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Abstract

The International Conference on Harmonization (ICH) E14 document was revised in 2015 to allow concentration–corrected QT interval (C–QTc)

analysis to be applied to data from early clinical pharmacology studies to exclude a small drug-induced effect on QTc. Provided sufficiently high

concentrations of the drug are obtained in the first-in-human (FIH) study, this approach can be used to obviate the need for a designated thorough

QT (TQT) study. The E14 revision has resulted in a steady reduction in the number of TQT studies and an increased use of FIH studies to evaluate

electrocardiogram (ECG) effects of drugs in development. In this review, five examples from different sponsors are shared in which C–QTc analysis

was performed on data from FIH studies. Case 1 illustrates a clearly negative C–QTc evaluation, despite observations of QTc prolongation at high

concentrations in nonclinical studies. In case 2 C–QTc analysis of FIH data was performed prior to full pharmacokinetic characterization in patients,

and the role of nonclinical assays in an integrated risk assessment is discussed.Case 3 illustrates a positive clinical C–QTc relationship, despite negative

nonclinical assays. Case 4 demonstrates a strategy for characterizing the C–QTc relationship for a nonracemic therapy and formulation optimization,

and case 5 highlights an approach to perform a preliminary C–QTc analysis early in development and postpone the definitive analysis until proof of

efficacy is demonstrated. The strategy of collecting and storing ECG data from FIH studies to enable an informed decision on whether and when to

apply C–QTc analysis to obviate the need for a TQT study is described.
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The 2015 revisionP of the International Conference

on Harmonization (ICH) E14 Q&A document was the

result of increasing confidence among regulators and

sponsors with regards to using concentration–corrected

QT interval (C–QTc) analysis to exclude small drug-

induced effects on the QTc interval at the threshold of

regulatory concern (10 msec).1–4 In addition, the IQ-

CSRC study, conducted with collaboration among the

US Food and Drug Administration (FDA), sponsors,

and the Cardiac Safety Research consortium (CSRC),

and with full insight from other regulators, demon-

strated that a study with only 9 subjects on active

treatment and 6 subjects on placebo was able to detect

and to exclude a QTc effect at this level, provided that

sufficiently high doses of the drugwere administered.5–7

Based on this, the revised question 5.1 (Use of Concen-

tration Response Modeling of QTc Data) in the E14

revision states that: “Concentration–response analysis,

in which all available data across all doses are used

to characterize the potential for a drug to influence

QTc, can serve as an alternative to the by-time-point
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analysis or intersection–union test as the primary basis

for decisions to classify the risk of a drug.”Also, under

Important Considerations, the E14 states that: “2)

Efficient concentration–response analysis using data

acquired in studies with other purposes requires as

much quality control as is needed for a dedicated study.

This includes robust, high-quality Electrocardiogram

(ECG) recording and analysis sufficient to support

a valid assay for ECG intervals (see E14 and Q&A

#1);” and “4) If there are data characterizing the

response at a sufficiently high multiple of the clinically

relevant exposure (see E14 Section 2.2.2), a separate

positive control would not be necessary.”Finally, under

Decision-making, the E14 states that: “When using a

concentration–response analysis as the primary basis

for decisions to classify the risk of a drug, the upper

bound of the two-sided 90% confidence interval for

the QTc effect of a drug treatment as estimated by

exposure–response analysis should be <10 ms at the

highest clinically relevant exposure to conclude that an

expanded ECG safety evaluation during later stages of

drug development is not needed.” (See E14, Section

2.2.4 and Q&A #7.)

This revision opened a pathway for replacing the des-

ignated thorough QT (TQT) study with an evaluation

of ECG data collected in clinical pharmacology studies

where sufficiently high concentrations of the drug and

its abundant metabolites were achieved. In most cases,

this new emerging standard has been implemented in

first-in-human (FIH) studies, in which doses often are

pushed to maximum tolerated doses (MTD). At the

same time as the 2015 E14 revision was endorsed in

all regions, studies were published illustrating that C–

QTc analysis applied to FIH trials could replace the

regulatory need for a stand-alone TQT study.8,9 As an

example, lemborexant is indicated for the treatment of

insomnia and was approved by the FDA in December

2019. In the development program, C–QTc analysis was

implemented in two multiple ascending dose (MAD)

studies: one conducted after completion of the single

ascending dose (SAD) phase and the second con-

ducted to bridge pharmacokinetics (PK) and safety in

a Japanese population. Six dose groups with 8 healthy

subjects in each (2 on placebo) with doses between

2.5 and 75 mg lemborexant were evaluated in the

first MAD study. Three dose groups were evaluated in

Japanese subjects and one dose group was evaluated in

non-Japanese subjects (at 10 mg) in the bridging study.

Dosing was once daily in the evening 30 minutes before

habitual bedtime for 14 days. Serial ECG monitoring

paired with PK blood sampling was implemented in

both studies. Replicate 12-lead ECGs were extracted

from continuous ECG recordings (using Holter mon-

itors) at time points when the subjects were supinely

resting, as prespecified in the protocols. In Figure 1,

Figure 1. Lemborexant C–QTc analysis on data from twoMAD studies.

Goodness-of-fit plot for observed QTc values and predicted relationship

between lemborexant plasma levels and ��QTcI on pooled data from

an FIH MAD study and a Japanese bridging MAD study.Red squares with

vertical bars denote the observed mean ��QTcI with 90%CI displayed

at the median plasma concentration within each decile. The solid black

line with gray-shaded area denotes the C–QTc model-predicted mean

��QTcI with 90%CI. The horizontal red lines with notches show the

range of plasma concentrations divided into deciles. (Figure 3B in Murphy

et al.9 Reproduced with permission from the authors.)

the results from the C–QTc analysis performed on data

pooled from these two studies are shown. The slope of

the C–QTc relationship was very shallow and not sta-

tistically significant: –0.00002 msec per ng/mL (90%CI

–0.0102 to –0.01014 msec per ng/mL). As shown by

the upper bound of the 90%CI, an effect on the QTc

interval exceeding 10 msec could be excluded within the

full plasma concentration range of lemborexant, that is,

up to more than 500 ng/mL. Importantly, therapeutic

concentrations of this drug are around 40–60 ng/mL.

When these data were shown to regulators in the USA

and in Japan, the program was allowed to proceed

into late-stage development without performing a TQT

study, and lemborexant was subsequently approved

in these jurisdictions. The US label, therefore, states,

under Cardiac Electrophysiology: “In a concentration–

QTcF analysis using the data from two randomized,

double-blind, placebo-controlled, multiple ascending

dose studies in healthy subjects, lemborexant does not

prolong the QTcF interval to any clinically relevant

extent at a dose five times the maximum recommended

dose.”

In this review, we share five examples from different

sponsors on how ECG evaluation can be implemented

in FIH studies, with the objective to exclude clinically

relevant effects on the QTc interval. To some extent,

the examples represent different strategies for ECG
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evaluation in early clinical pharmacology studies, but

all share the objective of potentially obviating the need

for a designated, stand-alone TQT study:

• Case 1 illustrates a clear negative C–QTc relationship,

despite observations of QTc prolongation at high

concentrations in nonclinical studies;

• Case 2 demonstrates the potential use of nonclinical

studies to support a negative C–QTc relationship

prior to the characterization of the high clinical

exposure scenario;

• Case 3 illustrates a positive clinical C–QTc relation-

ship, despite negative nonclinical assays;

• Case 4 shows a strategy for characterizing the C–QTc

relationship for a nonracemic therapy and formula-

tion optimization;

• Case 5 highlights a strategicmethodology to plan and

incorporate C–QTc analysis early in development.

Application of C–QTc Analysis

The relationship between plasma concentrations and

�QTc is usually investigated using a linear mixed-

effects modeling approach, based on the model pro-

posed by Garnett et al in 2018.10 This model has

change-from-baseline QTc (�QTc) as the dependent

variable, plasma concentrations as the explanatory vari-

ate (zero for placebo), centered baseline QTc (ie, base-

line QTc for individual subject minus the population

mean baseline QTc for all subjects for parallel designed

SAD/MAD studies, and for all subjects within the same

treatment period for crossover studies) as an additional

covariate, study treatment (active = 1 or placebo = 0),

and time (ie, postbaseline time point) as fixed effects,

and random effects on intercept and slope per subject.

The relationship between plasma concentrations of

major metabolites and �QTc is also investigated if

metabolite concentration data are available. The full

model with all of these analytes (parent drug and

metabolites) and reduced models from possible first-

order combinations among these analytes may be ex-

plored and then a model selection procedure is usually

undertaken, using the Akaike information criterion

(AIC) to choose the primary model.11,12 In general, an

unstructured covariance matrix is specified for the ran-

dom effects. The degrees of freedom (df) estimates are

determined by the Kenward–Roger method.13 Several

simplifications may be used if convergence of the full

model cannot be achieved.

The key parameters to be estimated from such a

model are the slope: that is, the regression coefficient

for concentration and the treatment-specific intercept.

In particular, the treatment-specific intercept is also

an important indicator for the adequacy of the model

selected, as an intercept that significantly differs from

zero would imply a difference between a subject on

placebo and a subject on active treatment, even for

very low concentrations: a result that lacks biological

plausibility. These two parameters (the slope and the

intercept) are also the basis for the prediction of the

effect of the drug on the QTc interval at concentrations

of interest. Predictions are often made at the geometric

mean (GM) maximum plasma concentration (Cmax) in

each dose group, but, more importantly, at clinically rel-

evant concentrations, to the extent known. The model-

predicted effect and its 2-sided 90% confidence interval

(90%CI) for placebo-corrected �QTc (��QTc = slope

estimate × concentration + treatment-specific inter-

cept) are presented. If the upper bound of the 90%CI

of this model-predicted QTc effect (��QTc) is below

10 msec, the absence of an effect of regulatory concern

at this concentration has been demonstrated.

Prior to fitting a model, it must be ascertained that a

proper correction method of the QT interval for heart

rate was applied. This is particularly important if the

drug also affects heart rate.14 Following the guidance

in the CSRC white paper on QT evaluation for drugs

with a heart-rate effect,15 it is generally assumed that

Fridericia’s correction may be used if the drug does not

affect the heart rate by more than 10 bpm.

A second basic assumption of the type of models

presented here is the absence of a delay between con-

centrations and the induced effect on the QTc interval.

Such a delay will also be observed if the effect of the

drug is caused by an active metabolite that appears

later in plasma than the parent compound. In our case

studies, hysteresis was assessed by graphical methods

based on the least-squares (LS) mean ��QTc for each

postbaseline time point in the by-time-point analysis

and mean concentrations at the same time points and

by using the so-called hysteresis loops.10

With regard to pooling data from more than one

study, Garnett et al warn against pooling unless “con-

trol procedures (placebo, food),” ECG acquisition

methods, study population (comorbidities, concomi-

tant medication), and, importantly, the conduct of the

studies are comparable.10 These conditions are best

met if the studies to be pooled have been planned

for this purpose upfront. When pooling, heterogene-

ity (unequal variance) should be assessed. For this

purpose, plots of the standardized residuals versus

fitted values of �QTcF and versus parts/studies, based

on the performance of the C–QTc models, and, for

example, Levene’s test for assessing the assumption

of equal variances between the parts/studies, can

be used.16

Once a linear model has been fitted, the adequacy

of the model fit with respect to the assumption of

linearity is investigated. For this, the use of quantile

plots is recommended:10 the observed �QTc values
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Table 1. Key Design Features of Included Case Studies

Case Study NCE Route Design

# Dose Groups/

Active/Placebo Dose Range,mg Baseline SerialECGs

1 E2027

Oral

SAD 11/71/21 10–1200 Day –1 Days –1 and 1

MAD

QD

5/30/10 25–400 Day –1 Days –1, 1, and 14

2 Compound 2

Oral

SAD 8/50/16 3–200 Day 1 predose Day 1

3 Compound 3

Oral

SAD 6/42/13 25–825 Day –1 Days –1 and 1

4 SEP-4199

Oral

SAD 6/48/12 200–700 Day 1 predose Day 1

5 Nezulcitinib

Inhaled

SAD 3/18/6 1–10 Day 1 predose Day 1

MAD

QD

3/24/6 1–10 Day 1 predose Day 1 and 7

Active/placebo, total number of subjects on active treatment and on placebo,pooled across dose groups;MAD,multiple ascending dose study;NCE,new chemical

entity; QD, once daily; route, route of administration; SAD, single ascending dose study.

adjusted by population time effect estimated from the

model (ie, partial residuals) are used and a decile (10

equal sized bins) plot of observed drug concentrations

and the mean ��QTc and 90%CI within each decile

is given. The regression line presenting the model-

predicted ��QTc (as described by Tornøe et al) is

added to evaluate the fit of a linear model and to vi-

sualize the concentration–response relationship.17 For

pooled analyses the assumption of homogeneity (equal

variances) is also assessed.

Case Studies

Table 1 summarizes the key design features of the

included studies.

Case Study 1: Negative C–QTc Evaluation That Obviates

the TQT Study

E2027 is a novel, highly selective, and potent inhibitor

of phosphodiesterase-9 (PDE9) in development for the

treatment of dementia with Lewy bodies.18

E2027 inhibited human ether-à-go-go related gene

(hERG) potassium currents concentration-dependently

in hERG-transfected Chinese hamster ovary cells with

an IC50 value of 4.0 μM. In a conscious cynomolgus

monkey cardiovascular (CV) study with oral admin-

istration of E2027 maleate, the prolongation of QTc

and an increase in heart rate were observed at 300 and

1000 mg/kg. In a conscious monkey CV study with

intravenous (IV) administration of E2027 (free base),

increases in heart rate and maximum first derivative of

left ventricular pressure (LVdP/dtmax) were observed

at 10.8 and 24 mg/kg, and a decrease in blood pressure

was noted at 24 mg/kg. Decreases in body temperature,

seen as indicative of a central nervous system effect,

were observed after 1000 mg/kg oral administration

of E2027 maleate in rats, after 300 and 1000 mg/kg

oral doses of E2027 maleate in monkeys, and after a

24 mg/kg IV dose of E2027 (free base) in monkeys. The

CV effects and hypothermia were observed at E2027

plasma concentrations of 5220 ng/mL and higher,

which is approximately 6-fold higher than the steady-

state Cmax (Cmax_ss) of the dose taken forward into

phase 2 studies. Respiratory function was not affected

at any dose in rats.

Concentration–QTc analysis was performed on data

from two randomized, double-blind studies, each

in healthy Japanese and non-Japanese subjects: an

SAD study (NCT02415790) and an MAD study

(NCT02873156) for 14 days (Table 1). Twelve-lead

ECGs were extracted in replicates from continuous

Holter recordings prior to dosing and at 0.5, 1, 2, 3,

4, 6, 8, 12, and 24 hours postdose on day 1, and at

corresponding time points on day –1, in both SAD and

MAD studies, and on day 14 in the MAD study. In

both studies, a time-matched baseline was used, that is,

values at corresponding time points on day –1 served as

the baseline for postdosing time points.

Profiles of �QTcF and E2027 plasma concentration

across dose groups and postdosing time points are

shown in Figure 2. The pattern of mean �QTcF across

active dose groups and placebo suggests that E2027

does not exert a meaningful effect on the QTc interval.

Differences across postdose time points between the

time of Cmax and the largest mean ��QTcF were not

consistent across dose groups with the highest concen-

trations, and therefore did not suggest the presence of

hysteresis. Substantial accumulation of E2027 plasma

concentration was observed from day 1 to day 14, and

the GM Cmax level on day 14 in the 400 mg daily dose

group (2646 ng/mL) was therefore higher compared
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Figure 2. E2027. (A) SAD �QTcF across dose groups and time points. The pattern of �QTcF across dose groups, including the pooled placebo

group, does not suggest that single doses of E2027 prolongs the QTc interval in a dose-dependent way.Mean ± 90%CI �QTcF across postdose time

points. (B) SAD E2027 plasma concentration profile across dose groups. The highest concentrations were observed between 2 and 4 hours postdose

in the highest dose groups (400, 800, and 1200 mg). Mean concentrations were higher in the E2027 800 mg dose group than in the 1200 mg group,

probably as a result of limited absorption and variability within small dose groups. Mean ± 90%CI, calculated from descriptive statistics. (C) MAD

�QTcF across dose groups and time points.Mean ± 90%CI �QTcF across postdose time points. (D) MAD plasma concentration profile across dose

groups Substantial accumulation was observed with multiple dosing. E2027 concentrations on day 14 were similar between Japanese and non-Japanese

subjects in the 400 mg groups. Mean ± 90%CI, calculated from descriptive statistics.

with the GM Cmax in the 1200 mg single dose group

(1736 ng/mL).

A scatter plot over pairs of observed E2027 plasma

concentrations and �QTcF by race is shown in

Figure 3(A). A linear mixed-effects model with a

treatment-specific intercept provided an acceptable fit

to the observed data and was used to establish the

relationship between plasma concentrations of E2027

and �QTcF (Figure 3B). A significant but shallow

C–QTc relationship was observed with a slope of

0.002 msec per ng/mL (90%CI 0.0007–0.0031 msec per

ng/mL) and a small, nonsignificant treatment-specific

intercept of –0.6 msec. An effect on the QTcF interval

of >10 msec could be excluded up to E2027 plasma
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Figure 2. Continued

concentrations of approximately 3579 ng/mL, corre-

sponding to a dose at least 4-fold larger than the 50 mg

phase 2 dose. The goodness-of-fit plot suggests that the

model provides an acceptable fit to the observed data.

The highest concentrations of E2027 will be seen in

patients who are taking the drug with food and have

reduced clearance because of hepatic impairment or

are also on concomitant medication with a potent 3A4

inhibitor (the high clinical exposure scenario). Mean

Cmax_ss in these patient groups can be estimated to

be approximately 1300 ng/mL, which is almost 3-fold

below the concentration levels at which a QTc effect of

>10 msec can be excluded using the C–QTc analysis

from the SAD and MAD studies.

Case Study 2: Negative C–QTc Evaluation Prior to

Characterization of High Clinical Exposure Scenario

Compound 2 is a small-molecule compound that is

in development for the treatment of central nervous

system disorders.
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Figure 3. E2027. (A) Scatter plot on data from both SAD and MAD. The blue squares and red filled circles denote the pairs of observed E2027

plasma concentrations and ��QTcF (derived from the individual �QTcF for the active subtracted by the mean predicted �QTcF for placebo from

the model) for the non-Japanese (blue) and Japanese (red) subjects, respectively. The black solid and dashed lines denote the model-predicted mean

��QTcF with 90%CI. (B) Goodness-of-fit plot for observed ��QTc and predicted ��QTcF on pooled data from the E2027 FIH SAD and MAD

study in Japanese and non-Japanese healthy subjects. Red circles with vertical bars denote the observed mean ��QTcF with 90%CI displayed at the

median plasma concentration within each decile. The solid black line with gray-shaded area denotes the C–QTc model-predicted mean ��QTcF with

90%CI. The horizontal red lines with notches show the range of E2027 plasma concentrations divided into deciles.

Compound 2 was evaluated in human embryonic

kidney cells stably expressing the hERG channel by a

whole-cell patch-clamp system. Compound 2 at con-

centrations of 30, 100, and 300 μM inhibited hERG

current in a concentration-dependent manner, ranging

from approximately 9% to 54% inhibition. IC50 was

calculated to be 260.64 μM. Prolongation of the QTc

interval was observed in telemeterized dog and monkey

CV studies at doses of ≥10 mg/kg. At this dose, a

decrease in body temperature was also seen, an effect

that has been reported to produce an increase in QTc.19

In general, the QTc effects corresponded to the decrease
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in body temperature observed following administration

of compound 2 and were considered secondary to this

effect; however, at the highest dose levels (≥30 mg/kg),

slightly larger effects on the QTc interval were seen,

which could not be completely attributed to the de-

crease in body temperature. An increase in blood pres-

sure and heart rate was also observed in rats, dogs, and

monkeys at high doses, and was more pronounced in

dogs than in monkeys.

Concentration–QTc analysis was applied to data

from a double-blind, placebo-controlled FIH SAD

study in healthy adult subjects (Table 1). Twelve-lead

ECGs were extracted from continuous recordings at –

2 hours, –60, –45, and –15 minutes prior to dosing,

and then at 0.5, 1, 1.5, 2, 3, 4, 6, 8, 12, and 24 hours

postdose.

Compound 2 at the studied doses did not have a

clinically relevant effect on heart rate or on cardiac

conduction, that is, the PR and QRS intervals. Profiles

of �QTcF and compound 2 plasma concentration

across dose groups and postdosing time points are

shown in Figure 4. In the highest dose group (200 mg),

there seemed to be a small effect, which did not correlate

with plasma concentrations, with the largest mean

��QTcF of 8.8 msec at 6 hours postdose. The largest

mean ��QTcF between 1 and 4 hours postdose in this

dose group was 4.7 msec (at 3 hours), whereas mean

values in all lower dose groups were ≤0.6 msec. This

pattern of mean ��QTcF across doses and postdose

time points does not suggest a dose- or concentration-

dependent effect. Geometric mean Cmax levels in the

150 mg and 200 mg dose groups reached 389 ng/mL

and 466 ng/mL, respectively, with the highest values

observed at 1.5 hours postdose.

A scatter plot of observed compound 2 plasma con-

centrations and�QTcFwith linear and local regression

(LOESS) is shown in Figure 5(A).20 There is little

divergence between the simple linear regression and the

LOESS regression, which indicates that the application

of a linear C–QTc model is appropriate.

A linear mixed-effects model with a treatment-

specific intercept provided an acceptable fit to the

observed QTcF data and was used to establish the

relationship between plasma concentrations of com-

pound 2 and �QTcF (Figure 5B). A significant but

very shallow C–QTc relationship was observed, with

a slope of 0.0064 msec per ng/mL (90%CI 0.00166–

0.01110 msec per ng/mL) and a small, nonsignificant

treatment-specific intercept of –0.9 msec. Using this C–

QTc analysis, an effect on ��QTcF exceeding 10 msec

can be excluded within the full observed range of

plasma concentrations of compound 2, up to approx-

imately 591 ng/mL. The PK profile of this drug is still

being characterized in the targeted patient population,

that is, the high clinical exposure scenario is not yet

defined. Studies are underway to determine the likeli-

hood and extent of variability in drug exposure through

drug–drug interactions or in special populations.

Case Study 3: Clinical QTc Prolongation Signal Despite

Clean Nonclinical Assays

Case 3 is an example in which the sponsor made the

decision to implement procedures for intense ECG

evaluation in the FIH study and to analyze the data

early in the development process, even though there

was no expectation of ECG effects at the predicted

therapeutic exposure or at the exposures anticipated

with the highest dose in SAD or MAD.

Cardiovascular evaluations following single dose

administrations of compound 3 in cynomolgus mon-

keys identified hemodynamic effects (decreased heart

rate and increased blood pressure parameters) and

ECG-related changes (increased interval durations and

changes in waveform morphology). Decreases in heart

rates were observed at doses ≥30 mg/kg, with changes

at ≥60 mg/kg considered to be drug related because of

the magnitude of the effect. Compensatory increases

in ECG interval durations (PR, QRS, RR, and QT)

were associated with decreases in heart rate and at doses

up to 30 mg/kg, the magnitude of these changes was

considered to be an expected physiological response.

At doses above 60 mg/kg, the prolongation of the

QT interval corrected with the Bazett formula (QTcB)

was seen. As QTcB is known to underestimate the

QTc effect when a drug reduces the heart rate, this

can be seen as a conservative evaluation, and with

correction methods that better correct for underlying

heart-rate changes (eg, QTcF and van de Waters) the

effect would have been larger.2 At 300 mg/kg, increases

in PR andQRS interval duration exceeded the expected

physiological response to decreased heart rate, and the

mean QTcB was increased by approximately 60 msec

relative to control. The exposure at which adverse

CV findings were observed in monkeys were ≥39-fold

and ≥19-fold above Cmax and the area under curve

(AUC), respectively, of the projected efficacious human

exposure. These effects could not be readily explained

by effects of either compound 3 or its primary metabo-

lite on potassium (hERG, hKir2.1, hKv4.3/KChiP2.2,

and hKvLQT1/hminK), calcium (hCav1.2), or sodium

(hNav1.5) channels. Comparison of the IC50 values

(ie, >100 μM for all channels and >300 μM for

compound 3 in the hERG patch-clamp assay) with

Cmax values at the 300 mg/kg dose in monkeys (ap-

proximately 48 μM or 13 700 ng/mL) showed that

adverse CV findings were noted well below the IC50

values.

Concentration–QTc analysis was performed on data

from a double-blind, placebo-controlled FIH SAD

study in healthy adult subjects. Twelve-lead ECGs were
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Figure 4. Compound 2. (A) �QTcF across dose groups and time points Mean with 90%CI �QTcF across postdose time points. (B) Plasma

concentration profile across dose groups. Mean with 90%CI calculated from descriptive statistics.

extracted from one time point prior to dosing and 0.25,

0.5, 1, 1.5, 2, 2.5, 3, 3.5, 4, 4.5, 6, 8, 10, 12, 14, and

24 hours postdose on days –1 and 1.

Compound 3 at the studied doses did not have a

clinically relevant effect on heart rate or on cardiac con-

duction, that is, the PR and QRS intervals. Profiles of

�QTcF across dose groups and postdosing time points

are shown in Figure 6(A), and corresponding plasma

concentration profiles of compound 3 and its primary

metabolite are shown in Figure 6(B,C). Mean �QTcF

values of more than 10 msec were seen at various time

points between 2 and 12 hours postdose in the 450–

825 mg dose groups. The largest mean ��QTcF in

the 225, 450, 750, and 825 mg group was 8.7 msec (at

6 hours postdose), 15.1 msec (at 8 hours postdose),

14.6 msec (at 2.5 hours postdose), and 17.8 msec
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Figure 5. Compound 2. (A) Scatter plot with linear and local regression. The red line with the blue shaded area denotes the LOESS regression

and 90%CI. The black solid line denotes the simple linear regression line. The plotted points denote the pairs of observed compound 2 plasma

concentrations and �QTcF. The linear regression line falls within the 90%CI of LOESS in most of the concentration range, thereby illustrating that a

linear model captures the data across the concentration range in an acceptable way. (B) Goodness-of-fit plot for observed ��QTcF and predicted

��QTcF on data from the compound 2 FIH SAD study in healthy subjects. Red circles with vertical bars denote the observed mean ��QTcF with

90%CI displayed at the median plasma concentration within each concentration decile for compound 2. The solid black line with gray shaded area

denotes the model-predicted mean ��QTcF with 90%CI.The horizontal red line with notches shows the range of concentrations divided into deciles

for compound 2.

(at 10 hours postdose), respectively. Geometric mean

Cmax levels of compound 3 in the 750 and 825 mg

dose groups reached approximately 1190 ng/mL,

whereas GM Cmax of the metabolite reached 86 and

97 ng/mL, respectively. Scatter plots of plasma con-

centrations of compound 3 and its metabolite and

�QTcF with linear and local regression are shown in

Figure 7(A,B).

In the C–QTc analysis, a combined model with

both parent (compound 3) and its primary metabolite
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Figure 6. Compound 3. (A) �QTcF across dose groups and time points. Mean with 90%CI �QTcF across postdose time points. (B) Compound 3

plasma concentration profile across dose groups.Mean ± SD calculated from descriptive statistics. (C) Metabolite plasma concentration profile across

dose groups. Mean ± SD calculated from descriptive statistics.

as analytes was chosen as the primary model, as it

had the smallest AIC value among the models tested.

The goodness-of-fit plots (Figure 7C) demonstrate

that this model provided an acceptable fit to the

data. The C–QTc relationship was clearly positive

with a nonsignificant slope of 0.00089 msec per

ng/mL for compound 3 and a statistically significant

slope of 0.074 msec per ng/mL for the metabolite

and a nonsignificant treatment-specific intercept of

1.86 msec. Based on this C–QTc analysis, a QTc

effect exceeding 10 msec can be excluded only at

relatively low plasma concentrations of compound 3

and its metabolite, approximately 551 and 49 ng/mL,

respectively. Predictions based on C–QTc models

with each analyte separately gave comparable

results.
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Figure 6. Continued

Case Study 4: C–QTc Characterization for Nonracemic

Therapy

Amisulpride is a dopamine D2/D3 receptor antagonist,

which is approved in Europe as an orally administered

atypical antipsychotic drug for treatment of acute and

chronic psychosis. Amisulpride is a racemic mixture

of aramisulpride and esamisulpride. Amisulpride has

more recently been shown to also be an effective preven-

tive treatment of postoperative nausea and vomiting at

substantially lower IV doses,21 and is approved for this

indication in the USA.

The ECG effect of amisulpride has previously been

characterized in a double-blind, 4-way, single-dose,

crossover TQT study with the dose used for treatment

of postoperative nausea (5 mg IV), a supratherapeutic

dose (40 mg IV), placebo, and a positive control of

400 mg moxifloxacin.22 Serial ECGs were recorded

predose and postdose on day 1 and at corresponding

time points on day –1. Forty healthy subjects were

enrolled, 17 of whom were Japanese.22 Using a linear

model, the slope of the C–QTc relationship for amisul-

pride was 0.0169 msec (90%CI 0.0149–0.019 msec) and

0.018 msec (0.016–0.020 msec) per ng/mL in white

(n = 23) and Japanese (n = 17) subjects, respectively

(Figure 8A). With these results, the QTc effect at the

GM Cmax of 5 mg IV (169 ng/mL) and 40 mg IV

(1276 ng/mL) can be predicted to be 5.1 and 24.4 msec,

respectively.

The effect of amisulpride alone and in combination

with another commonly administered antiemetic in

the postoperative setting, ondansetron, has also been

evaluated.23 In this study, 30 subjects were enrolled into

a 3-way, crossover study in which 10 mg IV amisul-

pride was given twice, 2 hours apart, and placebo and

amisulpride 10 mg IV plus 4 mg IV ondansetron were

given at three separate time points. The largest mean

��QTcF reached 5.2 and 8.0 msec after the first and

second amisulpride dose, respectively, consistent with

somewhat higher GM Cmax levels upon repeat admin-

istration. The largest mean��QTcF when amisulpride

was given with ondansetron was 7.3 msec, reflecting the

mild additive effect of ondansetron on the QTc interval.

In the C–QTc analysis with amisulpride as the only

independent variable, the slope was shallower than in

the TQT study, 0.006 msec per ng/mL (90%CI 0.002–

0.010 msec per ng/mL), with a relatively large and

statistically significant intercept (2.6 msec) (Figure 8B).

More recently, it has been shown that the enan-

tiomers of amisulpride demonstrate stereoselective ac-

tivity at the 5-HT7 andD2 receptors. TheR-enantiomer

(aramisulpride) is a more potent blocker of the 5-HT7

receptor relative to the S-enantiomer (esamisulpride)

(with an inhibition constant, Ki, of 47 vs 1900 nM,

respectively), whereas esamisulpride more potently in-

hibits the D2 receptor (4.0 vs 140 nM).24 Based on

these findings, SEP-4199, a nonracemic amisulpride

in a ratio of 85:15 (aramisulpride:esamisulpride) was

developed to maximize the antidepressant effect of

aramisulpride via 5-HT7 receptor antagonism,while re-

ducing esamisulpride to minimize D2 receptor-related

extrapyramidal side effects. SEP-4199 retains some D2

receptor-mediated activity, thought to provide benefit
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Figure 7. Compound 3. (A) Scatter plot with linear and local regression for the parent drug. The plotted points denote the pairs of observed

compound 3 plasma concentrations and �QTcF.The red line with the blue shaded area denotes the LOESS regression and 90%CI. The black solid line

denotes the simple linear regression line. The linear regression captures the data across the concentration range in an acceptable way. (B) Scatter plot

with linear and local regression for the metabolite. The linear regression line falls outside and above the LOESS 90%CI, suggesting that simple linear

regression may overestimate the effect on ��QTc at higher concentration levels. (C) Goodness-of-fit plot for observed ��QTcF and predicted

��QTcF on data with the metabolite from the compound 3 FIH SAD study in healthy subjects. It seems that the model to some extent underestimates

the observed data at high concentrations. Symbols are as described in Figure 5.

in bipolar depression. Subsequently, the effectiveness

of SEP-4199 in patients with bipolar depression was

shown in a proof-of-concept study,25 and the program

is now in the late stages of development.

In nonclinical studies, both enantiomers equipo-

tently inhibited the hERG potassium current with an

IC50 of 58 μM and 44 μM for aramisulpride and

esamisulpride, respectively. In dog studies, QTc prolon-

gation was observed with both enantiomers at doses

above 25–30 mg/kg.

In a placebo-controlled randomized clinical study,

the effect of a single dose of SEP-4199 was evaluated

in Japanese and white healthy subjects (Table 1). In

each dose group eight Japanese and eight white subjects
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Figure 7. Continued

Figure 8. Amisulpride.(A) C–QTc relationship in a TQT study with amisulpride.Scatter plot of��QTcF against the amisulpride plasma concentration

(ng/ml).Regression lines for amisulpride derived from a linear mixed-effect model.The 90%CIs are represented by gray shading for the slope in Japanese

subjects and red shading for the slope in white subjects. (Figure 3B in Taubel et al British J Clin Pharm 2017;83:338–49,with permission from the publisher,

John Wiley and Sons Inc.22) (B) C–QTc relationship in a study with amisulpride alone and in combination with ondansetron. Scatter plot of observed

amisulpride plasma concentrations and ��QTcF by subject. The solid red line with dashed red lines denotes the model-predicted mean ��QTcF

with 90%CI using a model with amisulpride as the only analyte. The blue squares and red triangles denote the pairs of observed amisulpride plasma

concentrations and ��QTcF by subjects for the amisulpride and amisulpride + ondansetron treatment periods, respectively. (Figure 4A in Fox et al

Anesth Analg 2021;132:150–159.23)

were enrolled, with six subjects of each race receiv-

ing active treatment and two receiving placebo. Serial

ECGs were extracted from continuous ECG (Holter)

recordings at three time points prior to dosing for

baseline and at 1, 2, 3, 4, 6, 8, 10, 12, and 24 hours

postdose. The effect on �QTcF across dose groups and

time points is shown in Figure 9(A). A clear dose-

dependent effect of SEP-4199 on the QTcF interval was

seen. In Figure 9(B), a goodness-of-fit plot is shown

with observed ��QTcF across SEP-4199 plasma
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Figure 9. SEP-4199. (A) �QTcF across dose groups and time points. Mean with 90%CI �QTcF across postdose time points. (B) Goodness-of-fit

plot for observed ��QTcF and predicted ��QTcF on data from an SAD study in healthy subjects with SEP-4199. The model seems to slightly

underestimate the effect on ��QTcF at high concentrations. Symbols are as described in Figure 5.

concentration deciles separately for each dose and

the predicted effect using a linear mixed effect C–

QTc model. The slope of the C–QTc relationship for

SEP-4199 was similar to that for racemic amisulpride,

0.015 msec per ng/mL (90%CI 0.0126–0.0166 msec per

ng/mL), with a relatively large treatment-specific inter-

cept of 6.7 msec. The goodness-of-fit plot indicates that

a maximum effect (Emax) model may be explored, but

is unlikely to change the predicted effect on ��QTcF

at high SEP-4199 concentrations. These results are now

being used to inform the dosing regimen for late-stage

studies.

Case Study 5: Early Development Strategy for C–QTc

Analysis

Nezulcitinib is a novel inhaled small-molecule inhibitor

of the Janus kinase (JAK) pathway that is in develop-

ment for the treatment of inflammation of the lungs

resulting from diseases such as COVID-19 or following

a lung transplant.
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In nonclinical assays, the IC50 for nezulcitinib on

the hERG channel was too high to be determined, as

<5% inhibition was observed at the solubility limit

(13 μM), yielding a safety margin of >6500 relative

to the highest observed concentration following the

highest administered inhaled dose (10 mg once daily

dosing, QD) in the FIH study. In a CV study with

IV administration of nezulcitinib over 4 hours that

achieved concentrations exceeding 11-fold the highest

observed clinical concentration, no effect on left ven-

tricular pressures, arterial blood pressures, heart rate,

or ECG intervals or waveforms was observed.

A preliminary C–QTc analysis was performed on

data from a double-blind, placebo-controlled FIH,

SAD, and MAD study in healthy adult subjects

(NCT04350736) (Table 1). Nezulcitinib was given by

inhalation via the PARI eFlow nebulizer system. For

this analysis, 12-lead safety ECGs recorded prior to

dosing and at 4, 8, and 24 hours postdose on day 1 in

both the SAD and the MAD and on day 7 in the MAD

were used.26 PK samples were collected at 0.5, 1, 2, 4, 6,

7, 12, and 24 hours postdose on day 1 and at predose,

2, 4, 6, 7, 12, and 24 hours on day 7. Continuous

ECG (Holter) recordings were collected and stored,

with serial ECGs to be extracted at the PK time points

when the proof of concept is demonstrated in a future

study.

Nezulcitinib at the studied doses did not have a

clinically relevant effect on heart rate. Profiles of

�QTcF from the safety ECGs and nezulcitinib plasma

concentration across dose groups and postdosing time

points are shown in Figure 10. In general, the smallest

mean �QTcF was seen in the highest dose group

(10 mg) and there is no indication of a dose-dependent

effect. Nezulcitinib accumulation in the plasma was

minimal (accumulation ratio of 1.1 for AUC and 1.0

for Cmax) following QD dosing for 7 days. The pattern

of mean �QTcF across active dose groups and placebo

suggests that nezulcitinib does not exert a meaningful

effect on the QTc interval. Although the safety ECG

data utilized in this analysis was not collected at the

time of expected Cmax (1 hour postdose), the studied

concentration range (up to 42.2 ng/mL) exceeded the

mean Cmax_ss (17.6 ng/mL) for a clinical dose of 3 mg

QD.

Nezulcitinib plasma concentrations were pooled

from the SAD and MAD portions of the study based

on the limited accumulation with repeated dosing,

plotted against�QTcF, and fitted using linear and local

regression in Figure 11(A). There was little divergence

between a simple linear regression and the LOESS,

which indicated that a linear C–QTc model may be

appropriate.

A linear mixed-effects model with a treatment-

specific intercept provided an acceptable fit to the ob-

servedQTcF data andwas used to establish the relation-

ship between plasma concentrations of nezulcitinib and

�QTcF (Figure 11B). No relationship was observed in

the C–QTc relationship, with a slope of –0.0425 msec

per ng/mL (90%CI –0.427 to 0.345 msec per ng/mL)

and a small nonsignificant treatment-specific intercept

of –0.21 msec. Based on limited data from the safety

ECGs, an effect on ��QTcF exceeding 10 msec can be

excluded within the full range of observed nezulcitinib

plasma concentrations, up to approximately 30 ng/mL,

which exceeded the observed mean Cmax_ss at the clin-

ical dose of 3 mg (17.6 ng/mL in the MAD study). A

definitive analysis using 12-lead ECGs extracted from

the collected and stored continuous (Holter) recordings

paired with data from the full PK profile is expected

to confirm the effect under the high clinical exposure

scenario once the efficacy of nezulcitinib has been

demonstrated in phase 2 clinical trials.

Discussion

To ensure the immediate safety of the participating

subjects, 12-lead safety ECGs, in most cases evaluated

on site by the investigator, remain an important part

of FIH trials. With the R(3) revision of ICH E14 from

2015,2 FIH studies can now also be used to conclusively

exclude that a new drug has a clinically concerning

effect on ECG parameters, including the QTc interval.

When using a study without a positive control (eg,

an FIH SAD or MAD study) to provide conclusive

evidence of the absence of a clinically relevant effect on

QTc (ie, an effect of <10 msec), and thereby replacing

the TQT study, some key elements must be met: “There

are data characterizing the response at a sufficiently

high multiple of the clinically relevant exposure” [see

Question 5.1 in ICH E14 Q&A (R3)]2.

Based on regulatory precedents, a 2-fold margin

between achieved levels in the SAD/MAD study and

levels under high clinical exposure is often deemed

sufficient. The FDA’s definition of high clinical expo-

sure is now detailed in the recently endorsed S7B/E14

Q&A document: “High clinical exposure: exposure

(Cmax,ss) achieved when the maximum therapeutic

dose is administered in the presence of the intrinsic

or extrinsic factor (eg, organ impairment, drug–drug

interaction, food effect, etc.) that has the largest effect

on increasing Cmax,ss.”27,28 When sufficiently high

concentrations cannot be achieved because of concerns

over safety, tolerability, or saturating absorption, for

example, the ongoing revision presents another option:

“...a nonclinical integrated risk assessment can be used

as supplementary evidence...; in summary, the nonclin-

ical studies should include (1) a hERG assay, following

best practice considerations (see ICH S7BQ&A 2), that

shows low risk as defined in ICH S7B Q&As 1.1–1.2
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Figure 10. Nezulcitinib. (A) Placebo-corrected �QTcF across dose groups and time points. Data from safety ECGs and the matched, nearest

concentration value in the SAD and MAD cohorts. Mean with 90%CI �QTcF across postdose time points. (B) Plasma concentration profile across

dose groups in the SAD and MAD cohorts. Mean ± standard deviation of �QTcF across postdose time points.

and (2) no evidence of QTc prolongation in an in vivo

assay conducted according to ICH S7B at exposures

that cover high clinical exposures (see ICH S7B Q&As

1.1 and 3;... .”27

Based on the 2015 E14 revision, there is a clear

trend of a decreasing number of TQT studies. Among

all studies submitted to the FDA between 2016 and

August 2020 for the purpose of providing a definitive

evaluation of ECG effects (on average 55/year), the

proportion of TQT studies has decreased from 62% to

34%, and the proportion of FIH SAD/MAD studies

(so called 5.1 studies) has increased from 10% to 42%,

whereas QT evaluation applied in oncology studies has

been relatively constant, at around 26–27%.27 Numbers

for 2021 are similar, with 35% TQT studies and 38%

5.1 studies. With the now finalized S7B/E14 Q&A

document (February 2022),28 it can be expected that

this trend will continue.

In this review, we share five examples of SAD and/or

MAD studies from different sponsors that illustrate dif-

ferent strategies for conclusive ECG evaluation in early

clinical studies, all with the objective of obviating the

TQT study later in development. In all examples, serial

ECG monitoring was implemented and procedures for

the collection of digital ECG data were described in

the protocol. This allows the sponsor to collect and

store the ECG data and make a decision if and when

to analyze based on observed PK in patients, and also
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Figure 11. Nezulcitinib. (A) Scatter plot with linear and local regression.The red line with the light-gray shaded area denotes the LOESS regression and

90%CI.The black solid line denotes the simple linear regression line.The plotted points denote the pairs of observed nezulcitinib plasma concentrations

and �QTcF pooled from the SAD and MAD portions of the study. (B) Goodness-of-fit plot for observed ��QTcF and predicted ��QTcF on data

from an SAD study in healthy subjects with nezulcitinib. Symbols are as described in Figure 5.

on other project considerations, such as having met

proof of efficacy. The protocol must specify that ECGs

are to be recorded/collected after supine rest at time

points paired with PK sampling. Using the approach

of collecting and storing ECG data constitutes an

efficient way from a resource perspective to address the

regulatory need of conclusively excluding small effects

on ECG parameters. It also allows the sponsor to tailor

the timing and costs of the ECG analysis to the needs

of the project.

Case 1 represents an example in which data were

analyzed at a stage when the PK profile was fully

characterized in the target patient population, and it

seems very likely that a TQT study will be waived.

Case 2, on the other hand, is an example of when the

sponsor saw the need to exclude drug-induced ECG

effects, and it remains an open question as to whether

the drug concentrations achieved in the SAD study

will be high enough to replace the TQT study. If the

mean Cmax exceeds that of high clinical exposure, but

without a sufficient margin, the option of conducting

complementary nonclinical assays as described in the

S7B/E14 Q&A document remains. If these are under-

taken, the goal of replacing the TQT study may still be

achievable with an integrated nonclinical/clinical risk

assessment.28 An alternative would be to conduct a
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study with higher doses in healthy subjects and pool

data with the FIH study, with the caveats mentioned

above in terms of pooling when performing C–QTc

analysis. When considering the timing of the C–QTc

analysis of FIH data, it should be noted that to al-

low for routine ECG monitoring in line with clinical

practice in the therapeutic area, conclusive evidence of

the absence of relevant ECG effects should be available

before initiating phase 3 studies. Besides this, many in-

ternal considerations will affect the timing of the ECG

analysis, such as the prioritization across programs,

partnering discussions, and unmetmedical need. Case 5

represents an alternative of collecting and storing, as

compared with cases 1 and 2. The example is based

on an SAD FIH study with an inhaled compound for

which the highest possible dose that can be practically

administered is also to be evaluated in patients. The

sponsor viewed it as important to get a “first read”

on any potential ECG effects before proceeding to

proof of efficacy in patients. Safety ECGswith intervals

measured by the ECGmachine were therefore used in a

preliminary C–QTc analysis with ECG matched to the

nearest measured drug plasma concentration. Results

of this analysis were clearly negative, that is, an effect on

��QTc exceeding 10msec could be excluded across the

range of observed plasma concentrations. The results

led to the decision to proceed to proof of efficacy

with the program, with the intention that the definitive

C–QTc analysis would be conducted using ECG data

extracted from the stored Holter recordings from all

time points where PK samples were collected. This ex-

ploratory analysis using a limited number of PK–ECG

pairs provided confidence for the sponsor to engage reg-

ulatory agencies early in the drug development process

to agree that the results of a definitive C–QTc analysis,

the hERG assay data, and dog CV study results would

provide a favorable integrated nonclinical/clinical risk

assessment, and therefore waive the need for a full TQT

study. This early analysis helped clarify the CV safety

development pathway for nezulcitinib, and optimized

resources by postponing the definitive C–QTc analysis

of Holter-extracted high-quality ECGs and by the

submission of a TQT study waiver until after the

completion of a phase 2 efficacy/safety trial.

Case 3 is an SAD FIH study in which an effect on

the QTc interval exceeding 10 msec could not be ex-

cluded, despite nonclinical assays, which were deemed

negative at clinically relevant plasma concentration

levels. The sponsor decided to implement procedures

and to analyze the ECG data obtained from the FIH

SAD study early in the program, which helped in

making an informed decision on subsequent develop-

ment. Concentration–QTc analysis applied to the data

from the FIH SAD study indicated a dose-dependent

effect on QT interval, with >10 msec ��QTcF at an

exposure close to the anticipated efficacious human

exposure. The observed QTcF effect was not predicted

by nonclinical assays/studies. The hERG assay, as well

as selected ion channel inhibition assays, were negative

for both compound 3 and its primary metabolite. In

toxicology studies in nonhuman primates, increases in

ECG interval parameters and alterations in waveform

morphology were observed at high doses with a high

safety margin as compared with the anticipated effi-

cacious human exposure. The QTc effect observed in

the FIH SAD study, along with the overall benefit–risk

assessment, supported the decision of postponing the

MAD study and the subsequent clinical development

program.

Amisulpride has a well-characterized QTc effect,

based on a previously conducted and published TQT

study.Amisulpride is a racemicmixture and the sponsor

is now developing SEP-4199, nonracemic amisulpride

in a ratio of 85:15 (aramisulpride:esamisulpride), for

the treatment of bipolar depression, based on stereos-

elective activity at the 5-HT7 and D2 receptors. The

relative contribution of each enantiomer on the QTc

effect was not known. A dose-finding study in Japanese

and white subjects was therefore conducted to evalu-

ate the QTc effect on SEP-4199 and to optimize the

dosing regimen in patient studies. The C–QTc analysis

demonstrated a slope of the relationship close to that

observed in the TQT study (0.015 vs 0.017 msec per

ng/mL), and thereby confirmed the observations in

nonclinical assays, with equipotent hERG inhibition

and QTc prolongation in dogs at high doses.

In four of the five examples, the basic linear model

described in the white paper on C–QTc analysis was

used and turned out to be appropriate for the purpose

of assessing the potential effect of the drug on the QTc

interval.10 In case 3, both parent andmetabolite seemed

to contribute to the observed effect. In such a case, both

analytes need to be considered for modeling in order

to exclude hysteresis. It should be noted, however, that

in this case all three models (parent alone, metabolite

alone, and both analytes) came to similar conclusions.

The set of graphic presentations given here are usually

a good basis to judge the appropriateness of the model.

The quantile plots demonstrate that the model fit is

reasonable and that the treatment-specific intercept is

small.

The width of the confidence interval, graphically

displayed in the goodness-of-fit plot, is a useful indi-

cator of the power of the study to exclude an effect

on the QTc interval. Standard power calculations for

studies based on concentration–effect models are not

straightforward, as the standard error of a prediction is

dependent on many details of the data and the model

used. Simulations based on moxifloxacin data from

more than 100 TQT studies performed by Huang et al
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have shown that a study with 24 subjects will in most

cases provide sufficient power to demonstrate assay

sensitivity based on a C–QTc model.29 This, however,

applies to TQT studies in which the number of subjects

on a high dose are higher than in FIH dose-escalation

studies. Simulations performed by Ferber et al have also

shown that including a sufficient number of subjects

on placebo is important to control the number of

false-negative studies.30 The sample size of FIH studies

is not typically based on a formal power calculation

to exclude ECG effects. However, studies with 4 or

5 dose groups of eight subjects per group (six active

and two placebo) are typically considered sufficient to

enable the exclusion of a 10-msec effect at therapeutic

concentrations for drugs with a small underlying “true”

effect (eg, ≤3 msec).

The scatter plot of observed �QTc and concentra-

tions with simple linear and local regression and the

quantile plots can serve as a starting point for more

refined modeling. For instance, in case 4 a nonlinear

model, for example, an Emax model, may provide a

better fit to the data and thereby improve the prediction

of the QTc effect. In most cases, this is not required

by regulators (see the White Paper), but it can be

helpful for further internal decisions.10 The models

fitted for example 3 can also serve as a starting point

to investigate the role of parent and metabolite in the

effect on QTc seen.

None of the examples discussed in this review ad-

dresses the scenario when a drug, such as many of those

intended to treat cancer, cannot be safely given in high

doses to healthy subjects. In such cases, the standard

has been to apply as many of the elements as possible

from the TQT study in trials with the targeted patient

population. In many studies in cancer patients, the

highest tolerable dose is given and there is no placebo

treatment and no positive control. Within the inherent

limitations of this design, C–QTc analysis can also

be applied to demonstrate the lack of a concerning

effect on the QTc interval, provided PK is collected,

for example, in the dose-escalation phase of an FIH

study in cancer patients.31 Such studies are referred to

as 6.1 studies in the recently endorsed S7B/E14 Q&A

document, whichwill further promote the utility for this

purpose of early patient trials for drugs that cannot be

safely given in high doses to healthy subjects.27,28

Conclusion

Based on the 2015 revision of the ICH E14 guidance,2

the number of development programs inwhich the TQT

study has been successfully replaced by C–QTc analysis

applied toFIHECG/PKdata is steadily increasing. The

recently endorsed S7B/E14 Q&A document (February

2022) will, to some extent, further strengthen this

trend by allowing an integrated nonclinical/clinical risk

assessment, provided standardized nonclinical assays

are used or added.27
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