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INTRODUCTION

Cytomegalovirus (CMV) infection is a common herpes virus 
infection, which can develop into a more serious and deadly 
disease in immunocompromised individuals, such as hemat-
opoietic stem cell transplant (HSCT) recipients.1 Currently 

available anti-CMV drugs—such as valganciclovir, ganci-
clovir, foscarnet, and cidofovir—are limited by their toxic-
ity profiles and have been linked to the development of viral 
resistance.1–5 Letermovir (MK-8228) is a novel, first-in-class 
inhibitor of CMV viral terminase for prophylaxis of CMV 
infection and disease in CMV-seropositive allogeneic HSCT 
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Abstract
Letermovir is indicated for prophylaxis of cytomegalovirus infection and disease in 
allogeneic hematopoietic stem cell transplant (HSCT) recipients. Two-stage popula-
tion pharmacokinetic (PK) modeling of letermovir was conducted to support dose 
rationale and evaluate the impact of intrinsic/extrinsic factors. Data from healthy 
phase I study participants over a wide dose range were modeled to evaluate the effects 
of selected intrinsic factors, including pharmacogenomics; next, phase III HSCT-
recipient data at steady-state following clinical doses were modeled. The model in 
HSCT recipients adequately described letermovir PK following both oral or i.v. 
administration, and was consistent with the healthy participant model at steady-state 
clinical doses. Intrinsic factor effects were not clinically meaningful. These staged 
analyses indicate that letermovir PK in HSCT recipients and healthy participants 
differ only with respect to bioavailability and absorption rate. The HSCT recipient 
model was suitable for predicting exposure for exposure–response analysis support-
ing final dose selection.
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recipients.6–10 The letermovir recommended adult dosage is 
480 mg (or 240 mg with cyclosporine [CSA]) once daily, ad-
ministered orally or i.v. Given the urgent unmet medical need 
for new anti-CMV treatments, approval of letermovir was 
based on the results of a single phase III randomized, double-
blind, placebo-controlled trial (NCT02137772).9,11 Overall, 
letermovir has been shown to be generally well-tolerated, with 
a safety profile generally similar to that of placebo.8,11–14

Phase I studies in healthy participants showed that letermo-
vir pharmacokinetics (PKs) are nonlinear and time-dependent, 
characterized by greater than dose-proportional increases in 
exposure, limited accumulation upon multiple dosing, and 
large variability in absorption profiles upon oral administra-
tion.9,15 Letermovir clearance occurs primarily via biliary ex-
cretion as unchanged parent. Consistent with this, letermovir 
is a substrate for the hepatic drug transporter organic-anion-
transporting polypeptide family 1 member B1 (OATP1B1), 
and has also been shown to be metabolized via UDP glucu-
ronosyltransferase family 1 member A1 (UGT1A1)-mediated 
glucuronidation.9 Letermovir exposure is increased by co-
administration with CSA, likely due to CSA inhibition of liver 
uptake transporters OATP1B1/3, resulting in the recommended 
letermovir dose being reduced to 240 mg once daily in cases of 
CSA co-administration.16

To characterize letermovir PK and influential factors, we 
conducted population pharmacokinetic (popPK) modeling, 
developed in two stages: (1) a healthy participant model of 
letermovir exposure covering a broad range of doses and dif-
ferent dosing regimens, using pooled intensive PK data from 
healthy participants in 12 phase I studies; and (2) a separate 
HSCT recipient popPK model to describe the steady-state PK 
of letermovir at clinical doses in HSCT recipients, using data 
from the phase III trial, pooled with steady-state PK data with 
the same dosing from a phase IIb trial (240 mg with CSA) 
and phase I trials (480 mg without CSA).

The healthy participant model was primarily used to charac-
terize PK in healthy participants over a wide range of dose levels 
following both i.v. and oral administration, search for influential 
intrinsic and extrinsic factors, and guide the design of the HSCT 
recipient model. The HSCT recipient model was primarily used 
to characterize PK in HSCT recipients, determine post hoc 
steady-state PK parameter values, provide exposure estimates 
for subsequent exposure–response analysis, and, ultimately, 
support the rationale for clinical dose selection.

Here, we describe the development and findings of both models.

METHODS

Data sources

For the healthy participant (phase I) model, PK data from 
healthy participants were sourced from 12 phase I studies 

(n  =  280; Table  1). For the HSCT recipient (phase III) 
model, steady-state PK data from HSCT recipients were 
sourced from one phase III trial (n = 350), one phase IIb 
trial (n = 13), and three phase I trials (n = 36; Table 1).

PopPK model development

Nonlinear mixed effects modeling (NONMEM version 7.3; 
ICON, plc, Dublin, Ireland) was used to develop both popPK 
models. This approach estimates the typical (mean) value 
of parameters as well as their between-subject variances. 
During model development, a difference in objective func-
tion value (OFV), ΔOFV of 3.84 was used between 2 nested 
models differing in one parameter (corresponding to a nomi-
nal p value < 0.05). A model was considered stable if two or 

Study Highlights
�WHAT IS THE CURRENT KNOWLEDGE ON 
THE TOPIC?
Letermovir is a first-in-class cytomegalovirus (CMV) 
viral terminase inhibitor indicated for the prophylaxis 
of CMV infection and disease following allogeneic 
hematopoietic stem cell transplant (HSCT).
WHAT QUESTION DID THIS STUDY 
ADDRESS?
The aim of this analysis was to characterize the pop-
ulation pharmacokinetics (popPKs) of letermovir in 
healthy phase I trial participants and in HSCT recipi-
ents, in order to support dose rationale and assess the 
potential impact of intrinsic and extrinsic covariates.
WHAT DOES THIS STUDY ADD TO OUR 
KNOWLEDGE?
Letermovir PK was similar between healthy par-
ticipants and HSCT recipients, except for disease-
related differences in bioavailability and absorption. 
Using the popPK models, it was possible to predict 
confidently the PK and variability of the approved 
dosing regimen in HSCT recipients.
HOW MIGHT THIS CHANGE DRUG 
DISCOVERY, DEVELOPMENT, AND/OR 
THERAPEUTICS?
When given either orally or i.v., with or without 
cyclosporine A at the recommended clinical dose to 
HSCT recipients, the PK of letermovir is sufficiently 
described using a linear two-compartment model 
with delayed absorption. No covariates were found 
to have clinically relevant effects on letermovir PK 
in healthy participants.
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more different sets of initial estimates resulted in similar pa-
rameter estimates and OFV. The final model was determined 
on the basis of maximized likelihood (lowest stable OFV, 
physiological plausibility of parameter values, successful nu-
merical convergence, good parameter precision, and an ac-
ceptable visual predictive check [VPC]).17

Covariate analysis

Identification of covariate effects on PK parameters was 
done using a stepwise selection procedure using the SCM 
function in Perl-speaks-NONMEM (PsN) version 4.2.0.18 
This procedure involves stepwise testing of linear and 
nonlinear relationships in a forward inclusion and back-
ward exclusion procedure. A ΔOFV of 6.63 (nominal 
p value  <  0.01) was used for an effect to be included in 
the model during forward inclusion and ΔOFV of 10.83 
(nominal p value < 0.001) for retention of an effect during 
backward elimination. To minimize the risk of false posi-
tives, only clinically plausible covariate relationships were 
evaluated.

At each stage, model development proceeded until no fur-
ther improvement in fit was seen. The final model parameters 
and covariate selection were determined using the full dataset 
with the final structural model.

Healthy participant (phase I) popPK model 
development

First, separate models describing oral and i.v. single-dose PK 
data in healthy participants were developed, and then expanded 
to include multiple-dose PK data. Finally, the oral and i.v. 
models were merged into a structural model describing the full 
dataset. Efforts were made to describe the supra-proportional 
dose nonlinearity previously observed, as well as the differ-
ence in absorption profiles observed following multiple doses 
of letermovir. Nonlinear relationships were investigated on 
elimination and on distribution parameters. Different absorp-
tion models, including the Erlang model19 and the transit com-
partment absorption model (TCAM),20 were tested.

HSCT recipient (phase III) popPK model 
development

The model was developed in a stepwise fashion; first, with 
steady-state phase I PK data from healthy participants, there-
after, including phase II and III PK data from HSCT recipients 
with multiple samples from at least one dosing interval, and 
last, including all available HSCT-recipient (phase III) PK data.

Additional methodology is provided in the accompa-
nying Supplementary Information, including full details 

T A B L E  1   Comparison of healthy participant (phase I) and HSCT recipient (phase III) model datasets

Property Category

Model

Phase I Phase III

Studies Phase I
Phase IIb
Phase III

12
0
0

3
1
1

Subjects by disease state, n (%) Healthy
HSCT

280 (100)
0

36 (9)
363 (91)

Gender, n (%) Female
Male

254 (91)
26 (9)

190 (48)
209 (52)

Age, years; median (range) 30 (18–59) 51 (18–75)

Weight, kg; median (range) 66 (45–99) 75 (35–142)

Dose range, mg 30–960 240–480

CsA co-administration No Yes

PK samples by disease state, n (%) Healthy
HSCT

9020 (100)
0

444 (15)
2444 (85)

PK samples by administration route, n (%) i.v.
Oral

2629 (29)
6391 (71)

322 (11)
2566 (89)

PK samples by 
dosing, n (%)

Single-dose
Multiple-dose

4680 (52)
4340 (48)

0
2888 (100)

PK density by 
subjects, %

Intensive
Sparse

100
0

31
69

Abbreviations: CsA, cyclosporine A; HSCT, hematopoietic stem cell transplant; PK, pharmacokinetic.
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on phase I and III model development, model diagnos-
tics and qualification, covariates, and letermovir exposure 
estimation.

RESULTS

Healthy participant (phase I model) popPK

Modeling population

The full dataset used for model development included 9020 
PK observations obtained in 280 healthy participants. The 
analysis excluded 174 PK observations below the lower limit 
of quantification (LLOQ; 1.9% of samples). The demograph-
ics of the analysis set are summarized in Table 1. Most of 
the phase I studies recruited only female participants due to 
preclinical testicular toxicity in rats; therefore, greater than 
90% of subjects in the pooled healthy-participant dataset 
were female.

Model development

Overall, letermovir PK was best described by a four-
compartment model with concentration-dependent nonlin-
ear clearance (CL) and intercompartment clearance to the 
first peripheral compartment (Q1) and auto-induction of 
CL. Several models, such as the Erlang model19 and the 
TCAM,20 were considered to describe letermovir absorp-
tion after oral administration, of which the TCAM best 
described the data. Interindividual variability (IIV) was in-
cluded on key parameters (maximal clearance rate [CLmax], 
central volume of distribution [V1], first peripheral volume 
of distribution [V2], maximal intercompartment clearance 
to the first peripheral compartment [Q1max], bioavailability 
[F1], and mean transit time [MTT]). Exploration of both oral 
and i.v. data showed a greater than proportional increase in 
exposure with dose. Additionally, it was noted in explora-
tory plots that trough concentrations following multiple oral 
doses increased at first, as expected with slow elimination 
relative to the dosing interval, and then decreased over time. 
This observation was incorporated in the model with an in-
duction effect on CL.

Residual variability was described using a proportional re-
sidual error model. The model included an effect of Asian de-
scent on volume of distribution (Vd = V1 + V2 + V3 + V4), 
and a body weight effect on Vd and CLmax. The final model is 
represented graphically in Figure 1a and parameter estimates 
are shown in Table  2. F1 of letermovir after oral adminis-
tration was estimated to be 93.8%, with MTT in the TCAM 
model for a 240 mg oral dose estimated to be 1.4 h, with a 
first-order absorption rate of 0.66/h.

Model qualification

The model demonstrated appropriate agreement between 
predicted and observed values (Figure  S1a). The con-
ditional weighted residuals (CWRES) were randomly 
scattered around the predicted range and over time, as ex-
pected (Figure S1b). The normal quantile-quantile plot and 
a density plot of the CWRES indicated that the residuals 
were normally distributed, with a mean and variance of 
approximately 0 and 1, respectively. There was no signifi-
cant difference in individual deviation (ETA) values be-
tween the different genetic polymorphisms, or for age or 
gender (data not shown).

A prediction-corrected VPC stratified by administration 
route and regimen (single-dose or multiple-dose) showed 
that the model adequately described the data obtained from 
healthy participants (Figure S2). Model fit was good over 
the dose range of 60–720 mg; at the low (30 mg) and high 
(960  mg) end of the dose range analyzed, the model did 
not adequately describe the full concentrations versus time 
profiles (data not shown); however, goodness of fit (GOF) 
plots did not demonstrate structural bias in the model.

Impact of covariates

Statistically significant effects of body weight on both 
CLmax and Vd, and Asian descent on Vd (27.6% lower Vd in 
Asian participants), were identified (Figure S3). It was pre-
dicted that Asian participants would have a 33.2% higher 
exposure than White participants after treatment with 
multiple oral doses of 480 mg letermovir (area under the 
concentration-time curve [AUC] of 1.08 × 105 ng·h/ml and 
8.11 × 104 ng·h/ml, respectively). When assuming an iden-
tical average body weight of 67.1 kg in both populations, 
letermovir exposure was predicted to be 10.1% higher in 
Asian participants compared with White participants. These 
increases in exposure were determined not to be clinically 
relevant. Although most of the healthy participants were 
female, gender was not found to have a significant covari-
ate effect on PK, and individual parameter estimates strati-
fied by gender were not significantly different. In total, 
224 participants had available single nucleotide polymor-
phism data for OATP1B1 (rs4149056 and rs2306283) and 
UGT1A1 (rs4148323). These functional variants had no 
statistically significant effect on letermovir exposure and 
they were not included in the final model.

Exposure predictions

After oral administration, letermovir-predicted expo-
sure (AUC) increased nonlinearly with dose, both after 
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single-dose and multiple-dose administration (Figure 2). 
The maximum letermovir concentration (Cmax) increased 
almost proportionally with dose between 30  and 960  mg 
after single-dose and multiple-dose oral administration 
(Figure  2a). After both single-dose and multiple-dose i.v. 
administration, letermovir AUC and Cmax increased nonlin-
early with dose (Figure 2b).

HSCT recipient (phase III model) popPK

Modeling population

The full dataset used for phase III model development in-
cluded 2888 sample concentration observations from 399 
HSCT recipients; most samples were obtained from the 

F I G U R E  1   Graphical representation of the (a) healthy participant (phase I model), and (b) HSCT recipient (phase III model) popPK models. 
Atr, drug amount in a transit compartment; CL, clearance; CLmax, maximal clearance rate; CLmbase, CLmax for a typical 65.8 kg subject; CLMwt, 
exponent describing the weight effect on CLmax; CP, letermovir plasma concentration; EAI, induction compartment amount; HSCT, hematopoietic 
stem cell transplant; IMAG, scalar of the induction effect; kin, production rate induction compartment; KMCL, Michaelis-Menten constant for 
clearance; KMQ, Michaelis-Menten constant for intercompartmental clearance; kout, elimination rate induction compartment; Ktr, transit rate 
constant; MTT, mean transit time; MTTdose, dose effect on MTT; NTR, number of transit compartments; popPK, population pharmacokinetics; Q1, 
intercompartment clearance to the first peripheral compartment; Q1max, maximal intercompartment clearance to the first peripheral compartment; 
Q2, intercompartment clearance to the second peripheral compartment; Q3, intercompartment clearance to the third peripheral compartment; 
TVMTT, MTT for a typical dose of 240 mg; V1, central volume of distribution; V2, first peripheral volume of distribution; V3, second peripheral 
volume of distribution; V4, third peripheral volume of distribution; V1–4base, V1–4 for a typical 65.8 kg subject; Vd, volume of distribution (sum of 
V1, V2, V3, and V4); Vdbase, Vd for a typical 65.8 kg subject; Vdjpn, Asian effect on Vdbase; Vdwt, weight effect on Vd; WT, wild type
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phase III dataset (2315/2888, 80.2%). Demographics of the 
full dataset are summarized in Table 1. In total, 53 PK obser-
vations below the LLOQ were excluded (1.8% of samples).

Model development

Steady-state PK data from healthy participants from phase 
I studies were used to develop the base structural model 
(n = 36, 444 observations). Oral and i.v. data were fitted 
simultaneously. A sufficient model fit was obtained using 
a two-compartment model with first-order absorption and 
linear elimination. Next, data from HSCT recipients from 
the phase IIb study (n = 13, 129 observations) and the rich 

sampling subset from the phase III study (n = 74, 369 obser-
vations) were added. The model based on the steady-state 
data obtained in healthy participants did not adequately de-
scribe the HSCT-recipient (phases II and III) data, and fur-
ther model refinement was required to adequately describe 
letermovir PK in HSCT recipients. Estimating a separate 
CL when co-administering letermovir with CSA improved 
model fit (ΔOFV −88.1). Separate bioavailability for 
healthy participants and for CSA treatment also improved 
model fit (ΔOFV −18.4 and −10.5, respectively). Models 
in which the bioavailability for healthy participants was 
estimated were numerically unstable and resulted in bio-
availability estimates close to 100%. For comparison, bio-
availability in healthy participants from the phase I model 

T A B L E  2   Parameter estimates of the healthy participant (phase I) popPK model

Parameter Alias Estimate
Relative 
SE (%)

Bootstrap 
estimate Bootstrap 95% CI

Clearance Vmax, L/h CLmax 12.3 2.60 12.2 11.3–13.3

Weight effect on clearance Vmax CLmax−wt 0.566 26.4 0.560 0.376–0.741

Central volume of distribution, L V1 7.46 6.30 7.45 6.94–7.89

Weight effect on Vd Vd–wt 0.667 10.9 0.656 0.452–0.854

Asian effect on Vd Vd–jpn −0.281 8.80 −0.280 −0.334 to −0.227

Number of transit compartments NTR 3.58 1.70 3.60 3.12–4.09

Mean transit time, h MTT 1.04 4.20 1.04 0.949–1.14

Dose effect on MTT MTTdose 0.344 11.5 0.340 0.258–0.433

Intercompartment clearance Vmax, L/h Q1max 4.39 4.90 4.41 3.93–4.95

Peripheral volume, L V2 61.6 4.80 61.5 55.3–68.2

Intercompartment clearance, L/h Q2 31.3 12.3 31.4 27.2–36.6

Peripheral volume, L V3 12.1 4.20 12.2 11.4–12.9

Michaelis-Menten constant, ng/ml KMCL 2.68 × 103 4.50 2.72 × 103 2.20 × 103–3.41 × 103

Michaelis-Menten constant, ng/ml KMQ1 5.63 × 103 10.3 5.35 × 103 3.81 × 103–7.32 × 103

Turnover rate induction, /h Kout 0.00783 NA 0.00775 0.00580–0.00966

Slope of induction effect IMAG 0.0829 NC 0.0837 0.0672–0.102

Bioavailability F1 0.938 2.10 0.938 0.906–0.974

Intercompartment clearance, L/h Q3 4.91 4.90 4.91 4.49–5.39

Peripheral volume, L V4 19.0 4.00 19.2 17.4–21.2

IIV, clearance Vmax IIV–CLmax 0.0647 9.90 0.0641 0.0533–0.0766

IIV, central volume IIV–V1 0.0642 30.7 0.0613 0.0387–0.0977

IIV, mean transit time IIV–MTT 0.0841 14.2 0.0836 0.0700–0.0976

IIV, intercompartmental clearance IIV–Q1max 0.155 16.0 0.159 0.126–0.203

IIV, peripheral volume IIV–V2 0.224 11.4 0.224 0.184–0.273

IIV, bioavailability IIV–F1 0.0323 13.3 0.0323 0.0232–0.0425

Proportional residual variability, % Prop error 0.283 0.300 0.282 0.271–0.294

Note: Relative standard error was not calculated for log-transformed parameters.
Abbreviations: CI, confidence interval; CLmax, maximal clearance rate; F1, bioavailability; IIV, interindividual variability; IMAG, scalar of the induction effect; KMCL, 
Michaelis-Menten constant for clearance; KMQ, Michaelis-Menten constant for intercompartmental clearance; Kout, elimination rate induction compartment; MTT, mean 
transit time; MTTdose, dose effect on MTT; NA, not applicable; NC, not calculated; NTR, number of transit compartments; popPK, population pharmacokinetics; Q1max, 
maximal intercompartment clearance to the first peripheral compartment; Q2, intercompartment clearance to the second peripheral compartment; Q3, intercompartment 
clearance to the third peripheral compartment; V1, central volume of distribution; V2, first peripheral volume of distribution; V3, second peripheral volume of distribution; 
V4, third peripheral volume of distribution; Vd, volume of distribution (sum of V1, V2, V3, and V4); Vmax, maximum elimination rate; WT, wild type.
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F I G U R E  2   Simulated letermovir exposure using the healthy participant (phase I) popPK model after single-dose or multiple-dose: (a) oral 
administration; (b) i.v. administration. Box and whisker plot: the dot is the sample median, the boxes define the interquartile range, whiskers extend 
to 1.5 times the interquartile range. AUC, area under the concentration-time curve; Cmax, maximum concentration (multiple-dose Cmax at steady-
state); dn, dose normalized; popPK, population pharmacokinetics
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was estimated at 93.8% (95% confidence interval, 90.6%–
97.4%). Therefore, to stabilize the model, bioavailability 
was fixed to 100%.

The remaining sparse HSCT-recipient (phase III) data 
(n = 275, 1530 observations) were added to the dataset, and 
separate residual error parameters were included for healthy 
participants and HSCT recipients. Estimation of a separate 
absorption rate (Ka) for healthy participants resulted in a 63-
unit reduction in OFV. Interoccasion variability (IOV) was 
included on bioavailability to account for the 100-fold dif-
ference in minimum concentration (Ctrough). IIV were tested 
on all parameters and found to be significant on CL, bio-
availability, V2, and Ka. Adding IIV on V1 did not result in a 
better model fit.

The stepwise covariate search identified a lower V2 
for Asian subjects. Adding the effect of body weight on 
CL without the Asian effect on V2 or replacing the Asian 

covariate on V2 with body weight did not improve the 
model.

The final model described the PK of letermovir using a 
two-compartment distribution with linear elimination and 
first-order absorption with a lag (Figure 1b). Parameter esti-
mates are listed in Table 3. Healthy participants had very high 
bioavailability and an almost 10-fold faster absorption rate 
than HSCT recipients. Based on the final model, letermovir 
bioavailability in HSCT recipients was approximately 35% 
when administered alone, and increased to approximately 
85% following co-administration with CSA. Corresponding 
values for CL were 4.8 and 3.4 L/h, respectively. VPCs in-
dicated that, overall, the model predicted the observed data 
well (Figure  S4a), although Cmax during i.v. administra-
tion was not fully captured for the healthy-participant data. 
Plots of CWRES versus population predictions by route and 
cotreatment of CSA are shown in Figure S4b.

Parameter Estimate CV% 95% CI 95% bootstrap CI

CL non-CSA treatment, L/h 4.84 — (4.3–5.45) 4.29–5.35

CL CSA treatment, L/h 3.38 — (2.8–4.09) 2.7–3.98

Central volume, L 19.7 — (17.6–22.1) 17.8–22.4

Peripheral volume, L 25.8 — (19.1–34.9) 19.3–37

Intercompartment CL, L/h 1.54 — (1.17–2.04) 1.17–2.02

Bioavailability without CSA 0.346 — (0.278–0.42) 0.277–0.446

Bioavailability HP 1.00 — — 1–1

Bioavailability with CSA 0.849 — (0.561–0.961) 0.644–1

Absorption rate, 1/h 0.150 — (0.104–0.215) 0.105–0.256

Absorption rate HP, 1/h 1.26 — (0.933–1.71) 0.967–1.91

Absorption lag, h 0.674 — (0.59–0.769) 0.569–0.776

Proportional residual 
variability

0.517 12.2 (0.394–0.641) 0.379–0.609

Additive residual 
variability, ng/ml

383.0 22.2 (216–550) 206–615

Proportional residual 
variability phase I

0.244 6.4 (0.213–0.274) 0.214–0.276

Proportional residual 
variability sparse data

0.612 6.6 (0.532–0.691) 0.525–0.697

Additive residual variability 
sparse data, ng/ml

267.0 9.6 (217–318) 207–319

Asian effect peripheral 
volume

0.609 — (0.53–0.7) 0.525–0.712

IIV, CL 0.0605 17 (0.0403–0.0807) 0.0372–0.0819

IIV, bioavailability 0.137 24.5 (0.0714–0.203) 0.0674–0.21

IIV, peripheral volume 0.229 36.7 (0.0643–0.393) 0.0906–0.591

IIV, absorption rate 0.719 41.4 (0.136–1.3) 0.363–1.67

IOV, bioavailability 0.197 15.9 (0.136–0.259) 0.129–0.266

Note: CV% for parameters that are log or logit transformed during estimation are not reported.
Abbreviations: CI, confidence interval; CL, clearance; CSA, cyclosporine A; CV, coefficient of variation; HP, 
healthy participant; HSCT, hematopoietic stem cell transplant; IIV, interindividual variability; IOV, inter-
occasion variability; popPK, population pharmacokinetic.

T A B L E  3   Parameter estimates of the 
HSCT recipient (phase III) popPK model
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Model robustness and sensitivity

Because of the high variability in PK in HSCT recipients, addi-
tional robustness and sensitivity analyses were conducted to un-
derstand the robustness of exposure estimates from the model.

Comparing PK parameter values calculated by noncom-
partmental analysis (NCA) versus exposure metrics cal-
culated from the popPK model, there was good agreement 
between predicted AUC from 0 to 24 h postdose at steady 
state (AUCss) but not Cmax. In particular, virtually all of the 
phase III model-predicted Cmax values for orally administered 
letermovir fell below the observed values (Figure S5).

In order to assess whether exposure predictions differ 
between participants with rich PK sampling and those with 
sparse sampling, the weighted individual average AUCss 
predictions for phase III participants were compared by 
sampling regimen (Figure S6a). The distribution of AUCss 
values appeared to be similar between participants with 
rich versus sparse sampling, although the variability in the 
sparsely sampled participants was higher than in participants 
who provided frequent samples after 1 week of treatment.

Many HSCT recipients in the phase III trial provided only 
trough PK samples, and the data from these observations 
showed substantial variability. To determine whether the model 
appropriately accounted for intersubject variability, the within-
participant average Ctrough variability from the oral HSCT-
recipient data was compared with the expected variability from 
the model. A comparison of the observed within-subject geo-
metric means with the simulated values accounting only for IIV 
is shown in Figure S6b. The agreement in the distributions of 
the observed within-subject geometric mean trough values with 
the simulated distribution was very good, supporting appropriate 
apportionment of IIV, IOV, and residual variability in the model.

Accounting for variability, comparisons with NCA, and 
the effects of rich versus sparse sampling, model-based pop-
ulation predictions of AUCss and Ctrough, and individual AUC 
predictions were well supported. Therefore, the model was 
deemed fit for the purpose of evaluating predicted letermovir 
exposure resulting from different regimens and in different 
populations. Further, individual post hoc estimates of AUCss 
were accepted to be used in subsequent exposure–response 
analyses for safety and efficacy end points.

Exposure predictions

Simulations showed that the median AUCss was predicted 
to be 34,400  ng·h/ml (90% prediction interval [PI] 16,900–
73,700) for 480  mg/day oral letermovir, and 60,800  ng·h/ml  
(90% PI 28,700–122,000) for 240 mg/day oral letermovir co-
administered with CSA. Following i.v. administration, the 
predicted median AUCss was 100,000 ng·h/ml (90% PI 65,300–
148,000) for 480  mg/day letermovir, and 70,300  ng·h/ml  

(90% PI 46,200–106,000) for 240 mg/day letermovir with CSA 
co-administration (consistent with a 50% reduction in dose 
and approximately 30% lower CL with CSA). Histograms of 
individual and simulated exposures are shown in Figure 3a, 
and box-whisker plots of exposure with different letermovir 
regimens are shown in Figure 3b. Simulated temporal leter-
movir PK profiles for non-Asian (White, Black, Hispanic, and 
other) and Asian (Japanese and Asian participants from other 
countries) participants following different dosing regimens are 
shown in Figure S7.

DISCUSSION

This two-staged popPK analysis supported the evaluation 
of intrinsic and extrinsic factors for letermovir dose recom-
mendation. Phase III popPK model estimates of AUC ade-
quately described the observed data, and predicted letermovir 
exposure resulting from different regimens and populations, 
including the observed phase I AUC determined by NCA fol-
lowing administration of clinical doses in healthy participants.

The final phase III popPK model described steady-
state trough PK using a two-compartment model with 
linear elimination and linear absorption with a lag time. 
The model adequately described letermovir steady-state 
AUC PK in HSCT recipients who receive the drug orally 
or i.v., alone or concomitantly with CSA. Based on the es-
timated absorption delay and rates, letermovir appears to 
be primarily absorbed in the small intestine, but not the 
stomach, with slower absorption in HSCT recipients com-
pared with healthy participants. The lower bioavailability 
and lower exposures of letermovir following oral admin-
istration in HSCT recipients appear to be consistent with 
trends observed with other drugs frequently given to this 
patient population (e.g., CSA, mycophenolic acid, and po-
saconazole).21–23 Letermovir-treated participants receiving 
concomitant CSA had higher oral bioavailability and lower 
CL than participants not treated with CSA. It is possible that 
the mechanism causing a reduction in CL also reduces first-
pass metabolism in CSA-treated participants, resulting in an 
increase in apparent bioavailability. The effect of CSA on 
i.v. letermovir appeared to be less pronounced than that ob-
served on oral letermovir, resulting in lower exposures with 
240 mg i.v. letermovir and CSA compared with 480 mg i.v. 
letermovir alone.

The phase I popPK model for letermovir described phases 
I–III trial data covering a wide range of concentrations (1 ng/ml 
to > 10,000 ng/ml). The data exhibited considerable variability, 
both between and within subjects, with repeated trough concen-
trations covering a greater than 10-fold range in some subjects. 
The appropriateness of the four-compartment model structure 
was supported by a significant ∆OFV and by observed PK over 
the dose range investigated. At the lowest (30 mg) and highest 
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(720 mg twice daily) doses, the model did not describe the full 
concentration versus time profiles well; however, GOF plots 
did not demonstrate structural bias in the model. Within the 
proposed therapeutic range for letermovir of 480 mg daily by 
i.v. or oral administration, the model described the observed 
PK well. Letermovir exposures achieved in healthy participants 
were consistent with those observed with the 480 mg i.v. dose 
in HSCT recipients.

Differences between the phase I and phase III popPK 
models should not be interpreted as indicative of a difference 
in disposition between healthy participants and HSCT recip-
ients. Rather, the differences in the models reflect different 
purposes, sampling schedules, and dose ranges of letermovir. 
Nonlinearity in letermovir PK is largely absent over the range 
of exposures encountered with the clinical dose. The mecha-
nism of letermovir dose nonlinearity is not fully understood at 
this time but is hypothesized to be related to saturation of one 

or more transporters. Physiologically-based PK modeling in-
dicated that saturation of OATP1B-mediated hepatic uptake, 
rather than saturation of typical elimination processes, best 
described the mechanism of letermovir nonlinear PK.24

A comparison of the phase I and phase III popPK models 
has been performed previously25 to understand and compare 
the appropriateness of the models to explain the observed 
clinical data and support the clinical dose recommendation. 
The study compared the model structures, parameters, and 
predictive performance in the overlapping domain of healthy 
participants following administration of the clinical dose of 
letermovir at steady-state. Results demonstrate that the phase 
III model may be considered a simplification of the phase I 
model assuming that at the clinical dose, letermovir PK is in a 
linear range such that clearance from the central compartment 
is saturating (constant) and nonlinear distribution between the 
central and peripheral compartments can be approximated by 

F I G U R E  3   HSCT recipient 
(phase III) popPK model predictions of 
letermovir exposure in HSCT recipients: 
(a) histograms of individual predicted 
letermovir AUCss and Ctrough; (b) box-
whisker plots of simulated AUCss and 
Ctrough following different letermovir 
dosing regimens. AUCss, area under the 
concentration-time curve from 0 to 24 h 
postdose at steady-state; CSA, cyclosporine 
A; Ctrough, minimum concentration; HSCT, 
hematopoietic stem cell transplant; popPK, 
population pharmacokinetics

(a)

(b)

20,000 60,000 100,000
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a first-order constant. The comparison confirms that healthy 
participants and HSCT recipients have similar postabsorption 
PK properties and that PK in the two populations differs with 
respect to bioavailability and absorption rate.

Covariate analysis of the phase III model indicated that in-
dividuals of Asian origin had lower V2 compared with White 
participants. Consistent with this finding, Asian participants 
had a 28.1% lower Vd compared with White participants 
based on the healthy participant (phase I) model. Both CLmax 
and Vd were also impacted by body weight, whereas gender 
was found to have no significant impact on letermovir PK in 
healthy participants. Because of differences between median 
body weight of Asian (56.6 kg) versus White (67.1 kg) par-
ticipants, additional simulations were performed to predict 
a combinatorial effect of 33.2% higher exposure in Asian 
participants compared with White participants. Nonetheless, 
although point estimates of median letermovir exposure 
differed between White and Asian participants, there was a 
high degree of overlap in the prediction intervals, consistent 
with observations in the phase III popPK analysis for Asian/
White participants; thus, the differences in exposure were 
determined not to be clinically relevant. Of note, the phase 
I popPK model also evaluated Japanese ethnicity (n = 30) 
as a covariate, but this was later replaced by Asian ethnicity 
(n = 33), which slightly improved the model.

In addition to the standard GOF and simulation-based 
model qualification steps, additional analysis of phase III 
popPK model robustness was conducted by checking the 
agreement of model exposure predictions with several inde-
pendently derived exposure metrics. NCA of the data from 
healthy participants in phase I studies, along with data ob-
tained from the subset of HSCT recipients in whom frequent 
observations were obtained following a single dose, was 
compared with the model-predicted exposure. This analysis 
suggested good agreement of the predicted AUCss from the 
individual CL estimates from the model, with the AUCss cal-
culated via NCA. Conversely, Cmax was not well predicted by 
the model. It is noteworthy that the model included between-
subject variability in CL and V2 but not in V1. Because V1 is 
the main determinant of Cmax following i.v. administration, it 
is not surprising that variability in Cmax was not well captured 
by the model. Furthermore, the current two-compartment 
model did not offer a sufficiently comprehensive description 
of data derived from i.v.-treated participants to characterize 
Cmax after i.v. administration. A three-compartment model 
may be required to prevent underprediction of Cmax; how-
ever, estimation of CL and prediction of AUCss were the main 
modeling objectives and were achieved adequately with the 
two-compartment model, without overparameterization.

A second robustness analysis of the phase III popPK 
model compared the distribution of AUCss in participants con-
tributing rich data with participants contributing only trough 
measurements. This analysis suggested similar distributional 

characteristics between the two study populations, supporting 
the use of AUCss as a predictive exposure metric. A final ex-
amination compared the intersubject distribution in average 
Ctrough obtained from repeated observations within individ-
ual participants (given oral treatment) to a distribution de-
rived from the PK model, including only the effects of IIV. 
This analysis showed that Ctrough measurements were well-
predicted by the model and, further, suggested that the random 
effects model properly accounts for variability between and 
within individual participants.

Taken together, these assessments showed that the 
phase III PopPK model describes the data adequately, and is 
well-suited for the purpose of predicting AUCss and Ctrough 
for exposure–response analysis and to support identification 
of appropriate letermovir doses for prophylactic treatment of 
HSCT recipients. Dose justification was adequately supported 
with these parameters, and not negatively impacted by the lack 
of Cmax predictions. Because participants in the phase III trial 
switched between i.v. and oral administration, as well as from 
dosing letermovir alone or in combination with CSA, a single 
characteristic exposure value for each participant was difficult 
to derive. For each participant, a combined metric was calcu-
lated where the exposure following each combination of treat-
ments was weighted by the number of days for each regimen. 
The overall median AUCss was predicted to be 49,200 ng·h/
ml, with a 90% PI of 26,900–87,400 ng·h/ml.

In summary, letermovir steady-state PK in HSCT recipients 
was well-described by a two-compartment model with linear 
elimination and absorption. The model sufficiently described 
letermovir PK following oral or i.v. administration, alone or 
in combination with CSA. Data collected from healthy phase 
I study participants following single-dose and multiple-dose 
administrations of oral and i.v. letermovir were described by a 
four-compartment model with concentration-dependent non-
linear clearance and distribution, auto-induction of clearance, 
and a TCAM to describe absorption after oral administration. 
Intrinsic covariates were found not to affect letermovir PK 
to a clinically significant extent. These analyses indicate that 
letermovir PK are similar in HSCT recipients and healthy 
participants, differing only with respect to bioavailability and 
absorption rate. There was consistency between the two mod-
els in characterizing letermovir PK at clinical doses, further 
supporting the suitability of the HSCT recipient PK model 
for predicting exposure for exposure–response analysis to 
support dose selection.
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