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ARTICLE

Evaluation of the Effect of Maribavir on Cardiac 
Repolarization in Healthy Participants: Thorough QT/QTc 
Study

Katarina Ilic1,*, Ivy Song1, Jingyang Wu1 and Patrick Martin1

Maribavir is an orally bioavailable benzimidazole riboside in clinical development for treatment of cytomegalovirus infection 
in patients who undergo transplantation. Maribavir was evaluated in a thorough QT (TQT) study to determine any effects on 
cardiac repolarization. The effect of maribavir 100 and 1,200 mg oral doses on the baseline-adjusted and placebo-adjusted 
corrected QT (QTc) interval (delta delta QTc (ddQTc)) and other electrocardiogram (ECG) parameters was assessed in a ran-
domized, phase I, placebo-controlled, four-period crossover study in healthy participants (men and women ages 18–50 
years). Additionally, maribavir pharmacokinetics, safety, and tolerability were investigated. Moxifloxacin (400 mg) was used 
as a positive control to demonstrate the study’s ability to detect QT prolongation. Digital 12-lead Holter ECG monitoring was 
performed over 22 hours following study drug administration. Individual, Fridericia’s, and Bazett’s QTc intervals were calcu-
lated. Of 52 randomized participants (29 ± 8.1 years old; 31 men (60%)), 50 (96%) completed the study. For both 100-mg and 
1200-mg doses of maribavir, analysis of ddQTc demonstrated that the upper bound of the two-sided 90% confidence interval 
was below the 10-ms threshold at all time points. The concentration–effect analysis demonstrated no relationship between 
ddQTc and plasma concentrations of maribavir (and its metabolite). There were no clinically meaningful changes in heart rate 
and systolic blood pressure. The most common adverse event was dysgeusia; no serious adverse events were reported. This 
TQT study demonstrated that maribavir did not have impact on cardiac repolarization.

Cytomegalovirus (CMV) infection or reactivation is a signif-
icant complication following both hematopoietic stem cell 
transplantation (HSCT) and solid organ transplantation, and 
it is associated with increased morbidity and reduced long-
term survival.1,2 Use of approved anti-CMV agents may 
carry risks of treatment-limiting toxicities or of significant 
drug interactions leading to contraindication or requiring 
dose adjustment and monitoring.3–7 Such drawbacks may 
contribute to failure to prevent CMV infection and disease, 
or to the development of drug resistance.8–10

Maribavir (1263W94, GW 1263, GW 1263W94, VP 41263, 
SHP620, and TAK-620) is a potent and selective, orally 
bioavailable, benzimidazole riboside drug with a novel 
mechanism of action that exerts its effects primarily on 

viral DNA assembly and on egress of CMV viral capsids 
from the nuclei of infected cells.11,12 Maribavir is metabo-
lized to its primary metabolite VP 44469 by cytochrome 
(CYP) P450 isoenzymes CYP3A4 (and, to a minor extent, 
CYP1A2 and CYP2C19).13,14 Originally developed for CMV 
prophylaxis in transplant recipients,15,16 maribavir is now in 
phase III clinical development for the treatment of CMV in-
fection and disease. In January 2018, the US Food and Drug 
Administration (FDA) granted maribavir a “breakthrough 
therapy” designation based on data from phase II studies for 
the treatment of CMV infection and disease (NCT00223925 
and NCT01611974).

Maribavir is rapidly absorbed, and peak plasma concen-
tration (Cmax) is generally achieved between 1 and 3 hours 
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Study Highlights

WHAT IS THE CURRENT KNOWLEDGE ON THE TOPIC?
✔  The effect of maribavir on the QT/corrected QT (QTc) 
interval in healthy participants is not known.
WHAT QUESTION DID THIS STUDY ADDRESS?
✔  Maribavir’s potential effect on the QT/QTc interval 
was investigated in healthy participants in accordance 
with International Conference on Harmonization E14 
guidelines.

WHAT DOES THIS STUDY ADD TO OUR KNOWLEDGE?
✔  The study provides the evidence of maribavir’s supra-
therapeutic dose of 1,200 mg in healthy adult participants.
HOW MIGHT THIS CHANGE CLINICAL PHARMACOL-
OGY OR TRANSLATIONAL SCIENCE?
✔  The study provides the evidence of cardiovascular safety 
of maribavir, an orally bioavailable benzimidazole riboside 
drug currently in phase III development for cytomegalovi-
rus infection in patients who undergo transplantation.
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after dosing. In single-dose studies in healthy participants 
(50–1,600  mg) and patients with HIV (100–1,600  mg), the 
pharmacokinetics (PKs) of maribavir and VP 44469 were 
approximately linear.17 In an ascending, multiple-dose study 
in patients with HIV, there was a dose-proportional increase 
in plasma maribavir area under the curve to infinity (AUC∞), 
Cmax, and area under the concentration-time curve over 24 
hours steady-state (AUC24,ss) over the dose range tested 
on the first day of maribavir administration (100–200  mg) 
and following 28 days of drug administration (100, 200, or 
400 mg t.i.d., or 600, 900, or 1,200 mg b.i.d.).18 In phase 
II studies, maribavir at doses ranging from 400  mg b.i.d. 
to 1,200  mg b.i.d. was generally well-tolerated; taste dis-
turbance (dysgeusia), nausea, and diarrhea were notable 
treatment-emergent adverse events (TEAEs) that seemed to 
be associated with maribavir.19–21 Currently, maribavir at a 
dose of 400 mg b.i.d. is under investigation in two phase III 
studies for the treatment of transplant recipients with CMV 
infection, including resistant or refractory CMV and CMV 
disease (NCT02927067 and NCT02931539).

The potential of maribavir to prolong ventricular repolariza-
tion was previously evaluated in an in vitro study according 
to the International Conference on Harmonisation (ICH) S7B 
guidelines.22 In line with the ICH E14 guidance,23 this study 
was conducted in healthy participants to determine the 
effect of maribavir on the corrected QT (QTc) interval prolon-
gation when compared with placebo as a negative control 
and moxifloxacin as a positive control. In addition, the PK of 
maribavir and its metabolite VP 44469, as well as the safety 
and tolerability of maribavir were evaluated.

METHODS
Study design
The effect of maribavir (100 mg or 1,200 mg) on QTc inter-
val prolongation was evaluated in healthy adult men and 
women in a phase I randomized, placebo-controlled, and 
positive-controlled (moxifloxacin), four-sequence crossover 

study (Figure 1). Moxifloxacin (400 mg) was used as a pos-
itive control to demonstrate that the study method was 
sensitive enough to detect a specified change in QTc. PK 
sample collection and digital 12-lead Holter electrocar-
diogram (ECG) monitoring were performed over 22 hours 
following each study drug administration.

The study protocol was approved by an independent eth-
ics committee and institutional review board. The study was 
conducted at Covance Clinical Research Unit, Madison, WI, 
USA, from December 2007 to February 2008 in accordance 
with the Declaration of Helsinki, the ICH Tripartite Guideline 
for Good Clinical Practice, and ICH E14 guidelines.22,23 
Written informed consent was obtained before any partici-
pant initiated study-related procedures.

Study population
Healthy, nonsmoking men and women between 18 and 
50 years of age, with a body mass index of 18.5–32.0 kg/
m2 were recruited for the study. Women were of nonchild-
bearing potential or agreed to use protocol-specified 
methods of contraception. Participants were excluded if 
they had participated in any investigational clinical trial 
30 days before the screening visit, or had a known intol-
erance to moxifloxacin or other quinolones. Participants 
were also excluded if there was evidence or history of 
a clinically significant disease/condition, any risk factor 
for torsades de pointes, ECG abnormalities (including 
Bazett’s corrected QT (QTcB) interval > 440 ms for men 
or >  460  ms for women), supine heart rate (HR) >  90 
beats per minute (bpm), or supine blood pressure outside 
90–140  mm (systolic) or >  90  mm (diastolic). Additional 
exclusion criteria and agreed behaviors are presented in 
the Supplementary Material.

Study treatments
A single dose of placebo, maribavir 100  mg (one tab-
let), maribavir 1,200  mg (six 200-mg tablets), or Avelox 

Figure 1 Study schematic. F indicates overnight fast; E indicates pharmacokinetic (PK), echocardiogram (ECG), and safety evaluation 
(≤ 22 hours). Safety population (N = 52) included all participants who received at least one dose of the study drug (maribavir, moxifloxacin 
or placebo). PK population (N = 52) included all participants who received at least one dose of the study drug and had sufficient plasma 
concentration to calculate the primary PK parameters. ECG population (N = 52) included all participants who received at least one 
dose of the study drug and had at least one baseline (predose) ECG and on-treatment (postdose) ECG within the same treatment 
period. PK/pharmacodynamic population included all participants in the ECG population with time-matched plasma concentrations.
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(moxifloxacin) 400  mg (Bayer; Wayne, NJ; positive con-
trol) was administered orally on day 1 of each treatment 
period after an overnight fast based on a randomization 
schedule. Moxifloxacin was administered in a single-blind 
manner, and maribavir and placebo were administered in 
a double-blind manner. To maintain blinding, seven tab-
lets were administered for each of the four treatments and 
participants were blindfolded prior to dosing. Participants 
continued to fast for 6 hours after the dose administra-
tion. The washout period between doses was 4 days (not 
to exceed 14 days). In the selection of the higher maribavir 
dose for this study, available safety and PK exposure data 
by sex were considered. At the time this study was con-
ducted, maribavir had been evaluated in phase III clinical 
trials for CMV prophylaxis at the dose of 100  mg b.i.d. 
Therefore, the effect of maribavir on QTc was evaluated at 
two dose levels: 100 mg (the dose evaluated for prevent-
ing CMV disease in two phase III studies) and 1,200 mg (a 
supratherapeutic dose).

Electrocardiography
ECGs were recorded digitally on days 1 and 2 of each 
treatment period by a 12-Lead Holter (H12  +  Mortara 
Instruments, Milwaukee, WI) from 1 hour prior to dosing 
through 22  hours postdose. Three 10-second ECG re-
cordings (separated by 1-minute intervals) were extracted 
at predose (0 hours) and at 0.5, 1, 1.5, 2, 3, 5, 6, 8, 12, 
16, and 24 hours after dosing. Digital 12-lead Holter ECG 
analyses were performed at a central laboratory using 
controlled standard procedures. The ECG data were cen-
trally read by cardiologists using a high-resolution manual 
on-screen caliper method with annotations. All ECG data 
from each individual was read by a single reader, blinded 
to treatment. QT (ms) and other ECG intervals (ms) (QTc, 
PR, and QRS) were calculated using the cardiologists’ an-
notations on the extracted ECGs. The QT interval results 
from ventricular repolarization and is measured from the 
beginning of the QRS complex to the end of the T-wave. 
In addition, 12-lead ECGs for standard assessment of 
safety were recorded using dual-snap electrodes. Details 
of ECG recordings are presented in the Supplementary 
Material.

Safety and tolerability assessments
Safety was monitored through the recording of adverse 
events (AEs), changes in physical examinations, vital signs, 
and standard ECGs. TEAEs included all AEs that started 
on or after the first dose of the study drug, or increased in 
severity after the first dose of the study drug. All AEs and 
TEAEs were coded by system organ class and preferred 
term using the Medical Dictionary for Regulatory Activities 
(MedDRA) version 10.0 and were summarized by treatment 
group.

Pharmacokinetic assessments
Maribavir and VP 44469 plasma concentrations were de-
termined in the samples collected during each treatment 
period predose and at 0.5, 1, 2, 3, 4, 5, 6, 8, 12, and 22 hours 
postdose by a validated liquid chromatography/tandem 
mass spectrometry method from QPS, LLC (Newark, DE). 

The minimum detectable concentration in plasma was 
0.2 μg/mL for both maribavir and VP 44469.

PK parameters were calculated by noncompartmental 
analysis based on concentration–time profiles and ac-
tual postdose times using Phoenix WinNonLin version 5.2 
(Pharsight, Mountain View, CA). PK parameters included 
Cmax; time to reach Cmax (Tmax), AUC from time 0 to time of 
last quantifiable concentration (AUC0–t), AUC from time 0 to 
infinity (AUC0–∞), terminal elimination half-life, and terminal 
elimination rate constant.

Statistical methods
The analysis of QTc data and concentration–QTc analy-
sis were performed using SAS for Windows (version 8.2 
or higher). All Holter ECG data were analyzed by S-Plus 
(TIBCO Software, Palo Alto, CA). The relationship between 
the correction methods and RR interval, and slopes of QT 
interval corrected individually with placebo data (QTcIb)–RR 
and QT interval corrected using Fridericia’s formula (QTcF)–
RR were assessed based on the coefficient estimates from 
the linear mixed-effects model.

Sample size and power calculation
Following a repeated measure design24 and assuming a 
one-sided 0.05 significance level, a within-participant 
pretreatment correlation of 0.8, a within-participant on-treat-
ment correlation of 0.8, a within-participant pretreatment 
vs. on-treatment correlation of 0.7, and three replicated 
Holter ECGs at each ECG assessment time point, it was 
estimated that with a total of 42 participants the study 
would achieve at least 90% power to detect a prolongation 
in time-matched, placebo-corrected, baseline-adjusted 
individualized corrected QT interval (ddQTcIb) of >  5  ms 
for the largest time-matched difference between maribavir 
and placebo among all ECG assessment time points.

A total of 52 participants were randomized to ensure 42 
participants were included in the analysis.

QTc calculations
A QTc interval > 500 ms is considered to be prolonged.25 
Because the duration of the QT interval depends on the HR, 
it is typically standardized by using QTcF or QTcB correc-
tion formula. For drugs that increase the HR by > 5–10 bpm, 
fixed correction may be less accurate than individual QT 
correction.26,27

QTcIb, QTcF, and QTcB intervals were calculated as 
follows:

QTcIb: QT rate corrected individually with placebo QT-RR 
data (ms).

QTcF: QT corrected for HR by Fridericia’s formula (ms).

QTcIb=QT+RR coefficient∗ (1,000−RR) .

QTcF=QT÷
3

√

(

RR

1,000

)

QTcB=QT÷

√

(

RR

1,000

)
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QTcB: QT corrected for HR by Bazett’s formula (ms).
The RR interval = 60/HR (seconds) (HR = bpm).
The RR coefficient is the slope obtained from the linear 

regression of QT on RR derived from the QT–RR pairs 
recorded on a given participant’s placebo day Holter 
recording, in a given treatment period. The QT–RR hyster-
esis (i.e., the change in the preceding RR interval history 
that influences QT interval) adjustment was accounted for 
while obtaining the QT–RR coefficients. For any given par-
ticipant, the participant-specific QT–RR parameters were 
calculated. These were fitted into linear regression mod-
els to obtain the best fitting curve with least difference 
from individual data points. The curvature of the individ-
ual QT–RR determined the variance in participant-specific 
QTcIb. This correction procedure reduces the variance 
compared with conventional corrections, such as QTcF 
or QTcB, producing a more reliable and reproducible 
QT estimate for calculating the primary end point of the 
study.28,29 The baseline-corrected QTcIb, where baseline 
was the average of the three predose values obtained 
on day 1 of treatment period 1, were calculated for each 
treatment.

The QTc for a given time point was recorded as the mean/
median of the triplicates (three 10-second ECG recordings 
separated by 1-minute intervals). Differences among QTcIb, 
QTcF, and QTcB at each post-treatment time point and at 
baseline (dQTcIb, dQTcF, and dQTcB, respectively) were 
calculated for every participant by treatment. Individual QTc 
measurements were summarized with descriptive statistics 
by treatment and time point.

Statistical analyses of QTc
The primary end point of this study was the mean difference 
in the treatment-specific baseline-adjusted change in post-
dose QTcIb at each time point between maribavir 1,200 mg 
and placebo, between maribavir 100 mg and placebo, and 
between moxifloxacin and placebo (ddQTcIb). The primary 
ECG analysis was conducted using a repeated-measures, 
linear mixed-effect model with ddQTcIb as the dependent 
variable, a random effect for “participant” and period, 
treatment, and time, and treatment-by-time interaction as 
fixed effects. Least squares means and 90% confidence 
interval (CI) of ddQTcIb were calculated for each postdose 
time point for maribavir 100 mg, maribavir 1,200 mg, and 
moxifloxacin. The analysis included the following 10 post-
dose time points: 0.5, 1, 2, 3, 4, 5, 6, 8, 12, and 22 hours. 
The same analysis was conducted for QTcF and QTcB as 
secondary QTc end points. The study’s ability to detect QT 
prolongation by about 5 ms was validated if moxifloxacin’s 
lower limit of the two-sided 90% CI for ddQTcIb (moxi-
floxacin–placebo) was > 5 ms for at least one of the four 
postdose time points.

According to the ICH E14 criteria, a thorough QT (TQT) 
study is negative if an upper one-sided 95% CI of QTc prolon-
gation effect is < 10 ms.23 To investigate potential QTc interval 
prolongation associated with maribavir therapy, the upper 
bound of the two-sided 90% CI of the primary end point was 
compared with 10 ms; if it was < 10 ms in this study, it was 
concluded that QTc interval prolongation was not clinically 
meaningful.

Pharmacokinetic analysis
Descriptive statistics (number of participants, arithmetic 
mean, SD, percentage coefficient of variation, median, 
minimum, and maximum) were used to summarize PK pa-
rameters of interest for maribavir and VP 44469 for both 
doses at each scheduled time point.

Concentration–QTc analysis
To evaluate the potential of maribavir to prolong the QTc 
interval, an exploratory post hoc PK–pharmacodynamic 
analysis based on a linear mixed-effects model with 
ddQTcIb or ddQTcF as the dependent variable, maribavir 
concentration as a fixed effect, and participant as a random 
effect was performed. As 400 mg b.i.d. maribavir is being 
evaluated for the treatment of CMV infection in transplant 
recipients in phase III clinical trials, the effect of 400  mg 
b.i.d. maribavir dose on QTc at Cmax was predicted using 
the model developed from the concentration–QTc analysis 
in this study. The analysis was performed on pooled data 
from 100-mg and 1,200-mg maribavir dose cohorts. The 
estimated mean slope and intercept from the model were 
used to calculate predicted ddQTcIb and ddQTcF and 90% 
CI for the geometric mean Cmax observed at 400 mg b.i.d.. 
Similar analysis was conducted for the relationship between 
the metabolite VP 44469 plasma concentration and ddQTc.

RESULTS
Study population
A total of 52 healthy participants (31 men; 60%) were ran-
domly assigned to one of four treatment sequence groups 
and received at least one dose of the study drug (Figure 1). 
The mean age was 29 ± 8.1 years (18–49 years). The majority 
of participants were white (44; 85%), with an average weight 
of 74.1 ± 13.3 kg and body mass index of 24.5 ± 2.9 kg/m2. 
Demographic and baseline characteristics for participants 
are shown in Table 1.

Fifty participants (96%) completed the study and re-
ceived all four regimens; two participants discontinued 
treatment. One participant discontinued the study due to 
a TEAE of an upper respiratory infection. This participant 
received maribavir 1,200  mg, placebo, and moxifloxacin 
400  mg in the first 3 treatment periods, but did not re-
ceive maribavir 100 mg. The second participant received 
maribavir 100  mg, moxifloxacin 400  mg, and placebo in 
the first 3 treatment periods, but did not receive maribavir 
1,200 mg as he did not return for the fourth treatment pe-
riod due to a family emergency.

QTc results
The summary of QTcIb and QTcF values (mean ± SD) by 
treatment and time are shown in Table S1. The mean 
QTcIb–RR and QTcF–RR slope, respectively, for placebo 
was − 0.0014 and − 0.0280 (P = 1.73 × 10−6), for moxifloxa-
cin was 0.0047 and − 0.0243 (P = 2.66 × 10−7), for maribavir 
100  mg was 0.0008 and −  0.0263 (P  =  7.31  ×  10−7), 
and for maribavir 1,200  mg was 0.0004 and −  0.0260 
(P = 8.55 × 10−7). The absolute QTc–RR slope values for 
QTcIb were smaller than those for QTcF, validating su-
periority of the individualized correction over Fridericia’s 
formula. QTc outlier analysis showed no trends in any of 
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the treatment arms. Analysis of the QTc intervals by interval 
category for QTcIb and QTcF are provided in Table 2. Four 
participants had a QTcIb increase of > 30 ms from baseline 
and two participants had a QTcF increase of > 30 ms from 
baseline; they had all received moxifloxacin 400 mg.

The time-matched analysis demonstrated that for both 
the 100-mg and 1,200-mg maribavir doses, at all time 
points the upper bound of the 2-sided 90% CI of the differ-
ence in the means of dQTcIb from placebo (ddQTcIb) was 
below the 10-ms threshold, confirming no significant effect 
on cardiac repolarization. Study sensitivity was demon-
strated by an increase of ddQTcIb for moxifloxacin with a 
lower confidence bound exceeding 5 ms at multiple time 
points during the expected period of peak plasma concen-
tration (Figure 2a).

Similar results to the primary end point analysis were ob-
served for ddQTcF, the difference between the time-matched, 
baseline-adjusted mean Fridericia-corrected QT interval for 
maribavir 1,200  mg (dQTcF), and the dQTcF for placebo 
(Figure 2b). In addition, similar results were observed when 

QTc was corrected using the QTcB formula. Table S2 shows 
the least squared mean values for the ddQTcIb, ddQTcF, 
and ddQTcB for maribavir and moxifloxacin over time. In 
addition, observed ECG abnormalities were judged by the 
investigator to not be clinically relevant.

Pharmacokinetic results
Table 3 shows PK parameters for maribavir and maribavir 
metabolite VP 44469. Maribavir was rapidly absorbed and 
readily eliminated after dosing. A slight delay in maribavir 
mean Tmax and longer mean terminal elimination half-life val-
ues were observed with the increase in dose from 100 mg 
to 1,200  mg. Mean Cmax values increased 8.8-fold with a 
12-fold increase in dose level from 100  mg to 1,200  mg 
maribavir. Mean AUC0–t and AUC0–∞ values increased ~ 18-
fold with a 12-fold increase in dose level. For VP 44469, Cmax 
increased 7.3-fold with a 12-fold increase in dose level from 
100 mg to 1,200 mg maribavir whereas mean AUC0–t and 
AUC0–∞ values for VP 44469 increased 19-fold and 10-fold, 
respectively, with a 12-fold increase in maribavir dose level.

Concentration–QTc relationship analysis
Results from the linear model to evaluate the relation-
ship between ddQTc and plasma maribavir concentration 
showed that there was no increase in the QTc interval with 
increasing concentration of maribavir (Figure 3a,b). At 
the mean plasma maribavir Cmax of 16.5 µg/mL observed 
at the maribavir therapeutic dose of 400  mg b.i.d. (Shire 
Study SHP620-202, unpublished data), the model-based 
estimates of ddQTcIb and ddQTcF were 1.1255  ms (90% 
CI −0.1612  ms to 2.4122  ms) and 0.9308  ms (90% CI 
−0.4889  ms to 2.3504  ms), respectively. The CI for both 
estimates included zero, suggesting that at the maximal 
concentration at 400 mg b.i.d. maribavir effect on the QTc 
interval was not significant. As plotted in Figure 3c,d, the 
relationship between the maribavir metabolite VP 44469 
and ddQTc was similar, indicating no increase in the QTc 
interval with increasing concentration of VP 44469.

Furthermore, the geometric mean Cmax value (35.4 µg/
mL) observed at the maribavir supratherapeutic dose of 
1,200  mg b.i.d. did not show any association with pre-
dicted QTc interval prolongation. Mean predicted ddQTcIb 

Table 1 Demographics and baseline characteristics (ITT population, 
N = 52)

Characteristic

Age, mean ± SD (range), years 29 ± 8.1 (18–49)

Female, n (%) 21 (40)

Male, n (%) 31 (60)

Race, n (%)

White 44 (85)

Black/African American 5 (10)

Asian 1 (2)

Native Hawaiian or other Pacific Islander 1 (2)

Other 1 (2)

Ethnicity, n (%)

Hispanic/Latino 6 (12)

Not Hispanic/Latino 46 (89)

Height, mean ± SD, cm 173.3 ± 9.7

Weight, mean ± SD, kg 74.1 ± 13.3

BMI, mean ± SD (range), kg/m2 24.5 ± 2.9 (18–32)

BMI, body mass index; ITT, intent-to-treat.

Table 2 QTcIb and QTcF interval categorical analysis (N = 52)

Number of participants (%)

Baseline
N = 52

Placebo
N = 52

Maribavir 100 mg
n = 51

Maribavir 1,200 mg
n = 51

Moxifloxacin 400 mg
N = 52

QTcIb

> 450 ms 0 0 0 0 2 (3.8)

> 30 ms increase from baseline 0 0 0 4 (7.7)

> 30 ms increase from baseline and > 450 ms 0 0 0 0

QTcF

> 450 ms 0 0 0 0 1 (1.9)

> 30 ms increase from baseline 0 0 0 2 (3.8)

> 30 ms increase from baseline and > 450 ms 0 0 0 0

QTcF, QT interval corrected using Fridericia’s formula; QTcIb, QT interval corrected individually with placebo QT–RR data.
No participant had QTcIb/QTcF ≥ 480 ms or ≥ 500 ms. In addition, no participant had QTcIb/QTcF increased > 60 ms from baseline. Two participants com-
pleted three of the four treatment periods; one missed maribavir 1,200 mg, and the other missed maribavir 100 mg.
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and ddQTcF values and their 90% CIs from the linear 
mixed-effects model were 0.4876 ms (90% CI −1.0717 ms 
to 2.047  ms) and 0.5863  ms (90% CI −1.0823  ms to 
2.2548 ms), respectively.

Safety and tolerability results
There were no deaths or other serious TEAEs reported 
during the study. No TEAEs associated with ECG abnor-
malities were reported. Two participants discontinued the 
study; the first participant due to a TEAE of upper respira-
tory infection, which occurred after receiving moxifloxacin, 
and the second participant discontinued the study due to a 
family emergency before they would have received maribavir 

1,200 mg. There was a total of 133 TEAEs reported (13, 20, 
29, and 71, among participants receiving placebo, moxi-
floxacin 400 mg, maribavir 100 mg, and maribavir 1,200 mg, 
respectively). All TEAEs were mild in intensity. TEAEs were 
reported in a higher proportion in participants receiving 
maribavir 1,200  mg (84%) than those receiving placebo, 
moxifloxacin 400 mg, or maribavir 100 mg (15%, 21%, and 
37%, respectively). Table 4 shows an overall summary of 
TEAEs and Table S3 shows the number of participants who 
reported individual TEAEs.

Dysgeusia, the most common TEAE, was reported in 
22% (11/51) and 80% (41/51) of participants after receiv-
ing maribavir 100 mg and 1,200 mg, respectively. Dysgeusia 

Figure 2 LS mean and 90% CI for time-matched, placebo-corrected, baseline-adjusted corrected QT interval (ddQTc) (ms) vs. time 
after administration of maribavir (100 mg or 1,200 mg) or moxifloxacin (400 mg) (electrocardiographic PD population); (a) individualized 
corrected QT interval (ddQTcIb); (b) Fridericia-corrected QT interval (ddQTcF) (ms). Dashed horizontal lines are reference lines depicting 
0, 5, and 10 ms. CI, confidence interval; LS, least squares; PD, pharmacodynamic; QTcF, QT interval corrected using Fridericia’s 
formula; QTcIb, QT interval corrected individually with placebo QT–RR data.
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was also reported by one participant who received moxi-
floxacin. All TEAEs of dysgeusia were mild in intensity 
and considered related to the study drug. The next most 
frequent TEAEs were nausea and headache, which were re-
ported only after treatment with maribavir 100 mg (2% and 
6%, respectively) and maribavir 1,200  mg (10% and 2%, 
respectively). Contact dermatitis was reported in 2–12% of 
participants across treatments and all cases were attributed 
to ECG patch application and were not considered to be 
treatment related.

No clinically meaningful changes in vital signs were ob-
served and no clinically meaningful trends were noted in 
median change from baseline in any vital sign parameters 
following any of the four treatments. No participants had 
standard 12-lead ECG findings that were considered clini-
cally significant by the investigator.

DISCUSSION

This phase I, randomized, double-blind, placebo-con-
trolled, four-period crossover study in healthy participants 
evaluated the effect of single-dose maribavir (100 mg and 
1,200  mg) administered orally on ECG parameters with 
a focus on the QTc interval. No clinically significant re-
polarization effect and no other significant ECG effect of 
single-dose maribavir was detected. Moxifloxacin, which 
was used as a positive control, demonstrated the study 
sensitivity.

The results showing the absence of the effect of marib-
avir on QTc intervals observed in this study are consistent 
with maribavir in vitro data from human embryonic kid-
ney (HEK293) transfected cells expressing a high level of 
human ether-à-go-go–related gene channels. Blockade of 
the human ether-à-go-go–related gene channels, induced 
by a drug or its metabolites, may cause repolarization ab-
normalities. Maribavir at concentrations up to 1,500 µg/mL 
in HEK293 transfected cells did not show an effect on the 
potassium selective Ik current (ViroPharma study VP1521, 
unpublished data). In anesthetized beagle dogs, a transient 

increase in HR without a change in mean arterial pressure 
was observed following the 30 mg/kg intravenous  maribavir 
dose.30

The single-dose, placebo-controlled and positive- 
controlled crossover study design for phase I study in 
healthy participants used here is a standard design for TQT 
 studies.25 ICH E14 guidelines also suggest that such  studies 
should evaluate, in healthy participants, the effects of doses 
that substantially exceed the anticipated therapeutic dose 
of the drug on ECG parameters (with a focus on QTc interval 
prolongation).

Because the QT interval duration depends on HR, it is 
typically standardized to obtain the QTc interval using 
Fridericia’s or Bazett’s correction formulas, which assume 
that the relationship between QT and RR is similar in all 
individuals—although QTcF is often considered more ap-
propriate than QTcB, as the latter may have a greater 
tendency for overcorrection or undercorrection when there 
are changes in HR.25,31 For drugs that increase the HR by 
>  5–10  bpm, it may be more appropriate to use individu-
al-specific QT correction.26,27 QTc data were reported in 
this study using QTcIb. The QTc–RR slope values for QTcIb 
for placebo, moxifloxacin, and maribavir were smaller than 
those for QTcF, supporting the superiority of the individu-
alized correction over Fridericia’s formula for reducing the 
HR dependency of QT. Regardless of the correction method 
used (QTcIb, QTcF, or QTcB), our results consistently showed 
no significant effect on cardiac repolarization.

Initially, clinical development of maribavir as an anti-CMV 
agent was focused on the prevention of CMV disease in 
patients who underwent transplantation, and, thus, phase 
II and III CMV prophylaxis studies evaluated maribavir at a 
dose of 100 mg b.i.d. In phase III studies of CMV prophy-
laxis, maribavir 100 mg b.i.d. did not show sufficient antiviral 
activity to prevent CMV disease.15,16 However, maribavir has 
demonstrated plausible antiviral activity in the treatment of 
active CMV infections at higher doses (400–1,200 mg b.i.d) 
in two phase II studies.19,20 Two ongoing phase III studies 
are being conducted to evaluate the efficacy and safety 

Table 3 Maribavir and VP 44469 PK parameters (PK population; N = 50a)

Maribavir VP 44469

Maribavir 100 mg Maribavir 1,200 mg Maribavir 100 mg Maribavir 1,200 mg

Tmax, hour, median (range) 1.00 (0.500–4.03) 3.00 (1.00–6.00) 2.02 (1.00–6.00) 4.00 (2.00–12.00)

Cmax, µg/mL, mean (SD) 4.18 (1.41) 36.9 (10.8) 0.425 (0.125) 3.12 (0.993)

Geometric mean (%CV) 3.94 (33.8) 35.4 (29.0) 0.407 (29.4) 2.97 (31.9)

λz, 1/hour, mean (SD) 0.265 (0.0811) 0.135 (0.0388) 0.190 (0.0273) 0.0839 (0.0223)

t1/2, hour, mean (SD) 2.95 (1.27) 5.66 (1.97) 3.71 (0.501) 8.83 (2.31)

AUC0–t, µg × hour/mL, mean (SD) 16.8 (7.7) 307 (105) 2.12 (0.887) 40.9 (9.72)

Geometric mean (%CV) 15.3 (45.7) 290 (33.9) 1.89 (41.8) 39.8 (23.8)

AUC0–∞, µg × h/mL, mean (SD) 18.4 (8.5) 335 (131) 4.80 (0.776) 49.8 (11.0)

Geometric mean (%CV) 16.8 (46.0) 313 (38.8) 4.76 (16.2) 48.7 (22.0)

%CV, percentage coefficient of variation; AUC, area under the concentration–time curve; AUC0–t, AUC from time 0 to the time of the last measurable con-
centration; AUC0–∞, AUC from time 0 to infinity; Cmax, maximum plasma concentration; PK, pharmacokinetic; Tmax, time to maximum plasma concentration; 
t1/2, elimination half-life; λz, terminal elimination rate constant.
aFifty-two participants were enrolled and treated with the study drug. Fifty (96%) completed the four treatment periods and the study. Two participants com-
pleted three of the four treatment periods; one missing maribavir 1,200 mg, and the other missing maribavir 100 mg. Concentrations were not determined for 
the placebo and moxifloxacin 400 mg treatment groups.
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of maribavir 400 mg b.i.d. for the treatment of CMV infec-
tion in treatment-naive HSCT recipients (NCT02927067) 
and in solid organ transplantation or HSCT patients with 
CMV resistant or refractory to (val)ganciclovir or foscarnet 
(NCT02931539). The concentration–QTc post hoc analysis 
showed that maribavir at a single dose of 400 mg did not 
cause QTc prolongation. In addition, the maribavir metabolite 
VP 44469 did not have an effect on QTc intervals. Maribavir 
is primarily metabolized through the CYP3A4 pathway, with 
CYP1A2 being a secondary pathway. Therefore, the admin-
istration of concomitant CYP3A4 inhibitors has the potential 
to increase maribavir exposure significantly. A phase I drug–
drug interaction study demonstrated that coadministration 
with ketoconazole (a strong CYP3A4 inhibitor) increased 
maribavir AUC by 46% and Cmax by 10%. Other less po-
tent CYP3A4 inhibitors are likely to have a smaller effect on 
maribavir exposure than ketoconazole. Therefore, the 1,200-
mg dose used in this study is considered a supratherapeutic 
dose.

In the selection of the higher maribavir dose for this 
study, available safety and PK exposure data by sex were 
considered. The highest single dose of maribavir that was 
administered in early clinical studies was 1,600  mg; how-
ever, this dose was evaluated only in male participants.17 
When this TQT study was conducted, the highest mariba-
vir dose that had been administered to female participants 
was 400 mg b.i.d. Sex difference in maribavir PK has not 
been observed based on phase I and phase II data (unpub-
lished data, Shire, a Takeda company). Thus, selection of a 
supratherapeutic dose of 1,200 mg was expected to provide 
maribavir exposure in male and female participants, which 
would remain within the upper limit of drug exposure that 
has been achieved in prior human studies.

The current study used moxifloxacin as a positive con-
trol with known QTc prolongation characteristics, to confirm 
the ability of the study and ECG measurement methods to 

detect a specified change in QTc interval. From a method-
ological perspective, the expected effect of moxifloxacin 
(positive control) on QTc prolongation was observed, sup-
porting the validity of the study results. Several methods 
for reducing variability in the measurement of QTc interval 
were used, including recording ECGs in triplicate, QTc hys-
teresis control, and centralized reading of the ECG data by 
cardiologists using a high-resolution manual on-screen cal-
iper method with annotations, with all ECG data from one 
participant read by a single reader blinded to treatment. 
In addition, the study was sufficiently powered to exclude 
10-ms QTc prolongation, using the upper bound of the two-
sided 90% CI of ddQTcIb.

A limitation of this TQT study is that it was performed 
when maribavir was being developed for prophylaxis of 
CMV infection. As such, the dose of 100 mg was used as 
a therapeutic dose, whereas maribavir is now in phase III 
development at a dose of 400 mg b.i.d. This limitation was 
overcome by use of the linear model and the estimates of 
ddQTcIb and ddQTcF at the mean maribavir plasma Cmax 
seen at the 400-mg b.i.d. therapeutic dose.20

There were no unexpected safety findings reported for 
maribavir during this study. There were no deaths or serious 
AEs reported, and there were no clinically meaningful abnor-
malities in vital signs observed at any time point.

In conclusion, in this TQT study, performed in com-
pliance with ICH E14 guidelines, maribavir administered 
orally at single doses of 100 mg and 1,200 mg in healthy 
adult participants did not show evidence of a prolonged 
QT interval or effects on blood pressure or HR. Overall, 
no significant electrocardiographic effects of maribavir 
were found, and the PK–pharmacodynamic model indi-
cated no significant effect of maribavir or its metabolite VP 
44469 on the QTc interval at the maximal concentration at 
400-mg b.i.d. dosing. These study results are consistent 
with the cardiac safety findings from previous studies of 

Figure 3 Relationship between maribavir and metabolite plasma concentration and change in time-matched, placebo-corrected, 
baseline-adjusted QT interval from the linear mixed-effects PK–PD model for (a) maribavir and ddQTcIb, (b) maribavir and ddQTcF, 
(c) VP 44469 and ddQTcIb, and (d) VP 44469 and ddQTcF. The solid line with shaded area represents the PK–PD model-predicted 
mean change in ddQTcIb or ddQTcF and the 90% confidence interval as a function of maribavir or VP 44469 plasma concentration. 
Dashed horizontal lines are reference lines depicting 10 ms and 20 ms of ddQTc change. Box plots display the distribution of predicted 
ddQTcIb or ddQTcF at each concentration decile. Circles represent individual data points from pooled data from 100-mg and 1,200-mg 
maribavir dose cohorts. ddQTcF, time-matched, placebo-corrected, baseline-adjusted Fridericia-corrected QT interval; ddQTcIb, time-
matched, placebo-corrected, baseline-adjusted individualized corrected QT interval; PD, pharmacodynamic; PK, pharmacokinetic.

Table 4 Summary of TEAEsa (ITT-S population) (N = 52)

Participants with ≥ 1 TEAE,a n (%) m
Maribavir 100 mgb 
(n = 51)

Maribavir 1,200 mgc 
(n = 51) Moxifloxacin (N = 52) Placebo (N = 52)

All TEAEs 19 (37) 29 43 (84) 71 11 (21) 20 8 (15) 13

TEAEs related to study druga,d 14 (28) 14 41 (80) 41 2 (4) 2 1 (2) 1

Serious TEAEs 0 0 0 0

Deaths 0 0 0 0

ITT, intent-to-treat; ITT-S, ITT safety; TEAE, treatment-emergent AE.
aTEAEs: All adverse events that started on or after the first dose of the study drug (day 1 of treatment period 1) or increased in severity after the first dose of 
the study drug. Events that had an onset date during the washout period were counted under the previous treatment period.
bOne participant was discontinued due to a TEAE of an upper respiratory infection and did not receive maribavir 100 mg.
cOne participant did not return for the fourth treatment period and did not receive maribavir 1,200 mg.
dRelated adverse events included events with the relationship to the study drug recorded as possible, probable, or definite, and events with an unknown or 
unrecorded relationship.
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maribavir20,30,32 and provide further insight into maribavir’s 
safety profile.

Supporting Information. Supplementary information accompa-
nies this paper on the Clinical and Translational Science website (www.
cts-journal.com).
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