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Abstract

The purpose of this study was to assess the effect of pevonedistat, a neural precursor cell expressed, developmentally
down-regulated protein 8 (NEDD8)-activating enzyme inhibitor, on the heart rate-corrected QT (QTc) interval in
cancer patients. Patients were randomized 1:1 to receive pevonedistat 25 or 50 mg/m2 on day 1 and the alternate dose
on day 8.Triplicate electrocardiograms were collected at intervals over 0–11 hours and at 24 hours via Holter recorders
on days −1 (baseline), 1, and 8. Changes from time-matched baseline values were calculated for QTc by Fridericia
(QTcF), PR, and QRS intervals. Serial time-matched blood samples for analysis of pevonedistat plasma pharmacokinetics
were collected and a concentration–QTc analysis conducted. Safety was assessed by monitoring vital signs, physical
examinations, and clinical laboratory tests. Forty-four patients were included in the QTc analysis.Maximum least square
(LS) mean increase from time-matched baseline in QTcF was 3.2 milliseconds at 1 hour postdose for pevonedistat at
25 mg/m2, while the LSs mean change from baseline in QTcF was −1.7 milliseconds 1 hour postdose at 50 mg/m2. The
maximum 2-sided 90% upper confidence bound was 6.7 and 2.9 milliseconds for pevonedistat at 25 and 50 mg/m2, re-
spectively. Pevonedistat did not result in clinically relevant effects on heart rate, nor on PR or QRS intervals.Results from
pevonedistat concentration–QTc analysis were consistent with these findings. Administration of pevonedistat to cancer
patients at a dose of up to 50 mg/m2 showed no evidence of QT prolongation, indicative of the lack of clinically meaningful
effects on cardiac repolarization. ClinicalTrials.gov identifier: NCT03330106 (first registered on November 6, 2017).
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Pevonedistat is a first-in-class, small molecule inhibitor
of neural precursor cell expressed, developmentally
down-regulated protein 8 (NEDD8)-activating enzyme
(NAE) (Figure S1). NAE is an essential component
of the NEDD8-conjugation pathway, which controls
the activity of a subset of ubiquitin–proteasome sys-
tem multiprotein complexes called E3 ligases, respon-
sible for transferring ubiquitin molecules to protein
substrates.1,2 NEDD8 conjugation is essential for the
activity of cullin-dependent ubiquitin E3 ligases, which
control the ubiquitination of many proteins with im-
portant roles in DNA repair, cell cycle progression,
and signal transduction.3,4 As protein ubiquitination
leads to proteasomal degradation, these cellular pro-
cesses are relevant to tumor cell growth, proliferation,
and survival.5 As such, inhibitors of NAE activity may
be of therapeutic value for various cancers.

The clinical safety and efficacy of pevonedistat as
monotherapy or in combination with standard-of-care
agents have been evaluated in multiple tumor types,
including advanced solid tumors, melanoma, acute
myeloid leukemia,myelodysplastic syndromes,multiple
myeloma, and lymphoma.6–11 The recommended clin-
ical dose for pevonedistat as a single agent is 50 mg/m2

administered on days 1, 3, and 5 in 21-day cycles. The
maximum tolerated dose of pevonedistat was deter-
mined to be 25 mg/m2 in combination with docetaxel,
20 mg/m2 in combination with carboplatin plus pacli-
taxel, and 20 mg/m2 in combination with azacitidine.6,7

Pevonedistat demonstrated linear pharmacokinetics
(PKs) over the dose range of 25–278 mg/m2 based on
a population PK analysis using data from more than
300 patients with hematologic malignancies or solid
tumors. Body surface area (BSA) was identified as a
clinically significant covariate for pevonedistat PKs,
supporting the BSA-based dosing of pevonedistat.12

A mass balance study conducted in cancer patients
indicated that hepatic metabolism plays a major role in
the overall clearance of pevonedistat, with renal clear-
ance only representing approximately 2.5% of total
plasma clearance.13 In vitro metabolism (Takeda data
on file) and clinical mass balance studies suggested that
CYP3A played amajor role in pevonedistat elimination
pathways. However, co-administration with the strong
CYP3A inhibitor itraconazole or metabolic enzyme
inducer rifampin did not result in clinically meaning-
ful changes in pevonedistat systemic exposures.14,15

A physiologically based PK model for pevonedistat
suggested that systemic exposure of pevonedistat was
not sensitive to the modulations of enzyme activity
if hepatic uptake was the rate-determining step of
pevonedistat clearance.15

Prolongation of the heart-rate corrected QT (QTc)
interval is a potential drug side effect associated with an
increased risk of cardiac arrhythmias, particularly tor-

sades de pointes (TdP), which may spontaneously lead
to ventricular fibrillation and sudden death.16 Blockade
of the human cardiac K+ ether-à-go-go related gene
(hERG) channel is usually associated with these clini-
cal findings.17 Although in vitro studies indicate a low
risk for hERG channel inhibition by pevonedistat (in-
hibitory constant [Ki] = 17.3 μM, Takeda data on file),
we have carried out a dedicated study to evaluate this
risk in the clinical setting. Pevonedistat cannot be ad-
ministered to healthy individuals due to its cytotoxicity,
therefore this study was conducted in patients with ad-
vanced solid tumors. Accordingly, no placebo or a pos-
itive control (such as moxifloxacin, known to prolong
QTc interval) was included, consistent with previous
similar analyses.18,19 The pevonedistat doses of 25 and
50 mg/m2 evaluated in this study were selected to cover
the relevant clinical dose range across the contexts of
single agent and combination development. Addition-
ally, the 50-mg/m2 dose provided a 2.5-fold exposure
multiple over the 20-mg/m2 dose that was under evalua-
tion in combination with azacitidine in a phase 3 trial in
in patients with higher-risk myelodysplastic syndromes,
chronic myelomonocytic leukemia, and low-blast acute
myeloid leukemia.20

Methods
Study Design
All procedures performed in studies involving human
participants were in accordance with the ethical stan-
dards of the institutional and/or national research
committee and with the International Conference of
Harmonisation guidelines for Good Clinical Practice
and the ethical principles of the 1964 Declaration of
Helsinki and its later amendments or comparable eth-
ical standards. The clinical study protocol, the Inves-
tigator’s Brochure, a sample informed consent form,
and other study-related documents were reviewed and
approved by the local or central Institutional Review
Board of all study sites (WIRB, Chesapeake/Advarra,
Brany, Integreview, Mary Crowley Cancer Research,
Henry Ford; Table S1). All participants provided writ-
ten informed consent prior to any study-related proce-
dures.

This was a two-dose, crossover study to assess
the effect of pevonedistat 25 and 50 mg/m2 on the
QTc interval in patients with advanced solid tumors
(NCT03330106). Eligible adult patients reported to
the clinical facility on the morning of day −1 for
collection of baseline measurements, where serial trip-
licate electrocardiograms (ECGs) were collected for
up to 11 hours. On days −1, 1, and 8 of Holter ECG
sampling, patients were advised to have meals at least
2 hours before the 0-hour time point and after the 4-
hour Holter ECG and blood sample collection. Meals
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were administered at the same times on days −1, 1, and
8 of Holter ECG monitoring. On day 1, immediately
after the collection of triplicate predose baseline ECGs,
patients were randomized in a crossover manner to
receive a single-dose, 1-hour intravenous (IV) infusion
of pevonedistat 25 or 50 mg/m2; the alternate dose
was then given 1 week later on day 8. Holter ECG
monitoring was carried out on days −1 (0–11 hours), 1
(0–11 hours postdose), 2 (24 hours after day 1 dosing), 8
(0–11 hours postdose), and 9 (24 hours after day 8 dos-
ing); triplicate ECGs were extracted at time-matched
PK sampling points to contribute to the analysis of
the effects of pevonedistat on QT/QTc interval. Serial
blood samples for the analysis of pevonedistat plasma
PKs were collected at prespecified time points over a
24-hour period. Safety was assessed by monitoring vi-
tal signs, physical examinations, and clinical laboratory
tests.

After completing ECG assessment, patients had the
opportunity to continue receiving pevonedistat in com-
bination with standard-of-care agents, either docetaxel
or carboplatin plus paclitaxel, as recommended by the
investigator. Safety and disease assessments of the com-
bination therapy with standard-of-care agents are not
reported here.

Patients
Eligible patients were male or female aged ≥18 years
and had histologically or cytologically confirmed
metastatic and/or advanced solid tumors which had
progressed despite standard therapy or for which con-
ventional therapy was not considered effective. Patients
had an Eastern Cooperative Oncology Group (ECOG)
performance status of 0 or 1, and had adequate renal
and hepatic function. All patients had to provide writ-
ten informed consent and complywith contraceptive re-
quirements.

Exclusion criteria included treatment with any sys-
temic antineoplastic therapy or any investigational
products within 21 days prior to day 1. Patients
were also excluded if they were taking QT-prolonging
drugs with a risk of causing TdP, or if they had
received strong CYP3A inducers within 14 days of
day 1. Additionally, patients must have had no his-
tory of amiodarone use within 6 months prior to
day 1, nor required the use of these medications
during the study. Further exclusion criteria were a his-
tory of myocardial infarction, unstable symptomatic is-
chemic heart disease, thromboembolic events (eg, deep
vein thrombosis, pulmonary embolism, or symptomatic
cerebrovascular events), or any other cardiac condi-
tion (eg, pericardial effusion or restrictive cardiomy-
opathy) within 6months of day 1; a history of polymor-
phic ventricular fibrillation or TdP, permanent atrial
fibrillation, or persistent atrial fibrillation; a history of

Brugada syndrome, risk factors for TdP, or family his-
tory of long QT syndrome; an abnormal 12-lead ECG
at screening indicating a second- or third-degree atri-
oventricular block or intermittent block, or a QRS
interval >110 milliseconds, QT interval with Frideri-
cia’s correction (QTcF) >480 milliseconds, PR inter-
val>200milliseconds, or any arrhythmia interpreted by
the investigator to be clinically significant; or sustained
systolic blood pressure >160 or <90 mmHg, diastolic
blood pressure >100 or <65 mmHg, or resting heart
rate <50 or >100 bpm at screening or predose.

PK Assessments
Serial blood samples for analysis of pevonedistat
plasma concentrations were collected following dosing
at 25 or 50 mg/m2 over a 24-hour period. Plasma sam-
ples with dipotassium ethylenediaminetetraacetic acid
anticoagulant were analyzed for pevonedistat using a
validated liquid chromatography tandem mass spec-
trometry (LC-MS/MS) method.8 Briefly, TAK-924-d8
(C21H17D8N5O4S) was used as the internal standard.
The assay was performed by liquid–liquid extraction
followed by LC-MS/MS using a gradient method at a
flow rate of 0.3 mL/minute on a Genesis, C8, 2.1 × 50-
mm, 4-μm column, with mobile phase A 0.1% formic
acid in water and mobile phase B 0.1% formic acid in
acetonitrile. Detection was performed by tandem MS
using a Sciex API-4000 mass spectrometer, with ion
spray in the positive mode. The quantitation range for
the assay was 1–500 ng/mL. The assay precision, ex-
pressed as percentage coefficient of variation for qual-
ity control samples ranged from 2.3% to 4.4% and the
mean accuracy, expressed as percentage bias, ranged
from −4.3% to 3.4%.

Pevonedistat PK parameters were estimated us-
ing noncompartmental analysis with PhoenixTM 64
WinNonlin® Professional version 8.0 (Pharsight Cor-
poration, Mountain View, California). The follow-
ing PK parameters were calculated: maximum ob-
served plasma concentration (Cmax), area under the
concentration–time curve from time 0 to the last quan-
tifiable time point, area under the concentration–time
curve from time 0 extrapolated to infinity (AUC0-inf ),
terminal elimination half-life, clearance, and volume of
distribution at steady state.

QTc Assessments
Continuous 12-lead digital ECGs were obtained using
a Holter ECG recorder for 48 hours on days –1 and
1, and for 24 hours on day 8. Three Holter ECGs (ap-
proximately 1 minute apart) were extracted on each day
at times that matched the times of day 1 postdose PK
sampling (up to 11 hours on day –1 and up to 24 hours
postdose on days 1 and 8). The day –1 triplicate ECGs
served as time-matched baseline data.
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Statistical Analysis
The ECGs were read centrally and all QTc data repre-
sented the means of the three replicates at each time
point. Two correction methods were used for all analy-
ses of QTc: Fridericia’s correction (QTcF=QT/RR(1/3))
and individual patient correction (QTcI = QT/RRb).
For QTcI, all pairs of QT and RR interval data col-
lected on day −1 and the day 1 predose measurement
were analyzed by linear regression to define a slope b
for each patient, which was then used to calculate the
individual correction for that patient. Heart rate, PR
interval, QRS duration, and ECG morphologies were
also analyzed.

The ECG data set comprised all available ECGs ex-
tracted from the Holter monitor from all patients who
were dosed on day 1. The primary endpoint was change
from the time-matched day−1 baseline inQTcF follow-
ing a single dose of pevonedistat. This change was cal-
culated for each patient by subtracting the day−1mean
QTcF from the time-matched days 1 or 8 mean QTcF.
The secondary endpoint was change from baseline in
QTcI. Additionally, categorical analyses for each QTc
interval were also conducted for days 1 and 8, includ-
ing absolute QTc>450, >480, or >500 milliseconds,
and change from baseline in QTc of >30 or >60 mil-
liseconds, QRS duration >110 milliseconds and 25%
increase from baseline, and PR interval >200 millisec-
onds and 25% increase from baseline.

The primary analysis was a repeated-measures, lin-
ear mixed-effects model and all inferences were based
on least squares (LSs) means. For each time point, a 2-
sided 90% upper confidence bound on the mean change
from baseline was estimated. All statistical analyses
were conducted using Statistical Analysis System ver-
sion 9.2 (SAS Institute, Cary,NorthCarolina). Approx-
imately 45 patients were planned to be enrolled to ob-
tain approximately 36 evaluable patients, which would
provide at least 80% power to show that the upper limit
of the 2-sided 90% confidence interval (CI) for the com-
parison of change from baseline in QTcF falls below
10 milliseconds. This calculation was based on the as-
sumption that the true difference in the largest time-
matched mean change from baseline in QTcF was no
more than 1.0 milliseconds, with a standard deviation
of less than 10 milliseconds.

Pevonedistat Concentration–dQTc Analysis
The relationships between pevonedistat plasma concen-
trations and corresponding change from time-matched
baseline QTcF (dQTcF), QTcI (dQTcI), and heart rate
were analyzed using nonlinear mixed-effects modeling
(NONMEM version 7.4; Icon Development Solutions,
Dublin, Ireland). Sex, baseline ECOG score, and base-
line body mass index (BMI) were evaluated as potential

Table 1. Summary of Key Plasma PK Parameters of Pevonedis-
tat Following a 1-Hour IV Infusion at 25 or 50 mg/m2

PK Parameter
(Unit)

Pevonedistat
25 mg/m2

(N = 44)

Pevonedistat
50 mg/m2

(N = 43)

Cmax (ng/mL) 212 (82.0) 540 (192)
AUC0-last (h* ng/mL) 1220 (268)a 2580 (651)
AUC0-inf (h* ng/mL) 1340 (296)a 2740 (661)b

t1/2 (hour) 7.21 (1.35)a 6.73 (1.15)b

CL (L/h) 36.5 (10.1)a 36.1 (10.6)b

CL/BSA (L/h/m2) 19.5 (4.4)a 19.3 (4.6)b

Vd,ss (L) 330 (122)a 280 (93.4)b

Vz (L) 380 (128)a 346 (100)b

Vd,ss/BSA (L/m2) 176 (56.6)a 150 (41.1)b

Vz/BSA (L/m2) 203 (60.6) 185 (40.8)

Parameters are presented as arithmetic mean (SD).AUC0-inf, area under
the plasma concentration–time curve from time 0 extrapolated to in-
finity; AUC0-last, area under the plasma concentration–time curve from
time 0 to the last quantifiable time point; CL, clearance; CL/BSA, body
surface area-normalized CL; Cmax, maximum observed plasma concen-
tration; IV, intravenous; PK, pharmacokinetic; SD, standard deviation; t1/2,
terminal elimination half-life; Vd,ss, volume of distribution at steady state;
Vd,ss/BSA, body surface area-normalized Vd,ss; Vz, volume of distribution
at elimination phase; Vz/BSA, body surface area-normalized Vz.a
N = 43.

b
N = 42.

covariates. The final models were used to simulate the
predicted size of the effect of pevonedistat on changes
from baseline of QTc.

Results
Patient Disposition and Demographics
A total of 44 patients were enrolled and randomized 1:1
to receive pevonedistat 25 mg/m2 and then 50 mg/m2

(sequence AB, n = 22), or pevonedistat 50 mg/m2 and
then 25 mg/m2 (sequence BA, n = 22). All 44 patients
received at least one dose of pevonedistat. One patient
randomized to sequence BA was excluded from the QT
analysis due to missing baseline ECG data and there-
fore 43 (97.7%) patients were analyzed. All 44 patients
had sufficient dosing and PK assessments to permit re-
liable estimation of PK parameters.

Thirty-one (70.5%) patients were women and the
majority of patients (33 [75%]) were white. Median age
was 62 years (range 29–78 years) and median BSA was
1.83 m2 (range 1.3–2.3 m2) (Table S2).

Pharmacokinetics
Following IV infusion at 25 and 50mg/m2, pevonedistat
AUC increased in an approximately dose-proportional
manner (Table 1). The terminal elimination half-life of
pevonedistat was approximately 7 hours. Pevonedistat
concentration–time profiles following single dose at 25
and 50 mg/m2 are presented in Figure 1.
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Figure 1. Mean (+ standard deviation) plasma concentration–
time profiles for pevonedistat following single-dose administra-
tion at 25 or 50 mg/m2.

Effect of Pevonedistat on ECG Parameters
QTcF and QTcI. Following a 1-hour IV infusion of

pevonedistat 25 mg/m2, the mean change in QTcF from
baseline was between −2.5 milliseconds (24 hours post-
dose) and 2.3 milliseconds (1 hour postdose). Follow-
ing a 1-hour IV infusion of pevonedistat 50 mg/m2, the
mean change in QTcF from baseline was between −8.5
milliseconds (11 hours postdose) and−1.5 milliseconds
(predose). The maximum mean increase in QTcF of
2.3 milliseconds was observed at 1 hour postdose (end
of infusion) at 25 mg/m2 (Table S3).

The maximum LS mean increase from baseline in
QTcFwas 3.2milliseconds for pevonedistat 25mg/m2 at
1 hour postdose, while the LS mean changes from base-
line in QTcF were all negative at 50 mg/m2. The maxi-
mum 2-sided 90% upper confidence bound was 6.7 mil-
liseconds for pevonedistat 25 mg/m2 at 1 hour postdose.
The maximum 2-sided 90% upper confidence bound at
50 mg/m2 was 2.9 milliseconds at 1 hour postdose (Fig-
ure 2A).

The findings for QTcI (Table S4) were similar to
those for QTcF. At a pevonedistat dose of 25 mg/m2,
the mean change in QTcI from baseline was between
−0.5 milliseconds (24 hours postdose) and 3.3 mil-
liseconds (predose). Following a 1-hour IV infusion
of pevonedistat 50 mg/m2, the mean change in QTcI
from baseline was between −6.3 milliseconds (11 hours
postdose) and −0.3 milliseconds (3 hours postdose).
The maximum mean increase in QTcI of 3.3 mil-
liseconds was observed predose for the 25 mg/m2

dose. The range of LS mean change from baseline in
QTcI was −1.9 and 3.8 milliseconds with pevonedi-
stat 25 mg/m2, and −5.3 and 1.9 milliseconds with
pevonedistat 50 mg/m2. The maximum 2-sided 90%
upper confidence bound was 8.8 milliseconds with
pevonedistat 25 mg/m2 at 4 hours postdose. The
maximum 2-sided 90% upper confidence bound with
pevonedistat 50 mg/m2 was 6.8 milliseconds at 3 hours
postdose (Figure 2B).
Heart Rate,PR,and QRS. Themean change from time-

matched baseline in heart rate was between −1.0 bpm
(4 hours postdose) and 5.7 bpm (24 hours postdose)

following IV administration of pevonedistat 25 mg/m2,
and between −0.3 bpm (1 hour postdose) and 7.9 bpm
(24 hours postdose) following the 50 mg/m2 dose. The
range of LS mean changes from time-matched base-
line was −2.1–4.4 bpm following pevonedistat dosing
at 25 mg/m2 and −1.6–7.6 bpm at 50 mg/m2. The mini-
mum lower bound of the 2-sided 90% confidence bound
was −5.3 bpm (1 hour postdose) at 25 mg/m2 and
−4.8 bpm (1 hour postdose) at 50 mg/m2. The maxi-
mum upper bound was 7.7 bpm (24 hours postdose) at
25 mg/m2 and 10.9 bpm at 50 mg/m2 (24 hours post-
dose) (Figure 2C).

The mean change from time-matched baseline in
PR interval was between −4.9 milliseconds (24 hours
postdose) and 1.5 milliseconds (1 hour postdose) fol-
lowing IV administration of pevonedistat 25 mg/m2,
and between −6.5 milliseconds (24 hours postdose)
and 3.6 milliseconds (1 hour postdose) following the
50 mg/m2 dose. The range of LS mean changes
from time-matched baseline was −5.2–1.2 millisec-
onds following pevonedistat dosing at 25 mg/m2

and −6.5–3.4 milliseconds at 50 mg/m2. The min-
imum lower bound of the 2-sided 90% confidence
bound was −10.6 milliseconds (24 hours postdose) at
25 mg/m2 and −11.9 milliseconds (24 hours postdose)
at 50 mg/m2. The maximum upper bound was 6.5 mil-
liseconds (1 hour postdose) at 25 mg/m2 and 8.7 mil-
liseconds at 50 mg/m2 (1 hour postdose).

The mean change from baseline in QRS was be-
tween−1.1milliseconds (4 hours postdose) and 1.4mil-
liseconds (1 hour postdose) following IV administra-
tion of the pevonedistat dose at 25 mg/m2, and be-
tween −0.5 milliseconds (3 and 11 hours postdose)
and 0.9 milliseconds (1 hour postdose) milliseconds
following the 50 mg/m2 dose. The range of LS mean
changes from time-matched baseline was −1.1–1.4 mil-
liseconds following pevonedistat dosing at 25 mg/m2

and −0.8–0.9 milliseconds at 50 mg/m2. The minimum
lower bound of the 2-sided 90% confidence bound was
−3.3 milliseconds (4 hours postdose) at 25 mg/m2 and
−3.0milliseconds (11 hours postdose) at 50mg/m2. The
maximum upper bound was 3.7 milliseconds (1 hour
postdose) at 25mg/m2 and 3.1milliseconds at 50mg/m2

(1 hour postdose).

Categorical Analysis and Morphology Findings
A summary of ECG abnormalities over all time
points following administration of pevonedistat
at 25 or 50 mg/m2 is presented in Table 2.
A QTcF of >450 milliseconds was observed
in 4/43 (9.3%) and 1/41 (2.4%) patients who
received pevonedistat 25 and 50 mg/m2, respectively.
There were no patients with a QTcF >480 or >500 mil-
liseconds at either of the pevonedistat doses. No trends
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Figure 2. Least squares mean change from time-matched baseline and 2-sided 90% confidence intervals in QTcF (A), QTcI (B), and
heart rate (C). LS, least square; QTcF, QT interval with Fridericia’s correction; QTcI, QT interval with individual patient correction.

were noted for variation across the time points. A
QTcI >450 milliseconds was observed in 8/42 (19.0%)
and 6/41 (14.6%) patients who received pevonedistat
25 and 50 mg/m2, respectively. One of 42 (2.4%) and
3/41 (7.3%) patients had a QTcI >480 milliseconds
with pevonedistat 25 and 50 mg/m2, respectively. One
of 42 (2.4%) patient had a QTcI >500 milliseconds
with the 50 mg/m2 dose; this reflected the gener-
ally higher values for QtcI and was of no clinical
consequence.

There were 4/42 (9.5%) patients with QTcF changes
from baseline >30 milliseconds over all time points fol-

lowing the 25 mg/m2 dose. No patients experienced a
QTcF change from baseline >30 milliseconds over all
time points following the 50 mg/m2 dose. No change in
QTcF or QtcI exceeded 60 milliseconds following either
of the two pevonedistat doses.

Treatment-emergent nonspecific ST wave changes
were found in one patient at two time points after the
pevonedistat dose of 25 mg/m2. Treatment-emergent
nonspecific T wave changes were noted in three pa-
tients at 25 mg/m2 and in the same three patients plus
one additional patient while treated with 50 mg/m2

pevonedistat.
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Table 2. Summary of Electrocardiogram Abnormalities Over All Time Points Following IV Infusion of Pevonedistat at 25 or 50 mg/m2

Pevonedistat 25 mg/m2 Pevonedistat 50 mg/m2

n N % n N %

QTcF >450 ms 4 43 9.3 1 41 2.4
QTcF >480 ms 0 43 0 0 41 0
QTcF >500 ms 0 43 0 0 41 0
QTcI >450 ms 8 42 19.0 6 41 14.6
QTcI >480 ms 1 42 2.4 3 41 7.3
QTcI >500 ms 0 42 0 1 41 2.4
QTcF increase >30 ms 4 42 9.5 0 41 0
QTcF increase >60 ms 0 42 0 0 41 0
QTcI increase >30 ms 1 42 2.4 2 41 4.9
QTcI increase >60 ms 0 42 0 0 41 0
PR >200 ms and >25% increase from baseline 0 42 0 0 40 0
QRS >110 ms and >25% increase from baseline 0 42 0 0 41 0

IV, intravenous; QTcF, QT interval with Fridericia’s correction; QTcI, QT interval with individual patient correction.

Table 3. Final Pevonedistat Concentration–dQTcF Model Parameters

Parameter
Population Mean

(SE%)

Additive
Omega IIV
(Shrinkage)

dQTcF intercept (ms) Ө1 0 FIXED 31.0 (8.5%)
dQTcF slope (ms/[ng/mL]) Ө2 –0.00143 (132.9%) –
Residual variability (ms) σ 1 79.5 (5.4%) (2.8%)

dQTcF, change in Fridericia-corrected QT interval; IIV, interindividual variability; SE, standard error.

Concentration–dQTc Analysis
The final parameters for the pevonedistat concentra-
tion and change in QTcF from the baseline (pevonedis-
tat concentration–dQTcF) model are shown in Table 3.
None of the evaluated covariates (sex, baseline ECOG
score, or baseline BMI) were identified to be signifi-
cant predictors of dQTcF intercept or slope. The effect
size of pevonedistat concentration on dQTcF was cal-
culated using the linear model. The mean and 90%CI
for dQTcF were constructed by nonparametric boot-
strapping (Figure 3). The estimated dQTcF at Cmax

of pevonedistat modeled dose levels of 20, 25, and
50mg/m2 showed a nominal (<1milliseconds) decrease
in QTcF based on the mean values (Table 4).

The effect size was also evaluated by simulations
(N = 5000) using the original dataset and final
pevonedistat concentration–dQTcF model. These sim-
ulation results were used to determine whether each
simulated patient experienced a dQTcF value greater
than 30 or 60 milliseconds. The proportion of patients
at each daily dose level was calculated as the percentage
of all simulated patients administered that dose. Fol-
lowing a dose of pevonedistat 25 and 50 mg/m2, 1.44%
and 1.51% of patients, respectively, would be expected
to have a QTcF increase of 30milliseconds. None of the

Table 4. Pevonedistat Concentration–dQTcF Model Simula-
tions of Predicted Effect Sizes (dQTcF) for Pevonedistat Cmax

at 20, 25, and 50 mg/m2

Dose
(mg/m2)

Cmax

(ng/mL) Mean 90%CI

20 164 –0.238 (–0.763 to 0.294)
25 197 –0.286 (–0.916 to 0.353)
50 509 –0.738 (–2.367 to 0.911)

CI, confidence interval; Cmax, maximum observed plasma concentration;
dQTcF, change in Fridericia-corrected QT interval.

patients would be expected to have a QTcF increase of
>60 milliseconds.

Safety
Single doses of pevonedistat 25 and 50 mg/m2 ad-
ministered 1 week apart in crossover fashion were
well tolerated. Thirty-seven of the 44 patients (84.1%)
experienced at least one treatment-emergent adverse
event (TEAE), including 18 (81.8%) patients random-
ized to sequence AB and 19 (86.4%) randomized to
sequence BA. The most common TEAEs were gas-
trointestinal in nature (nausea, diarrhea, and vomiting)
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Figure 3. Model predicted mean change from baseline in QTcF
versus pevonedistat concentration and associated 90% confi-
dence interval (CI). The mean and 90%CI for dQTcF were com-
puted by nonparametric bootstrap results. The center line is
the mean predicted dQTcF versus pevonedistat concentration
and the shaded area is the 90%CI around the mean. The dQTcF
for Cmax at 20, 25, and 50 mg/m2 are displayed. Cmax, maximum
observed plasma concentration; dQTcF, change in Fridericia-
corrected QT interval; QTcF, QT interval with Fridericia’s cor-
rection.

or liver enzyme elevations (increased aspartate amino-
transferase and alanine aminotransferase). None of the
three on-study deaths were considered to be study drug-
related.

Discussion
Based on the review of New Drug Applications
(NDAs)/Biological License Application for all oncol-
ogy New Molecular Entities (NMEs) that were ap-
proved by the US Food and Drug Administration
between 2011 and early 2017, three different ap-
proaches for evaluating effects of NMEs on QTc
were identified among the 56 NDAs/Biological License
Application submissions: concentration–QTc analysis,
dedicated QT study and thorough QT study.21–24 Ded-
icated QT studies were conducted for nine (16%)
of 56 NMEs, including five of 39 (13%) small
molecules. Concentration–QTc analyses were per-
formed for 33 (59%) of the total NMEs using cross-
study PK/QTc data, specifically for 21 of 39 (54%) small
molecules. Similarly, a comprehensive analysis of QT
prolongation evaluation of small-molecule NDAs ap-
proved in oncology between 2011 and 2019 found
that among a total of 64 small-molecule NMEs,
concentration–QTc studies were used in the majority
of cases (59%), with fewer thorough QT studies (20%)

and dedicated QT studies (21%).25 These findings re-
inforce the value of concentration–QT analyses as the
leading approach for QT risk assessment. In this dedi-
cated QT study, we evaluated the effect of pevonedistat
25 and 50 mg/m2 on the QTc interval in 44 patients with
advanced malignancies. In addition, concentration–QT
analyses were performed to confirm the lack of effects
of pevonedistat on the QTc interval at the doses for
clinical investigation. Based on the by-time point anal-
ysis of central tendency of time-matched QTcF change
from baseline, the maximum 2-sided 90% upper bound
for the LS mean increase in QTcF was less than 10 mil-
liseconds, indicating that treatment with pevonedistat
25 and 50 mg/m2 showed no evidence of QT prolon-
gation indicative of cardiac repolarization abnormali-
ties. Analyses using two correction methods (QTcF and
QTcI) consistently supported the conclusion that ad-
ministration of pevonedistat up to a dose of 50 mg/m2

does not cause QT prolongation. The steady-state un-
bound Cmax of pevonedistat 50 mg/m2 was 15.5 ng/mL
in this study (based on a total Cmax of 509 ng/mL and
pevonedistat in vitro free fraction of 0.03) and the ob-
served lack of effect of pevonedistat on QTc is con-
sistent with nonclinical findings in which pevonedis-
tat exhibited minimal activity against hERG gene cur-
rent (Ki = 17.3 μM, or 7673 ng/mL, which is 15- and
495-fold of steady-state total and unbound pevonedi-
stat plasma Cmax, respectively, at a pevonedistat dose
of 50 mg/m2). Overall, treatment with IV infusion of
pevonedistat up to 50 mg/m2 in patients with advanced
solid tumors showed no evidence of QT prolongation,
indicative of the lack of clinically meaningful effects on
cardiac repolarization.

Following IV infusion of pevonedistat at doses of
25 and 50 mg/m2, systemic exposures of pevonedistat
increased in a dose-proportional manner, as evidenced
by the similar dose-normalized AUC at these two dose
levels. The estimated half-life of 7 hours for pevonedi-
stat supported the washout period of 7 days between
the two single doses. The geometric mean clearance of
pevonedistat in this study was 35 L/h, consistent with
that previously estimated in a population PK analysis.12

Concentration–QT analyses are often performed to
evaluate the concentration-relatedness in the effects of
a drug on QTc intervals.26 In this study, population-
based models were used to examine the relationships
between dQTcF, dQTcI and heart rate, and pevonedi-
stat concentrations. The Fridericia method adequately
corrected for the relationship between the QT interval
and heart rate. To evaluate the predicted effect sizes
of pevonedistat concentration on dQTcF, the linear
concentration–dQTcF model was selected. Pevonedis-
tat was shown to decrease dQTcF by approximately
−0.00143 milliseconds per ng/mL with a 90%CI of
−0.00465 to−0.00179. Themean change of QTcF from
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baseline at pevonedistat Cmax following 25 mg/m2 dose
was −0.286 milliseconds with 90%CI of −0.916–0.353.
The mean change of QTcF from baseline at Cmax of
50 mg/m2 dose was −0.738 milliseconds with 90%CI of
−2.367–0.911. Simulations from the final pevonedistat
concentration–dQTcF model indicated that less than
2% of patient populations would have QTcF changes
from baseline above the threshold of 30 milliseconds
following administration of pevonedistat at 25 and
50 mg/m2, respectively, and no patients would have
QTcF changes from baseline above the threshold of
60 milliseconds following administration of pevonedi-
stat at 25 and 50 mg/m2, which was consistent with the
result from the categorical analysis. No pevonedistat
concentration–effect relationships were detected from
these model-based analyses, consistent with findings
from the statistical and categorical analyses that sup-
port a lack of effect on the QT interval.

In conclusion, the current study and analyses
demonstrate that pevonedistat up to a dose of 50mg/m2

does not cause QT prolongation indicative of the lack
of clinically meaningful effects on cardiac repolariza-
tion.
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