International Journal of Basic & Clinical Pharmacology

Balasundaram L et al. Int J Basic Clin Pharmacol. 2021 Aug;10(8):1019-1024

http://www.ijbcp.com

pISSN 2319-2003 | elSSN 2279-0780

DOI: https://dx.doi.org/10.18203/2319-2003.ijbcp20212933

Review Article

Thorough QT/QTc (TQT) study

Lakshmi Balasundaram*, Bharatraj Kidambi?, Surya Singaravelu®

!Department of Pharmacology, JIPMER, Puducherry, India
2Department of Cardiology, AlIMS, Delhi, India

Received: 06 June 2021
Revised: 05 July 2021
Accepted: 06 July 2021

*Correspondence:
Dr. Lakshmi Balasundaram,
Email: shivani.arangan@gmail.com

Copyright: © the author(s), publisher and licensee Medip Academy. This is an open-access article distributed under
the terms of the Creative Commons Attribution Non-Commercial License, which permits unrestricted non-commercial
use, distribution, and reproduction in any medium, provided the original work is properly cited.

ABSTRACT

With a number of drugs entering the market, cardiac safety remains a cause of major concern for the regulatory
authorities, before approval. The incidence of drug induced arrhythmia with non-cardiovascular drugs is low, however
the result is fatal, hence much focus is being given to assess the pro-arrhythmic potential of a drug. The arrhythmogenic
risk of the drug is higher if the patient is on polypharmacy or has other risk factors such as an electrolyte imbalance or
an underlying structural heart disease. QT prolongation can be either due to congenital causes such as Long QT
syndromes (LQTS) which include Romano-Ward syndrome, Jervell and Lange-Nielson syndrome or can be acquired,
which is mainly due to drugs. Several drugs such as terfenadine, astemizole, cisapride and grepafloxacin have been
withdrawn from the market due to QT prolongation and development of a fatal ventricular arrythmia - torsades de
pointes (TdP). This has led to implementation of guidelines to assess cardiac safety. The pro-arrhythmic risk can be
assessed using thorough QT/QTc studies or exposure response modelling of intensive ECGs. This article will give an
overall view of the use of QT/QTc interval as a biomarker for cardiac safety and the current guidelines for thorough
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QT/QTc studies which are mainly done to assess the pro-arrhythmic potential of a non-anti-arrhythmic drug.

INTRODUCTION

A drug which is intended to benefit a patient, ideally,
should have wundergone rigorous safety testing.
Unfortunately, drugs are tested under controlled
environment during clinical trials, which contrasts the real-
life situation. In the 80’s the release of terfenadine, the first
non-sedating antihistamine was found to be associated
with QT prolongation and development of torsades de
pointes (TdP) especially in patients who took ketoconazole
or erythromycin concomitantly.! TdP can result in
seizures, syncope or sudden death. This led to the US Food
Drug Administration (FDA) compelling the manufacturers
to issue letters to physicians warning them about the
potential risks with this drug, and finally ended up with the

withdrawal of the drug from the market.! Experiences as
such, led to the formulation of guidelines to ensure that a
new drug undergoes rigorous cardiac safety testing. QT
interval is considered a biomarker for cardiac safety
testing. However, its measurement shows variation — with
respect to age, gender, heart rate, postural changes, food
ingestion, autonomic tone and exhibits diurnal variation
also. In addition to these difficulties, it is also noted that
not all patients with QT prolongation will develop TdP.2
With due consideration, the International Council of
Harmonization (ICH) S7B specified regulatory guidelines
for non- clinical evaluation for potential QT prolongation
and ICH E14 in the year 2005, laid guidelines for clinical
evaluation of QT/QTc interval prolongation and
proarrhythmic potential for non-antiarrhythmic drugs. A
‘thorough QT/QTc study’ is thus, a dedicated study to
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evaluate the effect of the new molecular entity on the QT
interval 2

PHYSIOLOGY OF CARDIAC CONDUCTION

The conduction system of the heart consists of the SA
node, internodal atrial fibres, atrioventricular node, the
Bundle of His along with its branches and the purkinje
system. Impulses pass along these structures in the same
order to reach the muscles of the ventricles. The SA node
due to its maximum discharging rate, is called the
pacemaker cells. The resting membrane potential of a
cardiac myocyte is -90 mV.*® There are 5 phases in a
ventricular action potential which are as following:

Phase 0: Characterised by a rapid influx of Na+ (IN%), this
causes initial upstroke in the action potential.

Phase 1: Upstroke is terminated by the inactivation of Na+
channels and transient efflux of K+ (1'°) channels.

Phase 2: Plateau phase due to balance between an influx of
Ca2+ channels and outward repolarising K+ channels.

Phase 3: Sustained downstroke due to efflux of K+ (I and
IKs) through delayed rectifier channels.

Phase 4. Resting membrane potential maintained by
inward rectifier potassium current (1<).

The delayed rectifier potassium currents play a
determining role in the action potential and hence on the
QT interval 45

QT/QTC MEASUREMENT

Ideally, the QT interval is recorded using a 12-lead
electrocardiography (ECG) strip with a running speed of
50 mm/s and an amplitude of 0.5 mV/cm. Lead Il is
preferred for measurement of the same. QT interval is
measured from the beginning to the QRS complex to the
end of the T wave (Figure 1) .58t is the time taken for the
ventricular depolarisation and repolarisation, in other
words, it measures the ventricular action potential.

As the QT interval depends on the heart rate (faster heart
rate = shorter QT interval), corrections should be made in
the QT interval measurement to account for the effects of
heart rate which can be done using several formulas such
as Bazett’s square root formula (QTc = QT/A/RR),
Fridericia’s cube root formula (QTc = QTA/ RR),
Framingham method (QTc= QT+0.154 [1-RR]), a new
linear model which is relatively unaffected by heart rate is
the Hodge’s formula (QTc = QT+1.75 [HR-60]).°

For all the formulas, the preceding RR interval should be
measured. Normal QT interval ranges from 350 ms to 440
ms. The upper limit of normal QTc interval is 450 ms in
males and 460 ms in females. Precaution must be taken
while measuring the QT interval in case of atypical T

waves. The end of the T wave is considered the point of
intersection of the steepest last slope of the T wave with
the baseline.’® U waves can be found in ECGs of
adolescents and inclusion of a U wave may lead to a false
positive QT prolongation by 80-200 ms, hence care must
be taken not to include the U waves.!°

QT interval

Figure 1: Measurement of QT interval.

CONDITIONS ASSOCIATED WITH QT
PROLONGATION

Congenital long QT syndromes are due to loss of function
mutations of KCNH2, KCNJ2 and KCNQ1 and gain of
mutation of SCN5A genes. Long QT syndromes include
Romano-Ward syndrome and Jervell and Lange-Nielson
syndrome.? Acquired QT prolongation are mainly due to
pharmacological agents through their action on IKr
channels. Some of the drugs commonly known to affect
QT interval include moxifloxacin, levofloxacin
(quinolones), erythromycin, azithromycin (macrolides),
hydroxyzine (antihistamine)fluconazole, ketoconazole
(antifungals) and electrolyte imbalance such as
hypokalemia, hypomagnesemia and hypocalcemia.? Some
drugs that caused QT prolongation and were withdrawn
from market are given in Table 1.

Torsades de pointes (TdP)

TdP is also described as a polymorphic ventricular
tachycardia, commonly associated with QT prolongation.
Ventricular tachycardia is said to be monomorphic when
the QRS complexes are uniform and said to be
polymorphic when the QRS complex varies from beat to
beat. The ventricular polymorphic tachycardia has a
tendency to oscillate around the baseline in the ECG
mimicking “turning of the points” or “torsades de pointes”
as described by Francois Dessertenne in 1966, where
“torsades” means twisting of hair or threads and “pointes”
refers to peaks or points.*

Clinically, sustained TdP leads to haemodynamic collapse
and ftreatment is with emergency asynchronous
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defibrillation and pharmacological measures include
lidocaine or amiodarone.

GUIDELINES
ICH S7B

This guideline provides methods to test the ventricular
repolarization delaying potential of drugs in the preclinical
phase.

Obijectives are to identify the ventricular repolarisation
delaying potential of the new chemical entity and to
identify the association between the concentration of the
drug or its metabolite and the risk of causing ventricular
repolarization delay.*

Study designs

In vitro — Human cardiac myocytes or cultured cardiac cell
lines can be used to measure ionic currents, action
potential parameters can likewise be measured. IKr assay
is done to evaluate the effect on native ion channels, as
encoded by human ether a go-go related gene (hERG)
which has homology with the Drosophila melanogaster
gene — ether a go-go. The hERG is now called KCNH2 and
the protein encoded is hERG channel or Kv11.1 which is
a voltage-gated potassium channel.*?

In vivo — ECG recordings in anaesthetised animals and QT
assays. Laboratory animals that are commonly used
include dogs, guinea pigs, ferrets, monkeys and pigs.

Other clinical and non-clinical information required for
integrated risk assessment include pharmacokinetic and
pharmacodynamic studies, drug-drug interactions, safety
and toxicology studies and tissue distribution and
accumulation studies.

ICH E14 guidelines’
Study design and subjects

The scope of the ICH E14 guidelines extends to drugs
other than antiarrhythmic drugs, drugs with systemic
bioavailability, approved drug but for a new dose or route
of administration, new indication or for a different target
population and for drugs found to cause QT/QTc
prolongation or sudden cardiac death in post-marketing
surveillance.

The study aims to determine if the drug possesses a
threshold pharmacological effect on cardiac repolarization
time as measured by QT/QTc prolongation. The threshold
level of regulatory concern, is around 5 ms as evidenced
by an upper bound of the 95% confidence interval around
the mean effect on QTc of 10 ms. The TQT study helps to
confidently exclude that a drug prolongs the QT interval
by more than 10 ms or more at one-sided 95% confidence
interval.

Design of a QT/QTc study is a double-blind, randomised,
controlled trial. ICH E14 does not specify any particular
timing for the conduct of the TQT study, but states that it
is best done in the early phases of clinical trials so that if
the QT interval is found to be prolonged, further evaluation
can be carried out. Most studies are now done well before
the pivotal trial.®

Study subjects: The study is done on healthy volunteers
both males and females, except in usage of drugs such as
neuroleptics and cytotoxic agents. People with baseline
QT >450 ms, additional risk factors for TdP such as
hypokalaemia, family history of long LQTS and
concomitant medications that can prolong QT interval are
excluded from the study.®

The study is discontinued in case the QT/QTc is >500 ms
or more than 60 ms from baseline.?

The study is usually a well-controlled (both placebo and
active) cross-over or parallel arm design where bias and
blinding have been adjusted for. A cross-over design is an
efficient design as it can assess intra-subject variability and
the sample size is small. It allows better heart rate
correction.® Parallel design is beneficial when the drug
has a long half- life. A positive control in the study should
have an effect size of 5ms on the mean QT/QTc interval.*3
In conditions where the drug is from a class of agents
previously found to be associated with QT/QTc
prolongation, positive control should be an agent from this
class. The drug should be tested both at therapeutic and at
supratherapeutic doses, unless there is a safety or
tolerability issue.

The timing of the ECGs during the study is based
according to the pharmacokinetic profile of the drug, a
single recording is sufficient in the case of a single dose
study when there is no active metabolite. Ideally, ECG
recordings should be timed around the Cmax. As the QT
interval is subject to variations due to activity, circadian
rhythm etc Multiple ECGs should be taken at baseline and
during the study.*®

Standard 12-lead ECG collection and analysis methods

ECG recording machine should be well-calibrated and
standardised. Either fully manual or manual adjudicated
methods are acceptable. In case of multicentric studies, a
training session for the technicians must be organised prior
to the study in order to achieve consistency in recording
technique. The standard norm nowadays is to take
replicates of ECG recordings at any time point and average
is calculated. ECG reading and interval measurement
should be done by only skilled readers. Data including
uncorrected QT, RR intervals, corrections using both
Bazett’s and Fridericia’s formulas and any other formulas
that were used, should be submitted. Bazett’s method tends
to over correct when the heart is high and under corrects at
heart rates lower than 60 bpm and is ideal only when the
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heart rate is between 60-100 bpm. Fridericia’s method is
the preferred method of correction.”

Although there is no defined upper-limit value for QT
interval, a value of more than 500ms is a threshold of
concern in clinical trials.”

Interpreting the results and further course of action

The primary analysis is done using Analysis of variance
(ANOVA) where the change in the QTc from baseline is
the dependent variable and the drug or placebo are the
independent variables. The upper confidence limit at 95%
for one-sided confidence limit is calculated at various time
points as the difference in the QTc between the drug and
placebo (ddQTc) as least square means.

Negative test results: If the upper confidence limit is less
than 10 ms at all time points, then the result is said to be
negative for QT prolongation and on-therapy ECGs must
be collected according to the area policies

Positive results: drug goes for expanded ECG safety
evaluation.

Negative test results but positive preclinical results:
Expanded ECG safety evaluation.

In addition, information on T and U wave morphologies
should also be provided.

Labelling considerations for drugs that increase the QT
interval

Both the ICH E14 and FDA recommend the following be
considered for drug labelling a warning regarding the risk
of arrhythmia, results of trials that evaluated the effects of
the drug on the QT interval, conditions that can increase
the risk of arrhythmia such as family history of LQTS, a
warning statement regarding use of other drugs
concomitantly that can precipitate arrhythmia and an
advisory to patients regarding monitoring with ECG.

Positive control

A positive control is used to ensure that the study is able
to pick up changes in the QT interval. Most of the studies
use the fluoroguinolone-moxifloxacin as the positive
control, as it produces a mean increase in the ventricular
repolarisation greater than 5 ms (range between 8ms to
15ms).% The peak effect of moxifloxacin can be recorded
1-3 h after administration. Other positive controls that can
be used are low-dose ibutilide infusion and sparfloxacin.?

An assay sensitivity analysis is performed by taking the
lower confidence limits, 95% of the one-sided confidence
limits for the difference in the QTc between moxifloxacin
and placebo. The test is considered to be positive if the
largest ddQTc ranges from 8-15 ms and occurs between 1-
3 hours post-dose, the lower 95% one sided confidence

interval in the ddQTc between moxifloxacin and placebo
is greater than 5ms at least one time point, ddQTc versus
time-curve follows the one typical of moxifloxacin.®

SOME OF THE FDA RECOMMENDATIONS
BASED ON E14—GUIDANCE FOR INDUSTRY*

ECG reading is to be done by a skilled technician with a
cardiologist over-reading the ECGs. Bazett’s correction is
considered to be inferior and needs to be submitted only
when there is a comparison required with historic reports
where Bazett’s correction was used.

Clarifications regarding enrolment of both genders for
TQT study: post pubertal males have lower QTc duration
compared to pre pubertal males and women. Women being
smaller than men will be expected to have a greater
exposure to a fixed amount of drug when compared to
males and hence are expected to have a greater QT
prolongation. Hence, it is encouraged to recruit both men
and women for TQT studies and analyse the concentration-
response by gender. However, this is not mandatory. For a
parallel arm study design, it is recommended to follow a
time-matched baseline measurement, so that the effect of
diurnal variation is alike in every arm. In case of
combination drug products, if the individual drugs are not
known to prolong QT interval, there is no requirement for
a TQT study for the combination product. For monoclonal
antibodies, there is again no requirement for TQT study as
they have little impact on ion channels, TQT should be
done only if preclinical tests are positive.

CHALLENGES WITH QT/QTC STUDIES

QT interval is generally prolonged in females compared to
males hence there remains a possibility of QT variation
with respect to menstrual cycles. Secondly, there can be
situations where drug cannot be tested in healthy
volunteers such as while evaluating cytotoxic cancer
drugs. Another challenge is the QT/RR hysteresis which
means the speed at which the QT interval changes with
change in the heart rate.?®

EXPOSURE-RESPONSE (ER) MODELLING OF
ECGS

ER analysis establishes the association between the drug
or its metabolites with the clinical data by statistical
means. In the first ER modelling, concentrations of
procainamide were plotted against QTc changes and
hysteresis was observed. This model easily accounts for
time dependent effects, covariates such as age, gender,
ethnicity and hence is flexible.

ER analysis is useful in scenarios such as when there is
QTc prolongation when drug is used at lower dose than in
a TQT study, QTc prolongation in an underpowered study
and during evaluation of the assay sensitivity of a positive
control.®
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To demonstrate the advantage of ER modelling, let us take
the example of the analysis of TQT studies done on a drug
- losmapimod (product of GlaxoSmithKline), the drug was
shown to cause a larger QT prolongation than the
supratherapeutic dose, besides not showing any efficacy.
When ER analysis was done using concentration of the
drug and QTec, it showed that the false positive results was
due to multiple dosing of the drug which had resulted in
shift of the baseline.*®

Table 1: Drugs causing QT prolongation and
withdrawn from the market.'%-%

Drug s withdrawa
Prenylamine Antianginal 1988
Terodiline Antianginal 1991
Terfenadine Antihistamine 1998
Sertindole Antipsychotic 1998
Grepafloxacin  Antibiotic 1999
Astemizole Antihistamine 1999
Cisapride Prokinetic 2000
Sparfloxacin Antibiotic 2001
Droperidol ;rgizznquiliser/analg 2001
Thioridazine Antipsychotic 2005
Propoxyphene  Opioid analgesic 2010

DRUGS CAUSING QT SHORTENING

Although arrhythmias due to QT shortening are extremely
rare, physicians have reported cases of Short QT syndrome
(SQTS) and this is gaining interest. So far, five variants of
SQTS have been identified (SQTS1-SQTS5). Gain of
function mutations of KCNH2, KCNJ2, KCNQ1 are some
of the genetic causes of SQTS. Risk of arrhythmia
increases when the QT interval is less than 300 ms.1718

Primidone was found to shorten QT interval in patients
with LQTS. Rufinamide, an anticonvulsant was also found
to shorten QT interval during cardiac safety studies and is
probably the first QT shortening drug to be approved after
the release of ICH E14. As it holds an orphan drug status
for the management of Lennox-Gastaut syndrome, the
drug’s adverse effect is not of a serious concern. Drugs
activating ATP-potassium channels such as nicorandil,
pinacidil and levcromakalim have been found to reduce
QT interval in preclinical studies.!*8

CONCLUSION
QT prolongation has been a concern after reports of fatal

arrhythmias with non-cardiac drugs like cisapride,
halofantrine, pimozide, astemizole and terfenadine.

Regulatory authorities consider the risk: benefit ratio of a
drug before its approval, a drug with a very mild risk of
arrhythmia but with good efficacy in cancer would still be
approved however the same for a minor medical condition
would be rejected. ICH guidelines have ensured that the
drugs undergo vigorous cardiac safety evaluation before
they enter the market. As a result, there has been no QT
prolonging drug that has been released after 2005.
Attempts are being made to improvise the TQT study, in
terms of cost reduction and by developing better models
with good predictability so that drugs affecting QT interval
may be filtered out in the earlier stages of trials. Last but
importantly, it is the awareness amongst physicians,
pharmacists and the patients that will help avoiding fatal
cardiac adverse reactions from occurring.

Funding: No funding sources
Conflict of interest: None declared
Ethical approval: Not required

REFERENCES

1. LiM,Ramos LG. Drug-Induced QT Prolongation And
Torsades de Pointes. Pharm Ther. 2017;42:473-7.

2. QT interval and drug therapy (Clinical review from
Drug and  Therapeutics  Bulletin). BMJ.
2016;354(4):i4331.

3. Darpo B. The thorough QT/QTc study 4 years after the
implementation of the ICH E14 guidance. Br J
Pharmacol. 2010;159:49-57.

4. Abraham J. International  Conference  On
Harmonisation Of Technical Requirements For
Registration Of Pharmaceuticals For Human Use. In:
Brouder A, Tietje C, editors. Handbook of
Transnational Economic Governance Regimes. Birill.
2009;104154. http://booksandjournals.brillonl
ine.com/content/books/10.1163/ej.9789004163300.i-
1081.897. Accessed on 26 May, 2020.

5. Origin of the heartbeat and the Electrical Activity of
the Heart. In: Barrett KE, Barman SM, Boitano S,
Brooks HL. Ganong’s Review of Medical Physiology,
23rd ed. New York: McGraw-Hill. 2010;489-92.

6. Yap YG, Camm AJ. Drug induced QT prolongation
and torsades de pointes. Heart. 2003;89.

7. Research C for DE and. E14 Clinical Evaluation of
QT/QTc Interval Prolongation and Proarrhythmic
Potential for Non-Antiarrhythmic Drugs. U.S. Food
and Drug Administration. 20109.
http://www.fda.gov/regulatory-information/search-
fda-guidance-documents/e14-clinical-evaluation-
gtgtc-interval-prolongation-and-proarrhythmic-
potential-non-antiarrhythmic-0. Accessed on 27th
May, 2020.

8. Lester RM, Paglialunga S, Johnson IA. QT
Assessment in Early Drug Development: The Long
and the Short of It. Int J Mol Sci. 2019;20:1324.

9. Mann DL, Zipes DP, Libby P, Bonow RO, Braunwal
E. Evaluation of a patient. In: Braunwald's heart
disease: A textbook of cardiovascular medicine. 10th
ed. Philadelphia, PA. Elsevier/Saunders. 2015;124-5.

International Journal of Basic & Clinical Pharmacology | August 2021 | Vol 10 | Issue 8 Page 1023



10.

11.

12.

13.

14.

15.

Balasundaram L et al. Int J Basic Clin Pharmacol. 2021 Aug;10(8):1019-1024

Johnson JN, Ackerman MJ. QTc: how long is too
long? Br J Sports Med. 2009;43:657-62.

Fauci L, Hauser K, Loscalzo J. Francis Macrchlinski.
The Tachyarrhythmias. In: Harrison's Principles of
Internal Medicine, 18th ed. New York Mc Graw- Hill.
2012;1890-3.

Priest BT, Bell IM, Garcia ML. Role of hERG
potassium channel assays in drug development.
Channels Austin Tex. 2008;2:87-93.

Darpo B, Nebout T, Sager PT. Clinical Evaluation of
QT/QTc Prolongation and Proarrhythmic Potential for
Nonantiarrhythmic ~ Drugs:  The  International
Conference on Harmonization of Technical
Requirements for Registration of Pharmaceuticals for
Human Use E14 Guideline. J Clin Pharmacol.
2006;46:498-507.

Research C for DE and. E14 Clinical Evaluation of
QT/QTc Interval Prolongation and Proarrhythmic
Potential for Non-Antiarrhythmic Drugs Questions
and Answers (R3) Guidance for Industry . U.S. Food
and Drug Administration. 2019. http://www.fda.gov
[regulatory-information/search-fda-guidance-docu
ments/el4-clinical-evaluation-qtgtc-interval-prolon
gation-and-proarrhythmic-potential-non-antiarrhythm
ic-1. Accessed on 28th May 2020.

Malik M, Garnett C, Hnatkova K, Johannesen L,
Vicente J, Stockbridge N. Importance of QT/RR
hysteresis correction in studies of drug-induced QTc

16.

17.

18.

19.

20.

21.

interval changes. J Pharmacokinet Pharmacodyn.
2018;45:491-503.

Grenier J, Paglialunga S, Morimoto BH, Lester RM.
Evaluating cardiac risk: exposure response analysis in
early clinical drug development. Drug Healthc Patient
Saf. 2018;10:27-36.

Shah RR. Drug-induced QT interval shortening:
potential harbinger of proarrhythmia and regulatory
perspectives. Br J Pharmacol. 2010;159:58-69.

Malik M. Drug-Induced QT/QTc Interval Shortening:
Lessons from Drug-Induced QT/QTc Prolongation.
Drug Saf. 2016;39(1):647-59.

Stockbridge N, Morganroth J, Shah RR, Garnett C.
Dealing with Global Safety Issues. Drug Saf.
2013;36:167-82.

Georgia JLT, Crossman GRR. Drug-Induced QT
Prolongation. https://www.uspharmacist.com/article/
drug-induced-gt-prolongation. Accessed 28th May,
2020.

Whellan JD, Green C, Piccini J, Krucoff WM. QT as
a Safety Biomarker in Drug Development. Clin
Pharmacol Ther. 2009;86:101-4.

Cite this article as: Balasundaram L, Kidambi B,
Singaravelu S. Thorough QT/QTc (TQT) study. IntJ
Basic Clin Pharmacol 2021;10:1019-24.

International Journal of Basic & Clinical Pharmacology | August 2021 | Vol 10 | Issue 8 Page 1024


http://www.fda.gov/
https://www.uspharmacist.com/article/

