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This white paper, prepared by members of the Cardiac Safety Research Consortium, discusses several important issues regarding
the evaluation of ventricular arrhythmias in early clinical pharmacology trials and their potential consequences for later clinical
drug development. Ventricular arrhythmias are infrequent but potentially important medical events whose occurrence in early
clinical pharmacology trials can dramatically increase safety concerns. Given the increasing concern with all potential safety
signals and the resultant more extensive electrocardiographic monitoring of subjects participating in early phase trials, an
important question must be addressed: Are relatively more frequent observations of ventricular arrhythmias related simply to more
extensive monitoring, or are they genuinely related to the drug under development? The discussions in this paper provide current
thinking and suggestions for addressing this question. (Am Heart J 2010;159:716-29.)

Ventricular arrhythmias are infrequent but potentially
important medical events that can occur in healthy
subjects during phase I clinical trials. Of particular
interest in this white paper are those occurring in early
clinical pharmacology trials (eg, first-in-human and
multiple ascending dose studies), where any temporal
association between the drug under development and an
adverse event raises safety concerns. However, many
points discussed are also relevant to phase I studies
throughout the clinical development program, for
example, pharmacokinetic (PK)/pharmacodynamic (PD)
and drug-drug interaction studies.
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Increasing regulatory scrutiny of drug cardiac safety has
led to increased use of frequent or continuous electrocardiographic monitoring of subjects participating in
early phase trials. Increased monitoring alone may lead to
more frequent observations of asymptomatic ventricular
arrhythmias. This occurrence can raise questions
concerning whether or not it is appropriate to terminate
the development program at this point. Although there
are certainly cases when termination may be appropriate, this decision should not be made automatically.
Rather, the decision to continue development or not
should be made in the context of (1) assessment of the
rate of ventricular arrhythmias in the test population
relative to drug exposure, (2) assessment of the rate of
ventricular arrhythmias in the test population relative to
placebo-treated subjects, and (3) benefit-risk analysis of
any potential drug-related arrhythmias. Factors considered in benefit-risk analysis include the risk of serious
morbidity and mortality from the underlying disease
state, the availability of other drugs in a class that may not
have toxicity, the impact of the therapy on the disease,
and the probability of life-threatening arrhythmias.
Because the detection of such arrhythmias often triggers
more intensified cardiac monitoring in subsequent
studies, which can be associated with increases in
development costs and prolonged drug development
timelines, it is of considerable importance to assess
whether an increased occurrence is likely due to the
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prolonged duration of monitoring in (or other conditions
specific to) the phase I setting or more likely due to
exposure to the drug.
An immediate problem in assessing the relative
frequency of episodes of ventricular ectopy observed
during phase I trials is the lack of comprehensive
medical data addressing the occurrence of these
episodes in apparently healthy general populations. It
is very difficult to determine the expected “background
frequency” of such episodes in the absence of a drug
effect and, therefore, to evaluate whether a drug is
specifically associated with an increased frequency of
ventricular ectopy observations. The small number of
control patients typically used in early phase studies may
not be sufficient to detect a significant difference in the
incidence of arrhythmic events between placebo- and
drug-treated individuals. Consequently, there is currently
no consistent approach regarding the ethics or clinical
necessity of how to optimally evaluate or treat episodes
of ventricular ectopy observed in a healthy subject in a
phase I study, or how to decide between continued
development of the drug or termination of the
development program. Therefore, evidence-based considerations that lead to a consistent approach to the
necessity and intensity of cardiac monitoring in early
phase studies, medical evaluation of a subject displaying
ventricular ectopy, study termination criteria for individual events of ventricular ectopy, additional evaluations
for the drug, and appropriate termination of a development program after the occurrence of such an event are
likely to be beneficial.
The most fruitful way to advance such suggestions is
through the collaboration of regulatory, academic, and
industry discussants, as outlined in the Food and Drug
Administration Critical Path Initiative. Based on the
Critical Path Initiative principles, the Cardiac Safety
Research Consortium (CSRC) was created to facilitate
such collaborations to develop consensus approaches
addressing cardiac safety issues relating to development
of new medical products.1 A CSRC subgroup was
established to foster stakeholder discussion about ventricular arrhythmia risk assessment and appropriate
medical follow-up and drug development when observed
in healthy subjects in early phase studies. This white
paper is a result of the subgroup's discussions.
The paper provides suggestions for sponsors conducting early clinical pharmacology trials and is not intended
to serve as a regulatory guidance. As will be seen, the
current literature discussing the “normal occurrence” of
such arrhythmias is relatively scant, which makes
definitive determination of events as “drug induced”
very difficult. This observation influences the content of
this paper in 2 ways. First, it is not appropriate to make
precise prescriptive recommendations. Sponsors are
encouraged to take a flexible approach that best suits
the particular situation of the drug in development.
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Second, information and knowledge generated by
additional research are needed. Therefore, the future
directions discussed include some ideas for potentially
instructive research. Indeed, prompting such research
may be the ultimate benefit of this paper.

Primary topics discussed
The paper first summarizes the currently available
medical literature on ventricular ectopy in apparently
healthy populations. It then discusses several important
issues regarding the evaluation of ectopic ventricular
episodes in early clinical pharmacology trials and
potential consequences for later clinical development.
These include the following:
• Nonclinical and relevant clinical evidence (eg,
structural/pharmacologic class effects) that may
merit consideration for intensive cardiac monitoring
during early clinical development;

• Potential selection criteria for subjects participating
in early clinical trials using intensive cardiac monitoring (eg, excluding individuals with any baseline
arrhythmias, history of heart disease, or other factors
that may influence arrhythmias in some studies vs
inclusion of an enriched “at-risk” population of
patients in other studies) and the use of screening
technologies;
• Approaches to intensive cardiac monitoring, for
example, frequent resting surface electrocardiograms
(ECGs) and continuous ambulatory ECG recording
with or without real-time cardiac telemetry;
• Approaches to clinical follow-up of subjects in whom
ventricular arrhythmia is discovered during the study
to ensure the subjects' safety, and to provide
meaningful information to guide further drug
development;
• Regulatory considerations related to ventricular
ectopy in early clinical development;
• Potential stopping criteria for individual subjects,
dosing cohorts, and a particular study;
• Next steps for drug development programs when
ventricular ectopy is encountered.

The paper concludes with the presentation of 3 case
studies as hypothetical examples of how the considerations discussed may impact a drug's clinical development
program and discussion of future research directions for
ventricular arrhythmia in healthy subjects or, in later
studies, particular patient subgroups.
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Background prevalence of ventricular
arrhythmias in healthy populations
Review of the literature
The evaluation of prevalence of all forms of ventricular ectopy is affected by the sampling duration of ECG
waveform data. The reported prevalence in apparently
healthy populations (ie, the populations from which
healthy subjects in phase I studies are drawn) is often
assessed using standard resting surface ECGs. However,
the prevalence in these assessments, which only capture
10 seconds of electrocardiographic information, is lower
than that determined via continuous ECG waveform
recordings by a factor that could exceed 100-fold.2
Evenson et al3 reported that 2-minute resting surface
ECG recordings poorly predict ventricular ectopy on
subsequent 24-hour continuous ECG recording. In
studies that used the cutoff of 200 to 300 premature
ventricular contractions (PVCs) per 24 hours, only
between 1% and 5% of apparently healthy subjects had
PVCs more frequently.4-7 Therefore, in studies using
continuous ECG monitoring over prolonged periods,
more prolonged ECG assessment during screening may
identify and, hence, exclude healthy subjects with
preexisting cardiac arrhythmias.
The studies using resting surface ECGs have by far the
largest sample sizes. The prevalence of PVCs observed on
paper tracings ranged from 0.8% to 14%,8-14 with an
increasing prevalence with age. Nonsustained ventricular
tachycardia (NSVT) (≥3 consecutive beats of ventricular
ectopy) was reported infrequently, 6 times among
N135,000 subjects. Other studies have confirmed increased prevalence of NSVT with age and presence of
hypertension.15,16 Including younger subjects and excluding subjects with preexisting cardiovascular disease
(including hypertension) may be beneficial in early phase
trials to reduce the likelihood of non–drug-related
frequent or complex ventricular ectopy. Alternatively, if
there is still a concern regarding potential proarrhythmia,
an enriched population of “susceptible” individuals with
cardiovascular disease can be studied to determine if the
drug promotes the development of arrhythmias.
Although the association between the sampling
duration of continuous ECG waveform recording and
the prevalence of detection of ventricular ectopy is not
consistent across all published studies, Kennedy et al17
showed that increasing the duration of recording from
24 to 36 hours increased the probability of detecting
maximal and more complex grade PVCs by 25% and
50%, respectively. Kostis et al18 showed that progressively increasing the sampling duration increased the
probability of detecting PVCs. The study that reported
the highest prevalence of NSVT recorded ECG waveforms for 48 hours.19 Given these results, it is perhaps
not surprising that more events of ventricular ectopy are
being seen during the more intensive telemetry or
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Holter monitoring now being conducted for cardiac
safety evaluation in early phase trials.
Table I summarizes the results of studies available in the
English-language medical literature that reported on the
prevalence of different forms of ventricular ectopy in
apparently healthy subjects. The determination of
“healthy” status of the subjects in these studies was not
uniformly assessed. In addition, some of the data below
were observed in subjects who were healthy controls for
either diseased or athletic populations.
Various factors, including diurnal rhythm and psychologic stress, may influence the occurrence of ventricular
arrhythmias during a study. Evidence for the influence of
diurnal rhythm on ventricular ectopy was not consistent
among studies, although one study reported a statistically
significant increased prevalence during waking or daytime hours.41 Psychologic stress, which may be present in
some subjects in the typical phase I inpatient environment,46 has been associated with increased ventricular
ectopy,47,48 an association made more salient by the
plausible mechanisms through which psychologic stress
can affect ventricular repolarization.49
Phase I studies in healthy subjects have a tendency to
recruit younger, male subjects with lower body mass
index. Biffi et al50 studied the effect of physical
deconditioning of 70 trained athletes presenting with
frequent and/or complex ventricular arrhythmias
(≥2,000 PVCs and/or ≥1 burst of NSVT per 24 hours)
with (28%) or without (72%) underlying structural
cardiovascular abnormalities. Twenty-four–hour ambulatory ECGs before and after a deconditioning period of 19
(±6) weeks revealed a decrease in both the incidence and
number of subjects presenting with PVCs and NSVTs.
Therefore, the general physical condition of healthy
subjects enrolled in a clinical study may have an influence
on their arrhythmia profile.

Limitations of the current literature
There are considerable limitations in extrapolating
prevalence rates from the studies just reviewed to the
likely incidence of ventricular ectopy events during
phase I studies. The typical phase I environment
(including confinement in a clinical pharmacology
unit) is likely considerably different from the settings
in which the majority of studies in Table I were
conducted (outpatient setting).46 Second, the rigor
with which subjects were excluded on the basis of
underlying structural (such as mitral valve prolapse) or
ischemic heart disease or hypertension (conditions that
increase the prevalence of ventricular ectopy51-55) in the
majority of studies in Table I varied considerably, in
particular with varying access to functional (stress)
testing, echocardiographic imaging, and blood pressure
monitoring. These exclusions may differ from those for
subjects participating in phase I studies. Third, inter- and
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Table I. Literature review

Reference
[20]
[21]
[22]
[23]
[24]
[25]
[26]
[27]
[28]
[17]
[29]
[30]
[31]
[32]
[33]
[34]
[18]
[35]
[36]
[37]
[38]
[4]
[39]
[5]
[40]
[7]
[6]
[41]
[42] Dijane's data
[42] Leitner's data
[19]
[43]
[44]
[45]

Sample
size
65
27
35
53
86
23
74
50
30
23
189
13
131
33
100
50†
101
300
98
20‡
70‡
260
80‡
170
100
101b
111
147
50
100
40‡
60‡
152∥
624∥

Age range (y)
25-39
NK
NK
20-70
16-65
35-65
20-80
23-27
Mean age
NK
20-70
60-84
10-13
24-34
20-70
22-28
16-68
40-59
60-85
19-28
Mean age
40-79
b40
18-70
14-16
20-59
20-79
15-65
22-57
40-69
Mean age
Mean age
18-59
NK

47

23

56
25

Sampling
duration time (h)

Prevalence of
ventricular
ectopy (%)

Prevalence of
multiform ventricular
ectopy (%)

Prevalence of
NSVT (%)

2.5
8-12
10
24
48
48⁎
24
24
24
48
24
24
48
24
24
24
24
24
24
24
16
24
24
24
48
24
24
24
24
24
48
24
24
24

0
44
14
8
73
35
76
50
33
35
41
100
26
9
21
54
39
76
80
70
39
69
50
41
41
34
61
46
22
63
83
40
?19
60

0
NK
NK
2
15
9
38
12
7
0
7
8
25
NK
3
10
NK
33
35
20
3
23¶
NK
15
10
9
NK
12
8
22
10
0
b1
NK

0
NK
NK
0
2
0
1
2
3
0
NK
0
0
0
0
2
0
2
4
0
3
2
1
2
3
1
1
1
2
3
5§
0
2
1

NK, Not known.
⁎ Including 24 hours during and after stress ECG testing.
† All women.
‡ Samples included athletes.
§ Incidence was 10% in sedentary controls.
∥ Studies done in clinical pharmacology units.
¶ Only 5% of subjects had PVCs of N2 different morphologies.

intrasubject diurnal and day-to-day arrhythmia variability
can have a considerable impact. Whereas intersubject
variability was the higher source of variation, intrasubject variability contributed considerably to differences
between hours and days of ECG waveform sampling.56-60
Biological variability is more pronounced over long
periods of observation (6-12 months) than short periods
(2-14 days).61 Finally, different monitoring technologies
were used in older studies compared with contemporary
phase I studies.
The background prevalence of ventricular ectopy in
healthy subjects is highly variable and, in a given study, is
a function of the specific population used and the
duration of monitoring. The differences in the duration

of monitoring and observed subject characteristics (eg,
age, sex, underlying exclusionary criteria) may account
for the differences in the prevalence of arrhythmias seen
in healthy subjects participating in clinical trials compared with the cited prevalence of arrhythmias in the
literature. In addition, given the small size of typical early
phase studies (as well as the frequent use of nonbalanced
drug-treated vs placebo-treated cohorts), there are often
too few placebo-treated individuals to make a meaningful
quantitative comparison of the relative rates of observed
arrhythmias. Therefore, it is not possible to conclude that
arrhythmias that occur with increased frequency in
clinical trials with extensive ECG monitoring are necessarily drug related.
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Utility of nonclinical signals in guiding
clinical cardiac monitoring
Although the limitations of nonclinical data in accurately predicting human responses to a drug are well
acknowledged, such data can still prove useful. If a safety
signal is seen in nonclinical studies, this may lead to a
decision to conduct a greater degree of cardiac monitoring during phase I trials. However, it should be
emphasized that the absence of a safety signal in
nonclinical studies does not preclude the need for
monitoring during the clinical development program.
Nonclinical investigations should pursue safety pharmacology studies in addition to standard multiple-dose
toxicology studies. The design and validation of nonclinical models of proarrhythmia have been subjects of
significant focus.62 The International Conference on
Harmonisation of Technical Requirements for Registration of Pharmaceuticals for Human Use Guidances S7A63
and S7B64 recommend an in vitro hERG or IKr ion
channel assay and an in vivo cardiovascular safety
pharmacology study in nonrodent species. Additional
informative safety pharmacology tests include repolarization assays and proarrhythmia models. Repolarization
assays measure action potential parameters in isolated
cardiac preparations such as Purkinje fibers,65 papillary
muscles,66 arterially perfused left ventricular wedges,67
and Langendorff hearts.68 Proarrhythmia models include
both ex vivo test systems, such as isolated Langendorffperfused hearts,69 as well as in vivo models, such as the
chronic atrioventricular block dog.70
The selection of suitable studies for a given drug
should be flexible and optimized based upon information gained during drug discovery. Additional considerations include the relationship between the therapeutic
index and the predicted efficacious concentration in
humans. For instance, a low hERG IC50 (≤1 μmol/L or
overlap with clinically relevant exposures), abnormal
cardiac intervals or arrhythmias observed in an animal
cardiovascular study, or a ventricular wedge preparation
assay that suggests a risk of ventricular arrhythmia may
indicate a possibility of clinically significant cardiac
arrhythmias and need for real-time ECG monitoring in
clinical studies.
Such findings may facilitate the decision to discontinue development of the compound or to optimize
cardiovascular monitoring in early clinical studies, taking
into consideration the potential benefits of the compound and knowledge about other drugs in the class. If
a cardiovascular safety signal is observed during
nonclinical development (or the nonclinical cardiovascular signals are considerably discordant) and a decision
is made to progress to clinical investigation, additional
safety pharmacology studies incorporating intensive
cardiac monitoring could be considered to complement
intensive cardiac monitoring in clinical studies.
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Understanding the time course and exposure-response
relationship of cardiovascular changes in the animal
species (either as an end point or as a prodromal signal
for more serious downstream events) benefits the
clinical investigation in a number of ways, including
the following:
• Use of appropriate cardiovascular monitoring techniques and determination of their duration in a phase
I study. Monitoring options are outlined in “Cardiac
monitoring options,” and their use in intensive
monitoring in clinical trials is discussed in “Intensive
cardiac monitoring during clinical trials.”
• Use of study stopping criteria based upon observation of a prodromal signal. For example, quantifying
changes in heart rate, blood pressure, QT interval
duration corrected for heart rate (QTc), PR interval,
QRS duration, or R-R interval compared with placebomatched data allows stopping criteria to be enacted
with reduced risk of stopping for placebo effects.
• Enabling the clinician to more quantitatively assess
the occurrence, nature, and timing of any cardiovascular events that are observed during clinical
development but were not seen during nonclinical
development.

Thus, the first question that needs to be asked is this:
What degree of cardiac monitoring is needed in early
clinical trials? Although a detailed answer/analysis is
beyond the scope of this paper, we certainly do not
suggest that more than “routine” monitoring is needed for
all new chemical entities. Rather, nonclinical data, any
available clinical data, and known pharmacologic and
class effects should determine whether intensive cardiac
monitoring should be used.
Consideration should also be given to limitations in
early clinical development due to the small sample sizes
used in early phase studies. Although matching numbers
of placebo controls should be considered, an overall
causality assessment is still difficult because of the low
incidence rate of ventricular arrhythmias in a healthy
population. A few cases can significantly affect the
incidence rate in a given study and may not always be
matched in the group receiving the drug and the group
receiving placebo. Even if the drug group and the
placebo group are matched in size, the study may still be
underpowered to demonstrate a statistically significant
difference between the groups with respect to arrhythmia occurrence. Isolated events may not pose a
significant safety signal, and caution should be exercised
in interpreting the impact of asymptomatic benign
arrhythmias. A careful evaluation of such events,
together with key monitoring of those subjects, is of
paramount importance.
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Cardiac monitoring options
Cardiac monitoring options used in early phase clinical
studies for the detection of arrhythmias (or increased risk
for arrhythmias) include the following:
• Telemetry (real-time monitoring in 2-12 cardiac leads);
• Traditional 12-lead ECGs (with discrete 10-second
sampling durations);
• Holter monitoring (delayed evaluation of 3-12 cardiac
leads);
• Various combinations of the above listed
methodologies.
Each of these options has advantages and disadvantages. Therefore, care should be taken when choosing a
specific approach in a clinical trial.
Although telemetry may only allow inspection of data
from a few leads and is not historically used for long-term
review of data, modern telemetry units are capable of
storing multiple rhythm strips for 24 hours or more of
data for retrospective analysis and can review up to 12
leads. Importantly, this option facilitates subject safety by
providing ongoing, real-time assessment of clinically
significant events, for example, substantial changes in
heart rate or rhythm, which allows rapid clinical
intervention when appropriate. Unfortunately, this option may not be widely available for certain studies such
as early phase I oncology drug trials in patients with
advanced cancer. Oncology units are typically not
designed for telemetry monitoring, and patients with
advanced cancer may not be appropriate for drug trials
on traditional cardiac telemetry units. When telemetry is
available, consideration should be made to incorporate
the actual rhythm strips into the study database for future
safety analysis if feasible.
The use of 12-lead ECG monitoring can provide a
broader range of data but often only at intermittent
intervals, with 10 seconds being a typical sampling time.
Holter monitoring is typically performed to assess the
occurrence of asymptomatic rate, rhythm, or interval
changes or to evaluate symptomatic events. Both Holter
monitoring and intermittent 12-lead ECGs do not typically
allow for immediate arrhythmia recognition and treatment. Current generations of Holter monitoring equipment are capable of recording high-fidelity 12-lead
Holters (500-1,000 Hz) and thus are frequently used for
thorough QT/QTc studies. These recordings, however,
are examined by experts as and when appropriate at a
later time and may not be appropriate for real-time
detection of cardiac rhythm changes.

Subject selection criteria for clinical trials
using intensive cardiac monitoring
More extended/intensive cardiac monitoring may lead
to an increased detection of background (ie, non–drug-
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related) ventricular arrhythmia, thereby making it more
difficult to differentiate between drug- and non–drugrelated arrhythmias. One strategy to reduce the occurrence of ventricular arrhythmia due to baseline rates or
subject variability is to carefully define eligibility criteria
for apparently healthy subjects entering such phase I
trials with intensive cardiac monitoring. The study sample
should be selected by use of appropriate inclusion and
exclusion criteria. In addition, an appropriate or matching number of placebo subjects should be considered for
this type of study. As previously noted, ventricular ectopy
or arrhythmia increases with increasing age. Therefore,
an upper age limit (eg, 50 years of age) can be considered
for some studies. A medical history suspicious for
arrhythmias (eg, palpitations, syncope) or consistent
with cardiac disease (eg, hypertension, angina, myocardial infarction) or a personal or family history of long QT
syndrome (LQTS) should also be considered for exclusion. In addition, if the subject has had previous cardiac
evaluation (eg, echocardiogram, exercise stress testing),
those findings should be considered when determining
the subject's eligibility. Minimally, an assessment of
electrolytes and a 12-lead ECG should be obtained at
screening. Subjects with significant ECG abnormalities
(ie, prolonged QTc, ventricular ectopy/arrhythmia, prior
infarction, ventricular hypertrophy) or significant electrolyte abnormalities (especially potassium and magnesium) should be excluded. Subjects with ECG
abnormalities, such as supraventricular arrhythmia with
aberrant conduction, which could mimic ventricular
arrhythmias and/or render it more difficult to monitor
should also be excluded. Potentially rare events such as
PVCs or NSVT can be missed with 12-lead ECGs but are
more likely to be captured with Holter monitoring
because of the extended duration of recording. Therefore, Holter monitoring may enhance arrhythmia detection before study entry when real-time ECG monitoring
will be used in a study.
If a drug has significant liability for arrhythmias on the
basis of nonclinical data or the target subject population,
various strategies are appropriate for subject selection.
Screening techniques such as conducting a 2-dimensional echocardiogram, continuous ambulatory ECG monitoring for 24 hours or longer (preferably closer to the
planned monitoring duration after dosing), and/or
exercise stress testing in this setting could be considered
to exclude subjects with subclinical structural heart
disease and/or evidence of cardiac ischemia and those at
risk of asymptomatic changes in rhythm (ie, frequent
ventricular ectopy, NSVT, or sustained ventricular
tachycardia [VT]).
Once subjects have been appropriately screened, the
nature of the study may determine additional precautions.
If telemetry or other continuous ECG monitoring is to be
used during the study, 24-hour Holter evaluations can be
performed during screening to identify and exclude
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subjects with an increased baseline frequency of ventricular ectopy or evidence of ventricular arrhythmia.
Preferably, the Holter evaluation should be performed
under conditions that simulate the phase I environment
and be of a duration that is similar to that planned
following study drug administration. If frequent ECG
recordings are to be obtained at the expected time of
maximum concentration (Tmax) during the study, then
similarly intensive ECG sampling should be done at the
same time of day during screening. Studies including
subjects with some baseline ectopy may consider longer
periods of placebo exposure to amplify evidence that
observed ectopy is not drug related.
Although subject recruitment may take longer by
restricting enrollment, the overall development timeline
could avoid significant delays if there are fewer falsepositive signals for proarrhythmia that require extensive
cardiac monitoring in later development. However, the
more restrictive the entry criteria for a study population,
the less likely it may be to detect a true arrhythmia signal.
Therefore, as development continues, consideration for
more susceptible (eg, geriatric subjects) or at-risk
populations should not be excluded from the clinical
studies (if the preceding nonclinical and clinical data
support it) to determine the true cardiac risk of the drug.

Intensive cardiac monitoring during
clinical trials
If intensive cardiac monitoring is deemed necessary, the
nature of this monitoring must be determined. This
monitoring may involve simultaneous use of more than
one of the items discussed in “Cardiac monitoring
options.” Options include more frequent resting surface
12-lead ECG recording, telemetry (real-time monitoring in
2-12 cardiac leads), and Holter monitoring (delayed
evaluation of 3-12 cardiac leads). Newer devices may
combine all 3 of these technologies into a single
recording/transmission device. Continuous cardiac monitoring with or without real-time telemetry (inpatient or
outpatient) provides additional valuable information to
resting surface ECGs, such as trends in heart rate and
rhythm and more accurate characterization of various ECG
parameters. If continuous cardiac monitoring is used, highfidelity, multilead recording with appropriate storage of
data (rather than reliance on printing representative data)
should be ensured. In addition, if an abnormal rhythm is
detected, additional clinical evaluations as well as specialist review of the finding should be completed.
For example, episodes of supraventricular tachycardia
(SVT) with aberration and artifact can closely mimic
episodes of VT, but have very different implications for
both patient safety and drug development. It is thus
imperative to retain high-fidelity multilead recordings of
any suspected episodes of wide complex tachycardia,
including the periods immediately preceding and

following the arrhythmia. Subsequent specialist review
of these episodes, preferably by a clinical cardiac
electrophysiologist, is critical to determine whether
they are in fact true episodes of VT. If the episode was
noted on telemetry with b12-lead recording, a confirmatory standard 12-lead ECG should be recorded
immediately to look for evidence of ischemia and to
assess the QRS/QT interval. In addition, as much clinical
information as possible should be obtained, including
the following:
•
•
•
•
•
•

Details of drug dosing;
Other medications;
Subject activity at the time of the episode;
Adverse events at the time of the episode;
A PK sample near the time of the event;
A thorough physical examination and/or vital signs
evaluation;
• Questioning the patient if they have had similar
episodes in the past that may suggest a preexisting
arrhythmic condition.

Examining the drug-event relationship
for potential causality
Points to consider when performing a causality
assessment for an episode of ventricular arrhythmia in a
clinical trial include the following:
• Frequency relative to background prevalence or
compared with the incidence in placebo subjects.
• Pharmacology:
○

○

○

○

○

○

Relationship to structural/pharmacologic class
associated with electrocardiographic effects and/
or proarrhythmia;
Electrophysiologic effects in nonclinical studies
(eg, cardiac ion channel assays, in vivo cardiovascular safety pharmacology studies, repolarization assays, proarrhythmia models, toxicology
studies);
Exposure-response (dose- and/or concentrationresponse) relationship for QTc, QRS, PR, or heart
rate in human subjects or laboratory animals;
Central tendency analyses showing treatmentemergent change(s) in one or more ECG parameters in human subjects or laboratory animals;
Occurrence of treatment-emergent ECG intervals
or changes from baseline that exceed reference
ranges;
Secondary PD or toxic effects that might
increase risk of proarrhythmia (eg, diuretic,
nephrotoxic, or hormonal effects leading to
decreases in electrolytes; effects on myocardial
contractility).

• Characteristics of the ventricular ectopy event:

American Heart Journal
Volume 159, Number 5

○
○

○
○
○

Number and complexity (eg, single PVCs vs
triplets) of ectopic beats;
Morphology of the ventricular arrhythmia (eg,
rapid polymorphic vs sustained slow monomorphic VT);
Concomitant prolongation of the QTc and/or
QRS intervals;
Frequency of the event in an individual and
across the study;
Temporal relationship to adverse events or
laboratory abnormalities.

Detection of a signal in a nonclinical study, especially at
exposure levels analogous to the human dose, should lead
to consideration of a drug effect. In addition, the timing of
the event relative to the PK profile (exposure/response
relationship) should be put into the context of the PK
profile of the parent drug and metabolites (if known) in
the individual subject and study population. In general,
the closer in time the event occurs to Tmax (and hence
Cmax), the greater the biological plausibility of the event
being drug related (unless one suspects cardiac accumulation or other reasons for delayed effects). Therefore, if
ventricular ectopy is consistently observed at higher drug
exposures, a drug relationship may be more likely.
There are many morphologic variations of potentially
serious arrhythmias. An expert ECG reader such as a
cardiologist or cardiac electrophysiologist should be
consulted to review the ECG or telemetry/Holter
recordings to determine if the observed wide complex
tachycardia is actually an episode of VT, an episode of
SVT with aberration, or simply artifact. In general, the
more leads that have been recorded and can be
reviewed, the better, with 12-lead ECGs preferable to
2- or 3-lead Holter or telemetry recordings, which are in
turn preferable to single-lead telemetry strips. The
expert ECG reader should make a best attempt to
determine if there is sufficient evidence to label the
episode as VT or not.

Occurrences of ventricular ectopy that are potentially
not clinically significant
Ventricular arrhythmias detected during routine clinical study monitoring should not be considered “benign”
until there has been an appropriate evaluation to rule out
structural heart disease or primary electrical disease of
the heart. If the evaluation rules out these conditions, the
significance of an arrhythmia may then be incorporated
into the context of what is expected as “background
baseline” in the general healthy population and may be
considered “benign” for the individual subject. If
arrhythmias occur at a low incidence in the study or in
a ratio similar to that of placebo-treated patients and if a
plausible mechanism for drug-induced arrhythmias is
lacking, they may represent a “benign” type of arrhythmia
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unrelated to the drug. The designation of “benign”
arrhythmia is generally a diagnosis of exclusion.
Ventricular arrhythmias that may represent “background” arrhythmias include the following:
• Premature ventricular depolarizations, nonsustained
(defined as ≥3 consecutive ventricular ectopic
beats), or monomorphic VT with a morphology
suggestive of a right ventricular outflow tract (RVOT)
origin.
• Nonsustained monomorphic VT or PVCs predominantly with a morphology suggestive of a left
posterior fascicular origin. The resulting arrhythmia
is often referred to as a fascicular tachycardia.
• Monomorphic PVCs that are present at baseline and
at a similar frequency while on therapy.
• Slow monomorphic ventricular rhythms with heart
rate b100 beat/min.
If, on the other hand, the arrhythmia occurs at a
relatively high incidence relative to what would be
expected from the population under study, it may indicate
a proarrhythmic drug effect. In addition, it is critical to rule
out SVT with aberration or preexcitation (ie, WolffParkinson-White syndrome) that in certain instances can
mimic, and thus be misinterpreted as, either benign or
malignant forms of ventricular arrhythmias.

Serious and potentially serious ventricular arrhythmias
The following is a (nonexhaustive) list of ventricular
arrhythmias that should be considered clinically serious:
• Ventricular arrhythmias associated with QTc interval
prolongation or short QTc interval.
• Torsades de pointes.
• Ventricular arrhythmias associated with increased
QRS duration in beats preceding ventricular ectopy.
• Ventricular arrhythmias in a subject with a family
history of sudden death or primary arrhythmia
syndrome.
• Ventricular arrhythmias occurring in a subject with
baseline ST/J point elevation suggestive of Brugada
syndrome.
• Ventricular arrhythmias in the setting of structural
heart disease.
• Polymorphic VT.
• VT sustained for N30 seconds, or associated with
hemodynamic compromise or other symptoms of
end-organ compromise (eg, dizziness, shortness
of breath).
• Ventricular fibrillation.
In general, all subjects who have an unexpected
finding of one or more episodes of VT should undergo
a further evaluation by either their regular medical
caregiver or a cardiologist. The purpose of evaluation
(and potentially treatment) initiated by the finding of
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nonsustained ventricular arrhythmias is not for the
prevention of recurrences of nonsustained arrhythmias,
as nonsustained ventricular arrhythmias are almost
invariably asymptomatic and pose no intrinsic danger.
The concern that mandates further workup is that
these may be the first evidence of previously undiagnosed structural cardiac disease and may be the
harbinger of life-threatening sustained VT or ventricular
fibrillation. The evaluation can be considered to serve 2
purposes: evaluation of the individual subject's underlying cardiac status and potentially the cardiac health of
family members, and the evaluation of relatedness to
the drug.
General clinical evaluations for subject safety, separated
here into acute and follow-up evaluations, include the
following:
Conditions to consider acutely:

American Heart Journal
May 2010

• Preexistent left ventricular dysfunction due to
chronic coronary artery disease with or without
prior infarction, nonischemic cardiomyopathy, valvular or hypertensive heart disease;
• Electrical diseases, including “normal heart” VT from
the RVOT or left ventricle, arrhythmogenic right
ventricular dysplasia, Brugada syndrome, short QT
syndrome, catecholaminergic polymorphic VT;
• LQTS: the evaluation might include genetic screening for known LQTS genotypes of the subject and
family members.

Once the initial noninvasive clinical evaluation is
complete, further decisions may be made as to whether
subsequent treatment or invasive evaluation with
cardiac catheterization or electrophysiology study is
appropriate for the subject. Follow-up Holter monitoring
off drug may be performed, as recurrences off
medication may suggest that the arrhythmia is a
preexistent phenomenon. In addition, it may be helpful
to find out if the subject has ever had previous Holter
recordings; review of such recordings, if available, may
reveal that the subject has had previous episodes of VT.
Importantly, however, if no similar arrhythmias occur
on Holter recordings off drug, that does not prove that
the arrhythmia was drug related. Rather, this may be a
reflection of the underlying variability of arrhythmia
occurrence. Further evaluations could be conducted by
the clinical trial physicians or by a private physician not
involved in the study, depending on which the subject
prefers and is in his or her best interests. In either case,
it would be advantageous from the sponsor's perspective to have access to data that would allow the sponsor
to evaluate possible association between recorded
arrhythmias and the drug.
It is important to conclusively determine if the subject
has underlying structural or electrical cardiac disease
because these underlying cardiac conditions may be
responsible for episodes of VT. However, for a specific
subject, it is important to recognize that it will never be
possible to completely ascertain whether an episode of VT
was entirely due to preexistent cardiac disease or whether
it was triggered by the drug in the setting of preexistent
cardiac disease. Compounds that have a minimal risk of
ventricular proarrhythmia in normal hearts may behave
very differently in subjects with structural or electrical
heart disease, with a clear example being the increased
risk of proarrhythmia for sodium channel blockers in
patients with structural heart disease.71

The clinical evaluation should generally include
evaluation of standard electrolytes, including potassium
and magnesium. Any suggestion of coronary ischemia
should be investigated (eg, troponins, other cardiac
serum biomarkers). A 12-lead ECG and thorough
history and physical examination should be obtained
as close to the index event as possible. The minimal
noninvasive workup will generally include a 12-lead
ECG to look for evidence of previously undiagnosed
electrical or structural heart disease, a 2-dimensional
echocardiogram to look for evidence of previously
undiagnosed structural heart disease, and an exercise or
pharmacologic stress test to evaluate possible ischemia.
If there is a consideration of LQTS, arrhythmogenic
right ventricular dysplasia, hypertrophic cardiomyopathy, Brugada syndrome, or other genetic structural or
electrical disease, other noninvasive testing modalities
may be used.

Appropriate clinical follow-up when an event of
interest occurs
Ventricular arrhythmias that occur during the course of
a clinical study need to be characterized as nonserious or
serious (ie, associated with an adverse prognosis). In
general, ventricular arrhythmias that occur in the setting
of significant structural heart disease, such as reduced left
ventricular ejection fraction regardless of etiology,
significant valvular disease, severe hypertrophy, ischemia,
other diseases such as pulmonary hypertension, genetic
conditions, or even those associated with electrolyte
abnormalities, may carry a negative prognosis with
respect to morbidity and mortality. In some individuals,
ventricular arrhythmias may be the first manifestation of
a subclinical cardiomyopathy such as arrhythmogenic
right ventricular dysplasia or hypertrophic cardiomyopathy; primary electrical disease of the heart such as

• Electrolyte disturbance;
• Other drugs or conditions potentially causing
cardiotoxicity;
• Acute coronary ischemia (VT associated with acute
ischemia is typically polymorphic in appearance).
Cardiac conditions to consider in follow-up:
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congenital long or short QT syndrome, the Brugada
syndrome, or catecholaminergic polymorphic VT; or
other genetically determined arrhythmia syndromes. In
contrast, ventricular arrhythmias that occur in the setting
of a structurally normal heart and normal baseline 12-lead
ECG are often not clinically significant. Therefore, to
determine if the observed arrhythmia has prognostic
implications, a cardiovascular evaluation by a qualified
physician (preferably a cardiologist) is usually warranted.

Steps to consider when ventricular
arrhythmias are encountered
As noted in the beginning of this paper, the current
state of knowledge in this area makes definitive
statements regarding “stopping rules” in such situations
limited. This paper has therefore presented some steps
to consider when these arrhythmias are encountered.
Although discontinuation in some circumstances may
be appropriate, it is equally the case that some specific
situations may warrant continuation. In addition,
“stopping” the participation of an individual subject
(actively withdrawing the subject from the study) is a
different situation than stopping a study; and the
former may require less stringent criteria than the
latter. Again, the authors encourage flexibility on the
part of sponsors to tailor steps and decisions to their
particular circumstances.
Some forms of asymptomatic high-grade and/or complex ventricular arrhythmia may occur in normal
individuals but, because of day-to-day variability, may
not be evident during subject screening. Unless there is a
clear association between ventricular arrhythmia and
drug exposure, or a clear dose-response or exposureresponse relationship, asymptomatic, nonsustained,
monomorphic VT is often benign and of little clinical
significance; and its detection need not automatically lead
to termination of a subject or a halt to dose escalation.
Potential stopping criteria for individual subjects in case
of multiple dosing (in addition to other protocol-specified
criteria and also assuming the study will be supplemented
with ECGs obtained for concentration-QT analysis)
include the following:
• NSVT (potential criterion);
• Sustained VT and ventricular fibrillation;
• Significant QTc prolongation (eg, QTc ≥ 500
milliseconds) postdosing;
• Adverse events (when subject is off continuous ECG
monitoring but exposed to the drug) such as
unexplained syncope that might suggest ventricular
arrhythmias;
• Development of ECG abnormalities that could mimic
ventricular arrhythmias, such as supraventricular
arrhythmia with aberrant conduction, and/or render
it more difficult to monitor for arrhythmias.
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Potential stopping criteria for dose escalation or the
entire study include the following:
• Confirmed significant QTc prolongation, ventricular
ectopy, or NSVT in one or more subjects on the drug
in a pattern (either in the specific cohort or in the
entire study) suggestive of drug-relatedness;
• Adverse events potentially due to ventricular arrhythmia occurring in one or more subjects on the drug in
a pattern suggestive of drug-relatedness;
• New preclinical or clinical data that suggest significantly increased risk of ventricular arrhythmia at the
study planned drug exposures.

Case studies
As a means to illustrate prior points where consensus
approaches could be useful, the following 3 hypothetical
case vignettes have been created. These cases do not
represent a regulatory opinion or guidance on how to
address these specific issues.

Case study 1
During a phase I repeat-dose study of a known sodium
channel blocker, a 23-year-old subject with no significant
medical/family history or concomitant medications/
electrolyte abnormalities developed electrocardiographic
QRS duration increase from a baseline measurement of 80
milliseconds to a value of 160 milliseconds. This was
followed by polymorphic ventricular ectopy and then
ventricular fibrillation, which occurred at Tmax. The
patient was successfully resuscitated. Result of a cardiac
workup including an echocardiogram, stress test, and
cardiac catheterization was negative. The development
program for this drug was terminated because the causal
relationship of the drug to the serious adverse event was
considered likely and predictable on the basis of its
known activity as a sodium channel blocker.
Case study 2
During a phase I repeat-dose study of a drug with no
known nonclinical cardiovascular effects, a single subject
(30 subjects were studied) developed a 5-beat run of
asymptomatic monomorphic VT at a heart rate of 140
beat/min while sleeping. The morphology of the NSVT
was a negative QRS complex in V1 and positive in lead
aVF. Results of the subject's baseline ECG and ECG
immediately after the event were normal. The electrolytes and drug screen were nonrevealing. Findings of a
subsequent stress test and echocardiogram were normal.
A follow-up Holter monitor several days after the last dose
revealed frequent PVCs and 2 short runs of NSVT with
morphology similar to that during the trial and consistent
with RVOT ventricular ectopy.
It was the determination of the sponsor/investigator
that this represented an underlying benign ventricular
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arrhythmia, and development of the drug continued as
planned. A screening 24-hour Holter monitor was added
to evaluate potential study candidates to further reduce
the possibility of including additional subjects with
similar benign arrhythmias from participating in the
early clinical program.

Case study 3
During a phase I repeat-dose study of a drug with a
nonclinical hERG signal (but a negative dog telemetry
study), a subject receiving the drug had an 8-beat run of
asymptomatic monomorphic NSVT. Single-lead telemetry
was being used, so full morphology was not available.
Cardiac evaluation was nonrevealing. Telemetric monitoring was extended from 24 hours to 5 days for the
remainder of the study. Two additional subjects receiving
the drug developed short runs of asymptomatic, monomorphic NSVT; cardiac evaluations for them were also
nonrevealing. A fourth subject receiving placebo developed 6 beats of NSVT; no cardiac abnormalities were
detected in this instance. The ratio of placebo-treated to
drug-treated individuals was 1:3 for this study. Although
there appeared to be a “balanced” ratio of observed
arrhythmias in treated and placebo individuals, only 16
subjects were evaluated. Therefore, there was an
incidence of ventricular arrhythmias of 25% in each
treatment arm (ie, drug and placebo), which is significantly higher than that reported in the medical literature.
At this point, a proposal was presented to the regulators
regarding potential continuation of the clinical development program. The proposal included enhanced baseline
evaluation, more conservative inclusion/exclusion and
discontinuation criteria relative to screening Holter
monitoring and echocardiographic findings, and more
extensive telemetry monitoring. Although none of the
arrhythmias had potentially serious characteristics, it was
not possible to exclude a proarrhythmic effect. Given that
this drug was being developed to treat a serious medical
illness with no alternatives, it was felt that expansion of
the clinical development program would be needed (ie,
larger subject numbers) to determine if there was a druginduced proarrhythmic effect. Ultimately, after several
hundred subjects were enrolled in the clinical trials, the
incidence of observed asymptomatic ventricular arrhythmias decreased to 4% with an equal ratio in placebo and
treated individuals. Subsequently, it was felt that the high
frequency of arrhythmias in the initial study may have
been due to detection of “background baseline” arrhythmias with prolonged telemetry monitoring and, therefore, that it did not represent a clinically significant issue.

Future directions
Additional nonclinical and clinical research is needed to
better understand the risks to subjects as well as the
biological plausibility of ventricular arrhythmias attribut-
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able to a drug during clinical development. Better
nonclinical models with good predictivity for clinical
events need to be established. In addition, larger data sets
of Holter or telemetry data on healthy subjects in a phase I
setting would help to accurately determine the baseline
rates of arrhythmias in this population. Partnerships
between industry, academia, and regulators to evaluate
continuous ECG waveform data and novel cardiac safety
end points are important to further our understanding of
cardiac safety in drug development, including when to
conduct intensive cardiac monitoring in early phase
clinical studies.
An appropriate study to determine the true incidence
of spontaneous ventricular arrhythmias (especially
tachyarrhythmias) and other forms of arrhythmia in
selected healthy subjects in a phase I environment, the
environment of interest here, has not been conducted.
Such a study or data set, or perhaps a series of studies,
would lead to more definitive approaches. Such a study
or studies, prospective in nature, could have the
following characteristics:
• Sponsors: Ideally, a group of interested pharmaceutical companies.
• Location: Several phase I units considered representative of the varieties of size, experience, location,
bed layout, and other physical attributes typical of
phase I units.
• Enrollment: Ideally, a large, genetically, ethnically,
and sociologically diverse group of healthy subjects
would be enrolled under a single set of inclusion and
exclusion criteria.
• Duration of monitoring: Monitoring should be
continuous and last for 4 to 7 days. If possible,
subjects would return to the phase I unit weeks or
months later for a second episode of confinement
and recording.
• Electrocardiography: Twelve-lead recordings would
be obtained with either Holter or telemetry equipment capable of reliable data capture and storage.
Use of a single manufacturer's system would be
preferable. Recordings would be obtained during
confinement; subjects would be managed as they
typically would be in an early phase study, including
rest period and blood draws; and mock therapy in the
form of a placebo would be administered.
• Centralized data: A single commercial or academic
core ECG laboratory or data warehousing facility
would collect the data and make provisions for its
analysis.
• Data analysis: A summary of the incidence of all types
of arrhythmias and their diurnal, day-to-day, and longterm variability would be produced. Potentially
influential cofactors would be evaluated, including
sex, age, ethnicity, unit characteristics (eg, bed
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layout, location, size), study activities (eg, blood
drawing, rest, meals), and time of year.
It should be noted that a study of this type would be
expensive and logistically demanding and, if carried out,
will not be completed for some time. In the interim,
therefore, an analysis of existing data could be very
helpful. Such a study, retrospective in nature, might be
designed as follows:
• Sponsors: Interested pharmaceutical companies,
phase I units, and core ECG laboratories.
• Data source: Multiple pharmaceutical companies,
phase I units, and core ECG laboratories in possession
of appropriate continuous 12-lead ECG data.
• Eligible data: Any study in which healthy subjects
participated under phase I confinement would be
eligible for inclusion in this study if appropriate
screening criteria had been used, 12-lead continuous
recordings were obtained and are available, and at
least 2 days of monitoring without administration of
an active drug was performed. In most cases, this
type of data will be limited to a control/placebo
group. If feasible, data obtained with a single
manufacturer's device would be preferable.
• Centralized data: A single commercial or academic
core ECG laboratory or data warehousing facility
would collect the data and make provisions for its
analysis; or, at a minimum, a universal case report
form would be used to compile existing data
evaluated by multiple ECG laboratories.
• Data analysis: A summary of the incidence of all types
of arrhythmias and their diurnal, day-to-day, and longterm variability would be produced. Potentially
influential cofactors would be evaluated, including
sex, age, ethnicity, unit characteristics (eg, bed
layout, location, size), study activities (eg, blood
drawing, rest, meals), and time of year.
• The information obtained from either of these data
sets would have substantial influence on the design,
conduct, and overall strategy for drug development
and, ultimately, on the safety and efficacy of new
drugs. In addition, this work would greatly improve
our clinical understanding of the nature and incidence of arrhythmias in healthy subjects, potentially
resulting in improved arrhythmia management in
clinical medicine.

Concluding remarks
As cardiac safety continues to be a primary safety and
regulatory concern in drug development, increased
cardiac monitoring will be used and ventricular ectopy
and arrhythmias will very likely be observed more
frequently in early phase development. Although complex ventricular arrhythmia is relatively rare, these events
will continue to be observed during phase I trials; and the
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biologic plausibility that the event is drug related will
continue to come into question. If an event occurs while
a healthy subject is taking a drug but is not replicated off
drug, it cannot always be reflexively assumed that the
event is related to the drug.
Certain factors—such as the underlying frequency of
events in healthy people in general; the morphology,
frequency, and length of the ventricular event; the
preclinical cardiac risks of the investigational product;
the PK/PD relationship of the drug to the event; the
concomitant changes on the ECG; and the underlying risk
factors in the individual—need to be considered. When
events of potential clinical concern are seen in a subject,
the appropriate workup and follow-up need to be
undertaken to ensure the safety of that individual subject
and the safety of the study population. The risks to the
individual subject include underlying unidentified cardiac
disease and/or the proclivity for drug-induced arrhythmias.
Despite these considerations, it must be borne in mind
that if few ventricular events are observed during drug
development, it cannot simply be assumed that the
investigational drug is safe. The appropriate workup and
additional evaluation of the drug need to be addressed so
that drugs with true cardiac safety risks are identified and
that drugs with promising therapeutic benefit are not
unnecessarily terminated. Consistent approaches are
needed to the identification (and treatment where
necessary) of events occurring in individual subjects
and to the evaluation of any consequences of such events
for continuing the clinical development program. The
CSRC hopes that this paper will facilitate discussions of
this issue among all stakeholders that may lead to the
further development of, and general agreement upon,
such approaches.

Acknowledgements
The authors thank the following individuals for review
comments provided during the preparation of this paper:
Catherine Cabot, MD; Corina Dota, MD; and Lawrence
Satin, MD.

References
1. Finkle J, Bloomfield D, Uhl K, et al. New precompetitive paradigms:
focus on cardiac safety. Am Heart J 2009;157:825-6.
2. Barrett PA, Peter CT, Swan HJ, et al. The frequency and prognostic
significance of electrocardiographic abnormalities in clinically
normal individuals. Prog Cardiovasc Dis 1981;23:299-319.
3. Evenson KR, Welch VL, Cascio WE, et al. Validation of a short rhythm
strip compared to ambulatory ECG monitoring for ventricular ectopy.
J Clin Epidemiol 2000;53:491-7.
4. Bjerregaard P. Premature beats in healthy subjects 40-79 years of
age. Eur Heart J 1982;3:493-503.
5. Bethge KP, Bethge D, Meiners G, et al. Incidence and prognostic
significance of ventricular arrhythmias in individuals without
detectable heart disease. Eur Heart J 1983;4:338-46.

American Heart Journal
May 2010

728 Min et al

6. Rasmussen V, Jensen G, Schnohr P, et al. Premature ventricular beats
in healthy adult subjects 20 to 79 years of age. Eur Heart J 1985;6:
335-41.
7. Romhilt DW, Chaffin C, Choi SC, et al. Arrhythmias on ambulatory
electrocardiographic monitoring in women without apparent heart
disease. Am J Cardiol 1984;54:582-6.
8. Fisher FD, Tyroler HA. Relationship between ventricular premature
contractions on routine electrocardiography and subsequent
sudden death from coronary heart disease. Circulation 1973;47:
712-9.
9. Hiss RG, Lamb LE. Electrocardiographic findings in 122,043
individuals. Circulation 1962;25:947-61.
10. Graybiel A, McFarland R, Gates D, et al. Analysis of the
electrocardiogram obtained from 1000 young healthy aviators.
Am Heart J 1944;27:524-49.
11. Okajima M, Scholmerich P, Simonson E. Frequency of premature
beats in 715 healthy adult subjects. Minn Med 1960;43:751-3.
12. Eliaser M, Kondo B. The electrocardiogram in later life. Archives Int.
Med 1941;67:637.
13. Yamada K, Yamana K, Mori S, et al. Mass survey for cardiovascular
disease II. Results of a mass survey of 4,236 workers. Japanese
Circulation Journal 1958;22:1.
14. Crow RS, et al. Ventricular premature beats in a population sample.
Frequency and associations with coronary risk characteristics.
Circulation 1975;52(6 Suppl):III211-5.
15. Chiang BN, Perlman LV, Ostrander Jr LD, et al. Relationship of
premature systoles to coronary heart disease and sudden death in the
Tecumseh epidemiologic study. Ann Intern Med 1969;70:1159-66.
16. Simpson Jr RJ, Cascio WE, Schreiner PJ, et al. Prevalence of
premature ventricular contractions in a population of African
American and white men and women: the Atherosclerosis Risk in
Communities (ARIC) study. Am Heart J 2002;143:535-40.
17. Kennedy HL, Chandra V, Sayther KL, et al. Effectiveness of increasing
hours of continuous ambulatory electrocardiography in detecting
maximal ventricular ectopy. Continuous 48 hour study of patients with
coronary heart disease and normal subjects. Am J Cardiol 1978;42:
925-30.
18. Kostis JB, McCrone K, Moreyra AE, et al. Premature ventricular
complexes in the absence of identifiable heart disease. Circulation
1981;63:1351-6.
19. Northcote RJ, Canning GP, Ballantyne D. Electrocardiographic
findings in male veteran endurance athletes. Br Heart J 1989;61:
155-60.
20. Bellet S, Roman L, Kostis J, et al. Continuous electrocardiographic
monitoring during automobile driving. Studies in normal subjects and
patients with coronary disease. Am J Cardiol 1968;22:856-62.
21. Amsterdam EA, Vismara LA, Brocchini R, et al. Ventricular ectopic
beats: relation to angiographically documented coronary artery
disease. Clin Res 1973;21:399.
22. DeMaria AN, Amsterdam EA, Vismara LA. The variable spectrum of
rhythm disturbances in the mitral valve prolapse syndrome.
Circulation 1974;50.
23. Raftery EB, Cashman PM. Long-term recording of the electrocardiogram in a normal population. Postgrad Med J 1976;52(Suppl 7):
32-8.
24. Clarke JM, Hamer J, Shelton JR, et al. The rhythm of the normal
human heart. Lancet 1976;1:508-12.
25. Kennedy HL, Caralis DG, Khan MA, et al. Ventricular arrhythmia
24 hours before and after maximal treadmill testing. Am Heart J
1977;94:718-24.
26. Verbaan CJ, Pool J, Van Wanrooy J. Incidence of cardiac
arrhythmias in a presumed healthy population. In: Stott FD, Raftery

27.

28.

29.

30.

31.

32.

33.
34.

35.

36.

37.

38.
39.

40.
41.

42.

43.

44.

45.

EB, Sleight P, Goulding L, editors. ISAM; 1977. London: Academic
Press; 1977. p. 1-5.
Brodsky M, Wu D, Denes P, et al. Arrhythmias documented by 24
hour continuous electrocardiographic monitoring in 50 male medical
students without apparent heart disease. Am J Cardiol 1977;39:
390-5.
Poblete PF, Kennedy HL, Caralis DG. Detection of ventricular ectopy
in patients with coronary heart disease and normal subjects by
exercise testing and ambulatory electrocardiography. Chest 1978;
74:402-7.
Adey H, Ballantyne DA, Bostock MI, et al. The prevalence of
disturbance of cardiac rhythm in healthy New Zealand adults: a pilot
study. N Z Med J 1978;88:433-5.
Glasser SP, Clark PI, Applebaum HJ. Occurrence of frequent complex
arrhythmias detected by ambulatory monitoring: findings in an
apparently healthy asymptomatic elderly population. Chest 1979;75:
565-8.
Scott O, Williams GJ, Fiddler GI. Results of 24 hour ambulatory
monitoring of electrocardiogram in 131 healthy boys aged 10 to
13 years. Br Heart J 1980;44:304-8.
Tzivoni D, Stern Z, Keren A, et al. Electrocardiographic characteristics
of neurocirculatory asthenia during everyday activities. Br Heart J
1980;44:426-32.
Masini V, Rocchi M, Santini M. Dynamic ECG in normal subjects.
G Ital Cardiol 1980;10:1267-79.
Sobotka PA, Mayer JH, Bauernfeind RA, et al. Arrhythmias
documented by 24-hour continuous ambulatory electrocardiographic
monitoring in young women without apparent heart disease. Am
Heart J 1981;101:753-9.
Manger Cats V, Darmanata J, Durrer D. Complex ventricular
premature beats in healthy middle aged men during 24-hour Holter
tape recording. Eur Heart J 1981;2(suppl A):13.
Fleg JL, Kennedy HL. Cardiac arrhythmias in a healthy elderly
population: detection by 24-hour ambulatory electrocardiography.
Chest 1982;81:302-7.
Talan DA, Bauernfeind RA, Ashley WW, et al. Twenty-four hour
continuous ECG recordings in long-distance runners. Chest 1982;82:
19-24.
Viitasalo MT, Kala R, Eisalo A. Ambulatory electrocardiographic
recording in endurance athletes. Br Heart J 1982;47:213-20.
Pilcher GF, Cook AJ, Johnston BL, et al. Twenty-four-hour continuous
electrocardiography during exercise and free activity in 80
apparently healthy runners. Am J Cardiol 1983;52:859-61.
Dickinson DF, Scott O. Ambulatory electrocardiographic monitoring
in 100 healthy teenage boys. Br Heart J 1984;51:179-83.
Orth-Gomer K, Hogstedt C, Bodin L, et al. Frequency of
extrasystoles in healthy male employees. Br Heart J 1986;55:
259-64.
Bjerregaard P. Continuous ambulatory electrocardiography in
healthy adult subjects over a 24-hour period. Clinical data, and
evaluation of instruments for ambulatory electrocardiography.
Dan Med Bull 1984;31:283-97.
Bjornstad H, Storstein L, Meen HD, et al. Ambulatory electrocardiographic findings in top athletes, athletic students and control subjects.
Cardiology 1994;84:42-50.
Stinson JC, Pears JS, Williams AJ, et al. Use of 24 h ambulatory ECG
recordings in the assessment of new chemical entities in healthy
volunteers. Br J Clin Pharmacol 1995;39:651-6.
Karnad DR, Hingorani P, Natekar M, et al. Prevalence of
morphologic abnormalities in healthy normal volunteers on placebo
participating in Phase I studies. Presented at DIA meeting, QT and
arrhythmia issues in drug development. April 2008. Bethesda, MD.

American Heart Journal
Volume 159, Number 5

46. Hermann R, Heger-Mahn D, Mahler M, et al. Adverse events and
discomfort in studies on healthy subjects: the volunteer's perspective. A survey conducted by the German Association for
Applied Human Pharmacology. Eur J Clin Pharmacol 1997;53:
207-14.
47. Lown B, DeSilva RA. Roles of psychologic stress and autonomic
nervous system changes in provocation of ventricular premature
complexes. Am J Cardiol 1978;41:979-85.
48. Stevenson IP, Duncan CH, et al. Life situations, emotions, and
extrasystoles. Psychosom Med 1949;11:257-72.
49. Lampert R, Shusterman V, Burg MM, et al. Effects of psychologic stress
on repolarization and relationship to autonomic and hemodynamic
factors. J Cardiovasc Electrophysiol 2005;16:372-7.
50. Biffi A, Maron BJ, Verdile L, et al. Impact of physical deconditioning
on ventricular tachyarrhythmia's in trained athletes. J Am Coll Cardiol
2004;44:1053-8.
51. Podrid PJ. Prevalence and evaluation of ventricular premature beats. In:
Olshansky B, editor. UpToDate online, version 16.1. Waltham (Mass):
UpToDate, Inc.; 2008. Available at: http://www.uptodateonline.com/
patients/content/topic.do?topicKey=~vHr2tNqmWquuO1t.
Last accessed March 3, 2010.
52. Sorrentino M.J. Arrhythmic complications of mitral valve prolapse.
In: Otto C.M., Arnsdorf M.F., editors. UpToDate online, version
16.1. Waltham (Mass): UpToDate, Inc. Available at: http://www.
uptodateonline.com/patients/content/topic.do?topicKey=
~wW7GlP5LjIemIR&selectedTitle=6%7E119&source=search_result.
Last accessed March 3, 2010.
53. DeMaria AN, Amsterdam EA, Vismara LA, et al. Arrhythmias in the
mitral valve prolapse syndrome. Prevalence, nature, and frequency.
Ann Intern Med 1976;84:656-60.
54. Freed LA, Levy D, Levine RA, et al. Prevalence and clinical outcome of
mitral-valve prolapse. N Engl J Med 1999;341:1-7.
55. Kim S, Kuroda T, Nishinaga M, et al. Relationship between severity of
mitral regurgitation and prognosis of mitral valve prolapse:
echocardiographic follow-up study. Am Heart J 1996;132:348-55.
56. Morganroth J, Michelson EL, Horowitz LN, et al. Limitations of routine
long-term electrocardiographic monitoring to assess ventricular
ectopic frequency. Circulation 1978;58:408-14.
57. Michelson EL, Morganroth J. Spontaneous variability of complex
ventricular arrhythmias detected by long-term electrocardiographic
recording. Circulation 1980;61:690-5.
58. Pratt CM, Slymen DJ, Wierman AM, et al. Analysis of the
spontaneous variability of ventricular arrhythmias: consecutive
ambulatory electrocardiographic recordings of ventricular tachycardia. Am J Cardiol 1985;56:67-72.

Min et al 729

59. Raeder EA, Hohnloser SH, Graboys TB, et al. Spontaneous variability
and circadian distribution of ectopic activity in patients with malignant
ventricular arrhythmia. J Am Coll Cardiol 1988;12:656-61.
60. Pratt CM, Delclos G, Wierman AM, et al. The changing base line of
complex ventricular arrhythmias. A new consideration in assessing
long-term antiarrhythmic drug therapy. N Engl J Med 1985;313:
1444-9.
61. Toivonen L. Spontaneous variability in the frequency of ventricular
premature complexes over prolonged intervals and implications for
antiarrhythmic treatment. Am J Cardiol 1987;60:608-12.
62. Bass AS, Darpo B, Breidenbach A, et al. Br J Pharmacol 2008;154:
1491-501.
63. ICH Expert Working Group. ICH guidance S7A, 2000, safety
pharmacology studies for human pharmaceuticals. Available at:
http://www.ich.org/LOB/media/MEDIA504.pdf. Last accessed
June 24, 2009.
64. ICH Expert Working Group. ICH guidance S7B, 2005, the nonclinical
evaluation of the potential for delayed ventricular repolarization (QT
interval prolongation) by human pharmaceuticals. Available at: http:
//www.ich.org/LOB/media/MEDIA2192.pdf. Last accessed June
24, 2009.
65. Hanson LA, Bass AS, Gintant G, et al. ILSI-HESI cardiovascular
subcommittee initiative: Evaluation of three non-clinical models of QT
prolongation. J Pharmacol Toxicol Methods 2006;54:116-25.
66. Kii Y, Hayashi S, Tabo M, et al. QT PRODACT: evaluation of the
potential of compounds to cause QT interval prolongation by action
potential assay using guinea-pig papillary muscles. J Pharmacol Sci
2005;99:449-57.
67. Liu T, Brown BS, Wu Y, et al. Blinded validation of the isolated
arterially perfused rabbit ventricular wedge in preclinical assessment
of drug-induced proarrhythmias. Heart Rhythm 2006 Aug;3:948-56.
68. Valentin JP, Hoffman P, De Clert F, et al. Review of the predictive value
of the Langendorff heart model (Screenit system) in assessing the
proarrhythmic potential of drugs. J. Pharmacol Toxicol Methods
2004;49:171-81.
69. Dumotier BM, Deurinck M, Yang Y, et al. Relevance of in vitro
SCREENIT results for drug-induced QT interval prolongation in vivo: a
database review and analysis. Pharmacol Ther 2008;119:152-9.
70. Oros A, Beekham JD, Vos MA. The canine model with chronic,
complete atrioventricular block. Pharmacol Ther 2008;119:
168-78.
71. Preliminary report: effect of encainide and flecainide on mortality in a
randomized trial of arrhythmia suppression after myocardial
infarction. The Cardiac Arrhythmia Suppression Trial (CAST)
Investigators. NEJM 1989;321:406-12.

