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Abstract
The human voltage- gated sodium channel Nav1.5 (hNav1.5/SCN5A) plays a crit-
ical role in the initiation and propagation of action potentials in cardiac myo-
cytes, and its modulation by various drugs has significant implications for cardiac 
safety. Drug- dependent block of Nav1.5 current (INa) can lead to significant al-
terations in cardiac electrophysiology, potentially resulting in conduction slow-
ing and an increased risk of proarrhythmic events. This review aims to provide 
a comprehensive overview of the mechanisms by which various pharmacologi-
cal agents interact with Nav1.5, focusing on the molecular determinants of drug 
binding and the resultant electrophysiological effects. We discuss the structural 
features of Nav1.5 that influence drug affinity and specificity. Special attention is 
given to the concept of state- dependent block, where drug binding is influenced 
by the conformational state of the channel, and its relevance to therapeutic ef-
ficacy and safety. The review also examines the clinical implications of INa block, 
highlighting case studies of drugs that have been associated with adverse cardiac 
events, and how the Vaughan- Williams Classification system has been employed 
to qualify “unsafe” sodium channel block. Furthermore, we explore the method-
ologies currently used to assess INa block in nonclinical and clinical settings, with 
the hope of providing a weight of evidence approach including in silico modeling, 
in  vitro electrophysiological assays and in  vivo cardiac safety studies for miti-
gating proarrhythmic risk early in drug discovery. This review underscores the 
importance of understanding Nav1.5 pharmacology in the context of drug devel-
opment and cardiac risk assessment.
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INTRODUCTION

Sudden cardiac death, primarily due to ventricular fibrilla-
tion, remains a leading cause of mortality. Unfortunately, 
antiarrhythmic drugs that block the human cardiac so-
dium channel (Nav1.5/SCN5A), once believed to reduce 
the risk of sudden death in “at risk” individuals, are 
known to slow cardiac conduction leading to increased 
proarrhythmic risk. The Cardiac Arrhythmia Suppression 
Trials (CAST) have shown that antiarrhythmics (partic-
ularly sodium channel blockers) increase mortality and 
risk of sudden cardiac death in post- infarction patients.1 
Decades after CAST, there is still no consensus on safety 
assessment of novel sodium channel- blocking drugs.2 In 
the general population, a significant increase in mortality 
is associated with each 10 ms prolongation in QRS dura-
tion of the electrocardiogram (ECG) – a measure of car-
diac conduction.3,4 In men, a QRS duration >110 ms led 
to ~2.5- fold increase in sudden cardiac death,5 and signifi-
cantly greater hazard ratio for mortality (HR > 3) with a 
QRS interval > 120 ms.6,7 In addition, the arrhythmic risk 
associated with peak sodium current (INa) block is depen-
dent on the presence and degree of structural heart dis-
ease, further complicating any translation of nonclinical 
findings and those in healthy human subjects.1,8

Cardiac conduction slowing can lead to the develop-
ment of lethal arrhythmias and this property of novel 
drugs should be evaluated during drug development. 
However, unlike repolarization (i.e., the QT interval of 
the ECG), there is no standard risk assessment matrix for 
drug- induced conduction liability. Inward cardiac sodium 
channel current is the primary driver for the excitatory 
cardiac impulse, and channel kinetics contribute to the 
morphology of the resulting QRS complex. Nav1.5 re-
mains the second most prevalent target evaluated in early, 
nonclinical cardiac ion channel screening.9 However, the 

number of marketed drugs exhibiting conduction slow-
ing are dwarfed by agents that prolong the QT interval 
by blockade of the hERG encoded IKr channel (hKv11.1) 
(Figure 1). This suggests that drugs with off- target sodium 
channel properties are not being developed due to “risk 
aversion” for QRS interval prolongation even though it 
may be potentially benign. Furthermore, there is uncer-
tainty as to how well nonclinical results translate to clini-
cal findings, making it difficult to provide a safety profile 
for new molecules in nonclinical development.

The kinetic properties of Nav1.5 blockers are qualified 
by the Vaughan- Williams Classification system and con-
sidered “safe” (Class Ib) or “unsafe” (Class Ia/c); and yet, 
the kinetic properties of drugs are rarely investigated in 
nonclinical drug development. Current tools include ion 
channel electrophysiology methods, in silico modeling, 
nonclinical in vivo models, and an enhanced assessment 
of clinical ECGs all of which provide an opportunity to 
identify and successfully develop drugs that carry off- 
target INa ion channel blocking properties. This “weight 
of evidence” approach would qualify candidate molecules 
with little to no conduction slowing at sufficient multiples 
to the clinical therapeutic plasma concentration to be safe 
and not produce arrhythmias thereby supporting the clini-
cal experience gained from the Vaughan- Williams classifi-
cation. This review aims to contextualize the nonclinical/
clinical/regulatory concerns associated with drug- induced 
conduction slowing and to provide a framework for de- 
risking pharmaceutical agents in drug development.

NAV1.5 AND THE BIOPHYSICAL 
UNDERPINNING OF CONDUCTION

Cardiac conduction represents the transmission of elec-
trical excitability throughout the heart. This wave of 

F I G U R E  1  Incidence of QRS to QTc- TdP adverse events reported from 1999 to 2023 retrieved from the FDA Adverse Event Reporting 
System (FAERS) database shows 5508 versus 38,756 reports for QRS or QTc, respectively (duplicate reports were not removed). Search terms 
from 1999 to 2023 include: Electrocardiogram QRS complex prolonged, Electrocardiogram QRS complex abnormal, Electrocardiogram QRS 
complex abnormal, QRS axis abnormal; and for QTc: Electrocardiogram QT interval abnormal, Electrocardiogram QT prolonged, Long QT 
syndrome, Torsade de Pointes.
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excitation results in coordinated contraction of cardiac 
muscle and pumping of blood. Depolarization is primarily 
driven by the movement of Na+ ions via INa during Phase 
0 of the myocyte action potential. The arrival of an excita-
tory (depolarizing) impulse through the Purkinje system 
to ventricular tissue results in the initial deflection of the 
QRS complex on the ECG. The time required for the ex-
citatory wave to move through the ventricles is reflected 
in the width of the QRS complex. To initiate the action po-
tential, the cellular Na+ influx must be large and rapid to 
charge the membrane capacitance of the cardiac myocyte, 
which acts as a low pass filter to blunt rapid membrane 
potential changes.10 The conduction velocity through the 
entire cardiac syncytium is determined by myocytes per-
petuating this traveling electrical wavefront and cell- to- 
cell conduction.

Cardiac conduction is a highly synchronized process 
due to the strong electrotonic coupling between myocytes; 
however, this coupling is reduced in many disease states 
(e.g., regional ischemia and subsequent fibrosis).11 Weakly 
coupled cells can disrupt or slow conduction, produce 
heterogeneity of depolarization, and contribute to unidi-
rectional block, all of which increase the potential for ar-
rhythmias to develop.12 When conduction is disrupted due 
to ischemia in one region, increased spatial dispersion of 
electrical activity may emerge as another proarrhythmic 
factor.13,14 Acidosis, ischemia, chronic disease, or altered 
electrolyte homeostasis modifies electrotonic coupling 
and can lead to modulation of conduction. Additionally, 
pathology associated with the disease state may serve as 
an acute or chronic disruptor by promoting long- term ion 
channel, calcium, and anatomical remodeling.15–17

In humans, the pore forming α- subunits of the Nav1.5 
are encoded by nine genes, resulting in the expression of 
distinct isoforms (Nav1.1–Nav1.9).18 Nav1.5 is expressed 
primarily in heart and embryonic skeletal muscle; there-
fore, this review focuses solely on the contributions of this 
channel to cardiac electrophysiology.19–21 The expression 
of multiple isoforms in different tissues is relevant when 
considering off- target drug effects because all currently 
available drugs that block Nav1.5 have minimal isoform 
selectivity. Therefore, cardiac anti- arrhythmic drugs can 
alter Na channel activity in extra- cardiac tissue, which 
may affect cardiac function indirectly, as well as produc-
ing off- target non- cardiac toxicity. Likewise, Na+ channel 
blockers for non- cardiac indications such as antiepileptics 
or local anesthetics may produce off- target cardiac toxic-
ity due to sub- optimal selectivity against the Na+ channel 
isoforms.

State- dependent block of the Nav1.5 results in voltage-  
and/or frequency- dependence associated with drugs.22–24 
Hille and Hondeghem & Katzung concurrently, but inde-
pendently, formulated the Modulated Receptor Hypothesis 

(MRH) to describe the effects of local anesthetics in nerve 
and cardiac muscle, respectively.24,25 This theory postu-
lates a conformational change in the channel as it transi-
tions between open, closed, and inactive “states,” causing 
a change in the drug binding properties in Nav1.5. The 
Guarded Receptor Hypothesis (GRH) was later proposed 
to simplify the complex mathematics involved in the cal-
culation of drug on- rate and off- rate constants.26

The MRH and GRH explain the voltage- dependence 
of recovery from drug block, which is slow in depolar-
ized tissue compared to normal or highly polarized cells. 
Additionally, the kinetic properties of binding can have 
profound effects on drug- induced block of Na+ current. 
Repetitive stimuli may cause accumulation of drug block 
due to the slow dissociation of drug from the high- affinity 
binding site. “Use- dependence” describes the increase in 
Nav1.5 block associated with increased frequency of chan-
nel stimulation.23 A combination of these state- dependent 
properties provides selectivity of drugs for different Na 
channel isoforms in different tissues and shapes the 
safety profile of the drug, a critical component in drug 
development.

HISTORY OF SODIUM CHANNEL 
BLOCKERS IN DRUG DISCOVERY

Antiarrhythmic drugs that reduce INa are classified by the 
Vaughan- Williams system as Class I agents.27 At clinical 
doses, these drugs exhibit anesthetic properties, depress 
maximal rate of depolarization (MRD) and prolong the 
effective refractory period. Three subtypes of this classi-
fication were defined (Classes Ia, b, and c), which exhibit 
important differences in arrhythmogenic potential. Class 
Ib agents, such as lidocaine (a local anesthetic), are gen-
erally the least proarrhythmic because they produce little 
change in the MRD and QRS interval and may shorten 
QT interval during sinus rhythm. These drugs are often 
used in the acute management of ventricular arrhythmias. 
In contrast, Class Ia agents, such as quinidine, block Na+ 
current and prolong action potential duration (APD) at 
relatively high therapeutic doses without depolarizing the 
membrane potential. Finally, Class Ic agents, such as fle-
cainide, produce slowing of conduction and QRS widen-
ing without a significant prolongation of the APD or QT 
interval at clinical doses. In recent years, the evolution of 
these categories to include additional modes of block has 
been considered, preserving the simplicity of the original 
subclassification yet allowing for the existence of multiple 
drug targets or actions and consideration of proarrhyth-
mic effects.28

The CAST trial was a randomized, multicenter, 
placebo- controlled clinical study designed to determine 
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whether, in patients with prior myocardial infarction (MI) 
and asymptomatic or minimally symptomatic ventricular 
ectopy (VE), the incidence of sudden cardiac death could 
be reduced by Class Ic antiarrhythmic drugs.29 However, 
after <1 year of follow- up, the encainide and flecainide 
arms of the study were halted due to increased mortality 
compared to the placebo group. A subsequent study (CAST 
II), comparing moricizine to placebo, was also terminated 
prematurely due to excess mortality in the treatment 
arm.30 Additional evidence in human and animal studies 
showed that Class I antiarrhythmic drugs may have proar-
rhythmic actions.31–33 It was concluded that the use of car-
diac Nav1.5 blockers in post MI patients may suppress VE, 
but paradoxically increase sustained ventricular arrhyth-
mias and mortality, and that delayed intramyocardial con-
duction in hearts with underlying disease promoted the 
formation of re- entrant circuits, despite a reduction in 
spontaneous triggers.34 Unfortunately, the CAST findings 
confirmed the potential adverse effects of Class I antiar-
rhythmics that were previously postulated.35,36

Despite the CAST trial findings and acknowledged 
clinical risk, a significant number of drugs have been 
developed with both on-  and off- target effects on the 
cardiac Na channel. In a contemporary analysis, we dis-
covered a myriad of therapeutic areas reporting clinical 
observation of conduction slowing, that is, QRS prolon-
gation, including, but not restricted to antiarrhythmics 
(Figure 2). One example is the development of tricyclic 
antidepressants (TCAs) in the 1950s, which largely re-
placed monoamine oxidase inhibitors for the treatment 
of depression. Most TCAs are potent Nav1.5 blockers 
that may also block calcium channels.37 TCA overdose 
is one of the most frequent causes of drug poisoning, 
and though initial symptoms are characterized by an-
ticholinergic effects, the cardiac effects of Nav1.5 block 
may be profound.38 QRS prolongation serves as a marker 
for severe TCA overdose, such that QRS widening to 
>100 ms is predictive of seizures, while QRS > 160 ms is 
predictive of ventricular tachycardia.39

The use of Nav1.5 blockers for the termination and 
rhythm control in atrial fibrillation (AF) patients was 
once a promising avenue; however, their use in this con-
dition is restricted by labeling warnings for patients at 
risk for Nav1.5 inhibition- dependent CV complications.40 
Efforts to develop blockers of peak INa, such as vernaka-
lant (Class III drug), for the therapeutic treatment of AF 
have raised concerns from regulators on: (1) the risk: 
benefit to patients and (2) potential adverse reactions 
that range from hypotension to mortality, all a conse-
quence of on- target pharmacology (FDA: December 10, 
2019, Meeting of the Cardiovascular and Renal Drugs 
Advisory Committee Meeting Announcement).41–43 
Recently, a revision in the product label for a marketed 

antiseizure medication, lamotrigine (Lamictal™), that 
included the in vitro classification of the drug displaying 
Class Ib- like properties elicited an editorial from “The 
International League Against Epilepsy”; emphasizing 
the need to better understand the impact of Na channel 
block on conduction for both cardiac and non- cardiac 
indications.44,45

REGULATORY FRAMEWORK: ICH 
GUIDELINES

Scientists have implemented drug development strate-
gies based on principles described in the International 
Council for Harmonization of Technical Requirements 
for Pharmaceuticals for Human Use (ICH) S7A and 
S7B guidance documents, that tailor validated in silico, 
in vitro, and in vivo nonclinical models conducted under 
Good Laboratory Practice (GLP) regulations to de- risk 
novel pharmaceutical agents from acute cardiovascu-
lar liabilities.46,47 Although not specifically addressing 
conduction- related arrhythmias, the ICH S7A guidance 
describes several assays that may support first in human 
(FIH) trials, including radioligand binding assays, high- 
throughput ion channel screening assays (HTS), in vitro 
cell and cardiac tissue assays, and whole animal studies. 
In conscious, telemetered dogs and/or non- human pri-
mates (NHP), cardiac conduction is routinely assessed 
by evaluating QRS and PR intervals in single dose safety 
pharmacology and repeat dose toxicity studies. An impor-
tant caveat is that these nonclinical studies are conducted 
in young healthy animals. While it has been established 
that cardiac conduction abnormalities are exacerbated in 
diseased tissue that sensitizes the heart to drug- mediated 
effects, validated animal disease models of conduction 
abnormalities may have limited utility in translation to 
healthy Phase I clinical trial subjects. Therefore, drug ef-
fects on Nav1.5 channels are normally not investigated 
under pathophysiological conditions.

The focus of the ICH S7B guidance is almost entirely 
related to drug- induced hERG inhibition, QT prolon-
gation, and repolarization- related arrhythmias. It does, 
however, describe the assessment of drug effects on ion 
channel currents, action potential and electrophysio-
logical parameters in cardiac tissue, ECG effects in ani-
mals, and proarrhythmic effects. Drug effects on the QRS 
duration and conduction- related arrhythmias are likely 
detected in these studies.

In a recent survey conducted by the Safety Pharmacology 
Society (SPS, https:// www. safet yphar macol ogy. org/ ), 46% 
of respondents reported observing QRS prolongation 
in nonclinical cardiovascular safety studies either occa-
sionally or frequently.9 Several publications have shown 

https://www.safetypharmacology.org/
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that Nav1.5 inhibition is detected during standard com-
pound screening with some regularity with hit rates at 
approximately 13%48 and in HTS INa patch clamp assays 
at approximately 26%.49 Nonetheless, it is challenging to 
estimate the impact of QRS prolongation and conduction 
on drug development. Data available in PharmaPendiumÒ 
(https:// pharm apend ium. com/ ; Elsevier) demonstrates 
the cases of QRS prolongation in nonclinical studies in the 
Drug Safety Data, as well as in humans as evidenced by a 
search within the FDA Adverse Event Reporting System 
(FAERS) (Figures 1 and 2).

CURRENT METHODOLOGIES FOR 
NONCLINICAL ASSESSMENT OF 
NAV1.5 BLOCK

The nonclinical assessment of conduction liability utilizes 
the framework outlined in regulatory guidance documents, 
with the intention of identifying hazards early in the drug 
development process. The nonclinical development strat-
egy for off- target Nav1.5 blockade is based on knowledge of 
the actions of local anesthetics, antiarrhythmics and anti-
convulsants, coupled with advances in predictive modeling 

F I G U R E  2  Various pharmacological drug classes that are reported to prolong the QRS interval of the ECG based on a search of the 
FDA AERS database. (a) Number of FAERS findings per drug class sorted from highest to lowest based on absolute cases from 1999 to 2023; 
(b) data shown as percent increase in findings in subsequent years 2019–2023.

https://pharmapendium.com/
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and structural analysis.50,51 Because endpoints from early 
exploratory studies are surrogates for conduction slowing 
and arrhythmia, considerable flexibility exists in models/
technologies/methods to appropriately identify the hazard—
often increasing in complexity and physiological relevance 
as development compounds transition to clinical candidates.

Most in vitro secondary pharmacology panels include 
Nav1.x displacement binding assays derived from rat 
brain preparations, which may have limited applicability 
to cardiac Nav1.5. HTS cellular electrophysiology assays 
on automated platforms are now commonly utilized for 
screening purposes, while manual patch- clamp provides 
more detailed mechanistic data including the charac-
terization of state-  and use- dependent binding.52–55 The 
advantage of these platforms is that they utilize human 
cardiac ion channels, as compared to binding studies.

While a link between reduced Nav1.5 conductance and 
delayed cardiac conduction is well established, transla-
tion from nonclinical in vitro and in vivo models to clin-
ical end points has been challenging across assays and 
models. The INa patch clamp assay results strongly cor-
relate with QRS prolongation in the ex vivo Langendorff 
preparation (guinea pig) and clinical QRS prolongation, 
with greatest sensitivity and specificity at 20% channel in-
hibition.49 Prolongation is related to exposure, pacing fre-
quency/heart rate, and is exaggerated for a Class Ic drug 
(flecainide) versus a Class Ib drug (mexiletine) across spe-
cies.56 Flecainide significantly prolonged QRS in the rab-
bit wedge preparation and conscious rat and dog studies 
at concentrations approximately 10-  and 20- fold, respec-
tively, below INa potency (IC50).56 Further, modulation 
of pacing rate allows for characterization of frequency- 
dependent QRS prolongation which is a hallmark of Na+ 
channel block and conduction slowing.57 QRS prolonga-
tion in humans is also predicted and achieved by drug 
exposures significantly lower than the Nav1.5 potency 
(IC50), substantiating that <10% inhibition of current 
is sufficient to produce conduction slowing.54,58 In con-
trast, exposures that prolong the QRS interval in humans 
produce much smaller changes in the dog QRS interval, 
suggesting a species- dependent difference that should 
be considered when interpreting nonclinical study 
data. Regardless of these challenges, detection limits in 
drug- induced changes in QRS duration on the order of 
1–2 msec have been reported based on historical power 
analysis in nonclinical species and can be detected using 
in vivo non- rodent telemetry study methods.59

While these in  vitro and in  vivo methodologies may 
appear to provide a comprehensive toolbox for assessing 
conduction slowing, several limitations exist: (1) binding 
assay are usually performed in non- cardiac tissue such 
as rat brain which do not contain the Nav1.5 channel iso-
form (2) high- throughput automated patch clamp assays 

are not designed to characterize state- dependence of drug 
block, (3) ex  vivo assays may exhibit species/tissue spe-
cific pharmacology and not accurately reflect effects in 
humans, and (4) in vivo ECG studies in animals at rest-
ing heart rates may not identify drugs which exhibit Class 
Ib- like rate- dependent activity. Discussions of challenges 
and best practices in the published literature include sur-
veys,60 original data and analyses,51–55,61,62 reviews50,51 and 
commentary.62 Considering the reported high hit rates for 
Nav1.5 inhibition,61 which approach those for hERG inhi-
bition, there remains a need for better understanding of 
the translatability of nonclinical signals to clinically rele-
vant adverse events.50–55,60–62

CLINICAL ASSESSMENT OF 
NAV1.5 BLOCK DURING DRUG 
DEVELOPMENT

Clinical QRS prolongation may be identified in a dedi-
cated Thorough QT/QTc (TQT) trial, as described in the 
ICH E14 guidance, since these studies are also powered 
to detect small changes in the QRS duration and PR inter-
val, in addition to QT/QTc.63 Such studies are generally 
performed in healthy volunteers and require centralized 
collection of replicate ECGs at 10–12 timepoints follow-
ing dosing.64 It is also possible to detect QRS prolongation 
in Phase I ascending dose studies by using concentration- 
QRS modeling, using the same standards for ECG and 
PK collection, ECG analysis, and concentration- effect 
modeling that are used in a TQT trial.65 In general, drug- 
induced Nav1.5 block produces QRS prolongation with a 
linear relationship to drug plasma concentration.66

The ECG collection devices used in modern clinical 
trials generally provide interval duration measurements, 
including QRS, which are performed on a superimposed 
global median beat or the vector magnitude lead. In 
contrast, nonclinical ECG measurements are generally 
performed on a single lead (usually lead II), even when 
multiple leads are recorded. The precision of the measure-
ment is affected by the acquisition sampling rate, filtering 
of the digital signal, the magnification at which measure-
ments are performed, and by the use of paper versus dig-
ital ECG records.67 In general, a sampling frequency of 
500 Hz or above is sufficient for precise measurements of 
QRS duration. Filtering may smooth out the QRS onset or 
offset, and therefore, should be avoided.68 High magnifi-
cation of digital files is preferred for very precise QRS du-
ration measurements, just as for measurement of the QT 
interval. Ultimately, to detect small QRS increases, large 
numbers of ECGs must be collected and analyzed.

When measuring QRS duration in animals, species- 
specific characteristics should also be considered. While 
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canines and NHPs have ECG morphologies relatively com-
parable to humans, minipigs tend to have deep S- waves, 
which affects the QRS interval duration and is associated 
with greater inter- individual variability in this species,69 
whereas rats typically have low- amplitude S- waves. These 
variations in QRS complex result from species specific dif-
ferences in their cardiac ion channel profile.70

A “ WEIGHT OF EVIDENCE” 
APPROACH FOR NAV1.5 SAFETY 
PROFILING

Cardiac Nav1.5 blockade does not always translate to 
meaningful conduction slowing, but when apparent, can 
lead to increased proarrhythmic potential and sudden 
death; therefore, it is important we develop a framework 
for prediction of clinical risk when off- target pharmacol-
ogy is suspected or observed. Because of the synergistic 
effects of multiple risk factors including background pa-
thology in the patient, designing a safety pharmacology 
strategy to predict conduction liability is challenging. 
To adequately assess the hazard, we propose a “weight 
of evidence” approach anchored in rigorous biophysical 
characterization using validated assays, modeling of drug 
effects in a setting of healthy and diseased myocardium 
using both computational and in vitro assays, along with 
novel approaches to nonclinical and clinical ECG analysis 
(Figure 3). One might envision implementation as reflex-
ive to an early screening hit against Nav1.5 or follow- up to 
conduction slowing in later stage in vivo studies. In either 
case, the hazard would be weighed against other develop-
ability and quality criteria, including the therapeutic area 
and unmet patient need.

While the Comprehensive in vitro Proarrhythmia Assay 
(CiPA) paradigm has served as a model for assessment of 
repolarization risk, a more diligent approach might benefit 
the characterization of conduction liability.71 For example, 
understanding the complex biophysics of state- dependent 
block requires a more sophisticated voltage protocol than the 
Milne's dynamic pulse- protocol or step- protocols proposed 
in CiPA. Liu et al. (2003) investigated the state- dependent 
block of flecainide and lidocaine using protocols that stimu-
late the channel with rapid pre- pulses or sustained depolar-
ization followed by a protocol allowing for quantification of 
channel recovery and inactivated state block -  biophysical 
properties that define the Vaughan- Williams classification 
of Na+ channel blockers.72 Although these conditions seem 
non- physiological, depolarization of the myocardium is 
known to occur post- MI and is associated with risk of con-
duction slowing in the presence of Nav1.5 blockers.

The in  vivo non- rodent study described by the ICH 
S7A/B guidelines is a valuable component of the nonclinical 

risk assessment thought to complement or supersede any 
in vitro findings. These are often conducted late in nonclin-
ical development in support of regulatory review enabling 
“First in Human” clinical trials. While studies in non- 
rodents are conducted in freely moving, conscious dogs, 
or NHPs, the data are limited to a range of resting heart 
rates under normal sinus rhythm and “unstressed” condi-
tions, which may not inform on complex state- dependent 
Nav1.5 block. Conversely, rodent species including rats 
and mice may be suited to investigate conduction slowing 
(PR/QRS prolongation) and their higher heart rates may 
enable interrogation of frequency- dependent Nav1.5 block, 
complexities of comparison across nonclinical species and 
human translation remain challenging.73 While the linear 
translation of these findings to humans may be tenuous, 
inducing the rapid heart rate in non- rodents would require 
resource- intensive means such as surgical implantation of 

F I G U R E  3  The effect of cardiac Nav1.5 channel blockade on 
cardiac electrophysiology. The top two panels (INa and resting 
membrane potential (Vm)) show the predicted effects of Nav1.5 
reduction (red) on INa (a) compared to control (black) during a 
simulated human O'Hara- Rudy ventricular cardiac action potential 
(b). The lower two panels show the effect of substantial Nav1.5 
reduction on the simulated electrogram in a human virtual tissue 
representation (c) on an expanded and compressed time- course. 
(d) The effect of Nav1.5 reduction on QRS width is shown (red) 
compared to control (black) and quantified in the lower right 
graph.
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a pacemaker, external cardio- stimulation, or pharmaco-
logical intervention.

A more thorough analysis of the ECG might prove 
valuable in characterizing Nav1.5 block in  vivo. QRS 
amplitude may also be altered by Nav1.5 block, but rel-
atively little has been published in the clinical literature 
about the effects of Nav1.5 blockers on QRS amplitude 
other than the use of signal averaged ECGs to evaluate 
late potentials.74,75 Alternatively, the use of vectorcardio-
grams (VCG), a measure of the cardiac wavefront vector 
of the ECG, identified conduction slowing independent 
of changes in repolarization and have proven a sensitive 
biomarker of Brugada Syndrome.76 Unfortunately, these 
complex analyses require a modified or full 12- lead ECG 
acquisition, which may exceed the standard study design 
and resource in nonclinical studies.

And finally, computational modeling of the structural 
interactions of drugs and ion channels may permit pre-
dictions across multiple time and space scales, including 
effects on cardiac rhythm. These predictions could then be 
tested experimentally and/or validated by clinical data.77,78 
In silico modeling of cardiac Nav1.5 biophysics was incor-
porated in the O'Hara Rudy model employed by CiPA, yet 
the impact of pharmacology on peak INa and conduction 
was not emphasized.79–81

Incorporation of the voltage-  and drug- dependent 
changes in channel conformation can be used to predict 
drug binding, and the subsequent effect on conduction.82,83 
Figure 3 illustrates the computational integration of both 
cellular and tissue effects on conduction. Additionally, 
by incorporating effects of beat rate on action potential 
upstroke and the contribution of accessory proteins on 
Nav1.5 pharmacology, as well as the impact of ischemic 
damage, a framework for modeling drug- induced conduc-
tion slowing is feasible.84–87

ADDITIONAL CONSIDERATIONS

While Nav1.5 channels are the primary drivers of the ex-
citatory impulse and cardiac conduction, additional ion 
channels may play an important role particularly in the 
setting of ischemia, infarct or heart failure disease states.88 
Gap junctions facilitate intercellular conduction to form 
the myocardial syncytium and have been associated with 
drug- dependent QRS widening.89,90 Drugs may also indi-
rectly alter cardiac current by affecting post- translational 
processing or trafficking of ion channels.91 Finally, muta-
tions in multiple proteins that interact with cardiac Na+ 
channels have been shown to alter channel function and 
result in cardiac disease.92 However, none of these effects 
can be determined from electrophysiological assays in 
heterologous systems, and in  vivo safety pharmacology 

studies may not provide accurate assessments. Discussion 
of these processes is beyond the scope of this review but 
should be considered when evaluating the proarrhythmic 
potential of new therapeutic agents.

CONCLUSION

A renewed emphasis on conduction abnormalities is 
important to overall drug safety and risk assessment. 
Furthermore, the subclassification of cardiac Nav1.5 
blockers can inform relative “safety” based upon an un-
derstanding of historical compounds that define these 
subclasses. An integrated risk assessment from nonclini-
cal in  vitro and in  vivo safety studies together with ad-
ditional computational models may provide additional 
kinetic data to enhance our ability to define drug activity 
and ultimately predict patient risk. In this context, un-
derstanding and defining the translation of drug- induced 
effects on Na channel pharmacology from in  vitro ion 
channel block to in  vivo QRS prolongation, and subse-
quent translation to clinical outcomes should be prior-
itized.58,87 Moreover, it may be possible to mitigate the 
risk of Nav1.5 blocking drugs by utilizing novel technolo-
gies from automated patch clamp assays to hiPSC- CM 
platforms and complex mathematical modeling to incor-
porate additional human and disease- specific co- factors 
that may exacerbate Na channel pharmacological effects 
of new drugs.
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