02908685, NCT02913482, NCT03988907.

1 Introduction

Spinal muscular atrophy (SMA) is an autosomal recessive 
neuromuscular disease caused by insufficient levels of sur-
vival motor neuron (SMN) protein due to the absence of 
a functional SMN1 gene [1]. The disease manifests with 
progressive proximal muscle weakness and paralysis and is Extended author information available on the last page of the article
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Key Points 

Previous investigations of FMO3 ontogeny were mostly 
performed in vitro. Studies in vivo in children are lack-
ing although such data are indispensable for the pre-
diction of paediatric pharmacokinetic and drug–drug 
interactions (DDIs).

The in vivo FMO3 ontogeny was estimated using ris-
diplam data from 525 subjects aged 2 months–61 years 
by mechanistic population pharmacokinetic (Mech-PPK) 
modelling. The estimated FMO3 ontogeny suggested (1) 
higher expression/activity in children with a maximum 
of threefold difference to adults at 2 years of age; and (2) 
comparable or lower CYP3A-victim DDI propensity for 
dual CYP3A-FMO3 substrates in children.

To our knowledge, this is the first investigation of in vivo 
FMO3 ontogeny by a middle-out approach using a 
hybrid of PBPK (bottom-up) and PPK (top-down) mod-
elling. The proposed FMO3 model is recommended for 
children ≥ 4 months of age.

classified into types 1, 2, 3 and 4, with the age of onset of 
symptoms being 0–6 months, 7–18 months, > 18 months 
and 20–30 years, respectively [2]. Risdiplam  (EvrysdiTM) 
modifies splicing of SMN2 pre-mRNA, thereby increasing 
SMN protein [3]. Risdiplam is approved for the treatment 
of SMA [4, 5] with doses of 0.2 mg/kg, 0.25 mg/kg and 5 
mg for patients aged 2 months to < 2 years, ≥ 2 years and 
weighing < 20 kg, and ≥ 2 years and weighing ≥ 20 kg [6], 
respectively. Recently, 0.15 mg/kg of risdiplam has been 
approved by the US FDA for SMA patients < 2 months of 
age [7].

Risdiplam has high oral bioavailability (F) following 
complete absorption, negligible intestinal extraction (< 1%) 
and low hepatic extraction  (EH approximately 5%), as indi-
cated by the human mass-balance and drug–drug interaction 
(DDI) studies [8, 9]. Risdiplam distributes into peripheral 
and central tissues [10] with a moderate volume of distribu-
tion (Vss = 4.2 L/kg). It is eliminated through hepatic metabo-
lism by flavin-containing mono-oxygenase 3 (FMO3) and 
cytochrome P450 (CYP) 3A by 75% and 20%, respectively 
[8, 9], and through renal excretion (5%) [8]. In vitro studies 
with kidney and intestinal microsomes suggested negligible 
extrahepatic metabolism [8]. Since FMO3 metabolism is the 
major elimination route, its ontogeny is a critical physiologi-
cal input parameter to predict risdiplam clearance (CL) in 
children. However, there are only a few reports on FMO3 
ontogeny, which are mostly based on in vitro investigations 

[11–13]. FMO3 is highly expressed in the adult liver, and 
catalyses the oxidation of a variety of substrates such as tri-
methylamine, catecholamines [14], nicotine [15], ranitidine 
[16] and tamoxifen [17]. Koukouritaki et al. reported an age-
dependent increase in FMO3 abundance from neonates to 
adolescents and adults by approximately 20-fold [11]. A sim-
ilar age-dependent monotonic increase in FMO3 activity was 
reported by Xu et al., who quantified FMO3 protein expres-
sion in 455 paediatric and adult human liver samples (donors 
aged 0–87 years) by a quantitative proteomic method [13]. 
The authors reported an age-dependent 2.2-fold increase in 
FMO3 expression between neonates and adults and described 
it using a sigmoidal model [13]. Shimizu et al. [12] evalu-
ated FMO3 expression and trimethylamine N-oxygenation in 
the liver microsomes (n = 9, aged 13 days–7 years) and by 
phenotyping in urine (77 children). While the phenotype data 
demonstrated a monotonic increase in FMO3 activity with 
age, FMO3 expression and trimethylamine N-oxygenation 
activity were higher in children than adults [12]. The verifica-
tion of these reported FMO3 ontogeny with in vivo data are 
currently limited due to a lack of sensitive FMO3 substrates 
among drugs used in children.

A physiologically based pharmacokinetic (PBPK) model 
of risdiplam using these in vitro FMO3 ontogeny models 
[11, 13] significantly underpredicted apparent clearance 
(CL/F) in children aged 2 months–18 years [18]. In con-
trast, application of the ontogeny function by Upreti and 
Wahlstrom [19] (‘Upreti function’), which describes approx-
imately twofold higher CYP3A expression/activity in chil-
dren compared with adults based on in vivo data analysis, for 
both CYP3A and FMO3, adequately predicted the risdiplam 
CL/F [18]. These findings suggest higher in vivo FMO3 
activity in children than predicted by the in vitro FMO3 
ontogeny models, warranting a detailed investigation of 
in vivo FMO3 ontogeny.

Furthermore, the accurate FMO3 ontogeny is an impor-
tant determinant of victim DDI sensitivity of dual CYP3A-
FMO3 substrates such as risdiplam. Although FMO3-
mediated DDIs are considered to be clinically rare [20], 
there is a potential CYP3A-victim DDI risk of concern 
since numerous CYP3A inhibitors and inducers are used 
in clinical practice [21]. The paediatric PBPK model of ris-
diplam with Upreti function for CYP3A and FMO3 ontog-
eny [18] predicts constant  fmCYP3A = 20% in children as 
in adults, reflecting the assumption of parallel development 
of these enzymes. However, sensitivity to CYP3A modula-
tion in children relative to adults could be different when 
enzymes show different developmental patterns [22]. There 
are several hepatic CYP3A ontogeny functions with differ-
ent maturation patterns [19, 23–25], and currently there is 
no consensus on their selection [26]. In our previous study 
[18], different CYP3A ontogeny functions [19, 25, 27] were 
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investigated for extrapolation of the time-dependent inhi-
bition (TDI) of CYP3A of risdiplam from healthy adults 
to children, accounting for this uncertainty of the hepatic 
CYP3A ontogeny. In adults, midazolam maximum concen-
tration (Cmax) and area under the concentration-time curve 
(AUC) were increased by 16 and 11%, respectively, and low 
CYP3A-TDI propensity was predicted for children across all 
the CYP3A ontogeny functions examined [18].

The present research investigated in vivo FMO3 ontogeny 
by mechanistic population pharmacokinetic (Mech-PPK) 
modelling of risdiplam using the data collected from 525 
subjects aged 2 months–61 years. This model is an inte-
gration of PPK and PBPK modelling that was iteratively 
conducted during clinical development (Fig. 1). The impact 
of the estimated in vivo FMO3 ontogeny on the risdiplam 
PK, CYP3A-victim DDI and CYP3A-TDI predictions in 
children was evaluated. Moreover, a simulation study was 
conducted to demonstrate the implications of the estimated 
in vivo FMO3 ontogeny on CYP3A-victim DDI propen-
sity of a broad range of dual CYP3A-FMO3 substrates in 

children. The investigation of in vivo FMO3 ontogeny using 
the comprehensive data covering a wide age range is also 
expected to address the current knowledge gap and improve 
prospective PK and DDI predictions of FMO3 substrates in 
children.

2  Methods

The development of PPK, PBPK and Mech-PPK models 
for risdiplam are summarized in Fig. 1. Plasma samples 
were collected from healthy individuals or SMA patients 
who participated in five clinical trials (NCT02633709, 
NCT03032172,  NCT02908685,  NCT02913482, 
NCT03988907; summarized in electronic supplementary 
material [ESM] Table S1) and the determined risdiplam 
concentrations (ESM Fig. S1) were used in the model-
ling. Bioanalytical method, definitions of model evalua-
tion and validation in this report are provided in ESM 1. 
Initially, PBPK and PPK models were developed with 

Fig. 1  Parallel development 
of PPK and PBPK models of 
risdiplam, and integration of the 
models to develop the Mech-
PPK model for investigation of 
in vivo FMO3 ontogeny. PPK 
population pharmacokinetic, 
PBPK physiologically based 
pharmacokinetic, Mech-PPK 
mechanistic population phar-
macokinetic, ADME absorp-
tion, distribution, metabolism, 
excretion, SMA spinal muscular 
atrophy, CLint intrinsic clear-
ance, CL/F apparent clearance, 
PK pharmacokinetics, FMO3 
flavin-containing mono-oxyge-
nase 3, CYP cytochrome P450, 
DDI drug–drug interaction, TDI 
time-dependent inhibition
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data collected from 130 subjects (26 healthy adults and 
104 SMA patients) [ESM Table S2) aged 2 months to 52 
years (Fig. 1a–c). Subsequently, the models were evaluated 
and validated with independent data collected from 395 
subjects (35 healthy adults and 360 SMA patients) [ESM 
Table S2] aged 2 months–61 years (Fig. 1d). The final 
PPK model parameter estimation and Mech-PPK model-
ling were performed with all available risdiplam data (total 
of 130 + 395 = 525 subjects). The median PK observa-
tion period was 358 days for SMA patients. The patient 
demographics, model development and evaluation/valida-
tion datasets are summarized in ESM Tables S1 and S2. 
The Mech-PPK model represents a hybrid of the PPK and 
PBPK models considering its physiologically based rep-
resentation of hepatic metabolism while otherwise being 
empirical. The Mech-PPK model was used to estimate the 
in vivo FMO3 ontogeny (Fig. 1e, f). This ontogeny func-
tion was subsequently implemented in the risdiplam PBPK 
model and used for CYP3A-victim DDI and -TDI assess-
ments in children (Fig. 1g).

2.1  Initial Physiologically Based Pharmacokinetic 
(PBPK) and Population Pharmacokinetic (PPK) 
Model Developments for Risdiplam (Fig. 1a–c)

The PBPK model of risdiplam was previously developed 
and verified with healthy adult data [8]. In brief, it consists 
of (1) a mechanistic absorption model; (2) volume of dis-
tribution predicted by tissue to plasma partition coefficients 
according to a preclinical distribution study [10]; (3) hepatic 
CL by FMO3 (75%) and CYP3A (20%); and (4) renal excre-
tion (5%). This model was used for the selection of starting 
doses in the therapeutic studies of risdiplam (Fig. 1a). Since 
plasma samples collected from SMA patients were sparse, 
PK were analysed by non-linear mixed-effects modelling. 
An initial PPK model of risdiplam was developed on 2492 
observations collected from 130 subjects (ESM Table S3). 
A PK model consisting of a three-transit compartment for 
absorption connected to a linear disposition model with two 
compartments was identified as a suitable structural model. 
Time-varying body weight as a covariate on CL/F, appar-
ent intercompartmental clearance (Q/F), apparent volume of 
distribution of the central compartment (Vc/F) and appar-
ent volume of distribution of the peripheral compartment 
(Vp/F) using an allometric model with estimated or fixed 
coefficients, and time-varying age as a covariate on CL/F 
and Vc/F with a sigmoidal model were implemented. The 
estimated parameters, goodness-of-fit (GOF) plots and 
prediction-corrected visual predictive check (pc-VPC) are 
provided in ESM Figs. S2 and S3. The post hoc CL/F of the 
PPK model was approximately 30% lower in the adult SMA 
patients than age- and body-weight-matched healthy subjects 
(ESM Fig. S4). Therefore, risdiplam intrinsic CL  (CLint) 

and renal CL in the PBPK model for SMA patients were 
reduced by 30% (ESM Table S4). The body-weight-normal-
ized CL/F values were higher in paediatric patients than in 
adult patients (ESM Fig. S5). Since CL/F is an adequate 
surrogate of the  CLint of risdiplam (exclusively metabolized 
in the liver and low hepatic extraction), this finding sug-
gested that hepatic metabolic activity per gram of liver in 
children is higher than adults. Use of existing in vitro FMO3 
ontogeny functions [11, 13] (ESM Fig. S6) significantly 
underpredicted risdiplam CL/F in children (ESM Fig. S7a). 
The Upreti function for the hepatic CYP3A ontogeny [19] 
(ESM Fig. S6), applied for scaling of both  CLint,CYP3A and 
 CLint,FMO3, adequately predicted risdiplam CL/F in children 
and was retained in the model (ESM Fig. S7b).

2.2  Evaluation of the PPK Model and Validation 
of the PBPK Model (Fig. 1d)

An additional 7713 risdiplam plasma samples collected from 
395 subjects (35 healthy subjects, 360 SMA patients aged 2 
months–61 years) [ESM Table S2] were used in the evalua-
tion of the PPK model. Prediction success of the initial PPK 
model, after the addition of the new data, was examined. 
These additional data were used for external validation of 
risdiplam PBPK models for SMA patients. The predicted 
risdiplam Cmax, AUC from time zero to 24 h (AUC 0-24h) and 
CL/F were compared with the observed Cmax and individu-
ally estimated AUC 0-24h and CL/F according to the post-hoc 
parameters of the PPK model, respectively.

2.3  Mechanistic PPK Modelling of Risdiplam 
to Estimate in vivo Flavin‑Containing 
Mono‑Oxygenase 3 (FMO3) Ontogeny (Fig. 1e, f)

A Mech-PPK model for risdiplam incorporated a physi-
ological description of the hepatic metabolism in the PPK 
model using a perfusion limited/well-stirred liver model. 
The following assumptions were made based on the PBPK 
model: (1) the oral F was equivalent to the hepatic avail-
ability (FH) due to complete absorption and negligible intes-
tinal extraction [8]; and (2) the composition of adult CL 
 (fmFMO3:fmCYP3A:renal CL = 75%:20%:5%). Drug absorp-
tion and distribution remained empirical, as in the PPK 
model.

The Mech-PPK model was fitted to all available data 
(n = 525, 10,205 observations) to estimate the in vivo 
ontogeny of FMO3. Six different structural models, includ-
ing combinations of sigmoidal Emax, the Gompertz [28], 
and the Richards functions [29] (Table 1), were examined 
to describe the higher expression/activity observed in chil-
dren than adults. The Upreti function [19] was used for the 
hepatic CYP3A ontogeny. Postnatal age was used in the 
ontogeny functions since most infants participated in the 
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risdiplam clinical study were born full-term. Age-depend-
ent physiological parameters (liver size, hepatic blood flow) 
[24], scaling factors (microsomal protein in the liver) [30, 
31] and CL equations are summarized in ESM Eqs. S1–11. 
Parameter estimates, GOF and pc-VPC were examined. A 
selected in vivo FMO3 ontogeny model was implemented in 
the paediatric PBPK model of risdiplam, which was evalu-
ated by comparing the predicted Cmax and AUC with the 
observations.

2.4  Investigation of Cytochrome P450 
(CYP) 3A‑Mediated DDI Risk of Dual 
CYP3A‑FMO3 Substrates in Children Using 
the Estimated in vivo FMO3 Ontogeny Function 
(Fig. 1g)

The CYP3A-victim DDI risk of risdiplam in adults is low 
 (fmCYP3A = 20%) [8, 9]. However, as risdiplam is a dual 
CYP3A-FMO3 substrate, age-dependent changes in FMO3 
and CYP3A ontogeny may alter CYP3A DDI susceptibility 
in children relative to adults. The paediatric PBPK model, 
updated with the estimated in vivo FMO3 ontogeny func-
tion, was used to predict risdiplam  fmCYP3A and to assess 
CYP3A-victim DDI propensity in children. The updated 
model was also used to predict CYP3A-TDI on midazolam 

PK in children and was compared with the previous pre-
diction [18]. In addition, a simulation study with a broader 
range of theoretical dual CYP3A-FMO3 substrates was 
conducted to evaluate the impact of the estimated in vivo 
FMO3 ontogeny function on CYP3A-victim DDI risk. The 
theoretical dual substrates with adult  fmCYP3A:fmFMO3 ratios 
of 0.1:0.9 (substrate A), 0.5:0.5 (substrate B) and 0.9:0.1 
(substrate C) were evaluated by predicting AUC ratios [18] 
(CYP3A-AUCR, Eq. 1). No involvement of intestinal metab-
olism and 95% inhibition of the hepatic CYP3A activity 
were assumed. The CYP3A-AUCR of children was com-
pared with the adults (AUCR children/AUCR adults) to evaluate 
age-dependent sensitivity to CYP3A modulation.

NONMEM version 7.4, with a first-order conditional 
estimation with interaction (FOCE-I) method, was used for 
the PPK and Mech-PPK modelling. All graphical analyses 
were performed using R version 4.0.3 and RStudio version 
1.2.1335. PsN (version 4.9.3) was used for model diagnos-
tics. The PBPK modelling (Fig. 1a, c, d) and CYP3A-victim 

(1)
CYP3A − AUCR =

AUC+inhibitor

AUCcontrol

=
1

0.05 × fmCYP3A +
(

1 − fmCYP3A

)

Table 1  Summary of the structural models used for investigation of in vivo FMO3 ontogeny function

Parameter estimates of Model 6 were considered the most reliable, as shown by the lowest condition number (176) and the lowest correlation 
among the parameters estimated (≤ 0.85). The GOF plots and pc-VPC of all six models were comparable and did not clearly differentiate among 
the models (data not shown)
AGECAP age (years) to reach the fractional activity = 1, Fmax maximum fraction of activity, FRD fractional contribution of the down slope, 
γd Hill coefficient for the down slope, γu Hill coefficient for the up slope, Ageup,50 age (years) to reach 50% of the maximum fractional activity, 
Agedown,50 age (years) to reach 50% of the lowest fractional activity, Fbirth fractional activity at birth, FMO3 flavin-containing mono-oxygenase 3, 
GOF goodness-of-fit, pc-VPC prediction-corrected visual predictive check, Emax maximum effect
a Bayesian information criteria
b The highest correlations among the parameters estimated

Model Equation BICa/condition number 
 (correlationb)

1 Combined the Emax model + AGECAP
(

Fmax ×
Age�u

Age�u+Age
�u

up,50

)

×

(

1 − FRD ×
Age�d

Age�d+Age
�d

down,50

)

, AGECAP
64679.8/> 10,000 (0.99)

2 Combined the Emax model + Fbirth
Fbirth +

(

(Fmax−Fbirth)Age
�u

Age�u+Age
�u

up,50

)

×

(

1 − FRD ×
Age�d

Age�d+Age
�d

down,50

)

64660.8/3896 (0.92)

3 Combined the Emax model and the 
Gompertz function [28]

(

Fmax ×
Age�u

Age�u+Age
�u

up,50

)

× (1 − � ⋅ e
(−e�−�⋅Age))

64692.4/> 10,000 (0.97)

4 Combined Emax model and the Gompertz 
function [28] + Fbirth

Fbirth +

(

(Fmax−Fbirth)Age
�u

Age�u+Age
�u

up,50

)

× (1 − � ⋅ e
(−e�−�⋅Age))

64669.7/3244 (0.94)

5 Combined the Gompertz function [28] and 
Emax model � ⋅ e

(−e�−�⋅Age) ×

(

1 − FRD ×
Age�d

Age�d+Age
�d

down,50

)

64674.2/317 (0.91)

6 Combined the Richard function [29] and 
Emax model

�

[1+e�−�⋅Age]
1
�

×

(

1 − FRD ×
Age�d

Age�d+Age
�d

down,50

)

64673.7/176 (0.85)
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DDI and -TDI predictions were performed using SimCYP 
versions 18 and 20, respectively.

3  Results

3.1  Evaluation and Validation of the PPK and PBPK 
Models of Risdiplam (Fig. 1d)

The initial PPK model (ESM Table S3) was fitted to the 
combined dataset including the additional 395 subjects (total 
n = 525 including the 130 subjects in the model develop-
ment dataset, 10,205 observations). Although the parameter 
estimates (Table 2) differed from the initial PPK model, the 
structural model remained the same. An additional covariate, 
a factor for CL/F of healthy adults (n = 61), and a separate 
residual error term for capillary blood samples (3% of the 
dataset) were introduced. All parameters were estimated 

with good precision, and the pc-VPC (Fig. 2a) and GOF 
plots (ESM Fig. S8) confirmed the ability of the model 
to predict central tendency and variability. The estimated 
allometric coefficient of CL/F was decreased from 0.418 
to 0.276, further deviated from the theory-based allometric 
exponent of 0.75 [32]. The allometric coefficient of Vc/F 
slightly shifted from 1.0 (fixed) to 0.86 and the  Age50 of 
the maturation functions of CL/F and Vc/F remained com-
parable (ESM Table S3; Table 2). The resulting population 
estimates of CL/F and Vc/F of the updated PPK model were 
generally consistent with the initial PPK model in children 
(ESM Fig. S9), showing the robustness of the model. Con-
sequently, this model was accepted as the final PPK model.

The paediatric PBPK model adequately predicted AUC 
(Fig. 2b), Cmax and CL/F of the paediatric SMA patients 
aged 2 months–18 years and the adult SMA patients (ESM 
Figs. S11–14) in the external validation dataset. Therefore, 

Table 2  Final population PK 
model parameters of risdiplam 
in subjects ≥ 2 months of age

The allometric model was defined with a median WT of 33 kg as follows: [WT/33]0.276 for CL/F and 
[WT/33]0.86 for Vc/F. The maturation function for CL/F is Age (y)/[Age (y) + 0.877 (y)], and Age (y)/[Age 
(y) + 0.322 (y)] for Vc/F. All parameters were estimated with an RSE <26% and showed good consist-
ency with the bootstrap analysis. The degree of η-shrinkage was 5.43, 22.9 and 10.1% for CL/F, ktr and 
Vc/F,respectively, indicating that the post -hoc parameters used for AUC estimates are reliable.
OFV objective function, RSE relative standard error of the estimate, CV coefficient of variation, WT body 
weight, Age50 age (years) to reach 50% of adult volume of distribution per body weight, CL/F apparent 
clearance, ktr absorption transit rate constant, Vc/F apparent volume of distribution of the central compart-
ment, Vp/F peripheral volume of distribution of the peripheral compartment, Q/F apparent intercompart-
mental CL, y year, CI confidence interval, SMA spinal muscular atrophy, AUC  area under the concentra-
tion-time curve
a Derived by a bootstrap with 200 estimations and stratification by study to retain the ratio of healthy adults, 
paediatric and adult SMA patients, in the resampling as in the original analysis (87.5% converged)

Parameter Unit Estimate RSE (%) 95% CI (bootstrap)a

Fixed effects
CL/F L/h 2.64 2.13 2.52–2.76
ktr 1/h 5.18 2.74 4.84–5.52
Vc/F L 98.0 1.80 93.8–103
Q/F L/h 0.682 10.5 0.589–1.50
Vp/F L 92.9 25.8 49.6–133
Covariate effects
Effect of WT on CL/F and Q/F 0.276 11.8 0.167–0.341
Effect of WT on Vc/F and Vp/F 0.860 3.34 0.792–0.915
Age50—CL/F y 0.877 17.1 0.640–1.26
Age50—Vc/F y 0.322 21.1 0.226–0.653
Healthy subjects on CL/F Factor 0.524 13.1 0.392–0.751
Random effects
CL/F (CV) 0.0678 (26.0%) 8.21 0.0574–0.0810
ktr (CV) 0.272 (52.2%) 11.4 0.211–0.329
Vc/F (CV) 0.0651 (25.5%) 8.85 0.0535–0.0790
Error model
σ1 proportional—venous (CV) 0.0546 (23.4%) 3.17 0.0512–0.0575
σ2 proportional—capillary (CV) 0.117 (34.2%) 15.7 0.0842–0.167
OFV = 64499
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these PBPK models for SMA patients were considered sat-
isfactorily validated.

3.2  Estimation of In Vivo FMO3 Ontogeny 
by Mech‑PPK Modelling of Risdiplam (Fig. 1e, f)

After the robustness of the PPK and PBPK models was con-
firmed, the Mech-PPK model was developed and fitted to all 
available data (n = 525, 10,205 observations) to estimate 
in vivo FMO3 ontogeny using six different structural mod-
els (Table 1). The predicted FMO3 expression/activity was 
higher in children, reaching a maximum at 2 years of age 
with an approximately threefold difference compared with 
adults (Fig. 3). All six model predictions were consistent 
from the age of 4 months, whereas divergent predictions 
were noted for younger infants. Parameter estimation for 
Model 6, a combination of the Richards function and Emax 
model, was considered the most reliable (Table 1). Consist-
ency with the bootstrap analysis further supports this model 
(Table 3, ESM Fig. S15). The pc-VPC (Fig. 2c) and GOF 
(ESM Fig. S16–18) showed its ability to adequately predict 
central tendency and variability of risdiplam PK. Therefore, 
Model 6 (Eq. 2) was selected as a representative in vivo 
FMO3 ontogeny model.

Subsequently, the risdiplam paediatric PBPK model was 
updated with the estimated in vivo FMO3 ontogeny Model 6. 
The model predicted risdiplam AUC 0-24h (geometric mean) 
within 0.8- to 1.25-fold of the observations in children aged 
2–6 months and > 4 years, and 0.76- to 0.79-fold in children 
aged 7 months to 4 years (Fig. 2d). The geometric mean of 
predicted Cmax was 0.6- to 0.75-fold of the observations in 
children aged 2 months–2 years, and within 0.8- to 1.25-fold 
in children ≥ 2 years of age (ESM Fig. S20).

3.3  Predictions of CYP3A‑Victim Drug–Drug 
Interaction (DDI) and CYP3A–Time Dependent 
Inhibition (TDI) of Risdiplam in Children 
with the Novel in vivo FMO3 Ontogeny Model 
(Fig. 1g)

The updated PBPK model of risdiplam with the estimated 
in vivo FMO3 ontogeny predicted comparable or lower 
 fmCYP3A values in children than the previous PBPK model 
predictions with Upreti function for CYP3A and FMO3 
(ESM Fig. S21). The predicted CYP3A-TDI was consistent 

(2)

FMO3 ontogeny =
3.55

[

1 + e0.509−2.24⋅Age
]1

×

(

1 − 0.717 ×
Age3.07

Age3.07 + 5.683.07

)

with the previous work [18], with the predicted midazolam 
Cmax and AUC ratios constantly < 1.25 in children aged 2 
months–18 years (ESM Fig. S22). These DDI predictions 
for infants 2–4 months of age were repeated with in vivo 
FMO3 ontogeny Models 2 and 3, representing the lowest 
and highest FMO3 expression/activity, respectively (Fig. 3, 
ESM Eqs. S12, S13). Consideration of the uncertainty in 
FMO3 ontogeny in infants 2–4 months of age had no impact 
on the predicted  fmCYP3A and midazolam AUC/Cmax ratios 
(ESM Fig. S23). Overall, the predicted CYP3A-victim DDI 
and -TDI propensity in children aged 2 months–18 years 
remained low after implementation of the newly estimated 
in vivo FMO3 ontogeny functions.

3.4  Simulations of CYP3A‑Victim DDI Propensity 
for Different Dual CYP3A‑FMO3 Substrates 
in Children

The impact of the estimated in vivo FMO3 ontogeny func-
tion on CYP3A-victim DDI propensity was evaluated for 
a range of theoretical dual CYP3A-FMO3 substrates in 
children aged 4 months–18 years, by simulations. The 
predicted  fmCYP3A and resulting CYP3A-AUCR of sub-
strates A–C were generally lower in children < 10 years 
of age than in adults (Fig. 4a, b), reflecting higher rela-
tive FMO3 expression/activity compared with CYP3A in 
this age range. Regardless of the relative CYP3A-FMO3 
contribution, a comparable CYP3A-AUCR with adults 
(within 10%) was reached at 10 years of age. The differ-
ence in predicted CYP3A-AUCR between children <10 
years of age and adults depended on the  fmCYP3A (Fig. 4b). 
Simulations highlighted lower CYP3A-victim DDI risk in 
children, particularly those < 5 years of age, with more than 
25% lower CYP3A-AUCR than adults for substrate C (adult 
 fmCYP3A = 90%). For infants aged 2–4 months, predicted 
 fmCYP3A and CYP3A-AUCR were lower than adults among 
the FMO3 ontogeny Models 2, 3 and 6 (ESM Fig. S24).

4  Discussion

The Mech-PPK modelling of risdiplam to estimate a novel 
in vivo FMO3 ontogeny was built on 10,205 risdiplam data 
points from 525 subjects aged 2 months–61 years with a 
median PK observation period in SMA patients of 358 days. 
The model predicts higher FMO3 expression/activity in chil-
dren compared with adults, reaching a maximum at 2 years 
of age, with an approximately threefold difference compared 
with adults. This model substantially improved the predic-
tion of risdiplam PK in children compared with the in vitro 
FMO3 ontogeny models [11, 13]. To our knowledge, this 
is the first investigation of in vivo FMO3 ontogeny by a 
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Fig. 2  Evaluation/validation of the PPK, Mech-PPK and PBPK mod-
els of risdiplam. a pc-VPC of the PPK model of risdiplam for the 
dataset that contains 525 subjects. Individual observations corrected 
by the respective prediction are shown with solid circles. Gray areas 
are 95% prediction intervals of the 2.5th, median and 97.5th percen-
tiles of predictions. Dotted and solid lines show the 2.5th and 97.5th 
percentiles and the median of the observations, respectively. b Valida-
tion of the risdiplam PBPK model by comparing predicted AUC 0-24h  
(gray shade) with the individually estimated AUC 0-24h using post- hoc 
PK parameters of the final PPK model for the 270 paediatric SMA 
patients aged 2 months–18 years in the model validation dataset 
(ESM Table  S2) who received an approved dose of risdiplam (0.2, 
0.25 mg/kg or 5 mg) [6] for more than 25 days. The default demo-
graphic model supplied in the SimCYP paediatric module was used. 
The gray and striped shapes show the 90% prediction interval or 
5th–95th percentiles of the observations, respectively. Geometric 
means of simulated (solid squares) and observed (open circles) val-
ues are shown. Geometric means of the simulated risdiplam AUC 0-24h  
are all within 0.8- to 1.2-fold of the observations, except for AUC 0-24h 
of 2–4 years (1.4). c pc-VPC of the Mech-PPK model of risdiplam 
with the in  vivo FMO3 ontogeny Model 6. Individual observations 
corrected by the respective population prediction are shown with 

solid circles. Gray areas are 95% prediction intervals of the 2.5th, 
median and 97.5th percentiles of predictions. Dotted and solid lines 
show the 2.5th and 97.5th percentiles and the median of the observa-
tions, respectively. d Prediction of risdiplam AUC 0-24h by the updated 
paediatric PBPK model after implementation of the estimated 
in  vivo FMO3 ontogeny function was compared with the individu-
ally estimated AUC 0-24h using   post-hoc PK parameters of the final 
PPK model for 362 paediatric patients with SMA who received an 
approved dose of risdiplam (0.2, 0.25 mg/kg or 5 mg) [6] for more 
than 25 days. A customized demographic model for SMA patients 
[18] was used. The gray and striped shapes show the 90% predic-
tion interval or the 5th–95th percentiles of the observations, respec-
tively. Geometric means of simulated (solid squares) and observed 
(open circles) values are shown. Geometric means of the simulated 
risdiplam AUC 0-24h were within 0.8- to 1.2-fold of the observations 
in children aged 2–7 months and > 4 years, and 0.76- to 0.79-fold in 
children aged 7 months to 4 years. PPK population pharmacokinetic, 
PBPK physiologically based pharmacokinetic, Mech-PPK mechanis-
tic population pharmacokinetic, pc-VPC prediction-corrected visual 
predictive check, AUC 0-24h area under the concentration-time curve 
from time zero to 24  h, PK pharmacokinetic, SMA spinal muscular 
atrophy, FMO3 flavin-containing mono-oxygenase 3
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middle-out approach using a hybrid of PBPK (bottom-up) 
and PPK (top-down) modelling.

The PPK modelling was essential to analyse sparse data 
collected from a limited number of SMA patients at the 
beginning of clinical development. It characterized age- 
and disease-dependent processes in risdiplam PK, which 
informed the PBPK modelling. The PBPK model supported 
selection of risdiplam doses for the clinical studies and the 
DDI predictions for children [18]. After the robustness of 
these models was confirmed (Fig. 1d), the physiological 
representations of F and CL, and drug-related assump-
tions, were implemented in the PPK model to develop the 
Mech-PPK model. This approach enabled differentiation 
of CYP3A and FMO3 ontogenies, whereas the maturation 
function of CL/F in the PPK modelling was indiscriminate 
of enzyme. The Mech-PPK retained adequate prediction 
ability of risdiplam PK, as shown by the consistent pc-VPC, 

GOF (Fig. 2a, c; ESM Figs. S8, S16–18) and the population 
estimates of CL/F across the age range with the PPK model 
(ESM Fig. S19). Existing ontogeny functions that describe 
expression/activity in children exceeding those in adults 
were provided as discrete fractions [23] or as a continuous 
model with up to nine parameters [19]. In contrast, the cur-
rent analysis (Mech-PPK) is equally flexible but represents a 
more parsimonious model with a continuous function requir-
ing six to seven parameters to describe enzyme ontogeny. 
Implementation of physiological representations in PPK 
modelling enabled investigations of age-dependent physi-
ology from infrequently collected data from children. The 
utility of such an integrated modelling approach was also 
previously shown in population PBPK modelling of mida-
zolam that investigated the intestinal and hepatic CYP3A 
ontogeny [33].
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Fig. 3  Estimated in  vivo FMO3 ontogeny functions by the mecha-
nistic PPK model of risdiplam. Predictions of in vivo FMO3 ontog-
eny by the six mechanistic PPK models of risdiplam are shown with 
solid lines, between 2 months and 50 years of age. The in vivo FMO3 
ontogeny functions represent the predicted fraction of adult’s FMO3 
activity based on the scaled  CLint and accounting for age-dependent 
liver weight and MPPGL. The hepatic CYP3A4 ontogeny according 

to Upreti and Wahlstrom [19] (black dotted lines) is shown as a ref-
erence. The number of subjects in the analysis dataset between 1–2, 
2–3, 3–4 and 4–5 months of age are indicated. Dotted lines in the 1–2 
months age group represent extrapolations by these six FMO3 in vivo 
ontogeny models. FMO3 flavin-containing mono-oxygenase 3, PPK 
population pharmacokinetic, CLint intrinsic clearance, MPPGL micro-
somal protein per gram of liver, CYP cytochrome P450
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A typical allometric exponent of 0.75 for CL reflects 
the relationship between body size and liver weight (ESM 
Fig. S25), and therefore it describes CL through hepatic 
metabolisms across children and adults when they have the 
same enzyme activity. The Mech-PPK model implemented 
CL with the estimated liver weight (ESM Eq. S3, ESM 
Fig. S25) and therefore the allometric exponent was not 
required. The much lower allometric exponent estimated for 
risdiplam CL/F of the PPK model (i.e. 0.276) is indicative 
of higher enzyme activity in children compared with adults. 
When the allometric scaling is fixed to 0.75, a bias appears 
in the ETA-CL/F distribution over age (ESM Fig. S26). The 

correction of this bias would require a maturation function 
describing higher CL/F between 6 months and 10 years of 
age relative to adults (ESM Fig. S26), in agreement with the 
estimated in vivo FMO3 ontogeny by the Mech-PPK model-
ling reported herein.

To our knowledge, FMO3 ontogeny has mostly been 
investigated in vitro [11–13]. Koukouritaki et al. reported 
an approximately 20-fold increase in FMO3 abundance from 
neonates to adolescents [11]. A similar age-dependent trend 
was reported from the proteomic analysis of the human liver 
samples [13]. These in vitro data suggested a monotonic 
increase in FMO3 expression/activity with age and do not 

Table 3  The mechanistic PPK model parameters of risdiplam with Model 6 for the in vivo FMO3 ontogeny in subjects ≥ 2 months of age

The allometric model was defined with a median WT of 33 kg as follows: [WT/33]0.605 for Q, and [WT/33]0.811 for Vc and Vp. The maturation 
function for Vc is Age (y)/[Age (y) + 0.374 (y)]
RSE relative standard error of the estimate, CV coefficient of variation, WT body weight, Age50 age (years) to reach 50% of adult volume of dis-
tribution per body weight, CL clearance, CLint intrinsic CL, ktr absorption transit rate constant, Vc central volume of distribution, Vp peripheral 
volume of distribution, Q intercompartmental CL, y year, PPK population pharmacokinetic, FMO3 flavin-containing mono-oxygenase 3, CI con-
fidence interval, NA not applicable, CYP cytochrome P450, SMA spinal muscular atrophy, FRD fractional contribution of the down slope
a Derived by a bootstrap with 200 estimations and stratification by study to retain the ratio of healthy adults, paediatric and adult SMA patients, 
in the resampling as in the original analysis (85% converged)

Parameter Unit Estimate RSE (%) 95% CI (bootstrap)a

Fixed effects
CLint,CYP3A healthy adult L/h/mg protein/gram of liver 0.000133 FIX NA NA
CLint,CYP3A adult SMA patients L/h/mg protein/gram of liver 0.0000968 FIX NA NA
CLint,FMO3 healthy adult L/h/mg protein/gram of liver 0.000532 FIX NA NA
CLint,FMO3 adult SMA patients L/h/mg protein/gram of liver 0.000387 FIX NA NA
ktr 1/h 5.12 3.09 4.76–5.46
Vc L 94.6 2.12 86.8–98.0
Q L/h 0.963 18.5 0.595–2.71
Vp L 60.1 11.0 48.2–118
Covariate effects
Effect of WT on Q 0.605 24.8 0.155–1.28
Effect of WT on Vc and Vp 0.811 4.61 0.724–0.901
Age50—Vc y 0.374 21.2 0.204–0.561
FMO3 ontogeny model parameters
Alpha 3.55 7.12 3.08–6.41
Beta 0.509 40.5 0.00620–1.61
Gamma 2.24 26.2 0.796–4.18
Delta 1.0 FIX NA NA
FRD 0.717 3.33 0.665–0.846
AGED50 y 5.68 8.78 3.90–6.79
GAMD 3.07 15.1 2.26–4.30
Random effects
CLint (CV) 0.0955 (30.9%) 8.89 0.0781–0.114
ktr (CV) 0.268 (51.8%) 11.4 0.201–0.329
Vc (CV) 0.0640 (25.3%) 8.90 0.0518–0.0772
Error model
σ1 proportional—venous (CV) 0.0548 (23.4%) 3.24 0.0513–0.0568
σ2 proportional—capillary (CV) 0.109 (33.0%) 14.9 0.0815–0.147
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exceed adult levels. Application of these in vitro FMO3 
ontogeny functions significantly underpredicted risdiplam 
CL/F in children (ESM Fig. S7). In contrast, Shimizu et al. 
reported increased FMO3 expression and trimethylamine 
N-oxygenation in children relative to adults [12]. Although 
the sample size was small (nine donors), it is noteworthy 
that the trimethylamine N-oxygenation was the highest at 
2 years of age and the difference from adults was three- to 
fourfold [12], in agreement with the in vivo FMO3 ontogeny 
models reported herein. Greater metabolic activity in chil-
dren compared with adults was also reported for multiple 
CYPs (CYP3A, 1A2, 2C8, 2C9 and 2C19) from investi-
gations of ontogeny using in vivo data [19]. Involvement 
of multiple factors such as age-dependency in DNA meth-
ylation, nuclear receptors, tissue volume and composition, 
and hormonal changes are suggested for the development of 
drug-metabolizing enzymes [34]. While hepatocyte nuclear 
factor-4 binding site and/or CCAAT box are speculated to 
be responsible for maturation of FMO3 [12, 35], the exact 
age-dependent mechanism is currently unknown.

The presented research was conducted in SMA patients, 
like other in vivo ontogeny studies that relied on paediatric 
patient data [19, 24, 25, 36, 37]. Therefore, the estimated 
FMO3 ontogeny may not represent other populations. Adult 
patients with SMA showed approximately 30% lower CL/F 
than healthy adults, for reasons unknown. The severity of 
SMA is correlated with age of onset of symptoms [2], with 
younger patients likely having more severe forms than older 
patients and this could have confounded the estimation of the 
ontogeny. There were fewer observations from subjects < 2 

years of age (13%) than those > 2 years of age (87%), and 
data were particularly sparse for patients aged 2–5 months 
(2%). This might partially explain the minor underpredic-
tion of risdiplam exposure in children aged < 4 years of 
age (Fig. 2d) and higher uncertainty with different predicted 
trajectories of FMO3 in infants < 4 months of age (Fig. 3, 
ESM Fig. S15). Genetic polymorphisms of FMO3 with a 
link to altered function have been reported [12, 13, 38]. 
FMO3 genotyping was not performed in the clinical stud-
ies; however, there was no obvious outlier (ESM Fig. S1) in 
the database and therefore the influence of FMO3 polymor-
phism on the ontogeny investigation is considered unlikely. 
Nevertheless, risdiplam is a suitable substrate to investigate 
in vivo FMO3 ontogeny because of high  fmFMO3 [8], high 
oral F [8], low hepatic extraction [8] and age-independent 
plasma protein binding [39]. Moreover, the data used for the 
investigation of ontogeny were comprehensive and included 
382 paediatric patients with SMA ranging from 2 months to 
18 years of age, and a median PK observation duration of 
439 days and up to 3 years. All six different model structures 
for in vivo FMO3 ontogeny tested herein predicted consist-
ent FMO3 expression/activity in the age range ≥ 4 months, 
and therefore confidence in the estimates in this age range is 
high. The application of Model 6, the current representative 
in vivo FMO3 ontogeny model, is recommended for PK pre-
dictions in children ≥ 4 months of age. Further investigation 
is needed with more longitudinal data, and validations with 
other FMO3 substrates using a similar analysis as proposed 
herein would improve the confidence in this novel FMO3 
ontogeny function in the future. Until additional data are 
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Fig. 4  CYP3A-victim DDI risk assessments for theoretical dual 
CYP3A-FMO3 substrates in children using the in vivo FMO3 ontog-
eny function (Model 6). a Simulated  fmCYP3A—age profiles of the 
theoretical dual CYP3A and FMO3 substrates:  fmCYP3A:fmFMO3 
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angles) and 0.9:0.1 (substrate C—solid squares). The ratios of 
 fmCYP3A:fmFMO3 correspond to values in adults. The hepatic CYP3A 
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in vivo FMO3 ontogeny (Model 6), were used. b The ratios of AUCR 
(AUCR children/AUCR adults) between children and adults for each sub-
strate are shown across the age range. CYP cytochrome P450, DDI 
drug–drug interaction, FMO3 flavin-containing mono-oxygenase 3, 
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generated, it is recommended that FMO3 ontogeny Models 
2 and 3 are considered in addition to Model 6 for predictions 
of children aged < 4 months to account for uncertainty of 
FMO3 ontogeny in that early age range.

The novel in vivo FMO3 ontogeny function predicts 
more rapid development of the enzyme and greater FMO3 
expression/activity than the Upreti function for the hepatic 
CYP3A ontogeny (Fig. 3). These differences in develop-
ment trajectories may lead to altered CYP3A-victim DDI 
sensitivity of dual CYP3A-FMO3 substrates in children. The 
analysis of theoretical dual FMO3-CYP3A substrates pre-
dicted lower  fmCYP3A and CYP3A-AUCR in children aged 
4 months–10 years than in adults. CYP3A-victim DDI for 
substrates with  fmCYP3A > 0.8 is especially sensitive to even 
minor differences in  fmCYP3A in the case of potent CYP3A 
inhibition [40, 41]. Therefore, the FMO3 ontogeny had a 
more pronounced effect on the predicted CYP3A-AUCR 
for such substrates, as evidenced by the larger decrease in 
CYP3A-AUCR in children than in adults for substrate C 
(adult  fmCYP3A = 90%) [Fig. 4b], despite minor FMO3 con-
tribution (10%). The simulations in infants 2–4 months of 
age with the in vivo FMO3 ontogeny Models 6, 2 and 3 
showed comparable or lower CYP3A-AUCR versus adults, 
even with the most conservative FMO3 ontogeny model 
(ESM Fig. S24). Overall, lower CYP3A-victim DDI pro-
pensity in children ≥2 months of age compared with adults 
was predicted for dual CYP3A-FMO3 substrates when the 
newly estimated FMO3 ontogeny was considered. Risdiplam 
showed same trends, as its predicted  fmCYP3A with the newly 
estimated FMO3 ontogeny model and Upreti function for 
CYP3A ontogeny was comparable or slightly lower in chil-
dren compared with adults (ESM Figs. S21, 23b). The use 
of hepatic CYP3A ontogeny models [23, 25] other than 
the Upreti function in the investigation of FMO3 ontogeny 
(e.g., Salem function) [ESM Fig. S6], leads to higher FMO3 
expression/activity in children (ESM Fig. S27). A combina-
tion of this alternative FMO3 ontogeny function and Salem 
function for CYP3A ontogeny would predict either a compa-
rable or further decrease in  fmCYP3A and CYP3A-AUCR in 
children, supporting that the use of Upreti function reported 
herein is more conservative in CYP3A-victim DDI assess-
ment. As a potential perpetrator, risdiplam CYP3A-TDI is 
predominantly occurring in the intestine [18], and therefore 
change in the hepatic FMO3 ontogeny is not expected to 
alter the TDI prediction. Indeed, the predicted inhibitory 
effect on midazolam PK remained low (Cmax and AUC ratios 
<1.25) [ESM Figs. S22 and 23c, d] after revision of the 
FMO3 ontogeny models. Therefore, refinement of FMO3 
ontogeny in the risdiplam paediatric PBPK model, includ-
ing Models 2 and 3 for infants 2–4 months of age, had no 
impact on the previously predicted low CYP3A-victim DDI 
and -TDI propensity of risdiplam in children aged from 2 
months to 18 years.

5  Conclusion

Mech-PPK modelling of risdiplam successfully estimated 
the in vivo FMO3 ontogeny from risdiplam data collected 
from 525 subjects aged 2 months–61 years. The estimated 
in vivo FMO3 ontogeny predicts higher expression/activity 
in children reaching a maximum at the age of 2 years, with 
an approximately threefold difference compared with adults. 
To our knowledge, this is the first estimation of in vivo 
FMO3 ontogeny by a middle-out approach using a hybrid 
of PBPK (bottom-up) and PPK (top-down) modelling and 
comprehensive data covering a wide age range. Since all 
structural models investigated herein predicted consistent 
FMO3 ontogeny in the population ≥ 4 months of age, the 
application of the function is currently recommended from 
this age to adulthood. The simulation study with the range 
of theoretical CYP3A-FMO3 substrates implied comparable 
or lower CYP3A-victim DDI propensity in children com-
pared with adults when the newly estimated in vivo FMO3 
ontogeny is considered. Similarly, comparable or lower 
CYP3A-victim DDI and -TDI propensity were predicted 
for risdiplam in children aged ≥ 2 months compared with 
adults, and refinement of FMO3 ontogeny had no impact on 
the previously predicted low CYP3A-DDI risk. The novel 
in vivo FMO3 ontogeny addresses the knowledge gap and is 
envisaged to improve prospective PK and DDI predictions 
of FMO3 substrates in children.
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