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Introduction: Cardiac arrhythmia findings can be a challenge to interpret and difficult to attribute to
background incidence or test article treatment. Thus, there is a growing need to better understand arrhyth-
mia incidence in the experimental animal models used to assess the cardiovascular safety of new drugs. Cur-
rently, there is little information on the frequency of spontaneous cardiac arrhythmias in the cynomolgus
monkey. Methods: This study evaluated the baseline arrhythmia rate in a group (n=19) of non-naïve
(drug-free) male telemetered cynomolgus monkeys at various timepoints over a 6 month period. When sam-
pled, data were collected continuously (24 hour bins over a 6 month period) and the ECG waveforms analyzed
for arrhythmia using a semi-automated approach with pattern recognition software. The arrhythmia data
were evaluated to detect atrial and ventricular patterns, as well as changes associated with circadian
rhythm. Results: Evaluation of this data showed that cynomolgus monkeys can exhibit spontaneous ar-

rhythmias (day cycle; means) of the following types: supraventricular premature contraction (SPC,
10.7%); escape beats (EB, 3.8%); and sinus node pause (SNP, 2.8%), with others below 2%. From the ventricular
perspective, ventricular premature beats (VPB, 25.4% (day cyclemean))were themost prevalent. Circadian anal-
ysis indicated that somearrhythmias had higher incidence during the night cycle: SNP (32.6%); EB (18.5%); atrio-
ventricular block (AVB, 2.7%), an indication that the arrhythmia pattern is influenced by the diurnal cycle.
Discussion: Overall, the data demonstrated that a variety of spontaneous arrhythmias occur at low frequency
in non-treated animals, and the incidence varies between animals, and within the same animal when repeated-
ly sampled. Given the low incidence in normal animals, continuous ECG sampling over multiple days is needed
to establish an accurate arrhythmia “fingerprint” for each animal in dedicated telemetry colonies, which could
assist the interpretation of arrhythmia findings that may occur in cardiovascular safety studies.
© 2012 Elsevier Inc. All rights reserved.
1. Introduction

Cardiac time interval measurements from the electrocardiographic
(ECG) waveform have been of the utmost importance in cardiovascular
safety pharmacology studies. This is especially important since the
emergence of regulatory guidelines on the topic of drug-induced QTc
interval prolongation as a biomarker of torsades de pointes, or polymor-
phic ventricular tachyarrhythmia (ICH E14, 2005; ICH S7B, 2005).
During ECG monitoring in animals and humans, it is more likely
that atrial and ventricular arrhythmias will be detected when using
continuous monitoring methods, like invasive telemetry or Holter
monitoring, compared to snapshot evaluations (Cools et al., 2011;
Macallum & Houston, 1993; Min et al., 2010; Sugiyama, 2008). While
both guidance documents have a primary focus on drug-induced QTc
interval prolongation, the non-clinical guidance does identify cardiac
S25-0-A, Thousand Oaks, CA
05 499 9514.
erakhc@amgen.com

rights reserved.
arrhythmia as an additional safety parameter of interest to assess pro-
arrhythmic risk of new agents (see Section 3.1.3. of ICH S7B, 2005).

Drug-induced cardiac arrhythmias are likely to be low frequency
(rare) occurrences, but have the potential to be serious adverse
events, especially if lethal (Pugsley, Authier, & Curtis, 2008). The
appearance of a ventricular (or atrial) arrhythmia can be a challenge to
interpret and attribute to either drug treatment or background incidence.
Thus, there is a growing need to better understand arrhythmia incidence
in the experimental animal models used to assess the cardiovascular
safety of new drugs. Although there are reports on arrhythmia incidence
in restrained dogs using “snapshot” ECG evaluation, such observations
may not represent arrhythmia incidence in unrestrained telemetered an-
imals. Some investigations have evaluated cardiac arrhythmia incidence
in naïve dogs using continuous 24 h data collection using telemetry
(Cools & Gallacher, 2009; Cools et al., 2011; Duerr, Carr, Duke, Shmon,
& Monnet, 2007; Ulloa, Houston, & Altrogge, 1995), however there
are limited reports on arrhythmia incidence in unrestrained monkeys.
Macallum and Houston (1993) compared arrhythmia incidence in
restrained and unrestrained monkeys (using Holter monitoring) and
found 24 h Holter monitoring detected ventricular ectopic beats with
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higher incidence (75% of monkeys) compared to snapshot. Arrhythmia
incidence may differ depending on the physiological state, and be
influenced by sympathetic nervous system activation and tachycardia
associated with the restraint (Gauvin, Tilley, Smith, & Baird, 2009;
Macallum & Houston, 1993).

The progression of both hardware and software technology over
the past few years has enabled safety pharmacologists to collect and
evaluate large cardiovascular data sets in unrestrained animals to
assess drug-related changes. Continuous monitoring using implanted
telemetry and jacket (external) telemetry, along with current ECG
analysis algorithms (Chui & Vargas, 2009), has enabled comprehensive
interval analyses, ECGmorphology changes, and in-depth evaluation of
cardiac arrhythmia incidence (Cools et al., 2011). Evaluation of cardiac
arrhythmia can be used to establish a background incidence pattern
(cardiac arrhythmia fingerprint) for an individual animal, or to assess
trends within an animal colony used in cardiovascular safety pharma-
cology studies. As background (non-drug-related) arrhythmias may
be sporadic and low frequency events, performing intensive evaluation
(with continuous data sets, e.g., 24 h) would enable a comprehensive
evaluation of different arrhythmia types. In order to interpret findings
appropriate to cardiovascular safety data, especially in conscious an-
imals, it is critical to understand the nature of the model used and to
establish normality criteria, including the incidence of background
arrhythmias.

The cynomolgus monkey has been used extensively to assess the
pharmacology and safety of new chemical entities and biopharma-
ceuticals during preclinical drug development (Blasi et al., 2009;
Chapman et al., 2009; Shen, 2010). In particular, this animal model
has also proven to be valuable in cardiovascular safety pharmacology
studies for QTc prolongation risk (Ando et al., 2005; Haushalter et al.,
2008; Sugiyama, 2008). Given the role of this species in cardiovascu-
lar safety assessment, the current study addressed the following
questions: 1) what is the background incidence of arrhythmias in
implanted, non-naïvemale cynomolgusmonkeys in a telemetry colony?;
2) does the arrhythmia incidence change over time (e.g., 6 month peri-
od)?; and 3) given the low frequency of reported atrial and ventricular
arrhythmias in animals, what is the minimum sampling period required
to establish background arrhythmia in each animal, e.g., arrhythmia
“fingerprint”?

2. Materials and methods

2.1. Animal usage guidelines

All study procedureswere conducted in compliancewith the Animal
Welfare Act, the Guide for the Care and Use of Laboratory Animals and
the Office of Protection from Research Risks.

2.2. Animal model

Male cynomolgus monkeys (Macaca fascicularis, 3 to 6 years of
age, 3 to 6.5 kg at study initiation) of Chinese origin were used in
this study. The animals were telemetry-instrumented and dedicated
for use in cardiovascular safety pharmacology studies conducted at
a contract research laboratory. Throughout the course of this study,
animals were health monitored based on: 1. veterinary examination;
2. clinical signs; 3. clinical pathology before and after a treatment (in-
cluding normal serum electrolytes, e.g. potassium); and 4. telemetry
signal check to monitor cardiovascular endpoints.

Animals were surgically implanted with a TL11M2-D70-PCT (Data
Sciences International (DSI), St. Paul, MN). Briefly, under aseptic con-
ditions and general anesthesia, the transmitter was implanted into
the abdomen and sutured to the abdominal wall. The biopotential
leads were implanted subcutaneously in an approximate Lead II con-
figuration and the pressure catheter was advanced into the abdomi-
nal aorta; a left ventricular catheter was not inserted in this study.
Surgical implantations were completed at least 2 months prior to
study initiation. Detailed surgical procedures and post-operative
care have been previously published (Henriques et al., 2010).

Animals were housed individually in stainless steel cages under
controlled environmental conditions (18 to 26 °C, relative humidity
of 30 to 70%, minimum 10 air changes/hour and a 12 hour light/
12 hour dark cycle). Certified Primate Diet (PMI #5048) was available
once per day. Water, via an automatic watering system, was available
ad libitum.

2.3. Study design

For this study, 19 individual animals were assessed for arrhythmia
over a greater than 6 month period (191 days total). Telemetry-derived
data was collected from selected animals (no animals were treated
with a test article during data collection for this study)with the following
distribution: days 1–9 (n=18); days 142–156 (n=10); and day 191
(n=6, due to remainder of animals being on-study; Table 2A). The ani-
mals were non-naïve to treatment, as they were used in prior cardiovas-
cular telemetry studies (acute treatmentwith vehicle or smallmolecule).
Each animal had aminimalwash-out period of 7 half-lives andwere con-
sidered “drug-free” prior to arrhythmia assessment.

2.4. Data recording

On each study day, approximately 24 h of continuous data was
acquired for each animal. Study data was collected using components
purchased from DSI and included the following: an implanted radio
transmitter (systemic arterial pressure, Lead II ECG, temperature and
activity; model TL11 M2 D70-PCT), a cage mounted signal receiver
(model RMC-1), a data exchange matrix (DEM) and an ambient
pressure reference (model APR-1).

The data was digitized using Ponemah Physiology Platform™ (ver-
sion 4.7; DSI). All ECG data was sampled continuously at 500 Hz, using
amplitude modulation (AM) frequencies, for the duration of each
study day. Raw Ponemah binary files (*.raw) were converted to an
EMKA-readable file format (*.d01). All data was reviewed using EMKA
Technologies (Paris, France) ecgAUTO (version 2.5.1).

2.5. ECG interval evaluation

For each animal, representative 2 hour data blocks from both the
day (6 AM to 6 PM) and night (6 PM to 6 AM) cycles were selected for
analysis with ecgAUTO™. Animal-specific waveform libraries were
created for each day and used to analyze the corresponding data files.
Beat-to-beat results were reviewed to ensure data coverage and appro-
priate waveform usage. A number of QT correction formulae have been
examined in the primate (Hayes, Pugsley, Penz, Adaikan, & Walker,
1994), but the Bazett (1920)QTcB=QT/(RR)1/2was used in the current
study because it is an acceptable correction method for this species
(Ando et al., 2005; Soloviev, Hamlin, Barrett, Chengelis, & Schaefer,
2006).

2.6. Arrhythmia definition and analysis

Atrial and ventricular arrhythmia waveforms were classified ac-
cording to the criteria listed in Table 1, from ECG waveforms taken
from study animals. As there are no reference publications that compre-
hensively review primate arrhythmiawaveforms, the arrhythmia defini-
tions were provided by a board-certified veterinary cardiologist. The
strategy employed for arrhythmia detection utilized a semi-automated
approach (Fig. 1). A first-pass ECG waveform analysis was conducted,
using a normal animal-specific waveform library, to identify specific
areas (or “gaps”) that could not be analyzed (due to noise, unmatched
beats, pauses or arrhythmias). These gaps were reviewed manually
(veterinarian consultant and in-house laboratory staff) and arrhythmias



Table 1
Arrhythmia definitions and morphology.

Abbreviation Arrhythmia
name

Definition Waveform morphology

Atrial APC Atrial premature
contraction

Ectopic beats that occur in the atria.

Atrial AVB Atrioventricular
block

Impairment of conduction between the atria and the ventricles.

Atrial EB Escaped beat
(junctional)

Electrical discharge initiated by the ventricles following a long pause in
heart rhythm.

Atrial SNP Sinus node
pause

RR interval>2 s

Atrial SPC Supraventricular
premature
contraction

Similar to APCs

Atrial WP Wandering
pacemaker

Atrial arrhythmia that occurs when the pacemaker site shifts between the
SA node, atria and/or AV node. This appears as transient changes in the
morphology and direction of the P wave.

Junctional FB Fusion beat Result when sinus and ventricular beats coincide, forming a hybrid beat.

Ventricular VPB Ventricular
premature beat

Depolarization of the ventricles not initiated by the SA node.

Ventricular RBBB Right bundle
branch block

The right ventricle is activated via the myocardium (rather than the right
bundle branch), following activation of the left ventricle via the left
bundle branch. This is manifest as an abnormal QRS complex, due to the
slower depolarization of the right ventricle.

Ventricular VT Ventricular
tachycardia

Fast rhythm (>150 beats/min) initiated by one of the ventricles. This is
characterized by 4 or more successive PVCs.
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were classified (Table 1). A simple rate and rhythmapproachwas used to
target non-physiological heart rate (or RR interval) data.

Alternatively, ventricular premature beats (named in accordance
with Lambeth Conventions; Walker et al., 1988) were identified
using a master waveform library consisting of abnormal beats. By
using a low precision global setting, it was an efficient method for
finding this arrhythmia type, mainly due to the large amplitude voltage
deflections (as compared to noise). Finally, AVB was identified using a

Unlabelled image
Unlabelled image
Unlabelled image
Unlabelled image
Unlabelled image


Fig. 1. Overview of semi-automated arrhythmia detection using EMKA ecgAUTO pattern
recognition analysis algorithm. Note: In a 24 hour period, approximately 144,000 cardiac
cycles will be generated from an animal with a heart rate of 100 beats/min.

Table 2B
Baseline ECG values for non-naïve NHP (Night).

Recording
day

Group
size

HR
(bpm)

PR
(ms)

QRS
(ms)

QT
(ms)

QTcB
(ms)

DiaP
(mm
Hg)

SysP
(mm
Hg)

MeanP
(mm
Hg)

1 18 89.8
17.1

79.2
9.4

40.3
6.5

291.6
30.3

355.3
21.1

65.7
10.1

101.9
13.0

83.3
11.0

5 18 92.7
21.0

79.6
10.0

40.1
7.1

290.4
36.3

357.3
21.5

63.0
10.4

97.0
13.3

79.4
11.3

9 18 88.4
14.5

81.4
11.6

39.1
5.2

294.2
30.4

356.7
19.5

61.1
12.7

94.4
16.1

77.2
14.3

142 10 104.0
18.1

88.2
12.2

37.7
4.9

269.7
34.3

352.8
24.6

50.1
9.7

79.7
8.4

64.1
9.3

147 10 94.1
19.6

89.0
11.9

45.4
6.6

292.2
38.5

363.6
23.3

53.5
11.6

87.2
10.7

69.5
11.2

148 10 91.1
16.3

88.4
13.2

43.9
6.6

292.0
34.7

358.5
25.4

50.4
11.8

81.3
12.1

65.1
12.0

150 10 89.6
13.7

89.1
12.4

45.6
6.5

297.6
29.5

364.3
23.3

51.7
11.4

83.7
11.4

67.1
11.3

151 10 93.2
17.0

88.1
12.6

42.7
3.3

287.9
35.5

357.2
25.8

49.7
10.7

80.5
10.8

64.3
10.7
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PR-interval analysis that identified regions of high PR-interval variability
(mean:>120 ms). These approaches required the user to have criteria or
knowledge of arrhythmia morphology to differentiate real signals from
electrical artifacts and to define the type of cardiac electrical abnormality.
155 10 88.5
20.7

89.2
11.4

44.4
6.0

298.8
42.5

359.5
25.0

45.5
19.4

76.2
29.0

60.3
24.0

156 10 101.1
22.5

88.3
13.0

41.4
5.0

276.2
38.9

354.7
23.4

39.6
23.1

66.5
36.8

52.6
29.8

191 6 102.1
22.3

87.1
16.6

41.1
7.6

278.4
27.6

361.4
18.4

52.9
11.8

83.9
8.1

67.3
10.2

Table 2C
Pooled baseline ECG values.

Pooled
data

HR
(bpm)

PR
(ms)

QRS
(ms)

QT
(ms)

QTcB
(ms)

DiaP
(mm Hg)

SysP
(mm Hg)

MeanP
(mm Hg)

Day 114.9
20.7

83.5
11.8

40.0
6.6

244.6
23.6

337.4
18.1

61.2
14.1

93.2
15.6

76.6
15.1

Night 93.1
18.3

85.0
12.1

41.6
6.3

289.1
34.1

357.9
22.0

54.9
15.0

87.2
19.5

70.4
17.0
3. Results

3.1. ECG interval and hemodynamic data

Over the course of 6 months, ECG interval and hemodynamic data
for each sampling day were tabulated to establish reference or baseline
values for this group of cynomolgus monkeys (Table 2A). The diurnal
variations in heart rate, cardiac interval and blood pressure values are
shown in Tables 2A (day) and 2B (night), and the daily average values
(pooled over 24 h) for each endpoint are shown in Table 2C. The cardio-
vascular endpoints monitored in this study (Tables 2A–2B) were
relatively consistent and showed little variation when evaluated eleven
times over 6 months. A comparison of cardiovascular endpoints derived
in the current study with prior findings is shown in Table 3.
Notes:
For each section, the top number is the average and bottom is standard deviation.
HR = heart rate; DiaP = diastolic blood pressure; SysP = systolic blood pressure;
MeanP = mean blood pressure.
3.2. Arrhythmia incidence: individual animal observations

Visualization of arrhythmia type in this study was depicted using an
arrhythmia “heatmap” (Fig. 2), which illustrates the type of arrhythmia
(Table 1) and its incidence in each animal over time. As anticipated,
cardiac arrhythmia was observed in all animals, but it occurred with
Table 2A
Baseline ECG values for non-naïve NHP (Day).

Recording
day

Group
size

HR
(bpm)

PR
(ms)

QRS
(ms)

QT
(ms)

QTcB
(ms)

DiaP
(mm
Hg)

SysP
(mm
Hg)

MeanP
(mm
Hg)

1 18 116.1
17.9

77.2
10.0

37.9
6.0

241.3
22.2

335.1
18.8

69.8
10.8

103.9
11.3

86.7
10.9

5 18 117.2
22.0

79.0
10.4

38.6
8.7

242.7
24.1

337.7
19.6

66.7
11.1

99.1
12.0

82.6
11.5

9 18 118.0
21.3

79.2
12.0

37.5
4.8

240.6
23.8

336.1
17.2

67.8
12.2

99.9
13.9

83.5
13.2

142 10 114.5
21.0

88.1
11.5

38.3
5.8

244.3
25.8

335.6
20.6

55.5
12.8

85.0
11.8

69.7
12.8

147 10 110.4
19.8

87.7
12.6

43.8
6.0

252.2
24.4

341.4
20.2

57.6
12.8

90.1
12.0

73.1
12.9

148 10 109.7
20.3

86.7
11.7

40.2
5.5

250.3
25.1

338.2
17.9

56.1
12.2

88.3
11.7

71.0
12.5

150 10 118.3
21.2

87.6
10.7

42.5
5.2

242.9
20.7

340.3
20.2

57.5
12.0

88.4
11.0

72.3
12.0

151 10 110.8
22.3

86.3
11.5

43.7
6.4

249.4
27.9

337.7
18.9

56.2
12.5

88.4
11.7

71.3
12.6

155 10 113.7
25.5

88.1
9.9

42.6
7.3

247.8
25.3

339.1
17.7

58.6
12.9

91.6
11.6

74.3
12.7

156 10 116.0
24.4

85.8
12.7

38.9
5.9

241.1
27.4

333.7
17.2

50.2
21.2

80.9
30.5

64.5
25.5

191 6 112.9
19.3

87.1
15.0

41.3
8.6

246.7
16.2

339.5
16.7

59.5
16.4

90.4
15.8

74.1
16.5
relatively low incidence in any given 24 hour data collection period
(black and green areas in Fig. 2).

A variety of arrhythmias were observed in the monkey, including
distinct atrial (atrial premature contraction (APC), AVB, SNP, SPC
and wandering pacemaker (WP)), junctional (fusion beat (FB)) and
ventricular (EB, VPB, ventricular tachycardia (VT) and right bundle
branch block (RBBB)) morphologies (Table 1). The distribution of
arrhythmias was variable on each sampling day within each individual
and across animals. Many of the arrhythmias observed had a low daily
Table 3
Baseline cardiovascular endpoints from cynomolgus monkeys and comparison with
published data. All data was collected from conscious animals with a telemetry implant.

Mean±SD Current studya Sasaki et al.
(2005)b

Gauvin et al.
(2006)c

n (males) 6–18 28 58
Age (years) 3.4–6.3 3–7 1
Weight (kg) 3.1–6.5 2.8–6.3 2.0–2.5
HR (bpm) 115±21 136±26 160±33
PR (ms) 84±12 80±8 82±13
QRS (ms) 40±7 36±6 30±8
QT (ms) 245±24 233±23 214±38
Systolic pressure (mm Hg) 93±16 n/a 104±20
Diastolic pressure (mm Hg) 61±14 n/a 73±16
Mean arterial pressure (mm Hg) 77±15 82±12 89±19

a Results from pooled day cycle only (age at study onset).
b Baseline results.
c Grand means over entire 22 h monitoring period.

image of Fig.�1


Fig. 2. Heat map showing incidence of arrhythmias in individual NHP at various timepoints over a 6 month period. Each block is broken up into 10 segments, corresponding to different
types of ECG arrhythmias (defined on the right side of the figure). The colors correspond to incidence, as defined by the legend.
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incidence (b10 appearances in 24 h), andwere considered spontaneous
since healthy animals were studied.

On occasion, some animals did exhibit high rates of spontaneous
arrhythmia. For example, NHP 8 was almost arrhythmia free during
the initial 3 recording days. Between the 4th (day 142) and the final
recording session (day 191), the arrhythmia profile changed; at the
5th session (day 147), 634 occurrences of SPC were noted. This was
not consistent with other recording days, as only day 151 showed
anything greater than 10 (11 beats counted) occurrences. Another
animal that exhibited greater than 10 occurrences of arrhythmias
was NHP 11 (12 VPB on day 5).

3.3. Distribution of arrhythmia incidence: colony-based observations

Various cardiac arrhythmias occur in low frequency manner in the
nineteen animals evaluated (Fig. 2). An alternative view of the incidence
data was an evaluation of the presence and distribution of arrhythmia
types in the entire group (e.g., telemetry colony or population), rather
than the frequency with which each occurred in each animal. This
arrhythmia analysis approach would enable the construction of a
colony fingerprint that could be monitored over a longer period of
time, which could differ, e.g., animals enter or leave a telemetry colony
or sub-groups of animals are subjected to treatment.

Analysis of arrhythmia prevalence among 18 monkeys on days
1–9 showed that some arrhythmia types (SPC, VPB), occurred in
more animals, and becamemore prevalent as ECG sampling extended
Fig. 3. Influence of sampling duration of arrhythmia detection. This data was derived from
demonstrated the impact of data block size on the number of arrhythmias detected in this
was collected and analyzed.
from 12 to 72 h (Fig. 3). The arrhythmia prevalence data indicates
that low frequency arrhythmias, such as EB, SNP and WP, require
multiple ECG recording sessions, i.e., 3, to capture these events.

3.4. Diurnal variations in animals

A variety of different atrial, ventricular and nodal arrhythmias
were detected over the 6 month ECG data collection period. As pres-
ented in Fig. 4, total arrhythmia incidence was relatively consistent
over the course of evaluation, but there were day to day differences.
To assesswhether spontaneous cardiac arrhythmiaswereunder circadian
influence, the arrhythmia incidence during the day and night cycles was
examined. The circadianfindings indicated that someventricular arrhyth-
mia types tended to be higher during the day, whereas atrial arrhythmia
rates tended to be higher at night (Fig. 5A/B). In Table 4, the day and night
arrhythmia rateswere averagedover the11 days of data collection topro-
vide a colony summary or profile. This data clearly indicated that certain
arrhythmias are more prevalent during the day (VPB) or night (EB, SNP).

4. Discussion

There is a paucity of literature detailing the background arrhythmia
incidence rate in unrestrained cynomolgus monkeys using implant
telemetry as themethod for ECGdata collection. This studydemonstrated
that spontaneous atrial, junctional and ventricular arrhythmias can occur
in cynomolgus monkeys, and the type and frequency varies within any
eighteen animals sampled on days 1 (12 and 24 h), 5 (48 h) and 9 (72 h). The finding
group of animals. The hour values represent the cumulative amount of ECG data that

image of Fig.�2
image of Fig.�3


Fig. 4. Pooled arrhythmia incidence inNHP colony. This graphical view illustrates the relative
incidence of ECG arrhythmias in the NHP colony over a period of more than 6months.
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individual animal repeatedly sampled over several ECG recording ses-
sions, and across animals. Someanimals exhibited little to no arrhythmias
onmultiple sampling days (e.g., NHP 2, 6, 16 and 18), whereas others had
more arrhythmia episodes over the 6 month observation period. Though
this data is restricted to one specific colony of animals, there is literature
to suggest that heterogeneity is far from the exception. Vidal, Drobatz,
Holliday, Geiger, and Thomas (2010) highlight some of the differences
between cynomolgus monkeys (including physical characteristics,
hematology parameters, among others) from different geographic
locations. They report that Mauritian cynomolgus monkeys tended to
have higher incidence (as compared to mainland Indochinese and
Malaysian/Philippine animals) of myocardial degeneration, including
findings of macroscopic and microscopic subendocardial hemorrhage
with hemosiderin, myocardial fibrosis and arterial medial degenera-
tion/hemorrhage. In addition, Walker et al. (1988) proposed the
Lambeth Conventions, which discussed the numerous variables that
may impact arrhythmia studies, including the potential influences of
housing conditions, diet, and variation in coronary anatomy in some
species. Such observations suggest that geographic, husbandry, as well
Fig. 5. Circadian influences on g
as species-specific characteristicsmay have an impact on the cardiovas-
cular profile of an animal, including the incidence of cardiac arrhythmia.

Spontaneous cardiac arrhythmias are known to occur in monkeys,
based on reports in manual- or chair-restrained monkeys. For exam-
ple, Gauvin et al. (2009) observed in restrained cynomolgus monkeys,
with snapshot ECG, that sinus rhythm abnormalities were noted in
100% (n=1563) of the animals evaluated, with low incidence of
other atrial (0.12% APC) and ventricular (0.38% VPB; 0.06% VT;
0.06% ventricular bigeminy; 0.7% RBBB; and 0.06% ventricular escape
rhythms) arrhythmias. There are differences in incidence between the
current findings and Gauvin et al. (2009) due to the different ECG sam-
pling methodology (10 s snapshot versus 24 h continuous recording).
Arrhythmia incidence in cynomolgus monkeys was assessed in unre-
strained monkeys using Holter monitoring (Macallum & Houston,
1993). In that study, 47 of 62 (75%) primates demonstrated ventricular
ectopic beats (VPB, VT and bigeminy), but the incidence rate (b5 epi-
sodes per 24 h) was low, as observed in the current study. In addition
to the duration and method of ECG recording, a key factor that could
directly influence arrhythmia type and frequency is the basal heart
rate, which could be a function of body weight and age at the time
of ECG assessment, and degree of acclimation to the ECG procedure
(see Table 4).

The study by Macallum and Houston (1993) also demonstrated
that when monkeys were monitored on two occasions, the number
of ventricular ectopics was variable (i.e. that is sometimes present,
sometimes absent) in the same monkey. This sporadic appearance
of arrhythmia was also observed and confirmed in the current study
overmultiple recording sessions (n=6–18) over 6 months. The current
study findings indicate that normal cynomolgus monkeys have a low
incidence of background arrhythmia and the low incidence rate re-
quired long periods of telemetry sampling over several days to optimize
detection. In cases where there were more than ten events noted (total
of 3), the arrhythmias appeared anomalous or non-reproducible,
though one animal did exhibit two of those three events. Despite
the low incidence noted in most animals, the arrhythmia data indi-
cated that some animals exhibited one primary type of arrhythmia
(e.g. NHP 12, 14, 15, 17, and 19) and the remainder exhibited two or
more different arrhythmias. Some arrhythmias, like APC, were identi-
fied in only three cynomolgus monkeys and with low incidence in
these animals (only observed in 1 of 11 recording sessions). These
findings clearly indicate that each individual animal may demonstrate
a spontaneous and heterogeneous arrhythmia pattern (“fingerprint”)
in the absence of treatment.

In regard to heterogeneity of background arrhythmia between
cynomolgus monkeys, most animals had less than 10 episodes of atrial,
roup arrhythmia incidence.

image of Fig.�4
image of Fig.�5


Table 4
Arrhythmia rates averaged over 11 observation periods during a 6 month period. The
proportion of animals showing a particular arrhythmia was categorized into day and
night incidence. Data are expressed as percentage of animals showing a particular
arrhythmia.

Day Night

Mean SD Mean SD

APC 1.8 4.0 0.9 3.0
AVB 0.0 0.0 2.7 4.7
EB 3.8 7.4 18.5 13.6
SNP 2.8 6.6 32.6 25.8
SPC 10.7 8.0 7.3 9.0
WP 0.0 0.0 0.9 3.0
FB 0.9 3.0 0.9 3.0
VPB 25.4 13.8 11.7 10.6
RBBB 1.9 4.3 2.3 4.1
VT 1.4 3.3 0.0 0.0
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junctional and ventricular arrhythmias per day, but one specific animal
(NHP 8) had an unusual pattern. This animal exhibited 634 SPC during
one day and had less than 11 occurrences on the other ten sampling
days. These highly variable and spontaneous arrhythmia occurrences
in this animal demonstrate the importance of tracking arrhythmia
incidence repeatedly for animals maintained in a telemetry colony.
Such information could be used to develop criteria to include or exclude
an animal from use in cardiovascular safety studies due to cardiac elec-
trical abnormalities that arise secondary to repeated use, or poor
condition (physical or cardiac) related to treatment with novel test
articles.

Based on the low and variable incidence of arrhythmias in a given
24 h monitoring period, the current findings indicate that continuous
ECG sampling for 48 to 72 h is needed to capture infrequent arrhythmia
occurrences in the cynomolgus monkey. The proposal to use longer
termmonitoring to optimize cardiac arrhythmia detection is consistent
with Macallum and Houston (1993), based on their observation that
24 h Holter monitoring of cynomolgus monkeys was superior to a
1 minute ECG segment for ventricular ectopic beat detection. Further-
more, ECG sampling that encompasses the full circadian cycle should
be considered advisable, as there are differences in arrhythmia distribu-
tion between the day and night periods. The higher incidence of sinus
node pauses and escape beats during the nightmay be related to higher
vagal tone and/or respiratory sinus arrhythmia associated with
sleep. The diurnal differences in arrhythmia imply that changes in
autonomic tone associated with the day–night cycle, or drug admin-
istration potentially, could alter the arrhythmia rates in cynomolgus
monkeys. A recent publication highlighted how circadian rhythms
can govern cardiac repolarization and arrhythmogenesis. Jeyaraj et al.
(2012) showed that the rhythmic expression of a clock-dependent oscil-
lator (kruppel-like factor 15 (Klf15)) could govern cardiac ion channel
expression. Thus, diurnal alterations in ion channel expression, may
also contribute to enhanced susceptibility to some types of ventricular
arrhythmia.
4.1. Recommendations for arrhythmia analysis

The approach used in the current study, to evaluate the background
arrhythmia incidence in primates, is consistent with the recommenda-
tions provided by the Safety Pharmacology Society (Leishman et al.,
2012). In regard to arrhythmia detection, it is recommended that multi-
ple ECG recording sessions be used to determine background arrhythmia
rate. For example, 24 h of continuous ECG data (pre-drug) should be
compared to 24 h of post-treatment data (Leishman et al., 2012). In
addition, cardiac interval and arrhythmia data from telemetry-
implanted animals should be collected over time (e.g., frommultiple
recordings) to develop individual histories for each animal. Without a
thorough review of such data, it would be very difficult to differentiate
spontaneous arrhythmias from drug treatment-related occurrences.

Due to the spontaneous nature of arrhythmia occurrence, it would
be difficult to derive accurate incidence rates from short time bins or
“snapshots” of ECG data. The literature (human and animal) suggests
that snapshots can underestimate the incidence rate by 1 to 2 orders
of magnitude (Min et al., 2010). The current findings support the use
of a 48 to 72 h time bin to derive an arrhythmia fingerprint for each
animal (Fig. 3). Based on this study in cynomolgus monkeys, a sam-
pling duration less than two days decreases the chance of observing
low incidence arrhythmias. This is very important to consider in the
context of cardiovascular telemetry studies that employ a design of
comparing three doses of test article with a control (vehicle) treatment.
In this design, there is a three-fold higher probability of observing a low
incidence arrhythmia in a test article group compared to the vehicle
group (Leishman et al., 2012). Chance occurrence of arrhythmias in
a test article dose group could confound interpretation and pro-
arrhythmic risk assessment for a promising new drug candidate.
Misinterpretation of background arrhythmia may be an issue if car-
diovascular safety studies are underpowered or poorly designed, so
proper study design and best practice should guide the execution
of such studies.

At the present time, cardiovascular telemetry (implant and non-
invasive) is widely used in safety pharmacology studies, and gaining
use in repeat-dose toxicology studies, because these technologies en-
able comprehensive and continuous ECG data collection for interval
measurements. The high quality signal (Chui et al., 2009) derived from
non-invasive methods presents an opportunity to evaluate arrhythmia
in the jacketed animals (Cools et al., 2011; Derakhchan, Chui, & Vargas,
2011; Kremer et al., 2011). Thus, non-invasive or jacket-derived ECG
technology could be leveraged to screen animals for arrhythmia prior
to telemetry device implantation (e.g., exclude NHP 10) or for inclusion
in a long-term toxicology study.
4.2. Computerized arrhythmia analysis

From a software analysis perspective, some lessons were learned
from this study. Currently, there are several ECG software solutions
in the marketplace that have the potential ability to detect cardiac ar-
rhythmias by using automated ECG waveform scanning. The ECG
software can differentiate normal and abnormal waveforms in the
data stream, and abnormalities (or “data gaps”) can be validated as
legitimate arrhythmias or invalidated as noise or other artifacts. The
latter requires an experienced user to reviewand classify the arrhythmias
observed. This is a critical point, because of the inability of the software-
based arrhythmia algorithms to distinguish accurately between noise
and real arrhythmias. Even for an experienced user, it can be challenging
to differentiate artifactual ECG noise from certain arrhythmia types (for
example, see Fig. 4 in Haushalter et al., 2008). This issue is illustrated
evenmore fully by Hamlin (2005), which examined common difficulties
in the recording or in the interpretation of cardiacwaveforms thatmaybe
related to ECG methodology or species or subject-specific electrophysio-
logical characteristics. In some instances, additional channels of cardio-
vascular data (e.g., another ECG lead, or a pressure signal from an
arterial or left ventricular pressure catheter) could assist the interpreta-
tion of a cardiac arrhythmia finding.

Determining exactly when to conduct an arrhythmia assessment
is beyond the scope of this investigation. However, a comprehensive
search for abnormal cardiac morphologies in non-human primates
may be important for a number of reasons, including: as part of a
pre-screen prior to surgical implantation of a telemetry device; main-
tenance of an established telemetry colony; selection for inclusion in
safety studies. An understanding of the background incidence rate
could aid in differentiating sporadic arrhythmias from those related
to test article administration.
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