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METHODS

Development of a population 
pharmacokinetic model for adults

A population pharmacokinetic (PopPK) model1 was devel-
oped using nonlinear mixed effects modeling (NONMEM, 
Versions 7.4.3 and 7.5.0; ICON plc) to describe the time 
course of maribavir plasma concentrations, administered 
orally, in participants enrolled in nine phase I studies, two 
phase II studies (NCT01611974, EudraCT 2010-024247-32, 
400/800/1200 mg twice daily [b.i.d.]), and one phase III 
study (NCT02931539, 400 mg b.i.d.; Table S1). This analy-
sis included healthy volunteers and hematopoietic stem 
cell transplant or solid organ transplant recipients with 
cytomegalovirus (CMV) infection.

The effects of covariates on maribavir pharmacokinet-
ics (PK) were evaluated. The baseline body weight dis-
tribution of the participants is shown in Figure  S1. The 
body weight exponents on clearance and volume of dis-
tribution parameters were evaluated by either fixing (0.75 

for clearance parameters, one for volume of distribution 
parameters) or estimating from the PK data. The model 
with estimated weight exponents returned imprecise es-
timates for both apparent total clearance (CL/F) ~ and 
peripheral volume of distribution ~ weight and thus was 
not considered as sufficiently robust for subsequent sim-
ulation of adolescent exposure based on body weight. The 
model with fixed allometric exponents was used to derive 
individual estimates of steady-state area under the plasma 
concentration curve over a dosing interval (AUC0–τ), peak 
plasma concentration (Cmax), and trough plasma concen-
tration (Cmin) values for the 400 or 1200 mg b.i.d. regimen 
for transplant recipients with CMV infection.

Adolescent PopPK model simulations

The adult PopPK model was used to perform simulations 
for virtual adolescent transplant recipients with CMV in-
fection or diseases. Virtual adolescents (aged 12–18 years) 
were represented by simulating weights at 25 to <100 kg; 

Received: 23 June 2022  |  Revised: 3 February 2023  |  Accepted: 5 February 2023

DOI: 10.1002/psp4.12943  

A R T I C L E

Population pharmacokinetic modeling and simulation 
of maribavir to support dose selection and regulatory 
approval in adolescents with posttransplant refractory 
cytomegalovirus

Kefeng Sun1  |   Siobhan Hayes2  |   Colm Farrell2  |   Ivy H. Song1

1Takeda Development Center Americas, 
Inc., Cambridge, Massachusetts, USA
2ICON plc, Reading, UK

Correspondence
Kefeng Sun, Takeda Development 
Center Americas, Inc., 125 Binney St, 
Cambridge, Massachusetts 02142, USA.
Email: kefeng.sun@takeda.com

Abstract
Maribavir was approved by the US Food and Drug Administration for the 
treatment of patients aged ≥12 years and weighing ≥35 kg with posttransplant 
cytomegalovirus infection/disease refractory (with/without resistance) to valgan-
ciclovir, ganciclovir, cidofovir, or foscarnet, with an oral dose of 400 mg twice 
daily. With no pediatric clinical data available and difficulty in trial recruitment, 
population pharmacokinetic modeling and simulations were conducted to pre-
dict the pharmacokinetics and inform maribavir dosing in adolescents.
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1000 virtual participants were sampled from a uniform 
distribution of weight within each 2.5-kg increment from 
25 to <30 kg and within each 5-kg increment from 30 
to <100 kg. This range of body weight is wider than the 
range from the third percentile weight in 12-year-old 
males to the 97th percentile weight in 18-year-old males.2 
Concentration-time profiles were simulated (sampling at 
0, 1, 2, 3, 4, 6, 8, and 12 h) following 400 mg b.i.d. steady-
state doses for every individual in each weight group 
using the PopPK model with fixed weight exponents and 
including interindividual variability. No residual variabil-
ity was included in the predictions. Steady-state AUC0–τ 
(linear-up/log-down trapezoidal rule), Cmax at steady state 
(Cmax,ss), and Cmin at steady state (Cmin,ss) were then calcu-
lated by noncompartmental methods.

Steady-state exposures in virtual adolescents follow-
ing 400 mg b.i.d. doses were summarized and compared 
with corresponding exposures in an adult population with 
CMV. The geometric means and percentiles of estimated 
steady-state AUC0–τ and Cmin,ss following 400 mg b.i.d. 
maribavir dosing in adult transplant recipients in the 
phase III study were used as benchmarks for efficacy pur-
poses. The geometric mean, 75th percentile, and 95th per-
centile values of estimated steady-state AUC0–τ and Cmax,ss 
following 1200 mg b.i.d. maribavir in adult transplant re-
cipients in the phase II studies were used as the PK com-
parators for safety, as this dose showed similar efficacy 
and safety to 400 mg b.i.d. The percentages of participants 
in each weight group with exposures above or below these 
benchmarks were also summarized.

RESULTS

Adult PopPK model

The final PopPK model for adults was a two-compartment 
model with first-order absorption and elimination and 
an absorption lag-time. Final covariates included body 
weight for clearance and volume terms, patients with 
CMV as a categorical covariate for CL/F, and maribavir 
dose for the first-order absorption rate (Ka). The initially 
estimated weight exponents on CL/F and apparent pe-
ripheral volume of distribution were deemed imprecise; 
thus, in the final model the weight effects were fixed 
rather than estimated. The parameter estimates for the 
PopPK model with fixed weight exponents are presented 
in Table  S2. Notably, CL/F was estimated to be lower 
in transplant recipients with CMV (0.756× of that in 
healthy subjects), and Ka decreased with an increase in 
maribavir dose.

The AUC0–τ, Cmax,ss, and Cmin,ss values following 
maribavir 400 or 1200 mg b.i.d. doses in adult transplant 

recipients with CMV infection estimated using the PopPK 
model with fixed weight exponents are shown in Table S3.

PopPK simulations for a virtual adolescent 
population with CMV

The simulated steady-state exposures for maribavir 
400 mg b.i.d. in virtual adolescent patients with CMV 
infection using a PopPK model with fixed weight expo-
nents are shown in Figure 1a (AUC0–τ), Figure 1b (Cmax,ss), 
and Figure  1c (Cmin,ss). Clear trends of exposure versus 
weight relationships in the PopPK model were observed. 
Maribavir exposure generally increased as body weight 
decreased.

For exposure–efficacy considerations, at 400 mg b.i.d., 
AUC0–τ and Cmin,ss in virtual adolescents were generally 
at or above their respective geometric means in adult pa-
tients with CMV receiving 400 mg b.i.d. At the popula-
tion level, for all weight groups at 400 mg b.i.d., ≥50% of 
the virtual adolescent population had AUC0–τ and Cmin,ss 
values above the respective geometric means in adult pa-
tients with CMV receiving 400 mg b.i.d. (Table 1).

For exposure–safety considerations, simulated marib-
avir exposures in virtual adolescents <40 kg receiving 
400 mg b.i.d. were higher than those in adults receiving the 
same dose. Nevertheless, the simulated geometric means 
of AUC0–τ and Cmax,ss in virtual adolescents <40 kg were 
lower than the 75th percentile of exposures in adults at 
1200 mg b.i.d. For population percentages, >50% of virtual 
adolescents in each weight group had simulated AUC0–τ 
below the adult geometric mean of AUC0–τ at 1200 mg 
b.i.d. For Cmax,ss, all except the <35 kg groups had >50% 
virtual individuals with Cmax,ss below the adult geometric 
mean Cmax,ss at 1200 mg b.i.d. (Table 1).

DISCUSSION

Although the currently available anti-CMV agents such as 
ganciclovir, foscarnet, and cidofovir may be considered in 
clinical practice to treat refractory or resistant CMV infec-
tions, they are not approved for this indication, and their 
use is limited by their respective toxicities.3 In adults, mar-
ibavir demonstrated a relatively wide therapeutic window, 
with similar anti-CMV efficacy from 400 to 1200 mg b.i.d. 
and dysgeusia as the most common treatment-emergent 
adverse event at doses up to 1200 mg b.i.d.3,4 and dose-
proportional PK from 400 to 1200 mg b.i.d.5 However, the 
efficacy and safety of maribavir in children, including ado-
lescents, have not yet been reported. The unmet need in 
adolescent transplant recipients with refractory or resist-
ant CMV, combined with difficulty in adolescent patient 
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recruitment in clinical trials, warrants the use of PopPK 
modeling and simulation to provide information on dos-
ing for this population.

The authors believe that for maribavir, a “full extrapo-
lation” (i.e., PK matching only6) paradigm is appropriate 
for comparison between adults and adolescents, as the 

target for maribavir (CMV UL97 protein) and its inhibi-
tory potency is identical in all age groups. In addition, the 
presentation, progression, and response to intervention 
are similar for CMV infection in adult and pediatric pa-
tients.7 Therefore, a similar exposure–response relation-
ship is expected between adults and adolescents, justifying 

F I G U R E  1   Simulations of maribavir exposure in virtual adolescents by body weights with the fixed weight effect population 
pharmacokinetics model. (a) AUC0–τ, (b) Cmax,ss, (c) Cmin,ss. Black center line of each box represents the median, and the top and base of the 
box represent the first and third quartiles (interquartile range). Whiskers represent the 5th and 95th percentiles. The lower and upper red 
horizontal lines represent the geometric means for 400 and 1200 mg b.i.d. doses in adult patients with cytomegalovirus, respectively. The 
lower and upper yellow horizontal lines denote the 5th percentile exposure at the 400 mg b.i.d. dose and the 95th percentile exposure at the 
1200 mg b.i.d. dose in adult patients with cytomegalovirus, respectively. The lower and upper blue horizontal lines denote the 25th percentile 
exposure at the 400 mg b.i.d. dose and the 75th percentile exposure at the 1200 mg b.i.d. dose in adult patients with cytomegalovirus, 
respectively. AUC0–τ, area under the plasma concentration curve over a dosing interval; Cmax,ss, peak plasma concentration at steady state; 
Cmin,ss, trough plasma concentration at steady state; b.i.d., twice daily; pct, percentile
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the PK-matching approach for the selection of maribavir 
dosing regimen in adolescents.

From physiological and developmental perspectives, 
the overall absorption and elimination of maribavir is 
expected to be similar between adults and adolescents. 
Maribavir has high intestinal permeability and is rapidly 
and highly absorbed after oral administration.8 It is mainly 
cleared through metabolism by cytochrome P450 (CYP; 
CYP3A4 and CYP1A2, both of which mature well before 
the age of 129). Therefore, similar maribavir disposition 
profiles are expected between adults and adolescents at a 
similar body weight range.

To project maribavir exposures in adolescents while 
considering uncertainties in the PK–body weight relation-
ship due to lack of pediatric PK data, a PopPK model with 
fixed weight components was developed from adult data. At 
weights ≥35 kg, medians of AUC0–τ, Cmax,ss, and Cmin,ss for 
400 mg b.i.d. in virtual adolescents were generally within the 
geometric means of respective exposures at 400 and 1200 mg 
b.i.d. doses in adults. In addition, at the 400 mg b.i.d. dose, 
≥50% of virtual adolescents in all ≥35 kg weight groups were 
projected to have AUC0–τ, Cmax,ss, and Cmin,ss values between 
the geometric means of corresponding exposures at 400 and 
1200 mg b.i.d. doses in adults. At weights <35 kg with 400 mg 
b.i.d., the model-simulated geometric mean Cmax was higher 
than the geometric mean Cmax at 1200 mg b.i.d. in adults, 
and >50% of virtual adolescents would have individual 
Cmax higher than the geometric mean Cmax at 1200 mg b.i.d. 
in adults. Therefore, 400 mg b.i.d. in adolescents weighing 
≥35 kg is expected to show similar safety and efficacy profiles 
to those in adult patients with CMV.

This adolescent population simulation study used a full 
extrapolation methodology to predict maribavir exposures 

in virtual adolescents by matching with therapeutically 
relevant exposures of maribavir in adults. Combined 
with the cumulative safety and efficacy data in adults, the 
PopPK modeling and simulations supported the expan-
sion of the maribavir indication to adolescents (12 years of 
age and older) with a body weight of ≥35 kg at a regimen 
of 400 mg b.i.d. Methods detailed herein set an example 
that can be applied to other therapeutics for potential in-
dication expansion from adults to adolescents where “full 
extrapolation” (PK-based matching) criteria apply.
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T A B L E  1   Select summary of percentages of virtual adolescents under 40 kg with maribavir exposure from 400 mg b.i.d. compared with 
exposures in adults

PopPK model with fixed weight-effect exponents, with 
body weight range (kg)

25–27.5 27.5–30 30–35 35–40

Variable Adult metric Dose Percentage of patients

AUC0–τ >Geometric mean AUC0–τ 400 mg b.i.d. 94 92 92 85

Cmin,ss >Geometric mean Cmin,ss 400 mg b.i.d. 74 74 74 71

AUC0–τ ≤Geometric mean AUC0–τ 1200 mg b.i.d. 69 74 80 83

AUC0–τ ≤75th percentile AUC0–τ 1200 mg b.i.d. 87 91 93 94

AUC0–τ ≤95th percentile AUC0–τ 1200 mg b.i.d. 97 98 99 99

Cmax,ss ≤Geometric mean Cmax,ss 1200 mg b.i.d. 34 40 48 60

Cmax,ss ≤75th percentile Cmax,ss 1200 mg b.i.d. 60 64 75 82

Cmax,ss ≤95th percentile Cmax,ss 1200 mg b.i.d. 87 91 95 96

Abbreviations: AUC0–τ, area under the plasma concentration curve over a dosing interval; b.i.d., twice daily; Cmax,ss, peak plasma concentration at steady state; 
Cmin,ss, trough plasma concentration at steady state; PopPK, population pharmacokinetics.
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