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ABSTRACT

IMPROVING QT CORRECTION METHODS THROUGH THE ANALYSIS OF PRECLINICAL
SAFETY PHARMACOLOGY DATA

By
Nicholas David Ether

Torsade de pointes is a polymorphic ventricular tachycardia that has been linked to sudden
cardiac death. While typically rare and fleeting, increased risk for occurrence of and problematic
outcomes from this arrhythmia has been attributed to prolonged QT intervals. These interval
measurements of electrocardiogram waveforms represent the time between depolarization and
repolarization of the ventricles. Prolongation of this period increases the likelihood of disruptions
in ventricular cardiomyocyte conduction, which can lead to forsade de pointes events. Due to the
potentially fatal outcomes associated with QT prolongation, it was not long until drugs found to
induce this prolongation began to be removed from the market. These concerns led to the creation
of safety pharmacology guidelines S7B and E14 that outlined suggested QT prolongation risk
assessments to be performed during the preclinical and clinical stages of drug development,
respectively. Studies based on these guidelines are intended to identify drug-induced changes to
the QT interval, but must first control for the effect heart rate has on QT. To isolate drug effect QT
correction methods are used to estimate corrected QT values as if the data was collected at a
fixed heart rate. Using these values as a biomarker has led to highly sensitive assessments that
have prevented any new drugs from reaching the market with unacceptable QT prolongation risk.
However, these assessments are still in need of improvement as the pharmaceutical industry
must deal with costly and time-consuming clinical safety studies despite the high sensitivity of
preclinical assessments, leading to calls for the integration of preclinical and clinical guidelines.
To achieve this, the translatability of preclinical results must be improved.

This dissertation aims to increase the reliability of preclinical results and improve their

translatability by optimizing the QT correction methods they rely on. To do this, | analyzed large



ECG datasets from preclinical safety pharmacology studies obtained through Eli Lilly and
Company (Indianapolis, IN). The central hypothesis of this dissertation is that through statistical
analysis of these data, the collective understanding of QT correction methods will be expanded,
and an improved method can be developed. In pursuit of this goal, the effectiveness of various
preclinical QT correction methods was evaluated in simulated drug treatment scenarios, against
130,000+ bootstrap resampled ECG recordings of vehicle control treatments, and with study data
from non-human primates treated with known QT prolonging drugs. The results of these
evaluations provided evidence of how assumptions inherent to these methods affect the result of
correction. Examples of such assumptions include what heart rate is relevant for the species, that
a predetermined population-based estimate of the QT-rate relationship is appropriate for
individuals, that this relationship will not change over time or between treatments, and that
assuming this relationship before correction is appropriate in the first place. All of this led to the
development of the novel Ratio QT correction method designed to be applicable to any scenario
by dynamically responding to moment-to-moment changes in the relationship between
timepoints. This novel method combines the simplicity and ease-of-use of population-based
methods with the effectiveness of individual methods.

Taken together, this research has increased the collective understanding of QT correction
methods and resulted in a novel method that is as effective as it is simple to use. The
investigations presented in this dissertation have explored aspects of QT correction methods that
have been in question for years. Optimizing these methods is now easier thanks to the information
gained through these analyses of large preclinical ECG datasets. An integral step has been made
towards the creation of a new industry standard of QT correction capable of bridging the gap
between preclinical and clinical safety pharmacology studies. Such improvements can be used to
help reduce the number of research subjects necessary for preclinical and clinical QT

prolongation assessments.
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CHAPTER 1:

INTRODUCTION



PART 1:

DRUG-INDUCED ARRHYTHMIA



Abstract

Sudden cardiac death is responsible for over 300,000 deaths in the US every year and is
characterized as a cardiac related death occurring within an hour of the onset of symptoms. Due
to the nature of such a diagnosis, the causes of these events are often unexpected or even
unknown. Ventricular fibrillation is believed to be intrinsically linked to sudden cardiac death,
which is a potential outcome of the polymorphic ventricular tachycardia torsade de pointes. This
arrhythmia has been associated with anti-arrhythmic and non-cardiovascular drugs that prolong
the QT interval of electrocardiogram waveforms. In the first half of this chapter, | provide the
history behind these drug-induced arrhythmias that led to regulations requiring assessment of QT
prolongation risk for novel pharmaceutical compounds. Then | discuss the electrophysiology
behind QT prolongation and how it can increase the risk of torsade de points events. This
overview of the history of drug-induced arrhythmias and the mechanisms behind it will serve as
an introduction into the reasoning behind current safety pharmacology studies designed to

prevent the approval of new drugs with unacceptable proarrhythmic risk.



Introduction

Sudden cardiac death (SCD) is one of the leading causes of death in western countries, with more
than 300,000 occurring in the United States each year [1,2]. A sudden death, unrelated to trauma,
occurring within an hour of new or worsening symptoms is the typical definition of SCD, though
the agreed upon timing can vary [3,4]. Research has identified multiple causes of SCD, with the
most common being ischemic heart disease [5]. However, no structural disease of note is required
for SCD to occur. Electrical imbalances that can cause ventricular tachycardia, which devolve into
ventricular fibrillation can cause unexpected SCD in otherwise healthy patients [2,3,5]. In 1923
MacWilliam described the role of ventricular fibrillation in SCD as a “misapplication of contractile
energy thrown away in turmoil of fruitless activity” and that it can often occur “in a heart showing
no failure of rhythmicity, excitability, or contractility” [6]. Dessertenne identified unique
electrocardiographic (ECG) morphologies that seemed to represent a significant number of these
unexpected cardiac events, which were named ‘Torsade de Pointes’ (TdP) based on the French
origin of Dessertenne’s research and the accurate description of their morphology [7,8]. This term
is roughly translated into English to mean ‘Twisting of the Pointes’, referring to the way the QRS
complex appears to be twisting around the isoelectric baseline of the ECG recording [8,9]. Based
on the ECG morphologies preceding a TdP event, as well as the cases in which they were
commonly found, research focused on the role prolongation of ventricular repolarization played in
the likelihood of TdP events [9-12]. Anti-arrhythmic drugs, which are often designed to prolong
repolarization in an effort to interrupt an arrhythmic event, were quickly linked to many cases
involving TdP [13-17]. However, studies on non-cardiac related drugs became increasingly
important as a wide variety of drug classes were found to have unintended effects on the
ventricular repolarization and were being associated with TdP events [18—23]. This unexpected
risk of fatality from drugs as common as antihistamines and antibiotics encouraged researchers
to better understand the molecular and electrophysiological mechanisms behind these effects

[8,10,13,14,17,24,25]. As early as 1996, recommendations by public safety organizations were



released discussing the need for pharmaceutical companies to screen for the risk of novel
compounds prolonging ventricular repolarization [26]. The first part of this chapter will explore the
risk that drug-induced arrhythmias pose, how the arrhythmia of most concern (TdP) has been
characterized, and the electrophysiological mechanisms that drive that risk.

Drug-Induced Sudden Death

Pharmaceuticals have been associated with sudden cardiac death for about half a century [27—
29]. Typically, these drug-induced SCD events have been linked to ventricular arrhythmias,
specifically TdP [30-33]. Initially the drugs investigated for these conditions were antiarrhythmics
known to prolong ventricular repolarization, which can disrupt cardiac conduction, leading to
arrhythmia [13-16,29,34,35]. However, these traits were soon found to be associated with non-
cardiac related drugs like psychoactive treatments, macrolide antibiotics, diuretics, and
antihistamines [19-23,28,32,36—38]. Because these types of drugs are so commonly prescribed
and typically taken outside the supervision of cardiologists, unexpectedly induced arrhythmias
present a concerning risk of sudden cardiac death [39—41]. Table 1 includes a list of some non-
antiarrhythmic drugs that were removed from the market due to this risk, along with their
therapeutic class, as detailed by Lester et al [42]. Despite decades of research into the role these
drugs played in the risk of TdP and SCD, it was not until 1997 that the Committee for Proprietary
Medicinal Products (CPMP) released recommendations about assessing the risk of non-
cardiovascular drugs prolonging ventricular repolarization [43]. These were later replaced by
guidelines from The International Council for Harmonisation of Technical Requirements for
Pharmaceuticals for Human Use (ICH), which were later integrated into governmental drug
regulations [44,45]. A prime example of this evolving understanding of the risk these drugs pose

and the regulations that followed is the antihistamine Terfenadine.



Drug Therapeutic Class Year Withdrawn

Prenylamine Angina 1988
Terodiline Urinary Incontinence 1991
Sparfloxacin Antibiotic 1996
Terfenadine Antihistamine 1998
Sertindole Antipsychotic 1998
Astemizole Antihistamine 1999
Grepafloxacin Antibiotic 1999
Cisapride Prokinetic 2000
Droperidol Antipsychotic 2001
Levomethadyl Narcotic Analgesic 2003
Propoxyphene Analgesic 2015

Table 1: Non-antiarrhythmic Drugs Removed from US Market due to TdP Risk. Risk of
inducing Torsade de Pointes is a well-known reason for non-antiarrhythmic drugs being removed
from the market. Listed in this table are examples of such drugs, their intended uses, and the year
they were removed from the US market [42].

Terfenadine as an example of drug-induced arrhythmia risk

Terfenadine was the first non-sedative antihistamine produced, marketed in the US in 1985 [46—
48]. It's a prodrug that is metabolized by Cytochrome P450 3A4 (CYP3A4) into the active
metabolite responsible for the antihistamine effects [48,49]. While the metabolite is not
cardiotoxic, the un-metabolized terfenadine has been found to be cardiotoxic by prolonging
ventricular repolarization through the inhibition of essential potassium ion channels [50,51]. While
this wouldn’t be a concern for the majority of people that can efficiently metabolize terfenadine,
people taking contraindicated drugs that compete for CYP3A4, had a phenotype that metabolized
it poorly, had liver damage, or even just consumed grapefruit juice (which can inhibit the
metabolizing enzyme) were at risk of cardiotoxic concentrations of terfenadine in their system
[49-53]. Any of these risk factors or a combination of them will reduce the rate of terfenadine
metabolism, which causes higher plasma concentrations when the prodrug is absorbed faster
than it can be metabolized. These higher systemic levels of terfenadine would prolong ventricular
repolarization, and increase the risk of TdP events [50-53]. Due to these concerns, the US
Federal Drug Administration (FDA) issued a report outlining these risk factors in June of 1990 and

ordered the manufacturer to send out a warning letter to every practicing physician in August of

1990, which were later upgraded to a mandatory black box warning in July of 1992 [54,55]. These



measures led to a reduction in co-administration of terfenadine with contraindicated drugs but still
terfenadine-related deaths continued [54—56]. Despite this continued risk the FDA approved a
generic version of terfenadine, only to shortly after recommend that all terfenadine containing
products be removed from the market [57]. In late 1997 terfenadine containing products finally
began being removed from the market after being replaced with fexofenadine, the safer active
metabolite of terfenadine [58]. The risk of TdP and SCD posed by these non-cardiovascular drugs
led to the development of guidelines on the risk assessment of drug-induced ventricular
repolarization prolongation by CPMP in 1997, and later by the ICH in 2005 [43-45]. These
guidelines, endorsed by the FDA, increased the burden on pharmaceutical companies to assess
the safety of their novel drugs and were foundational to the development of safety pharmacology
studies [42,59].

Torsade de Pointes

Torsade de Pointes (TdP) is an atypical ventricular tachycardia that is characterized by its unique
ECG morphology, an example of which can be seen in Figure 1 [7,8]. The undulating QRS waves
rotating around a isoelectric baseline demonstrated in this figure are the reason this type of event
was named “torsade de pointes” which is a French phrase that roughly translates to English as
‘twisting of the points/peaks’ [8]. TdP is a rare cardiac event that typically resolves on its own,
however if left untreated for too long it does run the risk of devolving into ventricular fibrillation

and then sudden cardiac death [60—62].

—~ o A
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short-long-short

Figure 1: ECG Recording of Torsade de Pointes Event. The waveforms in this lead Il ECG
recording depict an example of a TdP event. These polymorphic waves changing direction around
the hypothetical baseline are the twisting peaks the arrhythmia is named after. Typically preceded
by a short-long-short group of beats signifying prolonged ventricular repolarization, electrically
measured using the QT interval. This ECG recording was obtained from ECGpedia, made
available through the creative commons license CC BY-NC-SA 3.0 [63].



Preceding electrocardiographic characteristics

A lot about the causes of TdP have been determined by studying the characteristics of ECG
waveforms immediately preceding the events [7,10,11]. As exemplified in Figure 1, the
polymorphic oscillations attributed to TdP are often preceded by a grouping of three beats (short-
long-short) initiated by a premature ventricular beat, followed by a beat demonstrating prolonged
ventricular repolarization, then finally a supraventricular beat of relatively short length
[10,13,17,64]. Ventricular repolarization is electrically measured by the QT interval (QT), which is
the time between the start of the Q wave (ventricular depolarization) and the end of the T wave
(ventricular repolarization) on an ECG waveform [65]. Figure 2 contains a simplified
representation of a typical waveform that would be seen on a lead Il ECG recording, along with
the direction and phase of cardiac conduction related to each wave. Research has continuously
shown that this prolonged ventricular repolarization represented by QT is closely linked to TdP

events and sudden death [56,61,62,66—69].
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Figure 2: The ECG Waveform and Cardiac Conduction. This diagram depicts the cardiac cycle
depicting the physiological phases of the heartbeat (diastole and systole) and how the signal
conduction relates to contraction and the ECG waveform. The black arrows represent the
direction of drug flow, the red arrows represent the direction of contractile force, and the blue
arrows represent the direction of electrical signaling. These blue arrows correlate with the blue
highlighted region of the lead || ECG waveform. The lead Il ECG measures current from the top
left of the depicted hearts to the bottom right. Signaling traveling in this same direction is
represented as a positive wave on the ECG, signals traveling in the opposite direction is
represented by a negative wave, and current traveling perpendicular to the lead will show no ECG
change. This figure was modified for clarity from one made available on Wikimedia through the

creative commons license CC BY 3.0 [70].



Risk factors associated with Torsade de Pointes

As the relationship between QT prolongation and TdP became more widely understood, more
focus was placed on researching the specific risk factors that increase the chance of TdP events.
These risk factors were generally tied to their ability to prolong ventricular repolarization or disrupt
conductance distribution. For example, cardiac and noncardiac drugs that have been found to
prolong QT through intended or unintended mechanism [56,60—62]. The rate of TdP events
observed from these drugs can range from up to 5% for a high risk antiarrhythmic like quinidine
to 1/100,000 for a relatively low risk drug like terfenadine [40,71]. These drugs typically interact
with the ion channels responsible for managing the action potential during cardiomyocyte
conduction, prolonging cell repolarization [72]. In addition to drugs that can affect these essential
ion channels, disruptions in the extracellular ion balance due to diuretics or pathological
disruptions can also prolong cardiomyocyte repolarization and increase the risk of TdP [32,73].
There are also genetic risk factors such as congenital Long QT Syndrome (LQTS), which
increases the baseline QT interval and makes patients more susceptible to other QT prolonging
triggers and increases the risks of TdP events [66,74,75].

Electrophysiology of Prolonged Ventricular Repolarization

Ventricular repolarization, electrically measured by QT, typically refers to the time a cardiac signal
takes to conduct from the atrioventricular node of the heart, through the Purkinje fibers that rapidly
disperse the signal throughout the ventricles and then back down through the remaining
ventricular myocytes [76,77]. A simplified depiction of the relationship between cardiac
conductance and a lead || ECG wave is provided in Figure 2. Mechanically speaking, QT relates
to the ventricular systole of the heart which is the time between peak volume in the ventricles until
they finish their contractions ejecting the blood from the ventricles [65,78,79]. Prolongation of this
repolarization process can cause conduction disruptions and out of sync signaling, which can lead
to ventricular tachycardia like TdP [69,80,81]. If these tachycardic events go uncorrected, they

can devolve into ventricular fibrillation which can result in sudden cardiac death due to the heart
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being unable to properly pump blood [6,30]. The risk of fatality such events pose is why ventricular
repolarization is so commonly monitored in patients through the QT interval of the ECG
[3,10,15,18,82]. This method of monitoring electrophysiological changes in the heart is used to
represent the driving force of those changes, which are the effects on cardiomyocyte action
potential duration (APD) [43,72].

Ventricular action potential duration

Ventricular cardiomyocytes react to signaling from nearby cells to trigger depolarization, which
rapidly brings the membrane potential up and beyond a neutral 0OmV beginning a cascading effect
of opening and closing ion channels called repolarization, which slowly returns the cell to its
original resting membrane potential. This process results in the activation of the next cell, while
the original cell enters a refractory period during which it is less likely to respond to additional
excitatory signaling [83]. The cardiac action potential is typically described in 5 phases, which
have been illustrated in Figure 3 along with the ion channels that influence each phase [84].
Changes to ion concentration or function of their channels can alter the duration of the action
potential, which affects the refractory period, can alter the relationship between cell excitation and
muscle contraction, and change the proarrhythmic status of the tissue [85]. Thus, monitoring the
conduction of the heart through the electrocardiogram is essential to clinical risk assessment and
management [86]. Understanding the phases of ventricular cardiomyocyte action potential allow
for more precise identification of the causes of increased arrhythmia risk and is vital to preventing

or reversing them.
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Figure 3: Ventricular Cardiomyocyte Action Potential. An illustration representing the phases
of the action potential of ventricular cardiomyocytes responding to an excitatory signal. The ion
channels associated with each phase has been included, with the direction the ion is moving in
relation to the cell (in or out) in parenthesis next to the ion. Examples of resting membrane
potential (-96 mV) and peak potential (+52 mV) have been included for reference. This figure was
obtained from Wikimedia through the creative commons license CC BY-SA 3.0 [84].

Phase 0 is the part of the action potential when rapid depolarization begins and is triggered when
the resting action potential of the cell increases slightly due to the electrochemical activity of the
neighboring cell, transmitted through the gap junctions between the cells [87]. When the
membrane potential climbs to about -70 to -55 mV from the resting potential of -90 to -80mV,
voltage gated sodium ion (Na*) channels (Ina) are opened [88]. This allows Na* to rapidly enter
the cell over the course of about 2ms until the cell reaches Na* electrochemical equilibrium and
the membrane potential is around +50 mV [88]. During this period, L-type calcium channels (lca-

L) are also allowing calcium ions (Ca™™) to enter the cell, though the effect this has a relatively

small impact on depolarization [89]. This voltage-dependent step of the action potential is an all-
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or-nothing situation, as membrane potential of the cell must reach the necessary voltage for Ina
to open and begin depolarization. Anything that interferes with reaching this voltage, changes the
target voltage, or blocks these channels can prevent the propagation of the action potential or
prolong the time depolarization takes [90]. Changes affecting this part of the ventricular action
potential would most likely be reflected in the widening of the ECG QRS complex which is linked
to ventricular activation [91].

Phase 1 is the slight but steep decrease that occurs after the peak of depolarization. It is at this
point that most of the sodium channels that were opened during phase 0 become rapidly
inactivated [92]. This limits the flow of Na* into the cell and allows repolarization to begin. The
early rapid repolarization seen during phase 1 is due to a combination of this reduced Na* flow
and the activation of the transient outward current channels (lto12) that rapidly open and then
rapidly close for a quick release potassium (K*) and chloride (CI) ions [93].

Phase 2 has been referred to as the plateau phase, as the membrane potential remains steady
while the delayed rectifying currents slowly activate [91]. This balance is maintained by the ions
entering and leaving the cell. The L-type calcium channels that were activated in phase 0 are still
allowing Ca™ into the cell, which bind to ryanodine receptors on the sarcoplasmic reticulum, which
releases more Ca** [94]. All these calcium ions are positively affecting the membrane potential
which should cause an uptick on the action potential, but the plateau is maintained by
counteracting this increase in cations through cation transfer out of the cell through the Na*/Ca™
exchange, Na’/K* pumps, and most importantly the increasing activation of the slow delayed
rectifier K™ current (lks) releasing K* from the cell [88,95-97]. Iks activation will continue through
phase 3 and has had conflicting reports about its role in the action potential duration. However,
this channel has been linked to certain mutations related to Long QT Syndrome (LQTS) and may
be essential to mediating APD prolongation due to sympathetic signaling [94,95,97,98].

Phase 3 is known as the rapid repolarization phase which occurs after Ica.. closes, allowing the

steady stream of K out of the cell through the still open Iks to reduce the cell membrane potential
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[94]. It is at this point the another voltage gated potassium channel begin to open, the rapid
delayed rectifier K* channel (lk;), and the inward rectifying K* channels (lk1) release K* from the
cell [88,99]. The release of positive potassium ions from the cell quickly returns the membrane
potential to a resting range, at which point the delayed rectifiers are inactivated while lk1 remains
open to manage the membrane potential during phase 4 [99,100]. The summation of phase 3
duration for all ventricular cardiomyocytes is represented by the T wave of the ECG, and
alterations to this phase have been linked to problematic prolongation of the QT interval [91].
Mutations to the human Ether-a-go-go-Related Gene (hERG), which encodes the protein for the
alpha-subunit of the Ik- channel (K,11.1), have been linked to a longer baseline QT interval in
cases of hereditary LQTS [100-102]. Similar conditions can be acquired through drug treatments
that target this channel or pathologies that interfere with ion availability [43,61]. Actions on these
channels are the main concern during initial safety pharmacology screenings due to the risk of
TdP when QT is prolonged [26,71,103,104].

Phase 4 is the resting phase of the action potential and is the state the cell begins in before phase
0 occurs. This equilibrium at the resting potential of about -90 to -80 mV is largely attributed to
the continued activity of Ik which allows K* in at potentials below the equilibrium range, and
releases K* when above that range [88].

Long QT Syndrome

Long QT Syndrome is often the clinical diagnosis attributed to increased risk of TdP, and thus
increased SCD as well. As the name suggests, LQTS is a condition in which a patient’s baseline
QT interval is longer than normal, increasing the chances for ventricular tachycardia [105]. This
can be due to genetic mutations (hereditary LQTS) or environmental factors (acquired LQTS).
Hereditary LQTS comes in multiple variations, depending on the genes responsible for the
condition, while acquired LQTS can be due to drug treatments or ion imbalances that affect action
potential duration [61]. Mutations in potassium ion channels are most related with hereditary

LQTS, with specific attention given to LQT2 which is linked to mutations in hERG which codes for
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the alpha subunit in the Ik channel [66]. Identification of the role hERG plays in LQTS was
essential in furthering understanding of drug-induced QT prolongation [102]. A variety of drug
classes have been found to inhibit Ik by binding inside the open pore of the hERG channel. This
high binding affinity to such different chemical structures has been linked to the larger pore size
compared to other K* channels, along with the aromatic residues found on the S6 domain (Y652
and F656) [106]. However, mutations in other genes related to ion channels can also contribute
to LQTS such as ks, Ik1, and Ina[91]. Through studying these genetic causes of LQTS, research
has been able to narrow down causes of acquired LQTS. QT prolongation can be due to ionic
imbalances like hypokalemia, hypomagnesemia, and hypocalcemia [66]. Most importantly, from
a drug regulation perspective, are the drug-induced incidents of acquired LQTS which often are
due to inhibition of the same ion channels affected by hereditary LQTS [14,38,106]. Regardless
of the cause of LQTS, the increased risk of TdP stems from the prolonged repolarization period
of the action potential. This increases the risk of an early afterdepolarization (EAD) occurring,
which is when the membrane potential rises unexpectedly during phase 2 or 3 of the action
potential [11,64,107]. EADs can disrupt the cardiac rhythm and lead to tachycardia, especially if
these alterations to repolarizations are dispersed through the ventricles. The risks associated with
LQTS become more pronounced in the presence of other factors that may prolong QT or increase
EAD risk, such as reduced heart rate, sympathetic activity, or the longer QT intervals observed in
female patients [66,98,108]. It is because of these risks that assessment of novel drugs for their
potential to prolong QT has become such a vital aspect of the drug-development process
[26,71,109].

Discussion

Torsade de pointes is a rare and short-lasting ventricular tachycardia that is potentially fatal due
to its link to sudden cardiac death [62]. The risk of TdP increases in the presence of inherited or
acquired Long QT Syndrome, which are caused by alterations to cardiomyocyte ion channel

activity due to genetic conditions or drugs effects, respectively [61,105]. These changes to ion
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channel activity prolong the repolarization phases of the action potential, which is reflected on the
ECG as prolonged QT intervals [85]. Of particular note is the effects of mutations to hERG and
drugs that block the channel related to its encoded protein (lk) [102,110,111]. Effects on this ion
channel are associated with increased TdP risk, such as the hERG blocking terfenadine which
was removed from the market due to its risks [38,55,57]. Pharmaceutical companies are
incentivized to identify drugs with such risk early in the development process to prevent
unnecessary harm and avoid more drugs being removed from the market. Due to the rarity of TdP
events and wide range of risk factors that would be difficult to capture in clinical trials, QT
prolongation has been adopted as a biomarker of TdP risk [112]. Guidelines provided by the ICH
have become essential to the assessment of this QT prolongation risk [44,45]. Though further
improvements are still being made to these guidelines along with alternative assessment
strategies based on increased understanding of the interconnected roles played by the ion

channels involved with the cardiomyocyte action potential [113—-116].
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PART 2:

ASSESSING QT PROLONGATION RISK DURING DRUG DEVELOPMENT

17



Abstract

Due to the danger posed by unexpected drug-induced arrhythmias, safety pharmacology studies
have been developed to assess this risk. These studies rely on QT prolongation as a biomarker
for proarrhythmic risk due to its close relationship to arrhythmias such as torsade de pointes and
the rarity of such events. Pharmaceutical companies design their safety assessments in
accordance with regulator expectations based on guidelines released by the ICH. Safety
guidelines ICH S7B and ICH E14 detail the best practices for preclinical and clinical safety
assessment of drug-induced QT prolongation risk, respectively. As a result of these guidelines,
drugs with unacceptable QT prolongation risk no longer make it to market in the US. However,
they are not without their shortcomings and pharmaceutical companies are pushing for
improvements that will lighten the burden of these assessments. In this section of the chapter, |
provide the history and context for these safety studies and present examples of how they can be
improved. Most relevant to this dissertation are the suggestions for improving QT correction
methods. In doing so, the increased reliability of study results may increase the chance of
preclinical and clinical study integration. This integration would reduce the time, money, and

subjects necessary for such studies.
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Introduction

Due to the risk posed by drug-induced arrhythmia events like TdP, especially in non-cardiac
intended drugs, pharmaceutical companies must screen for this risk during drug development
[31,117]. However, the incidence rate of TdP events can vary from up to 5% of cases in high-risk
drugs like quinidine to a rate of 1/100,000 for relatively low-risk drugs like terfenadine [40,71]. This
rarity makes detecting TdP events an unreliable metric during preclinical and clinical safety
studies, which has led to QT prolongation being adopted as a biomarker for TdP risk. ICH E14
detailed the suggested methods of clinically assessing QT prolongation using ‘Thorough QT
studies [45]. Similarly, ICH S7B outlined preclinical safety studies for assessing arrhythmia risk in
vivo and in vitro [44]. The in vivo studies focused on testing drug candidates in appropriate
preclinical animal species at relevant drug concentration, while the in vitro studies encouraged
the testing of drug effect on the hERG-related ion channel responsible for Ik, [116]. These
guidelines have since been endorsed and utilized by regulatory agencies, such as the US FDA
[118]. This section of the chapter provides an overview of why QT prolongation is used, the
importance of heart rate correction, the common safety pharmacology studies that have been
adopted, and how they can still be improved.

Prolongation of the Heart Rate Corrected QT

Prolongation of the ECG QT interval has a long history of association with TdP and SCD events.
Even back when TdP was first being investigated, the role of QT prolongation was identified as a
relevant factor [10,16]. Additional research into the incidence rate of TdP in the presence of QT
prolonging drugs and genetic conditions have further cemented their relationship
[14,15,19,23,103,119]. However, drug-induced QT prolongation alone is not enough to assess
proarrhythmic risk, as QT has long been known to have an inverse relationship with heart rate
[79]. Accounting for heart rate effects is vital to isolate drug effect on QT prolongation, especially
because the proarrhythmic risk increases when the relationship between repolarization and heart

rate becomes decoupled [120]. To address this, methods have been developed to correct
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measured QT datapoints based on their associated heart rate. These QT correction methods aim
to produce corrected QT values (QTc) to replace the raw measured QT with estimates of what
QT would have been had the subject been paced at a fixed heart rate. Prolongation of this QTc
value compared to vehicle treatment and/or baseline data is then used to assess proarrhythmic
risk [72].

QT Correction Methods

Correcting QT for rate goes back to when the relationship was first mathematically determined by
Bazett, who found that the relationship between the two could generally be accounted for by
dividing QT by the square root of rate [79]. The Bazett’s correction method was commonly used
for decades and is still used by some today [121]. However, another popular method by Fridericia
from around the same time found that using a cube root instead of a square root provided more
accurate correction at the extreme ends of rate [78]. Though these two methods are the most
well-known human QT correction methods, other studies have attempted to improve on them
using different methods and study populations. This includes Mayeda, who examined four times
as many subjects as either Bazett or Fridericia and determined that raising rate to the power of
0.604 was more appropriate than using a square or cube root [122]. Other popular QT correction
methods include those from Hodges and the Framingham Heart Study, which are based on the
linear equation using slopes obtained from linear regressions performed on data from their
respective study populations to represent the QT-rate relationship [123,124]. These types of fixed
formulae corrections have been referred to as universal or general corrections, and are designed
from human data, for human data. However, preclinical species are important parts of the risk
assessment process and typically have different heart rate ranges and QT-rate relationships than
humans [112]. Despite this, these human-based general correction methods are still used in some
preclinical animal studies [125]. Though work has been done to produce more relevant general
corrections for preclinical species. Examples include Van de Water's method developed for

canines and Nakayama’s method developed using cynomolgus monkeys [126,127]. Table 2
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contains a list of some QT correction methods, along with their formulae and what study
populations were used to derive them. While this general correction method approach has been
the standard for decades and was continually recalibrated by attempting to use more appropriate
study populations, all general methods rely on the same pivotal assumption: that the QT-rate
relationship observed in a study population will accurately reflect that of an individual subject.
However, many studies have shown that this is not the case and that ignoring this variability in
the rate relationship between subjects and over time adds unnecessary error to study results
[128-133]. Recent advancements in computing have allowed for the regular use of individualized
correction methods, which typically use linear regressions to identify the QT-rate relationship for
an individual subject and then use the slope of that relationship as a correction factor
[129,134,135]. These individual methods are taking similar approaches as Hodges and
Framingham took, but thanks to the ability to quickly evaluate large amounts of data, these values
can be determined for each subject shortly after study completion. Despite the ability of these
newer individualistic correction methods to account for inter-subject variability, regulatory bodies
like the FDA still find the use of general correction methods to be acceptable during safety

pharmacology studies [42].
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Method QTc Formula Study Species Number of Subjects
T
Bazett [65,79] Q—1 Human 39
RR 72
o QT
Fridericia [78] I Human 50
RR /3
QT
Mayeda [122] RROG0E Human 200
Hodges [123] QT + 1.75(HR —60) Human 607
Fra'ﬂ'gg]ham QT + 0.154(1 — RR) Human 5,018
Van ﬂ‘;;’}’ater QT - 87(60/HR — 1) “mongrel” dogs 10
Nakayama QT
[126] RRO576 Cynomolgus monkey 353
Individual QT - m(rate — refR) Any 1

Table 2: QT Correction Method Examples. Included are examples of QT correction methods,
their formulae, and the study populations used to derive them. QT is the QT interval in ms, RR is
the interval between two ECG waves in seconds, and HR is the heart rate in beats per minute.
Each method provides a QTc value in ms. The individual correction is similar to those used for
Hodges, Framingham, and Van de Water. In it, m is the correction factor for individual subject QT-
rate relationship, typically determined from the slope of a linear regression of QT and either HR
or RR, depending on which provides a more linear relationship. The rate value is the associated
rate value (either HR or RR) that is related to the QT value being corrected, while refR is the
reference rate value the method is correcting to.

Safety Pharmacology Studies

Research linking TdP risk and QT prolongation goes back to the 1980s [10,13-15,19,64].
Investigations into QT prolongation being used as assessments of TdP and SCD risk continued
through the early 1990s [11,23,31,38,117,119,136]. However, it was not until 1997 that the CPMP
released Note CPMP/986/96; ‘Points to Consider: The Assessment of the Potential for QT Interval
Prolongation by Non-cardiovascular Medicinal Products’ [43]. These relatively early guidelines
were some of the first to encourage pharmaceutical companies to assess their drug candidates
for the risk of prolonging QT as a substitute for evaluating TdP risk directly. Since then the CPMP
suggestions have been wholly replaced in 2005 by the ICH efficacy guideline E14 titled ‘The
Clinical Evaluation of QT/QTc Interval Prolongation and Proarrhythmic Potential for Non-

Antiarrhythmic Drugs’ and safety guideline S7B titled ‘The Non-Clinical Evaluation of the Potential

for Delayed Ventricular Repolarization (QT Interval Prolongation) by Human Pharmaceuticals’
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[44,45]. Which the FDA later implemented in late 2005, though with reservations about the
translatability of preclinical assessments [137,138].

Preclinical Safety Studies

Preclinical safety studies described by ICH safety guideline S7B includes a combination of in vitro
and in vivo experiments to assess the mechanistic and physiological risk of a drug candidate of
inducing QT prolongation. The role of the in vitro safety assessments described by ICH S7B is to
evaluate the ability of human pharmaceuticals to affect ionic current flow and action potential
duration, specifically in relation to repolarization. While multiple ion channels are involved in the
repolarization process, ICH S7B specifies inhibition of hERG Ik, as the most common mechanism
responsible for drug-induced QT prolongation in humans. The guidelines recommend assessing
action potential duration and patch clamp measurements of hERG ionic current in the presence
of test article. While this guideline allows for the use of animal cardiac myocytes in these
assessments, using human cardiac myocytes and/or models with cloned human ion channels
would be preferable.

For in vivo assessment, ICH S7B recommends obtaining ECG recordings from conscious or
anesthetized animals treated with the test article. These ECGs should be examined for
prolongation of corrected QT values and/or the presence of arrhythmic waveforms. The QT
correction methods recommended are Bazett’s or Fridericia’s, leaving it up to the researcher to
justify which they select. However, the guidelines note that if there is a large enough difference
between the rates of control and drug treatments, both methods may be ineffective for assessing
risk. In these cases, using individual correction methods may be more appropriate, though they
do not elaborate further. Larger animal species typically used for electrophysiology studies are
recommended for use such as dog, monkey, swine, rabbit, ferret, and guinea pig. As with the
selection of QT correction method, the guidelines leave the justification of species selection up to
the researcher. They do emphasize the importance of considering the sensitivity and

reproducibility of the chosen test system, as well as factors that may introduce error or confound
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results. These include data acquisition and analysis methods, selection of dose period and
measurement timepoint, heart rate effect, inter-species and gender differences (affecting
electrophysiology, hemodynamics, and/or metabolism), and the fact that drugs interacting with
multiple ion channels may increase the difficulty of interpreting the results. The results obtained
from preclinical in vitro and in vivo experiments are intended to be combined with relevant
information from other studies and the history of risk from other drugs in the same class. This
evidence of risk should be used to inform pharmaceutical companies and regulators about the
potential risk of prolonging QT in humans [44].

Clinical Thorough QT/QTc Studies

The clinical evaluations of drug-induced QT prolongation risk described in ICH E14 revolve
around what they call the ‘Thorough QT/QTc Study. The ICH prefaces these guidelines by
acknowledging that QT prolongation is an imperfect biomarker, and that it is unclear whether
uncorrected or corrected QT are more likely to be associated with TdP risk. However, as the
measurement of QT prolongation prior to TdP events have been prevalent in cases with recalled
torsadogenic drugs, it is important to assess the QT prolongation risk of new drugs before they
enter the market. The intention of these guidelines is to encourage the clinical evaluation of non-
arrhythmic drugs that are systemically distributed for off target effects on cardiac
electrophysiology. It is recommended to exclude any volunteers that may be at increased risk due
to longer baseline QT until early clinical assessments have been completed. These Thorough
QT/QTc studies are vital to the understanding of risk in the human population and are encouraged
to take all precautions possible when it comes to eliminating bias and variability. The threshold of
drug effect on QTc that is of regulatory concern is 5ms (as evidenced by the upper bound of the
95% confidence interval of a 10ms mean QTc effect). To validate the ability of the study to identify
this level of effect, a positive control that is expected to result in a 5ms change in QTc should be
used as well. If a drug effect crossing this threshold is detected, the study is deemed a ‘positive

Thorough QT/QTc study’. For a study to be considered negative, the highest degree of effect
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must not have a 95% confidence interval that crosses 10ms. If deemed negative, the typical ECG
monitoring in accordance with typical regulatory practices for that therapeutic class are
considered sufficient for regulatory purposes. However, if the study is deemed positive or if it
deemed negative when the preclinical investigation showed substantial risk there must be further
evaluations into the drug effects. As with the preclinical assessments, the clinical
recommendations for QT correction methods include Bazett's and Fridericia’s, which are more
appropriate for use in humans. Though the guidelines acknowledge their shortcomings and
suggest submitting QT, rate, Bazett’s corrected QT, Fridericia’s corrected QT, and an individually
corrected QT based on a linear regression method. While they don’t go as far as endorsing the
individual correction, the do recognize the importance of evaluating its ability in these studies [45].
Improving Translation Between Non-Clinical and Clinical Safety Studies

The ICH guidelines E14 and S7B have been largely successful, and since their implementation
no drug has been approved with an unacceptable risk of TdP [139]. However, concerns have
been raised about placing so much emphasis on imperfect biomarkers like QT prolongation and
hERG blockade. Drugs like amiodarone are known to do both and yet aren’t associated with TdP
risk, likely due to its effects on multiple ion channels [136]. Such methods guarantee high
sensitivity of risk detection, but the specificity is unknown, and may prevent useful and otherwise
safe drugs from being marketed. There are attempts at improving the specificity of risk
assessment through better understanding of the role each ion channel plays into TdP risk [114].
Such considerations are the foundations of collaborative efforts by The Comprehensive in vitro
Proarrhythmia Assay (CiPA) initiative, which aims to design more through mechanistic models for
accurately assessing TdP risk [115,116].

In addition to these improvements to specificity, there have been attempts to better integrate the
preclinical results into the clinical decision-making process [140]. Assessing the ability of
preclinical studies to identify compounds that have demonstrated clinical TdP risk is a common

research topic and typically supports their ability to do so [141-146]. Regardless of the outcomes
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of these preclinical studies, pharmaceutical companies are required to proceed with Thorough
QT/QTc studies during the clinical phases of drug-development [45]. As many pharmaceutical
industry researchers would eagerly point out, this disconnect between the results of S7B studies
and the decisions made for E14 studies wastes time and money on Thorough QT/QTc studies for
low-risk compounds [139].

In an effort to address concerns about the E14 and S7B guidelines, including requests for the
integration of the two, the ICH recently published the ‘ICH E14/S7B Implementation Working
Group Clinical and Nonclinical Evaluation of QT/QTc Interval Prolongation and Proarrhythmic
Potential — Questions and Answers’ (E14/S7B Q&As) [113]. In this document the ICH addressed
a wide range of questions about specific techniques, best practices, and the integration of
preclinical and clinical risk assessment. While these responses do encourage the use of additional
ion channel assays to better assess TdP risk and clarifies when enough nonclinical assessments
have been made, they do little to integrate the use of preclinical studies with clinical decision
making. The exception being when Thorough QT evaluation is not viable, in which case an
integrated approach using preclinical and clinical data can be used. It seems further improvement
to preclinical techniques and additional evaluations of the translatability of preclinical results are
needed before preclinical studies are sufficient to prove Thorough QT/QTc studies unnecessary.
Important for the topic of this dissertation is the discussion about QT correction methods within
the E14/S7B Q&As. Accurately correcting QT for heart rate is a vital aspect of improving the
accuracy of the preclinical study results. Making these improvements could reduce variability, in
turn increasing the power associated with the methods, and allow for a reduction in the number
of subjects needed per study. Additionally, by reducing the variability of the results the preclinical
data is more likely to be accepted for integration with the clinical assessments. The E14/S7B
Q&As provide important guidelines on how to pursue this goal. Unlike the original guidelines,
these responses encourage the use of individual methods over the general correction methods,

describing them as more accurate and sensitive. They also state that the decision to choose a
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specific QT correction method should be supported by demonstrating the independence of QTc
in relation to RR intervals. This should be done using QTc vs RR plots accompanied by additional
numerical data to represent their relationship. Another way to evaluate the method chosen is
assessing the sensitivity by calculating the minimal detectable difference and testing against
positive controls. While these are straightforward suggestion on how to justify chosen QT
correction methods, they’re the first to be endorsed by the ICH and therefore are likely to become
standard throughout the industry.

Discussion

The connection between QT interval prolongation and Torsade de Pointes events have been
thoroughly investigated since Dessertenne first describe the polymorphic tachycardia back in
1966 [7,8,10,11,19,41,80,103]. Understanding this link and the mechanisms behind them have
led to the development of drug-development guidelines designed to limit the approval of
torsadogenic drugs by assessing their risk of prolonging QT [44,45,113]. These guidelines from
the ICH outlined suggested practices for the preclinical assessment (S7B) and clinical Thorough
QT studies (E14) that pharmaceutical companies still follow. An important aspect of both the
clinical Thorough QT studies and the preclinical in vivo studies is the need to correct QT for the
influence of heart rate [25]. However, the QT corrections selected for use can vary by species or
by researcher preference. Only recently has the ICH released updated guidelines that encourage
the use of individual based correction methods and describe methods for justifying the correction
method selected [113]. These updated guidelines recognize the inherent problem of general
correction methods that use fixed population-based correlation coefficients [132]. Many
researchers had hoped that these updated guidelines would provide more substantial integration
of the preclinical and clinical assessment process [139]. Unfortunately, the ICH fell short of
providing full integration of the E14 and S7B guidelines. However, they have provided a clearer
path forward in terms of improving QT correction methods by standardizing how they are justified.

This will allow for more meaningful comparisons of traditional and novel correction methods.
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Through the improvement of such a vital aspect of these risk assessments it is possible to reduce
the variability and increase the accuracy of these studies. In this pursuit it is possible to increase
the power of the studies, allowing for a reduction in the number of subjects needed for assessment
of drug effect on QTc. By improving our understanding about how these methods work and
increasing their reliability, we come closer to the day when the translatability of preclinical results
is accepted by regulators.

Overview of Dissertation Aims

There is a critical need to determine the best use of QT correction methods and identify ways to
improve them. Doing so could produce a method that is adopted as an industry standard and
increase the translatability of preclinical safety study results. Such improvements to our
understanding of QT correction methods can streamline the drug development process and
reduce the number of subjects required for investigations. My overall goal for this dissertation was
to identify factors that influence QT correction methods and how best to control for them. | also
sought to create a novel method of QT correction based on this in-depth research into their
function. Below is an overview of the aims for this project which | will cover thoroughly in the
following chapters.

Aim 1: Compare assumptions inherent in QT correction methods and how they affect detection of
relevant drug-induced QT prolongation.

The second chapter of this dissertation examines how various QT correction methods function
and what assumptions are inherent to them. This begins with tutorial figures demonstrating how
different approaches to QT correction adjust QT based on rate. Then the methods are compared
using simulated drug data with pre-specified effects on QT and rate. By comparing them this way
the scenarios in which they produce the most accurate results can be assessed.

Aim 2: Evaluate factors contributing to variability in the QT-rate relationship.

The third chapter of this dissertation explores inter- and intra-subject factors that affects the QT-

rate relationship by comparing different QT correction methods designed to account for them. By
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identifying which methods most consistently reduce the correlation between QTc-rate and
produces the results with the least variability, the important factors influencing the deviation of the
QT-rate relationship can be assessed. This chapter focuses on using bootstrap simulated data
from vehicle treated non-human primates and beagle canines. Through these methods the
importance of accounting for the differences between subject, occasion, and environmental light
status is made evident.

Aim 3: Create and evaluate a novel QT correction method using drug-treatment data.

In the fourth chapter of this dissertation, | further evaluated QT correction methods using non-
human primate subjects treated with known QT prolonging drugs (dofetilide and moxifloxacin).
Additionally, a novel correction method created by myself with the help of my project mentors is
compared to traditional methods. Through these evaluations, the importance of individual
correction is emphasized, and the benefits of the new more dynamic method are highlighted.
This introductory chapter has described the history of drug-induced arrhythmia, why they are
dangerous, the mechanisms behind them, and the safety assessments developed to prevent
further harm to patients. It also highlighted areas that still need improvement, specifically the QT
correction methods used. In summary, drug-induced arrhythmias are dangerous and must be
screened for during the drug development process. However, the safety assessments take time,
are costly, and may be eliminating useful drugs from the market. All this while the results of
preclinical evaluations have little bearing on the Thorough QT process. Improving QT correction

methods is one way to increase the trust in preclinical results and further translatability.
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CHAPTER 2:

UNDERSTANDING QT CORRECTION METHODS
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Abstract

QT correction methods are used clinically and preclinically to isolate changes to the QT interval,
irrespective of the effects of heart rate changes. This is a vital aspect of the safety pharmacology
studies that occur during drug development. Accurate QT correction is necessary to compare the
effects of drug treatments on QT between subjects and treatments. Without an accurate QT
correction, the everchanging heart rates, which have their own effects on QT, may obfuscate the
drug effect and increase variability. To address this, QT correction methods estimate what each
QT value would be if the rate was fixed, based on an understanding of the QT-rate relationship.
The accuracy of a QT correction method depends on the QT-rate relationship it uses to correct
and what rate the data is being corrected to. Typically, these methods fall into one of two
categories: general methods that use fixed correction coefficients derived from historical
population data to represent the QT-rate relationship, or individual methods that use a regression
technique to calculate a correction coefficient unique to the QT-rate relationship of each subject.
This chapter explores the effects these approaches have on the resulting corrected QT values. A
novel Ratio-based correction method is also introduced which attempts to combine the
convenience of a general method with the accuracy of an individual method by using a reference
point to estimate the rate relationship for each datapoint. The assumptions inherent to each of
these methods are explored and compared against simulated drug treatment data designed to
emulate drug effect on heart rate, QT, or the QT-rate relationship directly. Results of these
comparisons confirm our hypothesis that the novel method provides more effective correction
than a general method, more like that of individual methods. Additionally, these results show how
assuming the QT-rate relationship before correction may hinder the detection of drug effect that
alters this relationship in a dose-dependent manner. Information gained from this study will

increase our understanding of QT correction methods and assist in their optimization.
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Introduction

As discussed in the previous chapter, QT correction methods play an important role in safety
pharmacology assessments. They are crucial in isolating drug effect on QT prolongation in the
presence of changes to heart rate [147]. Historically this has been done using general methods
which assume that their understanding of the rate relationship based on a limited number of
subjects is sufficient to correct each subject of a study. Bazett’s correction was one of the first QT
correction methods developed and is still in use today, despite being based on only 39 humans
back in 1920 [79]. However, there have been countless attempts at improving these general
methods, including suggestions that using linear regression produced a more appropriate
correction coefficient and method [123,124,148]. Regardless of the QT correction method
selected, the goal and process remain the same; to minimize the relationship between QTc and
rate by estimating what QT would be at a fixed rate based on the method’s assumptions about
the QT-rate relationship. This is where general correction methods fall short, as they base their
relationship assumptions on limited sample populations (usually human) and are often designed
to correct to a rate of 60 bpm. The problems with these methods are already criticized when used
in humans, especially for those with cardiovascular conditions that make 60 bpm an unrealistic
reference [123,131,149]. Furthermore, these methods ignore inter- and intra-subject variability in
the QT-rate relationship [128,130,132,149]. This problem is further exacerbated when these
human-based correction methods are used in preclinical studies on species with very different
ranges of heart rates and QT-rate relationships than those seen in humans [126,127,150-153].
Since this dissertation focuses on QT correction methods in the context of preclinical animal
species, specifically non-human primates (NHP), the more appropriate RR interval (RR) will be
used to represent rate instead of heart rate. This interval between the R waves of two ECG beats
is simpler to measure and typically has a more linear relationship with QT in NHPs [134]. With RR
being the inverse of heart rate, and heart rate having an inverse correlation with QT, this means

the QT-RR relationship is a positively correlated linear relationship. For context, the equivalent to
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a heart rate of 60 bpm is an RR of 1000 ms. With that clarification made, it is important to note
that the assumptions made by general correction methods can introduce unnecessary error to
preclinical studies, which is why the pharmaceutical industry is moving towards the use of
individual-based correction methods [113,132,135]. Such methods are designed to estimate QTc
more accurately by evaluating the QT-rate relationship of each individual subject and use that
relationship to correct to a more species appropriate reference rates (refR). However, even the
effectiveness of these can vary based on the assumptions made and how successfully they
account for inter- and intra-subject variability. The foundations of an effective correction method
are an accurate representation of the QT-rate relationship present in the data and the correction

to a biologically relevant refR.
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Figure 4: Using Different QT-RR Relationships to Estimate Missing Data. This figure contains
simplified hypothetical data representing data from a ‘vehicle control’ (blue) and ‘drug treatment’
(red) that have resulted in different relationships between QT and RR. Also included is a dashed
black line to represent a QT-RR relationship derived from a hypothetical population. In both data
sets presented in (A) a value for QT is missing at 500 ms RR. In (B) the estimates of what those
missing values should be are represented by color-matched squares. The red square was
estimated using the relationship of the hypothetical drug treatment data, the blue square was
estimated using the hypothetical vehicle treatment data, and the black square was estimated
using the population-based relationship.

To demonstrate the importance of using an accurate representation of the QT-rate relationship,
Figure 4 has been included with two demonstrative QT vs RR plots. In both plots the blue points

represent a hypothetical vehicle control treatment data and the red points represent a hypothetical
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drug treatment data, and both datasets have a color-matched regression line through the data
representing their QT-RR relationship. A black dashed line without datapoints has also been
included to represent the linear QT-RR relationship determined based on a hypothetical
population, similar to a general correction method. In both datasets presented in Figure 4A, a
datapoint is missing for an RR of 500 ms. If a researcher collecting this data was trying to estimate
the QT at those two missing datapoints, they would most likely use the relationship between QT
and RR from a dataset to predict the datapoint missing from that dataset. Figure 4B shows the
results of trying to estimate what that QT value should be based on the three relationship options
available. The color-matched square datapoints represent the estimated QT values, and each fall
on the line used to estimate them. While the results presented may be easy to predict, it
demonstrates the necessity to use an accurate estimation of the QT-rate relationship when
correcting. Had the population-based relationship been used to fill in the gaps it would have
underestimated the treatment datapoint and overestimated the vehicle datapoint. Similarly, if the
vehicle-based relationship was used to estimate the missing datapoint of the treatment data; the
value would have been severely underestimated, and vice versa. The point of this demonstration
is to raise a vital question about QT correction methods: if we expect to correct QT based on the
QT-rate relationship, is it appropriate to use a relationship from a different dataset?

General Correction Methods

So how do these QT correction methods effect the datapoints to produce the QTc values? Well,
each varies slightly, but when it comes to general correction methods like Bazett's they have a
fixed correction coefficient based on the historical population used to develop it [65]. The rate (HR
or RR) value is raised to the power of this fixed coefficient (0.5 in the case of Bazett’'s) and then
QT is divided by the result to shift it along the y-axis proportionally to the distance the rate value
is from the reference rate (60 bpm / 1000 ms for Bazett’s). Figure 5 demonstrates the effect of
Bazett's QT correction method (QTcB) on the data presented in Figure 4. In the figure the axis

and linear relationship lines have been extended out to 1000 ms to demonstrate the effect that
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correcting to this inappropriate rate has on the data. In Figure 5A, color-matched arrows have
been included to show where the data is being shifted to and how the magnitude of that shift
increases the further the data is from the reference rate. Figure 5B illustrates the results of using
QTcB, which has varying effectiveness in reducing the relationship slope depending on the
hypothetical treatment. This is likely due to the QT-RR relationship from the hypothetical vehicle

data more closely matching those seen in the population used by Bazett.
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Figure 5: Emulating the Effect of General QT Correction. The data in this figure is the same
simplified hypothetical data used in Figure 4. Hypothetical vehicle treatment data are represented
by the blue dots and hypothetical drug treatment data are represented by red dots. Color-matched
linear regressions are included to represent the QT-RR and QTc-RR relationships. These
regression lines and the x-axis have been extended out to 1000 ms to demonstrate the effects of
a general correction method that uses an outlying reference rate. (A) contains the original data
points, with color matched arrows demonstrating the direction and magnitude of data shift that
the correction will cause. (B) contains the results of the data after Bazett’'s QT correction.

It is important to note how the closer to the 1000 ms reference rate, the less shift seen in the
resulting line. Commonly used preclinical animal have faster heart rates and therefore lower RRs
than humans. Examples include cynomolgus monkeys and beagle canines which typically have
heart rates closer to 120 bpm (RR of 500 ms) and 80 bpm (RR of 750 ms), respectively. This
means that preclinical data corrected with QTcB will always be influenced by this biologically

irrelevant rate, further reducing the effectiveness of correction. The plots in Figure 5 also highlight
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the overestimation of QTc compared to the raw QT values. Not a single QTc value falls within the
range of the original data.

Individual Correction Methods

These inherent flaws in general correction methods, along with the understanding that the QT-
RR relationship will vary between subjects and occasions has led to an increased interest in linear
regression-based individual correction methods [128-131,135]. Individual corrections do not
assume that historical data sets are sufficient for understanding the rate relationship in an
individual subject. Instead, they assume that using data from an individual subject is the best way
to represent the QT-RR relationship of that subject on study. This is typically done using a linear
regression calculation to identify the line that best fits through the QT-RR data from a subject’s
ECG recording. Taking the slope from this resulting line to represent the relationship between the
two variables, the following formula can be used: QTc = QT — m*(Rate-RefR). This is a
modification of the standard linear equation: y = mx + b. On a QT vs RR plot, this linear equation
is equal to QT = m*RR + b, where “m” is the slope of the regression line through the data and “b”
is the y-intercept value of that line. In the individual correction method, the distance between a
rate value and the reference rate is used in place of x. This sets the equation to be relative to the
reference rate, setting a pseudo-axis to x = RefR, which means “b” would now refer to an intercept
at this pseudo-axis by a line with slope “m” that passes through the datapoint being corrected. By
calculating this intercept, the QTc value at RefR is determined. This is a concept that is easier to

demonstrate than describe, so Figure 6 has been included to help visualize this process.
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Figure 6: Emulating the Effect of Individual QT Correction. The data in this figure is the same
simplified hypothetical data used in Figures 4 and 5, except some randomly generated outlier
datapoints have been added so the confidence intervals around the color-matched linear
regression lines are now visible as grey shading. The vertical black dashed lines represent the
pseudo-axis at the reference rate (550 ms) that the individual correction methods calculate the
intercept of to estimate QTc. (A) contains the uncorrected data, with examples of how two data
points will be affected by the individual methods depending on the relationship utilized. The blue
squares represent the QTc values determined for the datapoints they are connected to using the
slope of the hypothetical vehicle data. The red squares represent the QTc values determined for
the datapoints they are connected to using the slope obtained from the hypothetical treatment
data. The color-matched dashed lines represent the slope used to calculate the QTc they're
connected to. (B) contains the QTc results using individual correction with the slope from the
hypothetical vehicle data. (C) contains the QTc results using individual correction with the slope
from the hypothetical treatment data.

In this figure, the same data from the previous two figures has been include in addition to some

randomly generated outlier data that more easily demonstrate how the method works. In Figure
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6A the corrected data is presented along with a vertical dashed line through the reference rate
used (550 ms). Two datapoints from each dataset are selected to demonstrate the effects of
correction, both associated with RR values of 525 ms. As described above, the individual
correction method will find the intercept of this vertical pseudo-axis based on a theoretical line
that passes through the datapoint with the slope selected by the researcher. Therefore, the result
of the individual correction is based on two factors, the RefR and slope used. The effects of
choosing different slopes are demonstrated in Figure 6A by the red and blue dashed lines
representing slopes derived from the hypothetical drug treatment and vehicle treatment data,
respectively. The color-matched squares connected to these lines represent the calculated QTc
value for the datapoint they are linked to. While the QTc values determined by the different
methods don’t appear to have provided QTc results that are too different for these datapoints, the
true effect of each method is presented in Figures 6B and 6C. Figure 6B contains the results from
using an individual correction method based on the QT-RR relationship observed in the vehicle
data. This provided near perfect correction of the hypothetical vehicle data, resulting in a flat
relationship between QTc and RR values. However, it seems to have under-corrected the
hypothetical drug treatment data, based on the positive slope of the regression line. The results
of the individual correction using the slope of the hypothetical drug treatment data seems to have
had the opposite outcomes (Figure 6C). In this plot, the hypothetical drug treatment data has been
corrected to a QTc-RR slope that is near zero, while the hypothetical vehicle treatment data has
been over-corrected (as evidenced by the negative slope). Figure 6 demonstrates how individual
correction methods correct the data around the reference rate and provides examples that support
the need to use slopes that accurately represent the QT-RR relationship of the data being
corrected.

The individual correction methods can be used to represent the QT-RR relationship more
accurately and therefore more effectively correct the data by minimizing the relationship between

QTc and RR. However, this requires the careful consideration of which data to use for the
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determination of the QT-RR relationship. As the simplified examples in Figure 6 suggest, it may
be most appropriate to use an on-treatment individual correction that calculates the QT-RR
relationship for every dataset it corrects. Doing this would provide more accurate estimation of
the relationship for that day, but this method is not without its own limiting assumptions.
Regardless of whether you use a single linear regression slope per subject, per day, or per
treatment, the individual correction method assumes that an estimate of the relationship through
the whole dataset is sufficient to represent the relationship of QT and RR at every measurement
timepoint. Additionally, it pre-assumes the QT-RR relationship before correction even begins. This
could be problematic if the drug effect being investigated is altering this relationship between QT
and RR. The burden of using this method must also be considered as it requires computationally
intense calculations that must be performed post-hoc, preventing researchers from evaluating
QTc during the study. An issue that is especially limiting for clinical use where physicians often
do not have the luxury of collecting the large amount of data necessary for regression or waiting
for that data to be collected.

The QT Ratio Method

To address the issues with the individual correction methods, while maintaining the efficacy they
provide, our research group developed a novel QT correction method designed to combine the
ease of using a general correction with the dynamic adjustment of using an individual method.
Most importantly, it avoids making assumptions about the rate relationship before correction so
that it can adapt to changes to the relationship over time. This novel correction method is called
the Ratio method and it focuses on using a relevant reference point as an assumption instead of
presuming the slope of the relationship. Currently, it relies on a species-specific y-intercept value
of 100 ms for NHPs. This was determined using linear regression on 42 NHP subjects to find a
mean y-intercept values. The way this method works is by using the slope formula to find a ratio
between the datapoint being corrected and the y-intercept. (y2-y1 / x2-x1), which also functions

as a slope between the two points. Using this datapoint specific slope within the same formula as
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the individual correction means that no slope assumptions are being made for any data point,
only the assumption that the y-intercept chosen was appropriate. This provides the following
formula adapted from the individual QT correction method: QTc = QT — ((QT - Yint) / (rate —
0))*(rate-RefR). The Ratio method can provide similar results as the individual methods without
the need for post-hoc computational analysis or large data sets, as this dissertation will explore
further in Chapter 4. For now, it seems appropriate to introduce this novel method while discussing
how these other more traditional methods function. Figure 7 contains the same data used in

Figure 6 to demonstrate how the Ratio method works.
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Figure 7: Emulating the Effect of the Novel Ratio QT Correction. The data in this figure is the
same used in Figure 6. Data from a hypothetical vehicle treatment are still represented by the
blue dots and hypothetical drug treatment data are still represented by red dots, while color-
matched lines represent the linear regression of the data. The vertical black dashed lines
represent the pseudo-axis at the reference rate (550 ms) that the individual correction and novel
Ratio methods calculate the intercept of to estimate QTc. (A) contains the uncorrected data, with
the x-axis extended back to 0 to present the y-intercepts of both linear regression lines. In this
plot the green dotted lines represent the Ratio method estimating the slope between the same
datapoints previously used and a fixed y-intercept value of 100 ms. This slope will then be used
in the same formula used for the individual corrections, except each datapoint will have a uniquely
calculated slope. The green dotted line has been extended through the data point until it intersects
with the pseudo-axis at the reference rate. Color-matched squares represent the calculated QTc
values from this method. (B) contains the same uncorrected data, but at the same scale used for
the individual corrections for better comparison. The slope estimated for each datapoint is
represented as a green dashed line connecting to the calculated QTc (C) contains the resulting
QTc values calculated by the Ratio method for every datapoint of both datasets.
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In Figure 7A, the same datapoints corrected in Figure 6 are once again being corrected, except
the slopes used are those calculated between the selected y-intercept value (100 ms) and the
datapoint (represented by the green dashed lines). The QTc value is calculated as the point that
a line with this slope (green), passing through this datapoint, intercepts the pseudo-axis (RR =
550 ms). The slopes of the green lines are unique to each datapoint being corrected. Figure 7B
contains the same uncorrected data but at a scale comparable to Figure 6. Figure 7C contains
the results of Ratio correction, showing that this method corrected both hypothetical datasets near
perfectly. Of course, no method is without any flawed assumptions. The Ratio method relies on
the assumption that the selected y-intercept value is sufficiently representative of the data being
corrected. By assuming the y-intercept value instead of slope this method should be more
effective at correcting QT in the presence of a drug effect changing the QT-RR relationship, but
less effective if the effect is directly on QT.

Testing the Effectiveness of Each Correction Method with Simulated Drug Data
Understanding how these methods work is necessary to improve QT correction. So far, this
chapter has demonstrated the function of each method using very simplified hypothetical data.
However, using more realistic simulated data would allow for deeper understanding. Linear
regression between QT and RR was performed using a 24-hour ECG recording from a NHP
treated with vehicle control. The resulting linear equation was used in conjunction with the that
subject’s RR values to estimate the QT values. This acted as a simulated vehicle control treatment
that was very similar to the original data (Data A). The equation was then modified to simulate the
effects of three hypothetical drug treatments that cause 10ms of QT prolongation by affecting QT,
RR, or the QT-RR relationship (Data B, C, and D, respectively). In the remaining pages of this
chapter, each of the previously mentioned correction methods are compared by their ability to
correct these four sets of simulated data. Using this simulated data with predetermined drug
effect, the effectiveness of each correction method is compared by the ability to minimize the

relationship between QTc and RR, the accuracy of detecting proarrhythmically-relevant QTc
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prolongation, and the variability of the resulting QTc values. Based on the assumptions each
correction method relies on, | hypothesize the following: 1) general Bazett’s correction method
(QTcB) will perform the worst in each category, 2) the dynamic adaptation to changes in the QT-
RR relationship will allow the Ratio method (QTcR) to provide the lowest variability and best
detection of drug effect in Data D, 3) the presumption of slope will benefit the individual methods
when detecting drug effect in Data C, with the on-treatment method (QTcT) performing better than
the vehicle only method (QTcV), and 4) each method will avoid detecting drug-induced QT
prolongation in Data B.

Methods

Subject Data

Original subject ECG data is from a randomly selected NHP implanted with a L21 model telemeter
device (Data Science International) and monitored over 24-hours during vehicle treatment. This
data was provided by Eli Lilly and Company and all animal procedures were approved of by the
Institutional Animal Care and Use Committee before collection. The ECG data from this subject
was used as a template to create a linear model to simulate drug effect.

Generating Simulated Data

A linear regression was performed between the QT and RR from the subject's ECG data. This
produced a linear equation (QT = 0.2773*RR + 95.5776) that was then used to calculate the
simulated QT values using the subject’s original RR values. These simulated QT values were
used as simulated vehicle control treatment data (Data A). This linear equation was then modified
to produce QT values representing the simulated effects of three hypothetical drug treatments.
Each simulated treatment was designed to cause a 10ms increase in QT at its maximum effect.
To achieve this change in effect strength a variable was used to modify the percent of effect
applied in relation to time from dose (perE). This variable was designed to increase the effect
rapidly in a linear fashion until the maximum effect (10 ms change in QT) was reached after 120

mins. The variable was then designed to slowly decrease the effect linearly until the end of the
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recording. First, it was modified to simulate a drug effect that acted on heart rate (Data B QT =
0.2773*(RR + 36.07*perE) + 95.5776). Second, it was modified to simulate a drug that acted
directly on QT (Data C QT =0.2773*RR + (95.5776 + 10*perE)). Both methods successful altered
the QT by the exact amount intended. However, the final simulated drug effect was on the QT-
rate relationship so the modifications to slope have a rate-dependent effect. Thousands of
modifying constants were tested to identify one that minimized this rate-dependent effect. This
final modified equation was used to simulate this drug effect on the QT-RR relationship (Data D
QT = (0.2773 + 0.015942*perE)*RR + 95.5776).

Analysis

QTc vs RR plots were used to gauge the ability of the correction methods to reduce the QTc-RR
relationship. Change in QT from vehicle was plotted over time to demonstrate their ability to detect

simulated drug effects. These plots also allowed for the comparison of variability.

QT Correction Methods
Methods Formulae Assumptions
General Correction (QTcB) QT Using a rate relationship

/RR/1000 from humans and correcting
to 1000 ms RR is relevant

for NHPs in all scenarios.
Individual Correction (QTcV, QTcT) | QT - m(RR — refRR) Deciding the rate
relationship before
correction is appropriate for
all time points.

Ratio Correction (QTcR) QT - z(RR — refRR) Deciding the y-intercept
before correction and using
the slope between it and
each datapoint will provide
more dynamic correction
Table 3: QT Correction Method Assumptions. Included are the QT correction methods used,
their formulae, and the assumptions intrinsic to each. QT: QT interval (ms), RR: RR interval (ms),
refRR: reference RR (550 ms), m: slope of linear regression, z: slope between reference y-

intercept (100 ms) and datapoint being corrected (RR, QT).

Bazett's general correction method (QTcB) was used to represent methods that rely on
inappropriate populations and fail to account for changes to rate relationships. Both individual

corrections used the slope of a linear regression as a subject-specific correction coefficient. One
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used vehicle treatment data to find a single coefficient (QTcV) and the other used data from each
treatment to find a coefficient specific to each (QTcT). These methods both assume
predetermining the slope of the relationship will not hinder detection of drug effect. Only QTcV
assumes no change in this relationship between treatment. The Ratio method (QTcR) assumes
this relationship is inconsistent, instead using a y-intercept value assumed to be relevant. Table

3 contains each method, their formulae, and their inherent assumptions.
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Figure 8: Simulated Vehicle Data from a Linear Model. These plots demonstrate the
similarities between real and simulated vehicle control ECG data. (A) QT vs Time from Dose
comparing the 1-minute mean datapoints of the original data (red) and simulated data (blue).
Sharp declines in QT at ~375mins correspond to scheduled blood draws. (B) QT vs RR plot
comparing the QT-RR relationships of the two datasets. Because the simulated data is created
using a linear model, all blue points fall along the blue linear regression line representing the
relationship. Also, since this model was created from the linear regression of the original data, the
simulated data perfectly overlaps the red linear regression line of the original data. (C) Simulated
QT values vs original QT values to demonstrate their correlation. (D) The RR values used for the
simulated data are the same as those from the original data, represented in this plot as a perfectly

straight correlation.

Before addressing the results of the simulated drug treatments and evaluating the effectiveness
of the correction methods, the validity of such simulations must first be demonstrated. In Figure 8

the vehicle control data simulated (Data A) by the linear model is compared to the original vehicle
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control ECG data. Figure 8A contains the 1-minute means from the ECG (red) plotted along with
the simulated 1-minute means (blue) over time from dose. This plot demonstrates the similar
pattern of distribution between the two datasets and, though the simulated has more variability
than the original, the two are closely related. As expected by the method the simulated data was
created, the two datasets have the same QT-RR relationship in Figure 8B. The correlation
between the original QT values and the simulated ones are confirmed in Figure 8C, while the fact

that both datasets use the same RR values is demonstrated in Figure 8D.
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Figure 9: QTc vs RR Plots of Simulated Treatment Data. These plots show QT or QTc vs RR
as indicated by the title boxes at the top of each plot. Each datapoint represents a simulated 1-
minute mean. The QT plot uses uncorrected QT values. The QTcB plot uses QT values corrected
with Bazett’s correction method. QTcR refers to QT values corrected with the novel Ratio method.
QTcV uses QT values corrected with an individual correction method that uses the slope of the
QT-RR relation obtained from the simulated vehicle data. QTcT uses QT values that were also
corrected with an individual correction, but the slopes used to correct each dataset were obtained
from the linear regression of that dataset.

With the simulation process justified, the ability of the correction methods to reduce the
relationship between QTc and RR can be compared. This is done using QT or QTc vs RR plots,
as presented in Figure 9. Each plot in this figure contains the results of different QT correction

methods, except for the first “QT” titled plot which uses uncorrected data. As demonstrated before
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in the hypothetical data of Figure 5, QTcB under-corrects and overestimated the QTc value.
Interestingly, this plot shows that the tail end furthest from the 1000 ms reference used by QTcB
has curved upwards. Perhaps it is reaching the limits of its correction ability at such low RRs or
this is an artifact from the fact that Bazett’'s method was based on a logarithmic assessment of
relationship instead of linear. The rest of the methods have similar reductions in the QT-RR
relationship as each other, though QTcT appears to perform the best with nearly flat relationships.

Meanwhile, QTcR is also demonstrating some curvature at the lower end of the RR range.

QT QTcB QTcR
20
154 a A
W1
D104 ”v\.';\k
SN ik S
N— \ i:
2 57 e .
< oy, .
o 01
>
E T T T 4‘
1500
.,g QTcV QTcT 0 500 1000
- 20
(@]
£ 154
() Data
2104 : Sim HR effect
o v im HR effec
e [ ) e + Sim QT effect
O 54 / \\ . \ Sim Slope effect
.y J
04 | | |1
(l) 560 10l00 15006 5(30 1000 1500

Time from Dose (mins)

Figure 10: Change in QTc from Simulated Vehicle Data Over Time. These plots contain the
difference between the simulated 1-minute mean QT or QTc data for each simulated drug effect
and the time match simulated vehicle data. Sharp declines in QT at ~375mins correspond to
scheduled blood draws. The first plot “QT” containing the uncorrected QT appears to be missing
the simulated for the HR effect treatment, but it is perfectly covered by the data for the simulated
QT effect treatment. This is because, unlike the rate-dependent slope effect in Data D, both the
QT and HR effects were precisely applied. The other plots contain the results of the QT correction
methods in their titles. QTcB: Bazett’'s QT correction, QTcR: Ratio QT correction, QTcV: Individual
correction using the QT-RR relationship from the simulated vehicle data, QTcT: “On-treatment”
individual correction using the QT-RR relationships of each dataset being corrected.

The most informative part of this analysis is how each method handles these different simulated
drug effects. Figure 10 contains the results of each correction method as the change from their

results on the simulated vehicle data. Each simulated drug effect was intended to produce a
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maximum change of 10 ms at 120 minutes from dose. The first plot of Figure 10 for “QT”
demonstrates that this was successfully performed by the HR effect simulation (red) and QT effect
simulation (green); so much so that the green line completely eclipses the red. Because of the
rate-dependent effectiveness of the slope effecting simulation (blue) the resulting data is much
more variable but still follows the same trend as the other two datasets. In the QTcB plot the
effects of each treatment has been overestimated and is variable. It even detects around 2.5 ms
of QTc prolongation from the simulated drug only designed to affect rate. QTcB did result in less
variability for the QT effect simulation than QTcR and less variability for the slope effect simulation
than QTcV. Other than a small blip around 375 minutes, QTcR did not mistake simulated drug
effect on rate for relevant QT prolongation. It also was able to successfully detect the QT
prolongation produced by the other two simulated drug effects, but it often overestimated
datapoints for the QT effect simulation, giving it the highest variability for that dataset. However,
it produced nearly perfect estimation of the QT prolongation created by the simulated effect on
slope, even eliminating the variability present in the uncorrected data. The only benefit QTcV
demonstrated overusing uncorrected QT was its ability to completely rule out any QT prolongation
from the HR effecting drug simulation. QTcT had similar results as QTcV, except it was better
able to reduce the rate-dependent variability in the slope effecting simulation.

Discussion

The results of this comparison confirmed many of my original hypotheses based on the nature of
each correction method. QTcB did indeed perform the worst in most categories, but it did produce
lower variability in its correction of the QT effecting simulation and the slope effecting simulation
compared to QTcR and QTcV, respectively. QTcR was confirmed to provide the lowest variability
and the best detection of drug effect in the slope effecting simulation. It also successfully corrected
away most of the rate effect from the HR effecting simulation. While QTcR did result in the highest
variability for the QT effecting simulation, the variability was in the form of overestimation of effect,

which is preferable to underestimation in this scenario. And finally, both individual correction
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methods were able to perfectly estimate the QT prolonging effect of the QT effecting simulation,
and QTcT outperformed QTcV in the other comparisons. | did expect each method to avoid
attributing the HR effects simulations of Data B to relevant QT prolongation. However, QTcB
incorrectly estimated it to have some effect on QT. These results support the fact that, while
general methods are easier to use, they are not as accurate as individual methods. However,
individual methods require a lot of data and computational power and are useless to someone
attempting a cursory glance at the data or a clinician trying to track a patient’s reaction to a drug
treatment in real time. The Ratio method takes the best of both options and provides an easy-to-
use method that can dynamically adjust to changing rate relationships. Not only does this ability
provide better correction than the general methods in most comparisons, but it was also the only
method capable of accurately dealing with a simulated drug effect acting directly on the QT-Rate
relationship. It's also so simple that a clinician could even use it while on rounds. It's important in
safety pharmacology studies to select the most appropriate correction method. The ICH
recommends that this is done by checking the resulting correlation between QTc and rate, the
variability of the QTc values, and sensitivity to detect drug effect [113]. The limited simulations
used for comparison were examples of how to compare correction methods to justify which is
selected and provided a promising start to this evaluation by demonstrating some of the benefits
and drawbacks associated with each method. However, understanding the factors that influence
these methods more, and comparing them using real drug treatment data is still required. These

aspects of the investigation will be tackled in chapters 3 and 4 of this dissertation, respectively.
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CHAPTER 3:

IDENTIFYING UNCONTROLLED FACTORS THAT INFLUENCE QT CORRECTION

Modified from: Ether ND, Jantre SR, Sharma DB, Leishman DJ, Bailie MB, Lauver DA. Improving
corrected QT; Why individual correction is not enough. J Pharmacol Toxicol Methods. 2022 Jan-
Feb;113:107126. doi: 10.1016/j.vascn.2021.107126. Epub 2021 Oct 13. PMID: 34655760.
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Abstract

The use of QT-prolongation as a biomarker for arrhythmia risk requires that researchers correct
the QT interval (QT) to control for the influence of heart rate (HR). QT correction methods can
vary but most used are the general correction methods, such as Bazett’s or Van de Water’s, which
use a single correction formula to correct QT intervals in all the subjects of a study. Such methods
fail to account for differences in the QT-HR relationship between subjects or over time, instead
relying on the assumption that this relationship is consistent. To address these changes in rate
relationships, we test the effectiveness of linear and non-linear individual correction methods. We
hypothesize that individual correction methods that account for additional influences on the rate
relationship will result in more effective and consistent correction. To increase the scope of this
study we use bootstrap sampling on ECG recordings from non-human primates and beagle
canines dosed with vehicle control. We then compare linear and non-linear individual correction
methods through their ability to reduce HR correlation and standard deviation of corrected QT
values. From these results, we conclude that individual correction methods based on post-
treatment data are most effective with the linear methods being the best option for most cases in
both primates and canines. We also conclude that the non-linear methods are more effective in
canines than primates and that accounting for light status can improve correction while examining
the data from the light periods separately. Individual correction requires careful consideration of

inter-subject and intra-subject variabilities.
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Introduction

An important aspect of the drug development process is the screening of drug candidates for their
risk of inducing arrhythmias, such as TdP, in the clinical population [41,67,154]. Concerns about
drug induced arrhythmias are one of the leading causes of discontinued development and use
restrictions due to their potentially fatal outcomes [155]. Preclinical assessments of a candidate’s
risk of producing these arrhythmias are vital to protect patients from adverse events and reduce
excess investment in drug candidates that may eventually fail in the clinic due to this liability.
While drug induced arrhythmias are potentially fatal, they can also be quite rare in many patient
populations [140]. For example, TdP has an incident rate ranging from 1 in 20 for drugs
considered highly proarrhythmic to 1 in 100,000+ in non-cardiac related drugs that are still
considered unsafe [40]. Due to the rarity of incidence, relying on identification of arrhythmias in
preclinical and clinical study populations is not enough to protect the much larger patient
populations. This is why safety pharmacology studies focus on a compound’s effect on the
electrocardiogram (ECG) QT interval (QT) which, when prolonged, can lead to early after
depolarizations in cardiomyocytes that can propagate arrhythmias [40,120]. For these reasons,
the International Conference on Harmonization (ICH) published recommendations to use QT
prolongation as a biomarker for drug induced arrhythmia risk [44,45]. However, the QT interval
is highly variable and correction methods must be used to control for that variability. Heart rate
(HR) is the principal driver of QT variability due to their inverse relationship; the slower the heart
rate, the longer the QT interval. Because of this, QT correction methods typically focus on
controlling for that relationship to reduce variability [148,150]. While these correction methods are
useful due to their high sensitivity, their specificity is lacking [68]. To increase specificity and better
translate methods between species, ICH is currently evaluating how best to improve arrhythmia
risk predictions [139].

Many of the ICH recommendations involve improving the selection and validation of QT correction

methods used in studies on arrhythmia risk. It is important to select a method that accurately
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accounts for sources of QT interval variability, which differs by species and likely even by subject
[151]. Without selecting an appropriate correction method, the variability of QT can hinder the
measurement of drug effects on QT prolongation. Multiple methods have been developed for
correcting QT for heart rate which can be categorized as either general QT correction methods
or individual QT correction methods. General correction methods are fixed formulae that adjust
the QT interval based on the related heart rate. These fixed formulae are based on limited
populations and assume a fixed relationship between QT and heart rate. Inherently, the
effectiveness of each general correction method varies by species and perhaps even by subject.
Using a general QT correction method fails to account for differences in the QT-HR relationship
between subjects. They also assume that this relationship is fixed, when literature reports have
demonstrated that it can vary over time [128]. Other variables may also influence this relationship,
such as environmental factors and drug effects [156,157]. Recently there is increased interest in
individual QT correction methods, which have the potential to account for more influences on QT
and address variations in the QT-HR relationship between subjects [135,158]. Individual
correction methods use data from a subject to identify a more specific rate relationship, which is
then used in the correction formula. This provides a way to account for the inter-subject
differences in rate relationship. In contrast, general correction methods use a single formula for
all subjects, regardless of their specific QT-HR relationship.

General QT correction methods are commonly used in clinical and preclinical safety studies, likely
due to their ease of use and widespread literature support. However, as evidence of variable QT-
HR relationships increases, and data analysis becomes easier, individual QT correction methods
have become more viable and important. The variability of this rate relationship is not limited to
inter-species differences, as inter-subject differences have also been demonstrated [130].
Additionally, intra-subject variations in this QT-HR relationship can occur over time [128,159]. The
presence of these variations in the QT-HR relationship calls into question the viability of general

QT correction methods, which cannot account for these factors and therefore cannot be equally
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effective for all subjects. Outside of the general variations between subjects, the light cycle and
time of day have also been associated with changes in the QT-HR relationship, explained in part
by physiological differences linked to circadian rhythm and autonomic tone [160,161]. It is also
possible that this relationship may be affected by the treatments being studied [25,162]. Using
general correction methods that fail to account for these variations could result in different
correction results depending on the subject, the day, the time, or even the drug plasma
concentration at the time of recording. Without accounting for these variations, general correction
methods may be unsuitable for use when comparing results between subjects and treatments,
which is often the case during arrhythmia risk studies. For these reasons we hypothesize that
using QT correction methods based on linear and non-linear regressions of individual QT-HR
relationships will result in more consistent correction and reduced variability in QTc values. To
illustrate the importance of accounting for these variations in the QT-HR relationship we will use
canine and primate ECG recordings to test multiple general and individual correction methods by
comparing their abilities to correct for the QT-HR relationship and reduce variability. Comparing
these methods and identifying the factors that influence their accuracy is the first step to promoting
a standardized protocol for selecting QT correction methods and validating their results.
Methods

Data used in this study were provided to us by Eli Lilly & Co. (Indianapolis, IN) from eight
toxicology studies that were performed on 34 cynomolgus non-human primates (NHP) and 36
beagle canines (BK9) fitted with jacketed telemeters. Subjects were age matched and both
species included an equal number of males and females. The housing rooms utilized a controlled
light cycle with 12 hours of lights on followed by 12 hours of lights off. After allowing the subjects
to acclimate to the jacketed telemeters, a 24-hour ECG recording was collected on one pre-
treatment day and two post-treatment days for each subject. These raw recordings were
processed, and the resulting 1-minute mean summarization of ECG intervals were used for further

analysis. Summarizations included the 1-minute means for QT and RR intervals, analysis time,
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and subject information for each minute of an ECG recording. For each subject, a pre-treatment
recording day was used for the pre-treatment correction methods and two post-dose recording

days were used for analysis.

QT Correction Methods
Correction Methods Formula
General Methods
Bazett's Correction (QTcB) QT / (RR/ RefRR)"?
Van de Water’s Correction (QTcVa) QT - 0.087 (RR - RefRR)
Individual Methods
Linear Correction (IQTc) QT -(m*RR +b)+ (m* RefRR + b)
Hyperbolic Correction (hQTc) QT-(a/RR+c)+ (a/RefRR +c)

Table 4: QT Correction Method Formulae. Two general and two individual correction methods
are presented. Bazett's and Van de Water’s correction methods were selected as the general
methods because they are typically used for primates and canines, respectively. The first
individual correction (IQTc) is based on the linear regression of the QT and RR values from an
ECG recording. The second individual correction (hQTc) method is based on the hyperbolic
regression of the QT and RR values determined using nonlinear least squares estimates. For
both individual corrections, the relationship formulas are used to estimate a QT value based on
RR and RefRR. To find the corrected QT value (QTc) the difference between the actual QT and
the RR-estimated QT value for that minute is added to the RefRR-estimated QT value. QT: 1-
minute mean QT interval (ms), RR: 1-minute mean RR interval (ms), RefRR: Species specific
reference RR interval (NHP: 550ms, BK9: 750ms), m: linear variable representing slope, b: linear
variable representing y-intercept, a: hyperbolic variable affecting foci distance, c: hyperbolic
variable affecting position along y-axis

The correction formulae used in this study are outlined in Table 4. These formulae contain
representations of the heart rate as RR, which is a measure of the period between ECG
waveforms. The time between waveform beats is directly linked to the number of beats per minute
and using RR allows for direct comparisons between 1-minute means of QT and RR. This also
allows for consistent use of the milliseconds unit in the formulae. In these formulae, QT is the 1-
minute mean QT interval (ms) value being corrected, RR is the 1-minute mean RR interval value
for the same minute as QT, and RefRR is the species-specific reference RR interval. The RefRR

used for NHPs is 550ms, equivalent to a HR of about 109bpm, and the RefRR used for BK9s is
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750ms, equivalent to 80bpm. The general correction methods used were based on Bazett’'s [QT
/ (RR / RefRR)1/2] and Van de Water’'s [QT — 0.087 (RR - RefRR)] corrections which were used
for NHP and BK9 subijects, respectively [79,127]. Typically, these methods would divide RR by
1000 to convert into seconds, based on an assumed 60 bpm reference rate. As we have found
this causes the general methods to overcorrect their QTc estimates, they have been modified to
instead divide by the reference RR to provide a more appropriate comparison. The individual
linear (IQTc) and hyperbolic (hQTc) corrections are based on the following formulae, respectively:
[QT - (M * RR + b) + (m * RefRR + b)] and [QT - (a/ RR + ¢) + (a / RefRR + c)]. In the linear
formula ‘m’ refers to the slope of the linear regression, while ‘b’ refers to the y-intercept of that
regression. In the hyperbolic formula, ‘a’ and ‘c’ are variables in the hyperbolic regression that
affect the foci distance and position along the y-axis for the hyperbola.

As described in Table 5, these methods are divided into sub-methods based on the time period
used for the correction, e.g. baseline day, treatment night, etc. In the Pre-treatment correction
methods (IQTcP, hQTcP), we test the assumption that the QT-RR relationships of a subject’s pre-
treatment data are indicative of the QT-RR relationship in a post-dose recording. Several lines of
research seek to implement this type of individual correction [135,149]. For these Pre-treatment
sub-methods, each subject had a single correction formula based on the linear or hyperbolic
regression of the QT-RR relationship throughout the whole pre-treatment recording. Expanding
on this method, the Pre-treatment Lights sub-method (IQTcPL, hQTcPL) was used to explore the
impact of differences in the QT-RR relationship between lights-on and lights-off in the pre-

treatment method.
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Individual Correction Sub-Methods Regression Data Source

Pre-treatment (IQTcP / hQTcP) Subject’'s ECG recording taken before treatment
(24-hours)

Pre-treatment Lights (IQTcPL / Subject’'s ECG recording taken before treatment

hQTcPL) (12-hours based on light status)

Treatment (IQTcT / hQTcT) Subject’'s ECG recording taken during treatment
(24-hours)

Treatment Lights (IQTcTL / hQTcTL) Subject’'s ECG recording taken during treatment
(12-hours based on light status)

Table 5: Individual QT Correction Sub-Methods. The two individual correction methods use
different regression formulae to represent the relationship between QT intervals (ms) and RR
intervals (ms), but they use the same data set to determine that relationship. There are multiple
options for data sources when it comes to individual correction, so sub-methods are defined by
which period of data is used to determine the relationship for the individual correction. The Pre-
treatment sub-methods use a subject's ECG recording obtained before treatment began,
providing one relationship formula (per method) to be used for that subject’s corrections. The Pre-
dose Lights sub-methods use that same recording but splits it into two 12-hour segments based
on the light status at the time of each measurement. This results in two relationship formulae (per
method) for each of that subject’s corrections, which is determined by the light status when the
QT interval being corrected was measured. The Treatment sub-methods use the same ECG
recording that contains the QT interval being corrected. Similarly, the Treatment Lights sub-
method uses the ECG recording that contains the QT interval being corrected, but only the12-
hours of that recording that were measured during the relevant light status.

With these sub-methods, each subject had two correction formulae used, with both formulae using
the subject’s pre-treatment data but two different regressions performed based on light status.
The third set of individual correction sub-methods is the Treatment method (IQTcT, hQTcT) which
assumes that using the QT-RR relationship observed on the day of recording (on-treatment) is
most appropriate. These methods assume that the pre-treatment sub-methods fail to account for
day-to-day changes to, and treatment effects on, the QT-RR relationship. For these methods, the
formula has a unique regression for each recording day. Similar to how the pre-treatment lights
sub-methods expanded on the pre-treatment sub-methods, the Treatment Lights sub-methods
(IQTcTL, hQTcTL) splits the QT-RR relationships based on light status. In this scenario, each
recording has two formulae for correction, determined by the light status at the time of QT interval

measurement.
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QT Relationships and Variability

For the linear individual corrections, we performed linear regressions on 1-minute means for QT
intervals and their corresponding RR intervals to characterize the relationship from an ECG
recording. The slopes and y-intercepts of these regression lines were then used in the individual
correction methods. These regression lines will be represented by straight lines through any
scatterplots involving QT and rate. For hyperbolic individual corrections, we used non-linear least
squares to perform a regression on the QT-RR data using a hyperbolic formula. This provided us
with values for the two variables of the hyperbolic formula that resulted in the best fit through the
QT-RR relationship. Since the goal of QT corrections is to remove the influence of heart rate on
the QT interval, the success of a method is in part determined by its ability to produce corrected
QTc values independent of heart rate. To test this, the correlation between QTc values and HR
were determined using Spearman rank correlation coefficients. This was chosen over the Pearson
correlation coefficients due to the non-parametric nature of continuous biological recordings [163].
This non-parametric attribute of the data was confirmed using the Shapiro-Wilk test of normality
[164]. Correlation coefficients results are in a range between 0 and 1, with O representing no
correlation and 1 representing complete correlation. For a single recording, the correlation
between HR and the QTc values from each method was determined. The method with the lowest
correlation coefficient was considered to have the strongest correction for that recording. This
provides insight into how well a method can correct to a reference rate, but it is also necessary to
compare how much variability each method produces. Theoretically, if a correction method
introduced high variability into the resulting QTc values the correlation between those values
would be minimal, but the high variation would make detecting drug effect on QT improbable.
Standard deviation of QT and QTc values were compared to identify the correction method with
the greatest reduction in the range of QTc values. Low variability in QTc reduces the noise when

measuring drug effect and increases our confidence in the results of the correlation comparison.
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Bootstrap Resampling and Statistical Analysis

Bootstrap methods are resampling techniques which we used to quantify and validate the results
observed in the individual subjects [165]. These methods provide more data by randomly
sampling with replacement from an original ECG recording to simulate thousands of potential
sample recordings from each post-dose recording. Each recording was first separated into lights
on and lights off data sets to ensure the difference in environment was maintained in the simulated
recording. Then, for every minute of the simulated recording, a minute from the original recording
was randomly sampled with repeat sampling allowed. Once this is done for both lights on and
lights off data sets, the resulting samples were combined into one simulated recording. The
process was repeated 1000 times for both post-dose recordings from each subject, resulting in
68,000 and 72,000 24-hour simulated recordings for primates and canines, respectively. The
standard deviation and the correlation to HR was then calculated for the QTc values from each
correction method as well as for the original QT values. This provided two data points for each
method per simulated recording which were used to identify the method that resulted in the lowest
correlation and the method that resulted in the lowest standard deviation for each recording. For
each method we tallied how many recordings it resulted in the lowest correlation and how many
recordings it resulted in the lowest standard deviation. We then compared these results using the
pairwise.prop.test() function from the R stats package to identify significance in the difference
between methods [166]. Additionally, the correlation coefficients and standard deviations were
used to create boxplots to compare the variation and means of these results. The statistical
significance of these differences was determined using the pairwise.t.test() function from the R
stats package. In this study, significance was defined by P-values less than 0.05.

Results

QT-RR Relationship Over Time

Examples of QT vs RR graphs for an individual subject on multiple days are shown for NHP and

BK9 in Figure 11 and Figure 12, respectively. In these figures the relationship between the
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intervals is represented by three regression lines; one line for the QT-RR relationship while lights
are on (blue, long-dashes), one for the relationship while the lights are off (red, solid), and a third
to represent the relationship over the entire 24-hour recording (black, short-dashes). Over the
course of the study, the relationship between QT and RR is inconsistent and even varies by light
status. We found a varying relationship to be observable throughout the data regardless of the
subject’s sex or species but found that it was typically the QT-RR relationship while lights are on
that varies the most. Noting these differences during previous studies is what first led to doubts

about the usefulness of general QT corrections, such as Bazett's and Van de Water's methods.
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Figure 11: NHP Example of the Change in QT-RR Relationship Over Time. QT vs RR plots
from a representative male non-human primate over three days. The day number at the top of the
graph is relative to the day vehicle control was administered. The data are separated based on
the light status at each time point. The lines represent the slope of the linear regression and have
been extended for visibility. The blue long-dashed line and triangular points represent data
recorded while lights were on. The red solid line with the circular points represents data recorded
while the lights were off. The short-dashed black line represents the QT-RR relationship for the
entire 24-hour recording. Unique subject ID: S01G01P0002M
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Figure 12: BK9 Example of the Change in QT-RR Relationship Over Time. QT vs RR plots
from a representative male beagle canine over three days. The day number at the top of the graph
is relative to the day vehicle control was administered. The data are separated based on the light
status at each time point. The lines represent the slope of the linear regression and have been
extended for visibility. The blue long-dashed line and triangular points represent data recorded
while lights were on. The red solid line with the circular points represents data recorded while the
lights were off. The short-dashed black line represents the QT-RR relationship for the entire 24-
hour recording. Unique subject ID: S04G01D0001M

Bootstrap Sampling and Method Comparison

To simplify the presentation and increase the accuracy of these comparisons, bootstrap sampling
was used to simulate 68,000 NHP and 72,000 BK9 sample recordings. These were then used to
determine how frequently each method resulted in the lowest QTc-HR correlation and how
frequently each method resulted in the lowest standard deviation as described in the methods
section. The NHP results of these comparisons are presented in Table 6, in which IQTcT has the

lowest QTc-HR correlation significantly more often than all other methods when examining the

entire 24-hour period of each sample.
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Lowest Heart rate Correlation Lowest Standard Deviation
. 24-hour  12-hour 12-hour  24-hour  12-hour 12-hour
ar ﬁg{;ﬁ'm Lights On Lights Off Lights On  Lights Off
Count Count Count Count Count Count
(%) (%) (%) (%) (%) (%)

None 0 0 0 0 0 0
(QT) (0.0)* (0.0) * (0.0) * (0.0) ~ (0.0) ~ (0.0) ~
Bazett’s 4,670 1,958 3,124 7,820 1,949 7,464
(QTcB) (6.9) " (2.9)* 46)* @(11.5* (2.9)* (11.0)*
Linear Pre- 4,373 3,501 4,974 0 0 0
treatment (6.4)* (5.1)~ (7.3)~ (0.0) ~ (0.0) ~ (0.0) ~
(IQTcP)
Linear Pre- 3,114 3,637 3,954 2,933 0 0
treatment Lights (4.6) * (5.3) ~ (5.8)* 4.3)* (0.0) ~ (0.0) ~
(IQTcPL)
Linear Treatment 39,396 3,954 3,412 30,322 0 0
(IQTcT) (57.9) * (5.8)* (5.0)* (446)" (0.0) ~ (0.0) ~
Linear Treatment 3,839 38,715 27,054 13,619 45,023 37,842
Lights (IQTcTL) (5.6) " (56.9) * (39.8)* (20.0)* (66.2) * (55.7) *
Hyperbolic Pre- 2,646 1,072 4,988 0 0 0
treatment (3.9)* (1.6)* (7.3)~ (0.0) ~ (0.0) ~ (0.0) ~
(hQTcP)
Hyperbolic Pre- 2,891 3,057 2,404 2,512 0 0
treatment Lights (4.3)* 4.5)* (3.5)* (3.7)* (0.0) ~ (0.0) ~
(hQTcPL)
Hyperbolic 5,747 1,629 5,342 7,453 0 0
Treatment (8.5) (2.4)* 79)* (11.0)* (0.0) ~ (0.0) ~
(hQTcT)
Hyperbolic 1,324 10,477 12,748 3,332 21,028 22,694
Treatment Lights (1.9)* (15.4) * (18.7) * (4.9)* (30.9) * (33.4)
(hQTcTL)

Table 6: NHP Bootstrap Comparison. Two post-treatment ECG recordings from 17 male and
17 female NHP subjects were bootstrap resampled 1,000 times to create 68,000 simulated ECG
sample recordings. For each sample, the Spearman correlation coefficient was determined
between heart rate and the results of each QT correction method. The standard deviation of each
method’s results was also determined for each sample. For each method, the number of samples
in which that method had the lowest correlation and the number of samples in which that method
had the lowest standard deviation were counted. The counts were then used to find the proportion
of the 68,000 samples for pairwise comparison. These analyses were performed on both light
periods of each recording and the entire recording. Each column refers to the same 68,000
samples, only varying in the time-period being examined and/or the comparison being made.
Percentages are rounded up to the nearest tenths place. Significance is defined as P-value <
0.05.

* results are significantly different from all other results in that column.

~ or # results are significantly different from all other results in that column, except for the other
results that share the same symbol.
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Lowest Heart rate Correlation Lowest Standard Deviation
: 24-hour  12-hour 12-hour 24-hour 12-hour 12-hour
ar ,ﬁgt';i‘;tm" Lights On Lights Off Lights On  Lights Off
Count Count Count Count Count Count
(%) (%) (%) (%) (%) (%)

None 0 0 147 0 0 0
(QT) (0.0) * (0.0) * (0.2)* (0.0) ~ (0.0) ~ (0.0) ~
Van de Water’s 989 3,715 310 0 0 0
(QTcVa) (1.4)* (5.2)* (0.4)* (0.0) ~ (0.0) ~ (0.0) ~
Linear Pre- 7,602 1,422 3,096 0 0 0
treatment (10.6) * (2.0)* (4.3)~ (0.0) ~ (0.0) ~ (0.0) ~
(IQTcP)
Linear Pre- 1,301 2,528 5,317 656 0 0
treatment Lights (1.8)* (3.5) ~ (7.4)* (0.9) * (0.0) ~ (0.0) ~
(IQTcPL)
Linear 24,660 3,209 2,999 1,191 0 0
Treatment (34.3) " (4.5)* 4.2) ~ (1.7)~* (0.0) ~ (0.0) ~
(IQTcT)
Linear 2,824 21,315 17,851 5,059 9,375 8,439
Treatment Lights (3.9~ (29.6) * (24.8) * (7.0)* (13.0) * (11.7)*
(IQTcTL)
Hyperbolic Pre- 4,695 5,066 5,813 1 0 2
treatment (6.5)* (7.0)* 8.1)* (0.0) ~ (0.0) ~ (0.0) ~
(hQTcP)
Hyperbolic Pre- 2,834 4,203 6,669 4,327 0 1
treatment Lights (3.9) ~ (5.8)* (9.3) " (6.0) * (0.0) ~ (0.0) ~
(hQTcPL)
Hyperbolic 21,444 2,610 9,314 40,000 0 2
Treatment (29.8) * (3.6) ~ (12.9)* (55.6) * (0.0) ~ (0.0) ~
(hQTcT)
Hyperbolic 5,651 27,932 20,484 20,766 62,624 63,556
Treatment Lights (7.8) " (38.8) * (28.5) * (28.8) * (87.0) * (88.3) *
(hQTcTL)

Table 7: BK9 Bootstrap Comparison. Two post-treatment ECG recordings from 18 male and
18 female BK9 subjects were bootstrap resampled 1,000 times to create 72,000 simulated ECG
sample recordings. For each sample, the Spearman correlation coefficient was determined
between heart rate and the results of each QT correction method. The standard deviation of each
method’s results was also determined for each sample. For each method, the number of samples
in which that method had the lowest correlation and the number of samples in which that method
had the lowest standard deviation were counted. The counts were then used to find the proportion
of the 72,000 samples for pairwise comparison. These analyses were performed on both light
periods of each recording and the entire recording. Each column refers to the same 72,000
samples, only varying in the time-period being examined and/or the comparison being made.
Percentages are rounded up to the nearest tenths place. Significance is defined as (p-value <
0.05).

* results are significantly different from all other results in that column.

~ or # results are significantly different from all other results in that column, except for the other
results that share the same symbol.
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However, when examining only the lights on or lights off periods, the IQTcTL method has the
lowest correlation more often than all other methods. The hQTcTL methods have the second-
best results for the light periods. Similar results were observed during the standard deviation
comparison. These comparisons were also performed using the BK9 samples, the results of
which are presented in Table 7. From these BK9 data it is evident that the IQTcT method also
had the lowest QTc-HR correlation more often than other methods when examining the entire
24-hour period. However, the hQTcT performance was similar. When examining either of the
12-hour light periods, the hQTcTL method had the lowest correlation most often when
examining either of the 12-hour light periods, while IQTcTL performance was similar.
Interestingly, the BK9 results demonstrate that the hyperbolic individual corrections produced
the lowest standard deviation more often than all other methods no matter which time-period
was examined. When examining the entire 24-hour period, hQTcT performed best, while
hQTcTL performed best during the two 12-hour light periods. Linear correction methods appear
to be better suited for NHP subjects, while hyperbolic correction methods appear to be better
suited for BK9 subjects.

Tables 5 and 6 indicate how frequently each method outperformed the others, but they say
nothing of the quantitative difference between the results of these methods. To address this, the
correlation coefficients and standard deviations used to determine the results of these tables were
used as datapoints in the box and whisker plots presented in Figures 13-16. The NHP correlation
comparisons are presented in Figure 13. Figure 13A represents results from the entire recording,
Figure 13B represents the results during lights-on, and Figure 13C represents the results during
lights-off. As expected from Table 6, IQTcT had the lowest median and mean correlation when
examining the entire 24-hour period, while IQTcTL had the lowest mean and median correlation
for the 12-hour light periods. Notably, the distribution of correlation coefficients is smaller in the

methods with the comparative highest or lowest medians.
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Figure 13: Box and Whisker Plots Comparing HR Correlation from NHP Bootstrap Data.
Two post-treatment ECG recordings from 17 male and 17 female NHP subjects were bootstrap
resampled 1,000 times to create 68,000 simulated ECG sample recordings. For each sample, the
Spearman correlation coefficient was determined between heart rate and the results of each QT
correction method. Each coefficient was then plotted in these box and whisker plots to compare
the mean, median, and variation in QT-HR correlation results. The data presented in (A) are from
the whole 24-hours, the data presented in (B) are from the 12-hour lights on, and the data
presented in (C) are from the 12-hour lights off period of the recordings. The center horizontal line
in a box represents the median value, while the hollow diamonds represent the mean value. The
length of the box is equal to the interquartile range (IQR), while the top and bottom of the box
represent the upper and lower quartile range. The whiskers represent the extremes in the
distribution. If a whisker has no circles past its reach, then it represents the length between the
furthest data point and the box. If there are circles past the reach of the whisker then that whisker
has a length 1.5*IQR, while the circles outside its reach represent outlying data points. All
methods are significantly different from all other methods in their plots except: (B) IQTcPL /
hQTcPL, (C) QTcB / IQTcP. Significance defined as a P-value < 0.05
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Figure 14: Box and Whisker Plots Comparing HR Correlation from BK9 Bootstrap Data.
Two post-treatment ECG recordings from 18 male and 18 female BK9 subjects were bootstrap
resampled 1,000 times to create 72,000 simulated ECG sample recordings. For each sample, the
Spearman correlation coefficient was determined between heart rate and the results of each QT
correction method. Each coefficient was then plotted in these box and whisker plots to compare
the mean, median, and variation in QT-HR correlation results. The data presented in (A) are from
the whole 24-hours, the data presented in (B) are from the 12-hour lights on period, and the data
presented in (C) are from the 12-hour lights off period. The center horizontal line in a box
represents the median value, while the hollow diamonds represent the mean value. The length of
the box is equal to the interquartile range (IQR), while the top and bottom of the box represent
the upper and lower quartile range. The whiskers represent the extremes in the distribution. If a
whisker has no circles past its reach, then it represents the length between the furthest data point
and the box. If there are circles past the reach of the whisker then that whisker has a length
1.5*IQR, while the circles outside its reach represent outlying data points. All methods are
significantly different from all other methods represented in their plots. Significance defined as a
P-value < 0.05
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The results of the BK9 correlation boxplots are presented in Figure 14, with Figures 14A, 14B,
and 14C covering the 24-hour, lights-on, and lights-off periods, respectively. Like the NHP data,
the QTcT methods performed better during the whole recording, while the QTcTL methods
performed better during the two light periods. Linear and hyperbolic corrections had similar
reductions in correlation, but the hyperbolic methods generally have lower variability. The
standard deviation values from the NHP samples are presented as box and whisker plots in Figure
15, while the BK9 standard deviation results are presented in Figure 16. These figures
demonstrate that standard deviation reduction is consistent between all the methods, remaining
within a range of 5-10ms. This contrasts the data presented in Tables 5 and 6, which presented
a clear difference between the methods. This is because Tables 5 and 6 show which methods
most consistently outperform the other methods, while figures 13-16 depict the quantifiable
differences between the results. This means that, while the standard deviations of each method

may be comparable, some methods are consistently better than others.
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Figure 15: Box and Whisker Plots Comparing Standard Deviation of NHP Bootstrap Data.
Two post-treatment ECG recordings from 17 male and 17 female NHP subjects were bootstrap
resampled 1,000 times to create 68,000 simulated ECG sample recordings. For each sample, the
standard deviation of the results from each QT correction method was determined. Each value
was then plotted in these box and whisker plots to compare the mean, median, and variation in
the results. The data presented in (A) are from the whole 24-hours, the data presented in (B) are
from the 12-hour lights on period, and the data presented in (C) are from the 12-hour lights off
period. The center horizontal line in a box represents the median value, while the hollow diamonds
represent the mean value. The length of the box is equal to the interquartile range (IQR), while
the top and bottom of the box represent the upper and lower quartile range. The whiskers
represent the extremes in the distribution. If a whisker has no circles past its reach, then it
represents the length between the furthest data point and the box. Circles past the whisker means
that whisker has a length 1.5*IQR, while the circles outside its reach represent outlying data
points. All methods are significantly different from all other methods in their plots except: (A) IQTcP
/1QTcPL, and IQTcTL / hQTcT, (B) IQTcP / hQTcPL, (C) IQTcP / hQTcP. Significance defined as
a P-value < 0.05
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Figure 16: Box and Whisker Plots Comparing Standard Deviation of BK9 Bootstrap Data.
Two post-treatment ECG recordings from 18 male and 18 female NHP subjects were bootstrap
resampled 1,000 times to create 72,000 simulated ECG sample recordings. For each sample, the
standard deviation of the results from each QT correction method was determined. Each value
was then plotted in these box and whisker plots to compare the mean, median, and variation in
the results. The data presented in (A) are from the whole 24-hour recording, the data presented
in (B) are from the 12-hour lights on period of the recording, and the data presented in (C) are
from the 12-hour lights off period. The center horizontal line in a box represents the median value,
while the hollow diamonds represent the mean value. The length of the box is equal to the
interquartile range (IQR), while the top and bottom of the box represent the upper and lower
quartile range. The whiskers represent the extremes in the distribution. If a whisker has no circles
past its reach, then it represents the length between the furthest data point and the box. If there
are circles past the reach of the whisker then that whisker has a length 1.5*IQR, while the circles
outside its reach represent outlying data points. All methods are significantly different from all
other methods in their plots except: (B) hQTcPL / hQTcT. Significance defined as a P-value <
0.05
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Lights On vs Lights Off - Change in QT Interval

While investigating the effectiveness of QT correction methods, we observed an unexpected
characteristic of BK9. During periods of light, subjects are generally more active and therefore
have faster and more variable HR values; while subjects typically rest during dark periods,
resulting in slower and more consistent heart rates. With what is known about the relationship
between heart rate and the QT interval, it is reasonable to assume that when the HR slows during

rest the QT interval will become prolonged.
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Figure 17: NHP - Differences in QT-RR Relationships Between Light Status. The QT-RR
relationship plots for pre-treatment recordings of three non-human primate subjects are displayed,
with their unique subject ID displayed above each plot. RR is used instead of heart rate to conform
to industry standard practice for presenting primate subject data. Each plot contains the data from
a subject’s pre-treatment ECG recording, color and shape coded by light status. The lines
represent the slope of the linear regression and have been extended for visibility. The blue long-
dashed line and triangular points represent data recorded while lights were on. The red solid line
with the circular points represents data recorded while the lights were off. The short-dashed black
line represents the QT-RR relationship for the entire 24-hour recording. Each point represents a
1-minute mean value of QT and its corresponding 1-minute mean HR value.
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The non-human primate data aligns with this assumption, as seen in Figure 17. Pre-treatment
recordings of three randomly selected NHP subjects are displayed in this figure as the relationship
between QT and RR. In all three subjects most data from the 12-hour period when lights were off,
have slower heart rates (longer RR) and have relatively longer QT than those from the lights on
period. In contrast, the data from beagle canines contradicts our assumptions, as exemplified by

Figure 18.
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Figure 18: BK9 — Differences in QT-HR Relationships Between Light Status. The QT-HR
relationship plots for pre-treatment recordings of three beagle canine (BK9) subjects are
displayed, with their unique subject ID displayed above each plot. Heart rate is used instead of
RR interval to conform to industry standard practice for canine subjects. Each plot contains the
data from a subject’s pre-treatment ECG recording, color and shape coded by light status. The
lines represent the slope of the linear regression and have been extended for visibility. The blue
long-dashed line and triangular points represent data recorded while lights were on. The red solid
line with the circular points represents data recorded while the lights were off. The short-dashed
black line represents the QT-RR relationship for the entire 24-hour recording. Each point

represents a 1-minute mean value of QT and its corresponding 1-minute mean HR value.
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In this figure, the pre-treatment QT-HR relationship is plotted for three randomly selected beagle
canines. Heart rate was used instead of RR to match the industry standard for presenting canine
data. These results show that during 12-hour periods when lights were off the subject’'s HR data
are condensed to lower rates, but there is not clear separation between the two light periods as
was seen in primates. Even though the HR is lower on average while the lights are off, the QT
interval values associated with those heart rates are typically shorter than those associated with
similar heart rates during periods with lights on. This means that the relationship between QT and
heart rate in these beagle canines is considerably different depending on which 12-hour period is
being observed and a decrease in heart rate while lights are off do not appear to result in as long
of an increase in QT as it does while the lights are on.

Discussion

This study examined the effects of various QT correction methods tailored to individual subjects
through a meta-analysis of preclinical toxicology studies. General correction methods, such as
Bazett's and Van de Water’s, are typically used to control for the relationship between QT and
RR during safety studies. However, this practice is unlikely to eliminate the variability in QT
interval associated with heart rate because the QT-HR relationship is variable between subjects,
study days, and light cycles. Relying on a correction method that fails to take these factors into
account limits the effectiveness and sensitivity of QTc analysis. Because of these concerns there
is an increased interest in individual correction methods that consider the unique relationship
between QT interval and heart rate present in each subject. We quantified this relationship by
using linear and hyperbolic regressions of QT versus RR. Other methods of quantifying this
relationship exist, such as using heart rate instead of RR interval. Variations in these approaches
to quantify the rate relationship and what species-specific reference rate is used may change the
effectiveness of the individual correction methods. Similarly, the subject’'s data used to derive
these relationships dictates what sources of variation are being addressed. One approach

examined in this study was the use of a subject’s pre-treatment ECG recording (IQTcP, hQTcP).
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This approach addresses the inter-subject variability in the rate relationship by tailoring the
correction based on the specific subject’s data. However, it fails to account for the intra-subject
variability that occurs between study days. Both inter- and intra-subject variability are addressed
by quantifying the rate relationship using the subject’'s ECG recording over the 24-hour period in
which the QT interval being corrected occurred (IQTcT, hQTcT). This represents a correction that
is derived from on-treatment data. One advantage of this correction method is that it accounts for
treatment related effects on the QT-HR relationship. Neither of these correction methods account
for the differences in rate relationship observed between light/dark cycles. Splitting a 24-hour
recording into two 12-hour data sets based on the light status allowed for the expansion of the
correction methods into pre-treatment lights (IQTcPL, hQTcPL) and post-treatment lights (IQTcTL,
hQTcTL). We also compared the effectiveness of linear vs non-linear (hyperbolic) models. We
pursued this comparison due to the non-linear curves seen in the QT-RR plots of BK9 subjects,
which is most noticeable in the center plot of Figure 12. This curve demonstrates why BK9 data
is typically presented as QT versus HR rather than QT versus RR, which is shown in Figure 18.
Such curvature in the distribution of RR data points is typically why canine subjects use heart rate
for their corrections. However, from these observations, we hypothesized that the hyperbolic
individual corrections would provide a better fit for the BK9 rate relationship and therefore reduce
the need to convert to heart rate for the corrections.

After performing each QT correction method on the bootstrap data, we found that the individual
correction methods consistently outperformed the general methods (QTcB, QTcVa). As
anticipated, we found that post-treatment corrections performed best when examining the whole
recording, while post-treatment lights corrections performed best when examining either of the
12-hour light periods. Additionally, the linear corrections performed well for both NHP and BK9.
However, the non-linear hyperbolic corrections appear to correct for heart rate in BK9 subjects

more accurately.
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During this study, we also observed a surprising divergent phenomenon between BK9 and NHP
that warrants further analysis. In NHP subjects, there were clear distinctions between lights on
and lights off periods in the distribution of the data points representing the rate relationship. Rate
was generally slower and QT interval generally longer while lights were off, compared to while
lights were on. However, in the BK9 subjects these differences in light periods were not as distinct.
The average rate while lights were off was slower than while lights were on, but there was more
overlap than what was seen in the NHP data. Strikingly, the QT intervals were generally shorter
while the lights were off compared to the QT intervals associated with similar heart rates that were
measured while lights were on. This implies that in BK9 subjects the relationship between QT and
rate varies between the two light cycle periods more than expected, despite their near identical
living conditions. In fact, it appears that the QT rate relationship in BK9 subjects during lights off
is inverse to what would be intuitive. It is possible that this is due to species specific differences
in autonomic signaling between light cycles or differences in their sleeping habits. Canines have
a varied sleep cycle that can be comprised of multiple rest periods that can total up to 16 hours
[167,168]. Such a difference in this relationship between light periods requires more attention and
further study but supports the need to account for additional effects on the QT-HR relationship
such as light status and sleep cycles during study design.

Limitations

This study is one step towards identifying improved QT correction methods for preclinical
research, but it is not without its limitations. The data used were all sourced from the same
contract research organization and their subjects were from a single vendor. Additionally, these
data were recorded using jacketed telemetry, which may not be representative of data obtainable
through other methods, such as implanted telemeters, though literature has shown them to be
comparable [169,170]. Validation of these result should be performed by replicating them with
additional data sources. Amassing larger historic pre-treatment and vehicle control datasets will

allow for more of the subtle co-variates such as vendor and technology to be assessed. Bootstrap
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sampling was used to increase the power of our assessments on these data. However, these
simulated recordings are still derived from the original recordings used for the sampling and are
no replacement for replication. It must be noted that analyses and corrections such as those
described in this study require many datapoints that include a wide range of real RR values, such
as from continuous telemetry measurements.

While accounting for variations between subjects and light periods proved effective, there may be
other variables to consider, such as the activity, body temperature, or sex of a subject. Both male
and female subjects were equally represented in this study and additional bootstrap result tables
are included in the supplement that separate results by sex. A conclusive difference in correction
method efficacy was not found between the sexes, but female canines appear to benefit from the
non-linear methods more than their male counterparts. This could be due to a number of sex-
related cardiovascular differences, two of note being the differences in mean heart rates and body
temperatures [171]. More research must be done to determine if a subject’s sex affects the ability
of these methods to elucidate a dose response. It is also important to note that there is literature
evidence that drug treatment can impact the QT-HR relationship. Accounting for this impact could
improve correction methods, so the principles established here need to be extended into data
from drug-treated subjects. Considering these limitations, investigating the varying rate
relationship of canines more thoroughly, and expanding to include data from drug-treated subjects
will allow for future studies to improve upon these conclusions.

Conclusions

As we hypothesized, using individual correction methods that accounted for ancillary sources of
variability provided improved QT correction and lower variability. From the results of the bootstrap
analysis, we can conclude that using an individual correction method that accounts for both inter-
subject and intra-subject variability provides the best corrections in these vehicle control data.
Accounting for light status can further improve these results. By using these individual methods,

QTc variability was reduced and the dependence of QTc on heart rate was minimized, thereby
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improving the effectiveness and consistency of QT correction. Finally, understanding the nature
of the rate relationship is important, as demonstrated by the performance of the hyperbolic
individual corrections for BK9. Using a method that better fits the rate relationship can improve
effectiveness and reliability of correction. This increased reliability in QT correction facilitates more
accurate understanding of the dose-dependent effect a drug has on the QT interval, which would

mean more reliable non-clinical safety studies.
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CHAPTER 4:
COMPARING THE NOVEL RATIO CORRECTION METHOD TO GENERAL AND INDIVIDUAL

METHODS USING ECG DATA FROM NON-HUMAN PRIMATES TREATED WITH QT
PROLONGING DRUGS

Modified from: Ether ND, Leishman DJ, Bailie MB, Lauver DA. QT Ratio: A Simple Solution to
Individual QT Correction. J Pharmacol Toxicol Methods. 2022 Under Revision.
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Abstract

QT correction methods vary in complexity and don't always consider changes in the QT-rate
relationship between subjects or treatments. To address this, we utilized the linear relationships
between QT and rate in non-human primates (QT-RR). After adjusting QT for a species-specific
y-intercept value (100 ms), we calculated the minute-to-minute ratio between intercept-adjusted
QT and rate (RR interval), a process resembling that of calculating the slope between the two
points. We found that the resulting ratio increases in an exposure-dependent manner after
administering QT-prolonging reference agents (dofetilide or moxifloxacin). This led us to
hypothesize that this Ratio may be capable of representing a more dynamic QT-rate relationship
at each timepoint. We demonstrate that this Ratio can be used as a datapoint-specific estimated
slope of the QT-RR relationship to correct QT, removing substantial influence of rate. Based on
this information and the ability of the Ratio method to account for minute-to-minute variations in
the rate relationship, we hypothesize that using a Ratio corrected QT provides a simpler, more
dynamic, and more consistent method for detecting treatment-related QT effects compared to
traditional methods. We used non-human primate ECG data from subjects treated with vehicle
and dofetilide (0.03, 0.10, and 0.30 mg/kg) and separated into two groups (n=4) as test cases,
then we confirmed our results using data from non-human primates treated with vehicle and 80
mg/kg moxifloxacin, also separated into two groups (n=4). This allowed for robust examination of
the effectiveness of the QT correction methods in multiple study scenarios, while limiting the group
size to assess their usefulness in reducing the number of subjects needed for such safety studies.
The ECG data from these studies were summarized into 1-minute means and used to calculate
typical QT corrections: Bazett's formula and individualized linear regression corrections. We also
calculated the minute-to-minute ratio between interval-adjusted QT and rate values for the novel
ratio correction method. The methods were then compared based on the slope of the relationship
between the resulting corrected QT values and RR intervals, the standard error of the 60-minute

means of each treatment group, and power analyses performed to identify the minimal detectable
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difference each method was capable of. Our results demonstrate that the Ratio method produced
smaller corrected QT-rate relationship slopes than the Bazett’'s method, more closely matching
the results of the linear regression methods. The Ratio method was also equally or more sensitive
at detecting dose-dependent drug effects compared with the other QT methods and often resulted
in the most consistent reduction in standard error. Additionally, the power calculations revealed
that the Ratio method outperformed Bazett’s in every scenario while providing similar results to
the linear regression methods in most instances. These results provide evidence that the Ratio
method is a capable QT correction method that may benefit the industry due to its simplicity and
effectiveness. These features also imbue in the ratio method the potential for easy translatability

across nonclinical species and humans.
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Introduction

During the preclinical stages of drug development, it is vital to evaluate a candidate's risk of
inducing arrhythmias in the clinical population. Due to the potentially fatal nature of drug-induced
arrhythmia, this characteristic is a common factor that leads to discontinued development or
clinical use restrictions [155]. While the risk of harm posed by drug-induced arrhythmias is
significant, they are quite rare and may only affect a small subset of the clinical population [140].
The ventricular arrhythmia TdP is one example of a drug-induced arrhythmia that may occur at a
rate of up to 1-in-20 cases for high-risk drugs or as low as 1-in-100,000+ in lower-risk drugs [40].
Due to the plausibility of missing such rare incidents, researchers cannot rely on
electrocardiogram (ECG) arrhythmia detection to thoroughly screen drug risk. To address this, a
surrogate biomarker of arrhythmia risk was identified: the prolongation of the ECG waveform QT
interval (QT), which is known to correlate with arrhythmia risk [40,120]. However, the QT interval
cannot be evaluated in isolation, as it is well established that heart rate (HR) influences QT via an
inverse relationship. This necessitates QT correction (QTc) methods to control for heart rate and
isolate drug effects on QT [72,123,131,147,148,150]. In consideration of this relationship, the
International Council for Harmonisation of Technical Requirements for Pharmaceuticals for
Human Use (ICH) has published recommended guidelines on using heart rate corrected QT
prolongation as an arrhythmia risk biomarker both preclinically (S7B) and clinically (E14) [44,45].
These guidelines have led to the development of industry and regulatory protocols for preclinical
in vivo testing as well as clinical Thorough-QT protocols. Despite the sensitivity of these preclinical
evaluations, their results rarely influence the subsequent clinical Thorough QT procedures. This
has led to increased interest in the standardization and integration of preclinical and clinical
assessments [139]. More recently, the ICH has worked to develop updated guidelines for the
clinical and nonclinical evaluation of QT/QTc interval prolongation as it relates to the
proarrhythmic potential of drugs. As part of these updates, the ICH has focused on evaluating the

quality of QT correction methods by assessing the ability of a selected method to reduce QT-rate
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correlation, increase the sensitivity of detection, and reduce variability [113]. Through this, the
ICH emphasizes the importance of choosing a QT correction method that is capable of accurately
correcting the study data to obtain results that are of use for consideration during clinical study
preparation.

Methods for correcting QT for rate can vary in execution, often described by their approach as
either general or individual, but their goal is consistent: to reveal relevant drug-induced QT
prolongation. The intention behind using these methods in safety studies is to minimize the QT-
rate relationship so that any remaining QT prolongation can be more confidently associated with
drug effect. General correction methods are those that utilize a general understanding of the QT-
rate relationship obtained from a single, usually historical, population and apply it to all individuals
in a study equally. Examples of these methods include Bazett’s correction, a method with a fixed
formula derived from observing data from 39 humans back in 1920 [79]. Despite the origin of this
method and the criticisms it has received over the years it is still used for both human and non-
human primate (NHP) subjects [113,121,123,124]. Bazett's correction, and other general
methods like it which rely on formulae with fixed correlation constants, rely on the assumption that
the QT-rate relationship observed in individuals will not vary drastically. Unfortunately, this
assumption is far from true as research has shown that the relationship between QT and rate will
vary between subjects, over time, and even between treatments [128,133,151,157,159,172]. To
address the error introduced by the assumptions of general correction methods, researchers are
now utilizing individual correction methods when possible [132,134,135,173]. Typically, these
methods rely on an individual-specific correlation constant obtained from the slope of a linear
regression performed on an individual's ECG data obtained pre-treatment or after vehicle
treatment. This approach addresses the inter-subject variability in the QT-rate relationship but is
not without assumptions of its own. By using a single dataset to represent all future data collected
for that subject, this version of individual correction still ignores the potential for the QT-rate

relationship to change between occasions or treatments.
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Figure 19: General vs Individual QT Correction Method Examples. These QT vs RR plots
each contain data from a 24-hour ECG recoding of post-vehicle treated non-human primate
(4004d). The blue line through the data is a linear regression line with a slope representing the
QT-RR relationship. A) The original data that will be corrected. B) Is a visual representation of the
correction goal to minimize the QT-RR relationship (slope = 0), while maintaining the variation in
QT that is unrelated to rate. C) exemplifies how Bazett’s correction affects QT based on a fixed
formula. The pink dot represents a theoretical point on the regression line at the species-specific
reference rate (550 ms) used in this study. The red dot represents an actual datapoint that does
not fall on the regression line. The vertical dashed lines represent the effects of Bazett's,
connecting the original datapoints to their corresponding QTc results. D) the outcome of Bazett’s
correction on all data. E) demonstrates how an individual QT correction method works using the
original slope of the data to correct the QT values to the reference rate. For clarity, an enlarged
section of the plot has been embedded. The red dot is the same datapoint from (C), the blue dot
is the same as the pink dot in (C). Because the blue dot is at the reference rate being corrected
to, it will not change after correction, but the change to the red dot is represented. The individual
correction first finds the difference between the rate of the corrected data point and the reference
rate (horizontal dashed line connected to the red dot). Using this in a linear equation (y = mx + b)
for x sets the reference rate as a relative axis the data is corrected to (vertical dotted line). The m
in the equation is the slope of the QT-RR relationship (orange line), while the y is the QT value
being corrected (red dot). Now the QTc value (orange dot) can be calculated as the intercept (b)
of the dotted vertical line by a line with slope m that passes through the datapoint being corrected:
QTc = QT — m*(RR-RefRR). The green dot connected to the orange dot by the dashed line
represents the actual placement of the corrected datapoint. F) is a plot containing the result of all
data corrected like shown in (E) with a near zero regression slope.

Our group has previously explored the benefits of using an “on-treatment” individual correction
method that determines a different correlation constant for each ECG recording being corrected
[174]. This approach to individual correction relies on fewer assumptions than the other methods

and resulted in more consistent reduction in the QT-rate relationship and variability of QTc results.
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Figure 19 contains a collection of QT vs RR plots from a single NHP subject and is intended to
demonstrate the difference between the approach taken by general and individual correction
methods. The subject’s original uncorrected 1-minute mean ECG data from a post-vehicle treated
recording is shown in Figure 19A, while the goal of correction is represented by the hypothetical
transformation presented in Figure 19B. Figures 19C and 19E contain depictions of the
techniques utilized by general and individual correction methods, respectively. The general
Bazett's method applies a direct transformation to each datapoint based on a fixed correction
coefficient that increases the magnitude of correction the further a datapoint is from the reference
rate assumed in the original study (HR: 60 bpm, RR: 1000 ms). Conversely, the individual
correction method uses the subject-specific slope of a linear regression as its correction
coefficient. By finding the relative distance of a datapoint from a species-specific reference RR
(NHP RefRR: 550 ms), the individual method can use a linear equation (y = mx + b) to determine
QTc as an intercept (b) of the hypothetical axis at x = 550 ms. This is where a line with the subject-
specific slope (m) passing through the relative position of the datapoint (x, y) = (RR — RefRR, QT)
will pass through this hypothetical axis: QTc = QT — m*(RR — RefRR). Figures 19D and 19F
contain the results of the general and individual corrections, respectively. The individual method
results in the rotation of the data around the reference rate based on a relevant correlation
coefficient, resulting in more reduction in QTc vs RR slope and less overcorrection than the
general method. Not all individual correction methods work like this, some may use the
relationship determined from a subject-specific baseline set of data instead of the example of “on-
treatment” individual correction demonstrated in Figure 19. Individual methods, especially the “on-
treatment” version, may seem ideal due to their ability to address inter- and intra-subject variability
and produce QTc values with practically no relationship with rate. However, they require the
collection of many datapoints containing a wide range of rates to achieve an accurate estimate of
the relationship for a single ECG recording, which they assume will be representative of the

relationship at each timepoint. This means that no QT correction can be performed until
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computationally demanding regressions are performed on each ECG recording after the study
concludes. Alternatively, the fixed formulae of general correction methods provide a simplified
and easily adopted way to correct any datapoint as it is collected, despite their inability to adapt
to changes in the QT-rate relationship. One potential drawback that both approaches rely on is
that they pre-assign a QT-rate relationship, ignoring the possibility that a QT prolonging drug
might function by altering this relationship in a concentration dependent manner. There is need
for accurate correction methods that do not create an unreasonable burden of analysis on the
researcher or clinician and which can dynamically respond to minute-to-minute changes in the
rate relationship without adding additional assumptions to the evaluation. Ideally, this new method
would be effortlessly adaptable for any species and easily updated as required. Such a method
would help further our understanding of QT prolonging drug effect and may improve the reliability
of preclinical risk assessments, increasing their translatability to clinical studies.

In this study, we demonstrate a new approach - referred to as the Ratio method - which may be
used with any species and dataset without the requirement of additional reference data (e.g.,
baseline), relying only on a species-specific fixed variable selected based on the y-intercept of a
population's QT-RR relationship. By subtracting this constant from a QT value, then dividing the
result by the corresponding rate measurement, a relative ratio value is obtained that works as an
estimated slope of the relationship for that single datapoint. Comparing these ratios can be used
to assess the change in the QT-rate relationship, as well as the magnitude and direction of that
change. They can also be used to obtain a corrected QT value in a manner similar to individual
correction methods by utilizing the ratio value in place of the slope typically derived from linear
regressions. In this way, the Ratio correction method may bridge the gap between the simplicity
of general correction methods and the adaptability of individual methods. This method, like the
individual methods, relies on the linear relationships between rate and QT that have been
previously observed. In some species (such as the beagle canine), a near-linear relationship is

observed between QT and HR but in humans and non-human primates, this near-linear
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relationship is observed using QT and the RR interval (RR) [123,153]. The ratio method assumes
that using a species-specific y-intercept constant is sufficient to represent a hypothetical starting
point for a line that will represent the slope of the QT-rate relationship for most datapoints from
most individuals. By using this fixed initial starting point the ratio method can be used as a general
correction method while still considering the QT-rate relationship of the individual subject by
accounting for moment-to-moment differences in the relationship at each data point by calculating
the slope of the line connecting a single point to the fixed y-intercept value. This allows the ratio
method to account for the variations in the rate relationship observed between QT values that
share the same or similar rate values, all without the need for computationally complex
regressions or large data sets. While the Ratio method may be further improved by using study-
specific or subject-specific y-intercept values, doing so would remove the benefit of such a
simplified method. Instead, we believe that the ability of the Ratio method to adapt to these
moment-to-moment changes can compensate for the fixed nature of the intercept value. We
hypothesize that using the Ratio based correction method on data from small study groups (n=4)
of non-human primates administered dofetilide or moxifloxacin will produce corrected QT values
that have a smaller QT-RR relationship compared to the historically accepted general correction
(Bazett's) and comparable results to individual linear regression correction methods. Additionally,
we believe that the Ratio method will provide more consistent error reduction and more sensitivity
than a typical general correction method.

Methods

Subjects and Data

The present investigation utilized post hoc analyses of nonclinical ECG data provided by Eli Lily
and Company and Charles River Laboratories. The data were collected during two different
animal studies involving QT-prolonging drugs. Study A included male cynomolgus primates
(NHPs) treated with 0.03, 0.10, and 0.30 mg/kg dofetilide along with vehicle control in a Latin

square design (n=16). These subjects each received a single treatment per week and were
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monitored 24-hours prior to and after administration of the treatment. Study B included a separate
cohort of male NHPs treated with vehicle control and 80 mg/kg moxifloxacin in a cross-over design
(n=12). Each subject was administered both treatments in the same week and monitored for 120-
minutes prior to and 48-hours after administration of each treatment, with vehicle control being
administered first and 80 mg/kg of moxifloxacin being administered several days later. This
treatment design was repeated on a subsequent week, though this paper only utilizes the data
from the first 24-hours post-treatments recorded on the first week. Additionally, 48-hour baseline
ECG recordings were collected from each subject before the first treatment week for the subjects
of Study B. These baseline recordings were used for the power calculations described in the
Statistical Analysis section of the Methods, while Study A used the 24-hour pre-treatment
recordings from two separate weeks for their power calculations. The 120-minutes immediately
prior to treatment were used to calculate pre-treatment baseline means for determining change
from baseline results. All studies were approved by the institutional animal use committee, and
each subject had intravascular leads from a radiotelemetry device surgically implanted for data
collection; Data Science International L21 model telemeters for dofetilide treated subjects, and
Data Science International M11 model telemeters for moxifloxacin treated subjects. For each
study, two groups (n=4) were selected containing schedule-matched subjects. This allowed for
the standardization of the number of subjects examined between studies and enabled the testing
of correction methods on smaller (n=4) studies while immediately replicating those tests on the
same and different drug treatments. Telemetry data collected from each subject was provided as
1-minute means of ECG wave intervals as measured using the ECG analysis software Ponemah
(Data Science International). Relationships determined based on linear regression used this 1-
minute mean data. Each minute of data was then corrected by each QT correction method. Before
treatment group data was averaged together, each subject had their data averaged into 1-hour
means to reduce variability between subjects compared to minute-to-minute observations.

Change from baseline was then calculated by subtracting the 1-hour treatment means from the
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subject-specific 120-minute mean of the pre-treatment baseline data recorded prior to initial
treatment administration. These change from baseline data were then used to determine the
hourly group means for each treatment along with their standard error.

QT Corrections

Multiple methods of QT correction were used to compare results, including Bazett's correction
(QTcB = QT / (RR/1000)"?), a species-appropriate general correction traditionally used in NHPs
[79,113,126,153], individualized linear regression corrections, and the Ratio correction. The
individualized linear regression corrections and the Ratio method use the same formula (QT -
m*(RR-RefRR) = QTc), which multiplies the difference between the observed RR and a species-
specific reference RR (550ms) by the slope (m) of the QT-RR relationship and subtracts this value
from the observed QT value. These methods differ in how they determine the slope used in this
formula. The Ratio method (QTcR) calculated the slope between the datapoint being corrected
(RR, QT) and a species-specific y-intercept (0, 100ms) providing a datapoint specific slope in
place of m. This species-specific y-intercept is one chosen by this research team based on the
baseline data of the subjects used in the two drug studies (Figure 20). Two linear regression
correction methods were examined in this study that also used the individual correction formula,
with the only difference between the methods being the data used for the regression of QT vs.
RR. First, a subject-specific vehicle correction (QTcV) was assessed using subject-specific
recorded for 24-hours post-vehicle treatment. Second, a subject-specific "on-treatment”
correction (QTcT) was applied using regressions performed on the 24-hour post-treatment data
that contains the QT interval measurement being corrected. Due to the nature of QTcV, it acts as
an “on-treatment” correction for a subject’s vehicle treatment data but does not account for
variability in the QT-rate relationship across subsequent weeks.

Statistical Analysis

Results were compared graphically and statistically using 95% confidence intervals and an alpha

value of 0.05. Side-by-side graphical comparisons are used to illustrate the effectiveness of the
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novel Ratio correction method to reduce the QTc-rate relationship and variability compared to the
other methods. The effectiveness of each method to correct the rate (RR) effect on the QT interval
was compared to all other methods as well as uncorrected data using QTc vs. RR plots. These
plots contained the extrapolated linear regression lines with confidence intervals as a visualization
of the QT or QTc relationship with rate (RR). Additionally, the linear equations of these regression
lines are also included in the plots to better compare the ability to reduce the rate effect on QT.
QTc vs Time (hours) plots were created to compare the effectiveness of each method to reduce
variability, represented by standard error, and detect a treatment effect at each hour. These plots
compare the change from pre-treatment baseline data (dQT) for vehicle and drug treatments with
corresponding graphical ribbons representing the standard error of the means. Additionally, the
change in RR from pre-treatment baseline (dRR) was plotted over time (hours) by treatment for
each study group, with graphical ribbons once again representing standard error. Individual
subject QTc vs. RR plots were generated using the subject’'s 1-minute mean data, colored by
treatment. The group averaged dQT vs Time and dRR vs Time plots used the group averages of
subject’s change of 60-minute means from the 120-minute pre-treatment mean.

An ANOVA (QTc ~ Occasion + Subject Mean Baseline + Time) was performed for each method
using the 60-minute mean change from baseline of all four subjects from a group to compare the
QT or QTc values between two 24-hour baseline recordings. The resulting residual standard
errors were then used to determine the minimal detectable difference (MDD) between recordings
and create power curves for each method, by study group (n=4). These power curves allow for
the graphical comparison of the ability of each method to detect a change in QT or QTc in an n=4
study at a range of powers from 0 to 1. The results at a power of 0.8 are highlighted in these

figures.
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Results

Selecting the Species-Specific y-intercept Value
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Figure 20: Selecting a Relevant y-intercept Value. These figures contain baseline pre-
treatment data from each NHP subject used to determine a species-specific y-intercept value. A)
contains the first 24-hour pre-treatment ECG data recorded for all 16 NHP subjects from the
dofetilide study. The blue line is a linear regression through the data with a y-intercept of 120 ms.
B) contains the same data used in 20A, except color coded by subject ID. The y-intercepts ranged
from 77 ms to 161 ms, with a median of 108 ms, a mean of 110 ms, and a standard deviation of
22 ms. C) contains the first 24-hour baseline data recorded from the 12 NHP subjects from the
moxifloxacin study. The blue line is a linear regression through the data with a y-intercept of
100ms. D) contains the same data as 20C, except the data is color coded by subject ID. The y-
intercepts ranged from 70ms to 126ms, with a median of 89 ms, a mean of 91ms, and a standard
deviation of 18ms. From this data, a species-specific y-intercept value of 100ms was selected as
sufficiently representative of the data.
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Selecting a relevant y-intercept value for use in the QTcR method was the first step of this study.
This value was selected based on 24-hour pre-treatment baseline data from all NHP subjects
available in the original dofetilide and moxifloxacin studies, which are presented in Figure 20. The
data from the dofetilide study are collectively presented in Figure 20A along with a single
regression line (blue line) that has a y-intercept value of 120 ms. Figure 20B contains the same
data separated by the 16 individual subjects whose mean y-intercepts equal 110 ms. The data
from the 12 subjects from the moxifloxacin study are collectively presented in Figure 20C with a
y-intercept of 100 ms, and individually presented in Figure 20D with a mean y-intercept of 91 ms.
Based on these results we determined that a species-specific y-intercept of 100 ms would be
sufficiently relevant for use in QTcR.

Variations in Rate Relationship

This paper is intended to evaluate the effectiveness of the novel Ratio correction method
compared to general and individual QT correction methods, and its ability to adapt to changes in
the QT-rate relationship. To demonstrate the need for subject-specific and occasion-specific
correction methods, the regression slopes of the 24-hour pre-treatment recordings of the four
subjects in dofetilide group 2 are presented in Table 8. These results are organized by subject in

the columns and by week in the rows.

Subject | Subject | Subject | Subject
1004d 2004d 3004d 4004d |Week Mean (StdDev)
Week 1 0.352 0.321 0.293 0.252 0.305 (0.042)
Week 2 0.260 0.348 0.287 0.221 0.279 (0.053)
Week 3 0.281 0.326 0.313 0.228 0.287 (0.044)
Week 4 0.286 0.368 0.304 0.252 0.302 (0.049)
Subject Mean 0.294 0.341 0.299 0.238
(StdDev) (0.040) (0.021) (0.012) (0.016)

Table 8: Pre-Treatment QT v RR Relationship Slopes by Subject and Week. This table
contains the slopes of the QT-RR relationship for each subject of a single NHP group (n=4) by
week, as determined by linear regression. The 24-hour pre-treatment recordings from each week
were used to compare the slopes between subjects in a single week and between weeks in a
single subject. The final column on the right contains the means and standard deviations for each
week, while the final row on the bottom contains the means and standard deviation for each
subject.
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Data are from four of the NHPs from the dofetilide study due to the Latin square design making
this comparison possible. Weekly means and standard deviations of the slopes are present in the
right-most column, while the subject means and standard deviations are presented in the bottom
row. Variability between subjects is widely understood to be worth accounting for, which is why
individualized correction methods are commonly discussed in the literature [128,129,131,133—
135]. This necessity for subject-specific correction is supported by the weekly standard deviations
found between subjects that range between 13-18% of the means. However, rarely is the
variability within subjects (between occasions) taken into consideration when selecting a QT
correction method. Subject 1004d in this table has an inter-occasion standard deviation that is
13.6% of its mean slope. This approximates the differences between subjects and is therefore

also important to consider when a QT correction method is applied.

Dofetilide | Subject |Subject| Subject| Subject
(mg/kg) 1004d | 2004d | 3004d | 4004d Treatment Mean (StdDev)
0.00 0.356 | 0.389 [ 0.338 0.277 0.34 (0.047)
0.03 0.277 | 0.384 | 0.331 0.259 0.313 (0.057)
0.10 0.259 | 0.429 | 0.386 0.191 0.316 (0.110)
0.30 0.412 | 0.417 | 0.399 | 0.219 0.362 (0.095)
Subject Mean | 0.326 | 0.405 | 0.364 0.237
(StdDev) (0.071) | (0.022) | (0.034) | (0.039)

Table 9: Post-Dofetilide Treatment QT v RR Relationship Slopes by Subject and Dose. This
table contains the slopes of the QT-RR relationship for each subject of a single NHP group (n=4)
by dofetilide dose, as determined by linear regression. The 24-hour post-treatment recordings
were used to compare the slopes between subjects in a single week and between treatments in
a single subject. The final column on the right contains the means and standard deviations for
each treatment, while the final row on the bottom contains the means and standard deviation for
each subject.

Table 9 contains the linear regression slopes from the post-treatment data of the same subjects.
The standard deviation between subjects treated with vehicle is similar to the baseline data of
Table 8. The standard deviation increases in almost a dose dependent manner from near 14% of
the mean, up to almost 35%, across dosing instances. This suggests that these treatments are
affecting the QT-rate relationship and the effects may vary between subjects. In addition to

increased variability between subjects during higher treatment doses, the variability of an
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individual subject’'s QT-rate relationship increases in the presence of drug treatment compared to
the baseline data. Both tables emphasize the need to account for the variations in QT-rate
relationships between subjects, occasions, and treatments. Without using a QT correction method
designed with these variations in mind, the method will be less likely to accurately correct the
data.

QT vs RR Comparisons

To confirm the variations in slope between treatments, as well as compare the ability of each
method to reduce the rate effect, the 1-minute means of QT and RR intervals were plotted against
each other by subject, treatment, and correction method. Figure 21 contains the data from the
four subjects in the 1st dofetilide treatment group along with the four treatments they received
(0.00, 0.03, 0.10, and 0.30 mg/kg dofetilide; red, green, blue, and purple, respectively). The
regression lines and their corresponding linear equations are included in each plot and color-
matched to the data points. Each column represents a different subject, and each row represents
the results of a different correction method, except the first row, which is uncorrected. In the first
row, a difference in slopes can be seen between the treatments for each subject. Also, the y-
intercept value at the end of each linear equation in this uncorrected data can be referenced to
understand where the data falls in relation to the species-specific y-intercept value (100ms). The
second row contains the same data as the first, except with the results of Bazett's QT correction
(QTcB) replacing the raw QT values. While QTcB resulted in a reduction in slope compared to
uncorrected data, there are still noticeable relationships between QTcB and RR for many of the
treatment and subject combinations. In the third row, the results of QTcR are presented which
demonstrate notable reductions in the slopes of the relationships compared to QTcB in 12 out of
16 of the scenarios. The fourth row contains the results of QTcV, which acts as an “on-treatment”
correction for the vehicle data of each subject and a subject-specific linear regression based

individual correction for the rest of the treatments.
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QT-Interval (ms)

Figure 21: Correction Method QTc vs RR Comparison by Dofetilide Treated Subjects — First
Group. This figure contains the 1-minute mean QT or QTc interval over the corresponding RR
interval from four NHP subjects treated with dofetilide, referred to as dofetilide group 1. Subjects
were age matched male NHPs dosed with vehicle control (red), 0.03 mg/kg dofetilide treatment
(green), 0.10 mg/kg dofetilide (blue), and 0.30 mg/kg dofetilide (purple). Each column of graphs
depicts the results of a different subject while each row represents the results of each QT
correction method on the same data (except for the first row containing uncorrected QT). Data
was recorded over 24-hours post-treatments. Linear regression lines have been added and are
extrapolated to better visualize the slope of the relationships. The linear equations in the corner
of each plot are color matched to the regression lines in the format of y = mx + b; in this formula
y represents a QT value on the line, x represents an RR value, m represents the slope of the line,
and b represents the y-intercept. QT: raw QT interval, QTcB: Bazett’s corrected interval, QTcR:
Ratio corrected interval, QTcV: post-Vehicle treatment-based linear regression corrected interval,
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Due to this, like will be seen in the identical results for the QTcT correction of the vehicle data,
QTcV produced near zero slopes for the vehicle treatment data. While results were close, it was
outperformed by QTcR in most scenarios (9/16), even with its advantage for the vehicle treatment
data. The final row contains the results of QTcT, which uses the subject and treatment-specific
regression slopes for correction. Because of this, QTcT naturally results in a corrected slope near
zero for each instance. These perfect results would be different if we examined a smaller time-
period than was used in the regression, but they are included as-is to function as a positive control
demonstrating what is possible with a hypothetically perfect representation of the QT-RR
relationship. Data from the 2nd dofetilide treated group is presented similarly in Figure 22. Once
again, the uncorrected QT data is presented in the first row to demonstrate the varied relationships
between treatments and subjects. Each subject also has a different distribution in y-intercept
values; with 1004d having a spread of values below and above 100ms, 2004d and 3004d all
having values below 100ms, and 4004d having most intercept values above 100ms. In the second
row the results of QTcB once again show a reduction in the relationship that could be improved
in most scenarios. The third row with the QTcR results shows more consistent reductions in slope
than QTcB, with all but 3 subject/treatment combinations having smaller slopes than QTcB. In the
fourth row, QTcV produced near zero slopes for the vehicle treatment data again, while QTcR
produced smaller slopes than QTcV for 7 out of 12 subject/drug-treatment combinations. The final
row of Figure 22 contains the results of QTcT, which results in near zero slopes for each

treatment.
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Figure 22: Correction Method QTc vs RR Comparison by Dofetilide Treated Subjects —
Second Group. This figure contains the 1-minute mean QT or QTc interval over the
corresponding RR interval from four NHP subjects treated with dofetilide, referred to as dofetilide
group 2. Subjects were age matched male NHPs dosed with vehicle control (red), 0.03 mg/kg
dofetilide treatment (green), 0.10 mg/kg dofetilide (blue), and 0.30 mg/kg dofetilide (purple). Each
column of graphs depicts the results of a different subject while each row represents the results
of each QT correction method on the same data (except for the first row containing uncorrected
QT). Data was recorded over 24-hours post-treatments. Linear regression lines have been added
and are extrapolated to better visualize the slope of the relationships. The linear equations in the
corner of each plot are color matched to the regression lines in the format of y = mx + b; in this
formula y represents a QT value on the line, x represents an RR value, m represents the slope of
the line, and b represents the y-intercept. QT: raw QT interval, QTcB: Bazett’s corrected interval,
QTcR: Ratio corrected interval, QTcV: post-Vehicle treatment-based linear regression corrected
interval, QTcT: post-On Treatment-based linear regression corrected interval.
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In Figure 23, this process was repeated for the four subjects in the 1st moxifloxacin group which
were treated with vehicle control (red) and 80 mg/kg moxifloxacin (blue). In this data, the
difference in slopes between treatments is less apparent in the uncorrected QT data presented in
the first row, except for subject 1004m. The second row of Figure 23 containing the QTcB results
show an improvement over uncorrected data and seems to be especially effective on the vehicle
treatment data of subject 1003m. The third row contains the results of QTcR, which produced
smaller slopes than QTcB in every instance except the vehicle treatment data from subject
1003m. The results of the QTcV correction presented in the fourth row show a near zero slope
for the QTc-RR relationship of the vehicle treatment data, as expected. However, the moxifloxacin
treatment data results show that QTcV produced either very similar slope reduction as QTcR
(subjects 1001m and 1003m) or noticeably less slope reduction (subjects 1002m and 1004m).
Once again, the fifth row contains near perfect correction by QTcT, acting as a positive control.
Finally, this presentation is repeated for Figure 24, which contains the data from the 2nd
moxifloxacin treated group. The first row of this figure containing the uncorrected QT data displays
the most notable information about this group compared to the previous three; the y-intercepts for
all but subject 1006m are well below the 100ms used in QTcR. Based on the results seen so far,
it is likely that QTcR will be least effective for this group. QTcB is represented in the second row
and reduces the slope of the rate relationship, yet still not as much as any of the QTcR results in
the third row. As expected, QTcV in the fourth row produces near zero slopes for all the vehicle
treatments. Unsurprisingly, it also outperforms QTcR in all the moxifloxacin treatments except the
one from subject 1006m, the only subject with y-intercepts near 100ms. In the fifth and final row,

QTcT once again produces near zero slopes with its “on-treatment” corrections.
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Figure 23: Correction Method QTc vs RR Comparison by Moxifloxacin Treated Subjects —
First Group. This figure contains the 1-minute mean QT or QTc interval over the corresponding
RR interval from four NHP subjects treated with moxifloxacin, referred to as moxifloxacin group
1. Subjects were age matched male NHPs dosed with vehicle control (red) and 80 mg/kg
moxifloxacin treatment (blue). Each column of graphs depicts the results of a different subject
while each row represents the results of each QT correction method on the same data (except for
the first row containing uncorrected QT). Data was recorded over 24-hours post-treatments.
Linear regression lines have been added and are extrapolated to better visualize the slope of the
relationships. The linear equations in the corner of each plot are color matched to the regression
lines in the format of y = mx + b; in this formula y represents a QT value on the line, x represents
an RR value, m represents the slope of the line, and b represents the y-intercept. QT: raw QT
interval, QTcB: Bazett's corrected interval, QTcR: Ratio corrected interval, QTcV: post-Vehicle
treatment-based linear regression corrected interval, QTcT: post-On Treatment-based linear
regression corrected interval.
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Figure 24: Correction Method QTc vs RR Comparison by Moxifloxacin Treated Subjects —
Second Group. This figure contains the 1-minute mean QT or QTc interval over the
corresponding RR interval from four NHP subjects treated with moxifloxacin, referred to as
moxifloxacin group 2. Subjects were age matched male NHPs dosed with vehicle control (red)
and 80 mg/kg moxifloxacin treatment (blue). Each column of graphs depicts the results of a
different subject while each row represents the results of each QT correction method on the same
data (except for the first row containing uncorrected QT). Data was recorded over 24-hours post-
treatments. Linear regression lines have been added and are extrapolated to better visualize the
slope of the relationships. The linear equations in the corner of each plot are color matched to the
regression lines in the format of y = mx + b; in this formula y represents a QT value on the line, x
represents an RR value, m represents the slope of the line, and b represents the y-intercept. QT:
raw QT interval, QTcB: Bazett's corrected interval, QTcR: Ratio corrected interval, QTcV: post-
Vehicle treatment-based linear regression corrected interval, QTcT: post-On Treatment-based
linear regression corrected interval.
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Exposure Dependent Change from Baseline vs. Time Comparisons

As recommended by the ICH, confirming the ability of each method to reduce the relationship
between QTc and rate is an important step to ensuring that an appropriate correction method is
being used. However, a perfect correction (as defined by a lack of slope in the QT-RR relationship)
is useless if the method completely obfuscates the drug effect. To make sure these correction
methods can still detect drug effects, treatment response was examined by examining the hourly
mean change in QT or QTc from the subject- and week-specific 120-minute mean pre-treatment
baseline (dQT), averaged by treatment and group. These results were plotted over the 24-hours
post-treatment, with graphical ribbons representing the group standard error of the mean at each
hour. Figure 25 contains these results for both dofetilide-treated NHP groups. Each plot is labeled
with which correction method was used, except the top plot, which is uncorrected. The plots in
the first column (Figure 25A) represent the results using the data from the 1st dofetilide treated
group (subjects 1003d, 2003d, 3003d, and 4003d), while the plots in the second column (Figure
25B) represent the 2nd dofetilide treated group (subjects 1004d, 2004d, 3004d, and 4004d). Once
again, the treatments are color-coded with red representing vehicle control, green representing
0.03 mg/kg dofetilide, blue representing 0.10 mg/kg dofetilide, and purple representing 0.30 mg/kg
dofetilide. The top plots showing the results of uncorrected QT act as negative controls. Without
correction, the only significant result (represented by a lack of overlap between their standard
error ribbon with that of vehicle control) for the lowest dose of dofetilide can be seen near hours
1, 2, and 3 for both groups. This is around when peak plasma concentration of dofetilide is likely

occurring [175].
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Figure 25: Method Comparison of QTc vs Time — Dofetilide Treated NHPs. These figures
contain the 1-hour group means for the change in QT or QTc interval from baseline (dQT) over
24-hours from two (n=4) NHP groups treated with dofetilide. A) This column contains the results
from the first dofetilide group. B) This column contains the results from the second dofetilide
group. All subjects were age matched male NHPs dosed with both vehicle control (red), 0.03
mg/kg dofetilide treatment (green), 0.10 mg/kg dofetilide (blue), and 0.30 mg/kg dofetilide (purple).
Data points and standard error of the mean ribbons are color-coded by treatment. The y-axis
represents 60-minute mean change from a subject and week specific pre-treatment 120-minute
mean value of either QT or QTc labeled at the top of the plot.

The error around the 0.10 mg/kg dose group is too large in both uncorrected QT plots to determine
much significance, except for during the second hour in the 2nd dofetilide group. Meanwhile, the

drug effect of the highest dofetilide treatment can be detected for hours 1 through 5 in both groups
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without correction. The error from this treatment is too high in the first dose group to detect much
else, but the second dose group remains significant for most of the day. These two uncorrected
QT plots demonstrate a major difficulty encountered when trying to evaluate drug-induced QT
prolongation: the variability of rate can often obscure the results through high error. Even in the
2nd group depicted in Figure 25B, though the error in this group may appear small enough to
evaluate the drug-effect, there is no way to be certain that the effect being shown isn’t the result
of the drug acting on rate. The benefits of QT correction are demonstrated in the subsequent
rows, with QTcB increasing the separation between dose results and reducing some of the error.
However, this error is further reduced by QTcR, which maintains consistent error reduction
throughout the whole treatment period for both groups. The individual correction methods (QTcV
and QTcT) result in even more error reduction than QTcR past hour 5, but they are not able to
reduce the error as much as QTcR in the first 5 hours containing the highest drug effect. The
individual corrections also did not provide as much separation between the treatment results,
causing QTcV to lose significance at hours 2 and 3 for the low-dose treatment in the 2nd group.
Each plot demonstrated QT prolongation near 40-50ms at the Tmax of the 0.03mg/kg dose of
dofetilide as expected, with the exceptions of the QTcV and QTcT methods in Figure 25B [175].

To make sure that exposure-dependent rate changes are not the cause of the QT prolongation
detected, Figure 26 contains plots depicting the treatment effects on rate. These plots show the
change in hourly mean RR from the pre-treatment baseline mean RR, over the course of the 24-
hour post-treatment observations. Like the previous figure, data is color-coded by treatment and
contains the data from both dofetilide study groups (n=4). Figure 26A has the data from the 1st
dofetilide group, which shows no significant treatment effects on rate. Similarly, Figure 26B shows
no significant treatment-related effects on rate for the 2nd dofetilide group, except for the high

dose of dofetilide at hour 16.
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Figure 26: RR vs Time — Dofetilide Treated NHPs. These figures contain the 1-hour group
means for the change in RR interval from baseline (dRR) over 24-hours from two (n=4) NHP
groups treated with dofetilide. A) This plot contains the results from the first dofetilide group. B)
This plot contains the results from the second dofetilide group. All subjects were age matched
male NHPs dosed with both vehicle control (red), 0.03 mg/kg dofetilide treatment (green), 0.10
mg/kg dofetilide (blue), and 0.30 mg/kg dofetilide (purple). Data points and standard error of the
mean ribbons are color coded by treatment. The y-axis represents 60-minute mean change from
a subject and week specific pre-treatment 120-minute mean value of the RR interval.
The plots in Figure 27 are similar to those presented in Figure 25, except they contain the data
from the two moxifloxacin treated NHP groups (n=4). Data points and standard error of the mean
ribbons are color-coded so that red represents vehicle control and blue represents 80 mg/kg
moxifloxacin. The column of plots in Figure 27A contain data from the 1st moxifloxacin group
(subjects 1001m, 1002m, 1003m, and 1004m), while the column of plots in Figure 27B contain

data from the 2nd moxifloxacin group (subjects 1005m, 1006m, 1007m, and 1008m). Data is
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presented as hourly mean difference in QT from the 120-minute pre-treatment baseline mean QT

(dQT) that has then been averaged by group.
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Figure 27: Method Comparison of QTc vs Time — Moxifloxacin Treated NHPs. These figures
contain the 1-hour group means for the change in QT or QTc interval from baseline over 24-hours
from two (n=4) NHP groups treated with moxifloxacin. A) This column contains the results from
the first moxifloxacin group. B) This column contains the results from the second moxifloxacin
group. All subjects were age matched male NHPs dosed with both vehicle control (red) or 80
mg/kg moxifloxacin (blue). Data points and standard error of the mean ribbons are color coded
by treatment. The y-axis represents 60-minute mean change from a subject and week specific
pre-treatment 120-minute mean value of either QT interval or the corrected QT labeled at the top
of the plot. QT: raw QT interval, QTcB: Bazett’s corrected interval, QTcR: Ratio corrected interval,
QTcV: post-Vehicle treatment-based linear regression corrected interval, QTcT: post-On
Treatment-based linear regression corrected interval.

104



Uncorrected QT, presented in the first plot of both Figures 27A and 27B, represents a worst-case
scenario in which a treatment effect can be seen, but the significance of that effect cannot be
accurately assessed, but sporadic significant treatment effect may be detected throughout the
day. However, without correction a clearer understanding of this significance cannot be
determined and the risk of the effect being the result of rate changes remains. Using the general
correction QTcB increases the reliability of detecting drug-effect as it produced results that
maintain dose separation while reducing error for both groups. Further improvements are
provided by QTcR which had more error reduction than QTcB in both study groups. Like the
results for the dofetilide groups, QTcR provided consistent error reduction throughout the study.
Both linear regression methods, QTcV and QTcT, achieve similar or better error reduction when
compared to QTcR (except for the QTcV results for the moxifloxacin treatment in Figure 27A).
Though, their effectiveness at error reduction appears to fluctuate throughout the study period,
unlike QTcR, showing potential bias towards higher plasma concentration or time periods while
environmental lights were on. Each correction method provided similar significant separation of
drug effect, with some variability in the later hours, though it is difficult to say which scenario is
more accurate. The effect of moxifloxacin on the QT interval has been shown to reach a maximum
QT prolongation around 28ms for NHPs treated with 90mg/kg, which reached maximum plasma
concentration around hour 4, which is similar to the results from both study groups [176].

Evaluating the dQT vs Time plots in Figure 27 would be incomplete without also examining the
effect treatment may have on rate. Figure 28 contains the change in hourly mean RR (dRR) from
120-minute pre-treatment baseline mean RRs, averaged by treatment and group, plotted over 24-
hours. Both plots in this figure show distinct visual differences in dRR between the two treatments,
however this difference is not consistently significant. Figure 28A, which contains the data from
the 1st moxifloxacin group, only shows a significant difference at hour 3. Meanwhile, the data

from the 2nd moxifloxacin group depicted in Figure 28B shows significant differences between

105



hours 7 and 12, at hour 22, and just barely at hour 5. These plots suggest that moxifloxacin may

influence rate which, if not properly corrected for, may exaggerate measured QT prolongation.
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Figure 28: RR vs Time — Moxifloxacin Treated NHPs. These figures contain the 1-hour group
means for the change in RR interval from baseline (dRR) over 24-hours from two (n=4) NHP
groups treated with moxifloxacin. A) This plot contains the results from the first moxifloxacin
group. B) This plot contains the results from the second moxifloxacin group. All subjects were age
matched male NHPs dosed with both vehicle control (red) and 80 mg/kg moxifloxacin (blue). Data
points and standard error of the mean ribbons are color coded by treatment. The y-axis represents
60-minute mean change from a subject and week specific pre-treatment 120-minute mean value
of the RR interval.

Power Curve Comparisons

To compare the sensitivity of each QT correction method to identify treatment effect, the minimal
detectable difference at a range of power levels was calculated using the residual standard error
of an ANOVA comparing 24-hour pre-treatment baseline data for dofetilide groups 1 and 2

(Figures 29A and 29B, respectively) or 24-hour pre-study baseline data for the moxifloxacin
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groups (Figures 29D and 29E, respectively). These plots contain each method as a color-coded
curve that demonstrates the minimal detectable difference of QT (or QTc) on the x-axis at the
corresponding power shown on the y-axis. Blue represents QTcT, purple represent QTcV, green
represents QTcR, yellow represents QTcB, and red represents the uncorrected QT results. A
horizontal dark blue dashed line was added to represent a power of 0.8, and the color-coded
vertical lines dotted lines represent the minimal detectable difference of each method at that
power. Each plot uses data from subjects that were not treated with a QT prolonging drug to
compare how small of a theoretical effect can be found in four subjects based on the residual
error present after QT correction. The data in Figure 29A are from the subjects in the 1st dofetilide
group (1003d, 2003d, 3003d, and 4003d). In this plot QTcT resulted in a MDD of 10.8ms, followed
by QTcV with a MDD of 13.8ms, then QTcR with a MDD of 14.5ms, and QTcB with a MDD of
19.5ms. Using uncorrected QT data for this group results in a MDD of 43.8ms for the worst-case
scenario. Figure 29B contains data from the 2nd dofetilide group (subjects 1004d, 2004d, 3004d,
and 4004d). This plot shows that uncorrected QT produced a MDD of 61.8ms, with QTcB again
falling in last place of the correction methods with a MDD of 24.5ms. The remaining correction
methods (QTcT, QTcV, and QTcR) all produced similar results (10.7ms, 11.0ms, and 11.3ms,
respectively). The results from the 1st moxifloxacin group (1001m, 1002m, 1003m, and 1004m)
shown in Figure 29C put QTcR in first place with a MDD of 9.9ms, just ahead of the MDD of
10.2ms for QTcT. QTcV lagged in these results with a MDD of 11.9ms but was well ahead of
QTcB which had a MDD of 22.7ms. Of course, uncorrected QT acting as a negative control
continues to do the worst with a MDD of 63.1ms. Subjects from the 2nd moxifloxacin group
(1005m, 1006m, 1007m, and 1008m) were the ones with the substantially lower y-intercepts
shown previously (Figure 24), so it is no surprise that QTcR did not perform as well Figure 29D
using their data. QTcV has the lowest MDD in this plot (7.8ms), with QTcT in second (9.5ms). As
expected, QTcR falls behind the two individual regression methods with a MDD of 15.6ms.

Though it still outperformed QTcB and uncorrected QT which had MDD values of 29.6ms and
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65.6ms respectively. In most of the plots of Figure 29, QTcR competes with the individualized
linear regression methods, despite using a fixed variable like that of a general method. However,
it does fall short when used for a group of subjects with y-intercepts substantially lower than the

fixed value chosen.
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Figure 29: Correction Method Power Curves. Power curves comparing the ability of each
method to detect a difference in QTc at a range of power values from 0.01 to 0.99. (A) curves for
the first dofetilide group. (B) power curves for the second dofetilide group. (C) power curves for
the first moxifloxacin group. (D) power curves for the second moxifloxacin group. Horizontal
dashed lines highlight the results at the typical power of 0.80. Vertical lines represent the QTc
difference that the corresponding method can detect at a power of 0.80. Each method is color-
coded: blue represents the results of on-treatment linear correction (QTcT), purple represents
vehicle treatment linear correction (QTcV), green represents the novel correction method (QTcR),
yellow represents Bazett’s correction (QTcB), and red represents the results of using uncorrected
QT.
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Discussion

We have developed the new Ratio QT correction method to address the need for a simpler QT
correction method that provides improved correction of rate effect on QT, decreased variability of
results, increased sensitivity to detect drug effect, and more dynamic response to changes in the
QT-RR relationship. While drastically simpler in execution compared to individualized corrections
based on linear regressions, our Ratio method does not rely on the assumptions made by
traditional correction methods, which ignore variation in the rate relationship due to the subject,
treatment, and/or temporal differences. Instead, relying on a fixed variable selected to
approximate the y-intercept of the QT-RR relationship. Beyond these practical improvements
offered by our method, we aimed to demonstrate the improvements in correction, variability, and
sensitivity provided compared to other methods when applied to data from non-human primates
treated with QT prolonging drugs (dofetilide or moxifloxacin). As expected, the general correction
method (QTcB) resulted in greater variability and was consistently less effective at reducing the
influence of rate on corrected QT compared to the other methods. This is unsurprising as it does
not account for individual and treatment-related changes in the rate relationship and corrects
based on a heart rate of 60 beats-per-minute instead of a rate more appropriate for the species.
The Ratio method was more consistently effective in rate correction and error reduction than the
general method (QTcB) and often matched those of the individualized linear regression method
using a subject's vehicle treatment data (QTcV), with few exceptions. This novel method also
produced similar results to the "on-treatment” method that used linear regression on post-
treatment data (QTcT). In the time course profiles, the general method demonstrated greater
variability (wider standard error ribbons) than the other methods and estimated a higher
magnitude of treatment effect. The increased effect may be due to the general method correcting
to an outlying rate, accentuating the magnitude of the estimated change. In the dofetilide treated
groups, QTcR generally matched the shape of the three linear regression methods, though it

provided more obvious separation between the treatment groups and improved reductions to the
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error. For the moxifloxacin treated NHP groups, the QTcR again matched the shape and
magnitude of the linear regression methods with similar error reduction. Most illuminating is the
comparison of the power curves produced by each method. Using these, we were able to compare
the sensitivity of each method to detect the treatment effect using a relatively small study group
(n=4). With a study of this size, it is typically difficult to detect significant but small drug effects
resulting in QT prolongation. While QTcT consistently resulted in one of the lowest MDD values,
QTcV and QTcR weren’t far behind in the dofetilide treated groups. QTcR was able to outperform
QTcT in the 1st moxifloxacin treated group, while QTcV outperformed it in the 2nd. Meanwhile,
QTcB consistently underperformed compared to the minimum results of the other methods. Our
data suggest that, as expected, using a correction method performed better statistically than no
correction at all, but the ability to correct for rate effects, reduce error, and increase specificity
varied between methods. Accounting for the variability between subjects improves these results
as shown by the Ratio and linear regression methods consistently outperforming the general
Bazett's correction. The ability of linear regression models to improve correction is expected due
to their characterizations of the QT-rate relationship being corrected, and the benefits of this have
been previously demonstrated [129,132,134,174]. In this study, we have examined the ability of
the Ratio method of QT correction to provide similar, and in some cases better, results to those
of the linear regression-based methods. This is made possible without the need for a
computationally intensive regression or the assumptions that go along with them.

Limitations

After testing these methods with four (n=4) NHP groups treated with dofetilide or moxifloxacin,
the QTcR method appears to be a promising new method that can be used to correct QT during
drug treatments. However, this was a post-hoc analysis and may not be able to control for
variables as well as a prospective study. Ad hoc studies designed to compare the effectiveness
of these methods on multiple species and drug treatments are still necessary. It is also important

to note that any correction method relying on an accurate characterization of the relationship
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between QT and rate will require a wide range of values present in the subject's data to be
effective. Subjects that exhibit abnormally narrow ranges of rates at night or in general may
negatively affect study results and should be considered for replacement. Additionally, there may
be further improvements that can be made by updating our correction methods. For example,
species-specific reference rates (RefRR) and y-intercepts used as part of the correction formulae
are not intended to act as the definitive variables, as they were determined based on a limited
sample population. As the results of this study have shown, when the data being corrected has a
y-intercept value substantially different from the fixed value selected, the QTcR method may
under or over correct the data. This may be improved by using a study specific value selected
based on the baseline recordings of the subjects included on a study. In our experience, the
results of the QTcR method can be further improved by using individual- and/or treatment-specific
y-intercepts. However, these improvements to the accuracy would also greatly increase the
complexity of the model and contradicts the goal of developing a simple, accurate, and flexible
correction method. Similar to a general correction method like Bazett's, QTcR relies on a
mathematical constant determined based on the characterization of a population and the ability
of that characterization to represent the rate relationship of the subject or treatment being
corrected will determine the effectiveness of the correction. Though, unlike other general
correction methods, QTcR can dynamically adapt to moment-to-moment changes in the rate
relationship, which may be how it performed so well in this study despite this limitation.

Future Directions

This study aimed to demonstrate the utility of a new QT correction method by comparing results
directly to those of other methods. Ideally, all the methods would be compared against a
characterizing set of data to compare their accuracy in predicting that characteristic. One
possibility is to compare their ability to produce results that accurately align with pharmacokinetic
time courses. If the concentration-dependent effect of treatment on QTc is due to a concentration-

dependent effect on the slope of the QT-RR relationship, then it is necessary that the rate
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correction method can be applied in very narrow time windows, which is impractical for
regression-based methods. The Ratio method is more instantaneous and dynamic and may be a
promising method for integration with concentration-QTc analysis. In addition to testing the Ratio
method's ability to correct QT, we will explore the capability of using the Ratio alone for detecting
significant drug effects without correcting them back to a QT value. All future research must also
aim to evaluate the abilities of the Ratio method in additional species and in the presence of heart
rate modulating drugs.

Conclusion

While there are already industry preferred methods of QT correction, we believe that the
comparisons presented in this study demonstrates that the QT Ratio method consistently provides
improved QT correction and increased sensitivity of detecting treatment effects compared to
traditional correction methods and similar to the computationally advanced QTcT method, which
has yet to be adopted. It can provide these benefits without relying on pre-treatment baseline data
or overarching characterizations of the treatment data like regression-based methods.
Additionally, the ability of the Ratio method to respond to moment-to-moment changes in the QT-
rate relationship by estimating the slope of the relationship at each datapoint makes it an excellent
option to address the hysteresis of drug effect for implementation with plasma concentration-
based corrections. These factors, combined with its simplicity, ease of use, and cross-species
potential, support the new Ratio method as a promising alternative for future preclinical
cardiovascular safety studies. One that furthers our understanding of QT correction methods

along the path towards more translatable preclinical study results.
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CHAPTER 5:

SUMMARY, NOVEL FINDINGS, LIMITATIONS, FUTURE DIRECTIONS, AND FINAL
PERSPECTIVES
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Summary

It has not been long since physicians and their patients had to worry about non-cardiovascular
pharmaceuticals unexpectedly inducing arrhythmias like torsade de pointes [55]. This
polymorphic ventricular tachycardia could devolve into ventricular fibrillation, increasing the risk
of sudden cardiac death [62]. In the first part of chapter 1 | presented a historical overview of drug
induced TdP risk and use terfenadine as an example of how our understanding of these drugs
have evolved. | detailed the electrophysiological mechanisms of TdP risk, most commonly
stemming from inhibition of K" current through hERG-encoded ion channel Ik [110]. This
disruption to ion channels essential to cardiomyocyte repolarization prolongs their action potential
duration, which in turn disrupts and prolongs the repolarization period of the ventricles [5].
Disruptions to cardiac conduction such as this are identified through changes to the ECG,
specifically prolongation of the QT interval [177]. This QT-prolongation has been found to be a
prerequisite to most observed TdP events [10].

In the second part of chapter 1 | discussed the evolution of safety pharmacology to assess the
TdP risk of novel pharmaceutical compounds based on their effect on QT. This process began in
1997 when the CPMP released Note CPMP/986/96; ‘Points to Consider: The Assessment of the
Potential for QT Interval Prolongation by Non-cardiovascular Medicinal Products’ [43]. These
suggestions were replaced in 2005 with the ICH clinical E14 and preclinical S7B guidelines, which
outlined methods for assessing TdP risk during drug-development based on QT-prolongation and
hERG inhibition [44,45]. A vital aspect of these assessments is that researchers control for the
influence heart rate has on QT by using QT correction methods to isolate potential drug effect.
These correction methods vary based on the populations used to derive them and the
assumptions they make about the variability in the QT-rate relationship [124]. General correction
methods are simple formulae dependent on fixed correlation constants derived from historical,
usually human, populations [178]. Such methods rely on the assumption that these populations

sufficiently represent the QT-rate relationship of the individual, and that this relationship will not
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vary between subjects, occasions, or treatments. Alternatively, individual QT correction methods
typically rely on a regression to determine the relationship between QT and rate present in an
individual’'s ECG recording [129]. Such methods are designed to address the variability between
subjects and can even be designed to address variability between occasions and/or treatments.
However, the individual correction does rely on the assumption that pre-determining this
relationship will be appropriate for each timepoint and won'’t interfere with the detection of drug
effect on the relationship directly.

After introducing these QT correction methods, | concluded the first chapter by discussing the
safety assessments proposed by the ICH and adopted by the FDA [137]. Specifically, how these
safety assessments could still improve. Though they were successful at preventing the approval
of any drugs with unacceptable TdP risk, their high sensitivity and suspected low specificity has
been criticized for potentially preventing safe and useful pharmaceuticals from reaching the
market. In addition to these criticisms, pharmaceutical companies called for the integration of
preclinical and clinical studies [139]. They believed that preclinical results were not being utilized
efficiently enough, forcing them to proceed with expensive and lengthy clinical studies even if
there is no preclinical evidence of risk. In response to criticism and requests for clarification, the
ICH released the E14/S7B Q&As in 2022, which fell short of fully integrating the two realms of
safety pharmacology [113]. However, these Q&As did provide much needed clarification on the
best practices in terms of selecting QT correction methods. They recommended individual
correction methods to address the variability in the QT-rate relationship and described methods
to justify the QT correction method selected for a study. Suggestions included demonstrating the
reduced correlation between QTc and rate, improvements to variability of results, and increased
sensitivity in drug effect. The remainder of this dissertation was dedicated to using these
suggestions to identify potential improvements to QT correction methods to improve their
reliability, reduce the number of subjects needed, and increase the likelihood of further integrating

preclinical and clinical safety assessments. | sought to achieve these improvements and further
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our understanding of QT corrections through three specific aims. The first aim was intended to
compare the assumptions inherent to QT correction methods and how they affect detection of
relevant drug-induced QT prolongation. This was explored in the second chapter, which provided
simplified demonstrations of how various correction methods function, then compared them in the
presence of three simulated drug treatments that acted on the heart rate, QT, or the QT-rate
relationship directly in a linear manner. The second aim was to evaluate factors contributing to
variability in the QT-rate relationship. In the third chapter | tested the effectiveness of general and
individual correction methods by applying them to thousands of computationally bootstrap
generated ECG recordings based on real non-human primate and beagle canine data. The third
aim was designed to create and evaluate a novel QT correction method using drug-treatment
data. This was done using ECG data from safety studies performed on non-human primates
treated with dofetilide or moxifloxacin.
Novel Findings
My studies demonstrate the importance of selecting an appropriate QT correction method that
accounts for variability in the QT-rate relationship. Through this research | have furthered our
understanding of the assumptions inherent to various methods and demonstrated ways they may
be improved. Additionally, | am the first to present a novel QT correction method that merges the
benefits of general correction with the adaptability of individual correction. The findings in this
dissertation were as follows:
In Chapter 2: Understanding QT Correction Methods we found

1. Individual QT correction methods can detect drug effect directly applied to QT and

controlling for the effects of heart rate modulating drugs, but struggle to reduce the
variability associated with drug effects on the QT-rate relationship.
2. The novel Ratio method of QT correction can control for the effects of heart rate modifying

drugs and detect drug effects directly applied to QT, with additional variability due to over-
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estimating some drug effect. However, this method was able to perfectly control for the
variability of drug effect on the QT-rate relationship.
3. The general Bazett's QT correction method misidentified heart rate change as relevant
drug-induced QT prolongation and was unable to minimize the variability of any treatment.
Taken together, these results indicate that dynamic correction methods like the individual or Ratio
methods will provide more reliable results. Additionally, they support the importance of
understanding the assumptions made by each method. We propose that both individual methods
that assume the slope of the QT-rate relationship before correction may be used in parallel with
the Ratio method that instead assumes to y-intercept of the relationship. This would allow for a
better understanding of drug-effect, provide a reliable dynamic method for reference during the
study, and allow better trust in the results.
In Chapter 3: Identifying Uncontrolled Factors that Influence QT Correction we found
1. On-treatment individual QT correction is more effective than an individual method utilizing
baseline data.
2. The QT-rate relationship varies between environmental light status, and accounting for
this change may improve QT correction methods.
3. The QT-RR relationship in beagle canines is less linear than in non-human primates,
which can benefit from the use of logarithmic regression instead of linear.
Taken together, this data suggests that QT correction method improvement is highly
dependent on how many sources of QT-rate relationship variability are accounted for. We
propose that individual correction methods can be improved if they utilize on-treatment data
and account for differences stemming from environmental light status.
In Chapter 4: Comparing the Novel Ratio Correction Method to General and Individual Methods
Using ECG Data from Non-Human Primates Treated with QT Prolonging Drugs we found
1. The QT-rate relationship can vary between occasions (intra-subject) as much as it varies

between subjects (inter-subject), which is further confounded by drug treatment.
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The general Bazett’s correction underperformed in all regards compared to the individual
or Ratio methods.

The individual correction methods provided the most reduction in the relationship between
QTc and RR, though the Ratio method produced similar results.

The Ratio method produced the most consistent reduction in variability of all the methods,
providing the lowest variability during peak drug effect, while the individual methods
resulted in the lowest variability later in the ECG recording.

. All methods could detect relevant drug effect in all drug treatments, including the novel
Ratio method and the rarely used on-treatment individual correction.

The Ratio method provided sensitivity on par or better than individual correction methods
in all but one study group, likely due to the abnormally low y-intercept values common in

that group.

Taken together, this data supports the benefits of controlling for intra-subject variability in the

QT-rate relationship. They also suggest that the novel Ratio correction method can provide

similar results to individual correction methods without the need for computationally

demanding regressions performed on each subject post-hoc. It is our opinion that on-

treatment individual correction is better than an individual correction method limited to a single

ECG recording. Additionally, the Ratio method warrants further testing and should eventually

be used in parallel with other correction methods.

Limitations

Some limitations in the methods used must be addressed, most importantly the nature of this

analysis. All research was done post-hoc, long after the data had been collected. This severely

limits my ability to plan for and control environmental factors that may influence the results. These

factors include the temperature of the housing room, the time-of-day treatment is administered,

how often someone enters the room, what endpoints are collected, and how long before treatment

subjects are observed. Having greater control over these variables would have made it feasible
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to characterize more factors that affect the corrected QT results. It is my hope that this research
encourages others to consider how some of these variables might affect their results. Applying
some of the methods and results presented here during ad-hoc development of safety
pharmacology studies would help greatly improve our understanding of QT correction methods.

Additionally, the limited nature of the data available for these studies must be addressed. |
attempted to supplement this limitation using computationally simulated data and bootstrap
extrapolated variations of ECG recordings. These practices have clear benefits in exploring the
abilities of QT correction methods, but they are no replacement for a more diverse and robust set
of original data. In chapter 3 | used data from both non-human primates and canines, with male
and female subjects equally represented. However, that data was limited to vehicle control
treatments. When the investigation was expanded to include drug treatment data, only male non-
human primate subject data was readily available. While we saw limited differences between
species and sex in the study presented in chapter 3, this must still be confirmed with drug
treatment data. This data was also limited to two known QT-prolonging drugs, which prevents
completely blind analysis and the testing of method effectiveness for heart rate modulating drugs.
While the basis of this research was to explore the limitations of various QT correction methods,
some vital limitations warrant emphasis. For individual correction methods utilizing regression to
characterize the QT-rate relationship, the number and variety of datapoints is critical. Should not
a long enough period be used in determining the relationship, outliers may disproportionately
affect the determined relationship. Similarly, if to narrow a range of heart rates is presented in the
data used, the resulting relationship estimate may not appropriately represent the data during
typical or unexpected changes to rate. While the studies included in this dissertation attempted to
account for these limitations, the influence of these limitations must always be kept in mind. The
Ratio method presents a different set of limitations that must be considered due to its reliance on
a “species specific y-intercept” value. This was predetermined based on medians and means of

y-intercept values from many subjects. However, there will always be outliers for which the 100
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ms selected will not accurately reflect their individual QT-rate relationship. This is an expected
limitation because of our attempt to create a method that benefited from the ease provided by
general methods while providing the dynamic responsiveness to QT-rate relationship variability
like an individual method. Overcoming this limitation by determining individual-specific y-intercept
values is possible but would remove the many benefits provided by not relying on such complex
post-hoc assessments. Though using a more individualized version of the Ratio method would
still benefit from not assuming a single relationship slope prior to correction, maintaining the
dynamic moment-to-moment response to environmental and drug effects on the QT-rate
relationship.

Ultimately, the goal of improving these QT correction methods is to improve the translatability of
preclinical investigations to clinical observations. We tried to investigate the use of clinically
reported adverse events as a way of characterizing clinical drug risk, which could be used to
validate preclinical results [179]. Unfortunately, there were too many confounding factors involved
with the clinical determination of TdP drug risk and no industry standard agreed upon for validating
the results of our attempt. This means that the best way to support benefit to translatability that
improvements to correction methods provide is to compare them directly to clinically collected
safety study data. Such data was not available for use in this study but should be included in
future investigations.

Future Directions

To continue these investigations into improvements to QT correction methods, the methods used
in these studies must be expanded and applied to a larger variety of data. Most immediately
pressing is the confirmation of these results using data from the other preclinical animal species
most associated with these safety pharmacology studies, beagle canines. Their less linear
relationship between QT and RR requires the use of their more linear QT and heart rate
relationship. This could provide unique challenges to correction methods investigated. Using a

wider variety of drug treatments is also a necessary part of the future of this research. Correction
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methods must be able to differentiate between risk-relevant QT prolongation and relatively safe
prolongation. This requires testing with heart rate modulating drugs that do not affect QT, QT
prolonging drugs in the presence of heart rate modulation, and QT prolonging drugs that aren’t
associated with TdP risk. Eventually this work must be extended to include clinical human data
as well. Future studies should include equal representation of the sexes to confirm consistent
efficacy of the individual and Ratio methods.

The research presented in this dissertation is intended to be an introductory foundation to these
considerations and our novel correction method. In the future we intend to work with the
pharmaceutical industry and regulators to encourage the adoption of correction methods that
better address the intra- and inter-subject variability of the QT-rate relationship. We will pursue
this through informational publications and media, instructional presentations at conferences, and
continued communication with contacts in the industry. Achieving widespread understanding of
the considerations explored in this research and the adoption of some of these methods would
speed up the optimization of QT correction methods exponentially.

Once these QT correction methods are more thoroughly tested, their integration with
pharmacokinetic and pharmacodynamic models can be further explored. For example,
incorporating plasma concentration timepoints into models utilizing these correction methods may
be able to better isolate drug effect on QT. Improvements in this space require a better
understanding of the hysteresis between rate change and QT change as well as between plasma
concentration and QT change. A moment-to-moment dynamic correction method like the Ratio
method might provide unique benefits to such studies, which warrants future investigation.

Ideal Outcomes

The motivation to optimize QT correction methods stems from the hypothesis that it is possible to
develop one which bridges the gap between physician and researcher. | believe a method that
works across species and individuals on a moment-to-moment basis is possible given enough

understanding of the underlying mechanisms of the QT-rate relationship and continued
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improvements in our ability to correct for that relationship. Such an ideal method would be useful
in any context, whether it be a researcher performing a pre-clinical cardiovascular safety study or
a physician monitoring a patient taking a QT prolonging drug. The QT Ratio method is one step
towards that goal. Currently, this novel method is designed to work with population-specific
reference variables out of convenience of adoption. This approach makes it easy for a researcher
or physician to correct a single observation of QT with simple algebra. However, the Ratio method
can be further improved through the use of individual-specific variables. By individualizing the
method, a physician could correct a patient’s QT value in real-time to a heart rate and y-intercept
point appropriate to them. Such an improvement would require updates to ECG monitoring
devices and electronic medical records to analyze and record an average heart rate and intercept
value for a patient. These values could automatically be refreshed and recorded to the patient’s
electronic medical records as more ECG data is collected. If these systems can be updated for
this functionality, an individualized correction method could be used in real-time by physicians as
easily as a general method, as they will have access to the most recent estimate of these variables
along with a history of their association with developing pathologies. In the interim, the novel Ratio
method using population-specific values is still capable of QT correction similar to an individual
method. Its simplicity and moment-to-moment determination of the QT-rate relationship offered
by this method allow it to be adapted for any species or subject with further investigations. By
pursuing a method capable of this, a standardized correction method may be possible for most
scenarios. This may improve translatability by limiting the differences in assumptions relied upon
between studies and species.

Final Perspectives

The safety assessments encouraged in the E14 and S7B guidelines provided by the ICH and
adopted by the FDA have been very successful at preventing drugs with unacceptable risk of TdP
from entering the market [139]. However, the high sensitivity and questionable specificity of these

assessments, along with their limited integration between preclinical and clinical investigations,

122



have prompted pharmaceutical companies to question how much time, money, and safe drug
candidates have been unnecessarily lost [146]. Addressing these concerns requires increased
trust in the results obtained during preclinical safety pharmacology studies. In this dissertation |
have explored one avenue of improving the reliability of these results by optimizing the QT
correction methods integral to these assessments. | have explored a variety of factors that can
negatively impact the reliability of corrected QT values. These factors include how a drug is
influencing QT prolongation, the inter-subject variability in the QT-rate relationship as well as its
variability between occasion, treatment, and environmental light status. Most importantly, this
research emphasizes the need to understand the assumption being made by the QT correction
method selected and how those assumptions can confound results. The industry has already
begun adopting individual QT correction methods to address inter-subject variability, but my
results indicate that taking this one step further by utilizing on-treatment individual correction may
be ideal. | also introduce the novel Ratio method of QT correction, which is designed to provide
an alternative to the computationally demanding individual corrections while providing similar
effectiveness thanks to its dynamic response to changes in the QT-rate relationship. Overall, this
work has increased the understanding of how the assumptions and techniques of QT correction
methods may affect study results, provided new options for QT correction, and acted as a
necessary step towards optimizing QT correction to increase the chance of preclinical and clinical

study integration.
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