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Abstract Introduction: Alternatives for out-of-clinic heart rate (HR) measure-
ment are required to optimize management of atrial fibrillation (AF) in dogs. Addi-
tionally, the presence of circadian variation (CV) in HR in pet dogs remains
unknown.
We aimed to identify the number and duration of spot-checks required for an ac-

curate estimation of 24-h HR in canine AF. Circadian variation in HR was examined
in healthy dogs and dogs with AF, and spot-check-derived HR was compared with a
CV-derived gold standard.
Materials and methods: Ambulatory electrocardiogram data from healthy dogs and
dogs with AF were retrospectively analysed. Heart rate was calculated from the en-
tire recording and pre-defined periods (spot-checks) of 1 h to 30 and 60 s in dura-
tion. Circadian variation in HR was determined by cosinor analysis. Bias and limits
of agreement (LOA) of means and median HR with mesor HR were determined by
correlation and BlandeAltman analysis.
Results: Circadian variation in HR was identified in 18/22 healthy dogs and 14/21 AF
dogs but only on ambulatory electrocardiogram recordings.
Four-hourly spot-checks provided the most accurate estimate of mesor HR in

healthy dogs (bias of the median over 30 s 7.70, LOA 7.48), whereas, in dogs with
AF, 4, 6 and 8-hourly spot-checks provided reliable estimates of mesor HR (bias
within �1.29 and �29.5).
ented at the 31st ECVIM-CA Congress 2021 in an oral abstract format.
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Abbreviations

AF atrial fibrillation
Bpm beats per minute
CHF congestive heart fa
CV circadian variation
HR heart rate
kg kilograms
LOA levels of agreemen
VRR ventricular respons
Conclusions: Four, 6 and 8-hourly HR spot-checks can estimate 24-hourly HR in dogs
with AF. There was CV in HR in most healthy pet dogs and dogs with AF. Spot-check
protocols cannot identify CV in HR.
ª 2022 The Author(s). Published by Elsevier B.V. This is an open access article under
the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Introduction

Atrial fibrillation (AF) is an established complica-
tion of cardiac diseases in dogs that is associated
with increased morbidity and shorter survival
times [1e3], although its prevalence varies
according to the population analysed [1,4]. In
chronic AF, effective control of the heart rate
(HR), or, more correctly, the ventricular response
rate (VRR), optimizes residual ventricular function
[5], and improves prognosis [2,3]. The VRR
obtained from an in-clinic electrocardiogram
(ECG) is not representative of the mean VRR out-
side the clinic as estimated by 24-h ambulatory
ECG recordings [3,6]. This probably reflects
increased sympathetic drive associated with vet-
erinary visits, and the fluctuations in autonomic
tone associated with exercise, excitement, diges-
tion, and rest [6]. Instead, successful titration of
negative chronotropes that depress conduction
across the atrioventricular node is usually
dependent on serial ambulatory ECG analysis to
determine the mean 24-h out-of-clinic VRR and to
ensure that appropriate responses in the VRR occur
during rest and exercise [3].

Serial ambulatory ECG analysis requires spe-
cialist hardware, expertise, and significant time to
analyse the large datasets it generates. The cost to
owners can be prohibitive, often making optimal
rate control unobtainable in primary care, and
increasing the risk of drug-related adverse effects
[3]. Thus, there is a need to find alternative,
cheaper means of determining out-of-clinic VRR in
dogs with AF. One solution might be for owners to
record their dog’s VRR at set timepoints over the
day (spot-checks) [6]. Such a strategy could be
achieved through smartphone technology [7].
However, the number of spot-checks, the duration
of each spot-check, and whether spot-check-
derived VRR compares favourably with ambula-
tory ECG-derived VRR are not known.

To address these issues, it is first necessary to
understand the variation in HR that normally
occurs in healthy hearts over a 24-h period. Cyclic
variations in blood pressure and HR have been
studied extensively in animal models and
people and are normally synchronized with the
day/night or light/dark cycle [8e13]. This circa-
dian rhythm varies in a sinusoidal manner by
amplitude around a central tendency or mesor
(Midline Estimating Statistic Of Rhythm), a rhythm-
adjusted mean [14]. When sinusoidal variation is
present and data are not equidistant, the mesor is
the most accurate reflection of “average HR” [14].
Circadian variation in cardiovascular parameters is
clinically very important in people. Lifestyle
choices, night-shift work, and metabolic diseases
disrupt CV in HR and blood pressure and increase
inflammatory cytokines that are deleterious to the
cardiovascular system [8,13]. Loss of CV in HR and
blood pressure is associated with increased car-
diovascular risk and can predict target organ injury
such as nephropathy in type 1 diabetes mellitus
[15]. Of therapeutic importance, there is a
reduction in drug efficiency from loss of circadian
rhythms [8] but also a reduction in cardiovascular
risk when appropriate chronotherapy is applied
such as night-time dosing of medication for
hypertension to re-establish nocturnal dipping in
blood pressure [13].

Since ambulatory ECG recordings are con-
tinuous, they can provide information on the CV in
HR and its mesor and so could provide prognostic
value in canine cardiac and metabolic disease.
Therefore, when evaluating spot-check measure-
ments of HR in dogs, their agreement with mesor
and their ability to identify CV in HR or its loss
should also be determined.

We hypothesized that the HR of healthy dogs
varies in a circadian manner and that its mesor can
be accurately determined with a spot-check

http://creativecommons.org/licenses/by/4.0/
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protocol. We also hypothesised that CV in VRR is
lost with the development of AF.

The principal goal of this study was to develop a
spot-check protocol for measuring HR in AF and to
validate it by comparison with a gold standard
derived from CV in HR. To achieve this, we first
determined whether HR varies in a sinusoidal wave
pattern, consistent with CV, in a population of
healthy dogs and dogs with AF. Subsequently, we
determined the number and duration of spot-
checks required to obtain an accurate 24-h HR
and confirm the presence of CV.
Animals, materials, and methods

This was a retrospective study of ambulatory ECG
data recorded and stored from healthy dogs and
dogs with AF attending the cardiology service of
the Royal (Dick) School of Veterinary Studies,
University of Edinburgh.a The study was approved
by the University of Edinburgh Veterinary Ethical
Research Committee (reference numbers 73.15
and 148.19). Heart rate was calculated from the
entire recording period and pre-defined interim
periods within each recording. These interim
periods ranged from 1 h in duration down to only
30 and 60 s in duration, the latter mimicking a HR
spot-check that might be performed by an owner
at home using mobile phone technology.

The following data were obtained from the
hospital electronic records: age, breed, body
weight, sex, and neutered status.

For ease of comparison, and to avoid confusion,
the term HR, rather than VRR, was used in dogs
with AF as well as healthy dogs.

Healthy group

Healthy dogs belonging to staff and students of the
University of Edinburgh were recruited as a part of
a previous study [16]. All dogs were considered
healthy after physical examination, echocardio-
graphic examination, and indirect blood pressure
measurement. Age, sex, neutered status, breed,
and body weight were recorded. Dogs <1 year old,
ongoing or recent cardiac or non-cardiac disease,
concurrent medications other than parasitic pro-
phylaxis, presence of a heart murmur or arrhyth-
mia on physical examination or structural
abnormalities on echocardiography were exclusion
criteria.
a Nordhealth ªProvet Cloud, Lohja, Finland.
Atrial fibrillation group

Dogs were diagnosed with AF between October
2016 and March 2020. The presence and type of
concurrent structural cardiac disease predisposing
to AF and any anti-arrhythmic medication were
collected. Other medications that the dogs may
have received as part of their treatment protocol
(for example furosemide, pimobendan, benaze-
pril, spironolactone) were noted in the data col-
lection but not analysed. If more than one
ambulatory ECG recording was obtained from an
individual patient, only the first recording was
included.

Ambulatory ECG analysis

Data from three-channel ambulatory recordings
were acquired from ambulatory ECG monitorsb

attached to five electrode pads on the chest, and
stored on a 128 MB removable CF card, before
transfer to a hard drive for analysis with com-
mercial software.c

Owners of the recruited dogs were asked to
replicate their normal daily routine during the
recording period and to record their activities in a
diary. No analysis of activity levels, feeding, and
sleep schedule was performed as this was not
standardized from the time of enrolment of cases.

Only recordings of 23 he24 h duration and less
than 10% artefact were included. All recordings
had been analysed automatically and manually
immediately after their acquisition, by a board-
certified cardiologist or a cardiology resident
under supervision. Analyses included manual con-
firmation that ReR intervals had been recognized
by the software and that QRS complexes had been
correctly designated as sinus-derived, supra-
ventricular, or ventricular, with re-labelling of
complexes as required. Artefact was defined as
disruption to the tracing in all three leads to a
degree that did not allow recognition of the QRS
complexes. This analysis was performed before
isolating the spot-check sampling periods, and for
this reason, there was no distinct consideration to
the QRS within these time-frames.

Dogs were excluded from the healthy group if
there was evidence of arrhythmias although a
maximum number of 24 isolated ventricular pre-
mature complexes were allowed [17]. Dogs were
excluded from the AF group if AF was intermittent,
b Vista Access or Vista Plus, Novacor UK, Swanley, UK.
c Novacor HolterSoft Ultima Version 2.5.5, Novacor UK,

Swanley, UK.
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or if there was evidence of other concomitant
forms of arrhythmias such as atrial flutter, com-
plex ventricular arrhythmias, or more than 24
isolated ventricular premature complexes.

After manual analysis, ReR intervals (mili-
seconds) were entered into a spreadsheete and
transformed into instantaneous HR (HR ¼ 60,000/
ReR). The very large datasets that were generated
were converted into mean and median values to
aid data analysis. For purposes of clarity, “average
HR” is used to describe the arithmetic mean of HRs
calculated directly from ReR intervals and which
were used to generate a mesor by cosinor analysis.
The terms “mean HR” and “median HR” are
restricted to the arithmetic mean and median of
average HRs that were compared with the mesor,
as outlined below. The following representations
of HR were obtained:

1) Hourly HR (taken from entire recording)
a. The average HR from every ReR interval in

each one of 24 h (24 data points per dog)
b. The mean of the 24 average HRs (one data

point per dog)
c. The median of the 24 average HRs (one data

point per dog)
2) Spot-check HR (taken from multiple 1-h

recording periods)
a. The average HR from every ReR interval but

only taken from every fourth (six data points
per dog), sixth (four data points per dog), or
eighth (three data points per dog) hour.

b. The mean of the three, four, and six average
HRs (one data point per dog)

c. The median of the three, four and six
average HRs (one data point per dog)

3) Spot-check HR (taken from multiple 30- and 60-
s recording periods)
a. The average HR from every ReR interval but

only taken from the first 30 s and the first
60 s from every fourth (six data points per
dog), sixth (four data points per dog), or
eighth (three data points per dog) hour

b. The mean of the three, four, and six average
HRs (30 s and 60 s, one data point per dog)

c. The median of the three, four, and six
average HRs (30 s and 60 s, one data point
per dog)
d Microsoft� Excel 2020 version 16.52 (21080801) Redmond,
Washington.
e Minitab� 17.1.0 State College, State College, Pennsylvania,

USA.
Circadian analysis

Circadian variation in HR was determined by cosi-
nor analysis of average hourly HR valuese [14,18]. A
single component cosinor with a 24-h period was
fitted through multiple regression analysis of
hourly HR and spot-check HR data. The measure of
central tendency of the rhythm (mesor) was cal-
culated using the equation [19]:

Y ¼ mesor þ ðcos coeff:cos timeÞ
� ðsin coeff:sin timeÞ:

where cos time ¼ cos 2pt, sin time ¼ sin 2pt TT,
t ¼ 1- to 24-hourly, and T ¼ 24 h.

Amplitude (Amp, half of the extent of foresee-
able variation within a cycle, represented as the
height of the sinusoidal curve) was calculated from
the equation:

Amp ¼ Oðcos coeff:2 þ sin coeff:2Þ:
Acrophase was not calculated as there was no

consistent starting timepoint for measurements.

Statistical analysis

Statistical analysis was performed using commer-
cially available software.def

Normality testing was performed with visual
inspection of data and the AndersoneDarling test.
The ages and weights of the two populations of
dogs were compared with a two-sample t-test
(normally distributed data) or ManneWhitney U
test (not normally distributed data).

To avoid confusion with the terms average,
mean, or median, when data may or may not be
normally distributed, all HR data are presented
with the range of values. All other data are pre-
sented as mean and 95% confidence intervals or
median and range depending on normality.

The mean and median hourly HR and the mean
and median spot-check HR were compared with
the mesor HR (hourly and spot-check) when CV was
confirmed. Correlations between mean, median,
and mesor HR were calculated with Pearson’s
(normal) or Spearman rho tests (not normal) as
appropriate. Previously recommended cut-offs
based on r values were used to classify correla-
tions as negligible (0.00e0.10), weak (0.10e0.39),
moderate (0.40e0.69), strong (0.70e0.89), or very
strong (0.90e1.0) [20]. Where correlations were
strong or very strong, bias and limits of agreement
were determined with BlandeAltman plots.
f GraphPad Prism 8, San Diego, California.
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To identify the distribution of male and female
dogs and whether CV was observed more fre-
quently in one population of dogs than the other, a
Pearson’s chi-square test was used. The test sta-
tistic x2 was calculated from a 2 � 2 contingency
table. Expected values were confirmed as �5.

Statistical significance for all tests was set at
P < 0.05.
Results

Healthy dog group

Ambulatory ECG recordings were obtained from 25
dogs. Three dogs were excluded due to insufficient
recording duration, and a total of 22 ambulatory
ECG recordings were analysed. Details of the
population are in Table 1.

Hourly HR (entire recording)
Sinusoidal variation in HR was identified in 18/22
dogs (82%). The mesor was 69.5 (51.8e87.5) beats
per minute (bpm), and the amplitude was 14.0
(0e22.9) bpm. The mean hourly HR was 84.0
(67.4e101.7) bpm. The median hourly HR was 74.5
(56.8e101.7) bpm.

The mean and median hourly HR had moderate
to strong correlation with the mesor, but the
Table 1 Data from the 22 healthy dogs in the study, in
h ambulatory ECG. Abbreviations: F: female; kg: kilograms

Dog Age (years) Sex Neutered
status

Weight (kg)

1 2 F Yes 26 G
2 1 M Yes 17 C
3 8 F Yes 9 Jack
4 7 F Yes 7 C
5 5 M Yes 18 Bo
6 1 M Yes 8 C
7 1 F No 23 Flat c
8 4 F Yes 24 Po
9 5 F Yes 9 Jack
10 4 F Yes 25 C
11 11 M Yes 32 Go
12 6 M Yes 22 Spri
13 8 F Yes 9 C
14 5 F Yes 25 C
15 4 M Yes 35 C
16 1 F No 25 Germ
17 5 F Yes 6 Bo
18 3 M Yes 28
19 6 F Yes 9 C
20 3 F Yes 26 Germ
21 7 F Yes 17 C
22 1 M Yes 21 C
median had narrower levels of agreement (LOA;
Fig. 1, Table 2).

Spot-check HR (multiple 1-h recordings)
Sinusoidal variation in HR was only identified in 2/
18 dogs (11%) when sampled every 4 h and none of
the dogs sampled every 6 or 8 h. Therefore, mean
and median spot-check HR were only compared
with the mesor obtained from hourly HR analysis.
Mean spot-check HR was 70.7 (50.3e88.3) bpm
(4 h), 72.2 (57.2e96.2) bpm (6 h), and 74.6
(52.2e101.5) bpm (8 h). Median spot-check HR was
67.7 (50.4e86.7) bpm (4 h), 70.3 (56.3e96.5) bpm
(6 h), and 71.6 (51.9e113.7) bpm (8 h).

Both four-hourly mean and median spot-check
HR correlated strongly with the mesor, with similar
coefficients of correlation and LOA, but the mean
had a smaller bias than the median. The eight-
hourly median spot-check HR also had a strong
correlation with the mesor, outperforming the six-
hourly median and mean and the eight-hourly
mean (Table 2).

Spot-check HR (multiple 30 and 60 s recordings)
Sinusoidal variation in HR was not identified in any
of the dogs. Therefore, mean and median spot-
check HR were compared with the mesor obtained
from hourly HR analysis. For 30 s recordings, the
mean spot-check HR was 68.4 (48.6e98.5) bpm
cluding the presence of sinusoidal distribution on 24-
; M: male.

Breed Sinusoidal
distribution

Mesor Median Mean

reyhound Yes 67.2 89.6 67.4
rossbreed Yes 78.4 92.3 77.9
Russell terrier Yes 78.4 101.7 88.4
rossbreed Yes 87.5 100.0 87.7
rder collie Yes 61.3 61.3 79.5
rossbreed Yes 70.8 70.8 85.1
oat retriever No e 81.4 95.2
inter cross Yes 60.7 60.7 76.4
Russell terrier Yes 70.5 70.5 84.5
rossbreed Yes 55.2 57.5 80.0
rdon setter Yes 80.1 79.2 81.6
nger spaniel Yes 73.3 73.2 90.9
rossbreed Yes 77.0 77.0 85.7
rossbreed No e 76.8 85.1
rossbreed Yes 58.4 66.7 78.4
an shepherd No e 63.6 82.2
ston terrier Yes 85.4 85.7 100.8
Boxer No e 70.6 87.0

rossbreed Yes 74.0 75.9 101.7
an shepherd Yes 64.9 64.9 82.8
rossbreed Yes 56.8 56.8 69.8
rossbreed Yes 51.8 63.2 79.0



Figure 1 Four BlandeAltman plots derived from the mesor, median, and mean heart rate of continuous data in the
healthy dog population (A and B) and from the atrial fibrillation group (C and D). Abbreviations: LOA: levels of
agreement.
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(4 h), 73.8 (49.7e113.8) bpm (6 h), and 72.3
(47.9e129.9) bpm (8 h). The median spot-check HR
was 63.7 (45.3e84.2) bpm (4 h), 69 (47.8e117.2)
bpm (6 h), and 70.2 (46.1e144.2) bpm (8 h).

For 60 s recordings, the mean spot-check HR
was 69.2 (49.5e96.2) bpm (4 h), 73.7 (51.8e108.8)
bpm (6 h), and 73.2 (49.6e123.8) bpm (8 h). The
median spot-check HR was 65.4 (46.1e84.9) bpm
(4 h), 68.9 (49.7e112.9) bpm (6 h), and 72
(49.3e139.7) bpm (8 h).

For mean and median spot-check HR every 4 h,
the LOA with the mesor was wider for 30 s and
60 s recordings than the 4-hourly continuous spot-
check HR.
Table 2 Correlation of average heart rate (mean
and median) calculated from recording periods of 1 h
every 1, 4, 6, and 8 h, with 24-hourly mesor heart rate
in the population of healthy pet dogs. Abbreviations:
q1h: every hour; q4h: every 4 h; q6h: every 6 h; q8h:
every 8 h; SD: standard deviation.

Frequency of
measurement

r P Bias SD of bias

Median q1h 0.82 <0.0001 �5.30 8.04
Mean q1h 0.59 0.009 �13.68 8.92
Median q4h 0.86 <0.0001 �2.65 5.60
Mean q4h 0.85 <0.0001 �0.59 5.85
Median q6h 0.74 <0.0001 �1.16 7.90
Mean q6h 0.67 0.002 �3.42 8.26
Median q8h 0.88 <0.0001 �1.94 8.98
Mean q8h 0.76 <0.0001 �4.54 8.07
For spot-check HR every 6 h, mean and median
HR had only moderate correlation with the mesor.
The median HR from 30 s every 8 h had a tighter
agreement with the mesor than the mean HR did
(Table 3, Fig. 2).

Atrial fibrillation group

Ambulatory ECG recordings were obtained from 21
dogs. Eleven dogs (52%) had stable ACVIM stage C
[21] cardiac disease at the time of the recording.
Details of the population are in Table 4.

Hourly HR (entire recording)
Sinusoidal variation in HR was identified in 14/21
dogs (67%), with a mesor of 133.8 (81.9e176.9)
bpm and an amplitude of 15.8 (7.2e28) bpm. The
mean HR was 138.4 (81.9e187.7) bpm. The median
HR was 154.0 (101.7e206.9) bpm.

Mean and median HR correlated very strongly
with the mesor although there were wider LOA for
the median HR by 6 bpm compared to the mean HR
(see Fig. 3).

Spot-check HR (multiple 1-h recordings)
Sinusoidal variation in HR could not be detected in
any of the dogs. Therefore, mean and median
spot-check HR were compared with the mesor
obtained from hourly HR analysis. Mean spot-check
HR was 145.7 (80.4e211.2) bpm (4 h), 136.5
(80.3e194.6) bpm (6 h), and 155.2 (80e344.8) bpm



Table 3 Correlation of average heart rate (mean and median) calculated from recording periods of 30 and 60 s
every 1, 4, 6 and 8 h, with 24-hourly mesor heart rate in the population of healthy dogs. Abbreviations: Sec:
seconds; q1h: every hour; q4h: every 4 h; q6h: every 6 h; q8h: every 8 h; SD: standard deviation.

Duration of
interval assessed

Frequency of
measurement

r P Bias SD of bias

30 s Median q1h 0.73 0.001 6.64 5.71
Mean q1h 1 <0.0001 �2.82 5.32
Median q4h 0.78 0.0002 7.70 7.48
Mean q4h 0.74 0.0005 2.54 9.56
Median q6h 0.39 0.015 e e
Mean q6h 0.48 0.043 e e
Median q8h 0.66 0.003 1.39 19.48
Mean q8h 0.65 0.004 �1.46 16.47

60 s Median q1h 0.66 0.009 7.16 6.13
Mean q1h 1 <0.0001 �2.7 5.07
Median q4h 0.7 0.001 6.27 8.78
Mean q4h 0.72 0.0007 1.89 9.67
Median q6h 0.48 0.045 e e
Mean q6h 0.46 0.056 e e
Median q8h 0.49 0.039 e e
Mean q8h 0.59 0.011 �2.1 16.12
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(8 h). Median spot-check HR was 137.1
(83.4e193.6) bpm (4 h), 138.1 (83.4e196.3) bpm
(6 h) and 139.8 (81.1e192) (8 h).

All median and mean spot-check HR values had
a moderate to strong correlation with the mesor
(Table 5). Agreement decreased as the frequency
of sampling decreased although there was also a
large bias and standard deviation for four-hourly
mean HR.

Spot-check HR (multiple 30 and 60 s recordings)
Sinusoidal variation in HR was not identified in any
of the dogs. Therefore, mean and median spot-
check HR were compared with the mesor obtained
from hourly HR analysis.

For 30 s recordings, the mean spot-check HR
were 135.6 (67.4e197.4) bpm (4 h), 134.8
(82e198) bpm (6 h), and 137.5 (68.3e190.3) bpm
(8 h). Median spot-check HR was 136.2
(70.1e195.9) bpm (4 h), 133.7 (82e196.7) bpm
(6 h), and 137.8 (71.7e185.4) bpm (8 h).

For 60 s recordings, the mean spot-check HR
was 136.6 (78.5e195.2) bpm (4 h), 140.6
(74.7e200.3) bpm (6 h), and 138.1 (74.5e186.6)
bpm (8 h). Median spot-check HR was 135.7
(75e194.6) bpm (4 h), 141.7 (75.4e197.3) bpm
(6 h), and 136.4 (63.7e189.3) bpm (8 h).

For spot-checks every 4,6 and 8 h, mean and
median HR from both 30- and 60-s had strong to
very strong correlation with the mesor and
demonstrated a maximum bias of 1/10 of those
obtained from hour-long HR measurements
(Table 6 , Figure 3).
The bias when comparing median and mean HR
with mesor HR never exceeded 6 bpm. Levels of
agreement from mean and median HR were also
very similar and within 20 bpm of the mesor.

Comparison of the two populations

Dogs with AF [39 kg (27.5e50.5 kg)] were sig-
nificantly heavier than the healthy dogs [21.5 kg
(12.7e30.3 kg); P < 0.001], but there was no dif-
ference in age (healthy dogs 4.45 � 2.74 years, AF
dogs 5 � 3.26 years; P ¼ 0.56).

There was a greater proportion of CV in HR in
the healthy dog group compared to the AF group
(x2 ¼ 4.340, P ¼ 0.04, degrees of freedom ¼ 1).
Discussion

This study investigated the accuracy of spot-check
protocols in measuring HR (or VRR) in pet dogs with
AF. Our approach allowed us to calculate the
mesor of CV in HR, against which mean and median
HR from spot-checks could be compared. We have
shown that most healthy pet dogs in our population
had CV in their HR. Surprisingly, and contrary to
our hypothesis, AF did not remove CV in
HR although there was a reduction in number of
dogs with CV in this group when compared to the
healthy dog group. Furthermore, we demonstrated
that spot-check HR from 30 to 60 s recording
periods can estimate the mesor of 24-hourly HR
within a bias of e 0.92 and 4.85 heart beats and a



Figure 2 BlandeAltman plots generated from recording periods every 4 (A, B, E, and F) and 8 (C, D, and G) hours.
Median and mean HRs from 30 s to 60 s recording periods were compared with the mesor heart rate in the healthy dog
population. Abbreviations: LOA: levels of agreement; q4h: every 4 h; q8h: every 8 h.
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standard deviation <20 beats/min, even when
they are obtained at 8-hourly intervals. The bias
varies in an unpredictable manner with HR and so a
correction factor cannot be applied. Nonetheless,
we conclude that short spot-checks of HR as
infrequently as three times/day have the potential
to aid therapeutic management of HR in dogs with
AF.

Achieving target HR for canine AF [3,6,22] at the
level of primary care requires cost-effective, sim-
ple monitoring of HR, ideally outwith the hospital
environment. Advances in smartphone technology
allow owners to measure their pet dog’s HR [7] and
could be utilized to determine HR control in canine
AF. This is an attractive option because, as well as
permitting frequent monitoring of HR, it could
remove confounding stress effects associated with
hospital visits and wearing an ambulatory ECG
monitor.

Computer software usually determines HR from
ambulatory ECGs by grouping or “binning” similar
ReR intervals and then calculating the proportion
that each bin contributes to the overall recording
period [23]. Instead, we manually calculated HR
from ReR intervals within the sampling period,
ranging from 1-h long segments down to 30e60 s
long segments. The advantage of this approach is
that it allowed us to quickly generate mean and
median values of HR from extremely large data-
sets, identify the point at which data size



Table 4 Data from 21 dogs with atrial fibrillation recruited for the study, including diagnosis, anti-arrhythmic treatment, and presence of sinusoidal distribution
on 24-h ambulatory ECG. Abbreviations: AF: atrial fibrillation; CHF: congestive heart failure; DCM: dilated cardiomyopathy; F: female; kg: kilograms; M: male; MV:
mitral valve; MMVD: myxomatous mitral valve disease; PDA: patent ductus arteriosus; SAS: subaortic stenosis; TVD: tricuspid valve dysplasia.

Dog Age (years) Sex Neutered
status

Weight (kg) Breed Diagnosis Hr treatment Sinusoidal
distribution

Mesor Median Mean

1 5 M No 81 Saint Bernard DCM phenotype Diltiazem Yes 104.1 106.4 104.1
2 5 M No 48 Rhodesian Ridgeback Lone AF Amiodarone Yes 81.9 101.7 81.9
3 8 F Yes 39 Rottweiller PDA Digoxin No e 142.9 128.6
4 3 M Yes 39 Labrador Lone AF Amiodarone Yes 176.9 184.6 176.8
5 9 F Yes 30 Labrador MV dysplasia, CHF Digoxin No e 171.4 163.9
6 1 M No 38 German shepherd MMVD, CHF Diltiazem Yes 162.9 171.4 162.9
7 12 M No 31 Crossbreed MMVD, abdominal mass Diltiazem Yes 139.3 153.9 139.3
8 1 F No 32 German shepherd PDA, CHF Diltiazem Yes 83.5 105.3 83.5
9 4 M Yes 46 Labrador SAS, MV dysplasia, CHF Digoxin No e 181.8 168.9
10 2 M No 28 Boxer TV dysplasia No treatment No e 120.0 104.8
11 2 M Yes 35 Labrador TV dysplasia Sotalol No e 115.4 98.6
12 5 F No 48 Doberman pinscher DCM phenotype, CHF Digoxin Yes 174.24 193.55 174.24
13 3 F Yes 50 Dogue de Bordeaux DCM phenotype, CHF No treatment Yes 134.73 155.84 134.71
14 7 M No 44 Doberman pinscher DCM phenotype, CHF Diltiazem No e 206.90 187.69
15 2 F Yes 40 Dogue de Bordeaux MV dysplasia, CHF Diltiazem and digoxin Yes 133.59 146.34 133.58
16 3 M No 35 Labrador MV and TV dysplasia, CHF Digoxin Yes 133.71 150.00 133.64
17 9 M No 38 Labrador MMVD Digoxin Yes 137.46 160.00 136.87
18 7 M No 31 Labrador MMVD Diltiazem Yes 145.96 171.43 145.96
19 6 M No 53 Great Dane DCM phenotype, CHF No treatment No e 206.90 179.61
20 1 M Yes 36 Boxer TV dysplasia Diltiazem and digoxin Yes 113.56 123.71 113.57
21 10 M Yes 42 Irish setter DCM phenotype, CHF Digoxin Yes 151.47 164.38 154.03
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Table 5 Correlation of average heart rate (mean
and median) calculated from recording periods of 1 h
every 1, 4, 6 and 8 h, with 24-hourly mesor heart rate
in the population of dogs with atrial fibrillation.
Abbreviations: q1h: every hour; q4h: every 4 h; q6h:
every 6 h; q8h: every 8 h; SD: standard deviation.

Frequency of
measurement

r P Bias SD of bias

Median q1h 0.97 <0.0001 �15.37 6.67
Mean q1h 1.0 <0.0001 �0.12 0.72
Median q4h 0.77 0.001 �1.59 18.88
Mean q4h 0.50 0.07 �14.34 30.11
Median q6h 0.67 0.009 �2.67 22.08
Mean q6h 0.63 0.017 �1.29 23.11
Median q8h 0.53 0.050 �6.53 25.95
Mean q8h 0.57 0.035 �29.50 65.14
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reduction prevents discrimination of dogs that
have CV from those that don’t, and measure the
error when HR is calculated from much shorter
sampling periods that mimic spot-checks.

We selected the mesor as the gold standard
against which the mean and median HR values
were compared, as opposed to the traditionally
used 24-h mean HR [3]. This is because, when HR
varies in a circadian manner, mesor is the most
accurate representative value of overall HR [14].
There was the additional benefit of demonstrating
for the first time a tight sinusoidal or CV in HR in
pet dogs outwith a hospital environment. Target
HR in AF management is debatable because HR in
healthy dogs is highly variable [23]. Loss of CV in
HR in people and in animal models of human dis-
eases is associated with increased cardiovascular
risk [8,13]. Our approach, therefore, was also an
initial investigation of the potential of CV in HR as
an alternative therapeutic target in canine AF
management.

Circadian rhythms are important regulators of
cardiovascular physiology [9e13,24,25] and have
been identified across a range of species including
people and experimental dogs [9,12,13]. It was
perhaps unsurprising that it was present in most of
our healthy pet dogs although this is the first study
to demonstrate this finding. This was a retro-
spective study, and so there was no control over
diet, light exposure, sleeping schedule, or
recording start time. These are normally tightly
controlled in prospective studies [12] and allow
Figure 3 BlandeAltman plots generated from recording pe
F, K, and L) h. Median and mean heart rates from 30 s to 60
rate in the dogs with atrial fibrillation. Abbreviations: LOA: l
every 8 h.
the phase shift (acrophase) in sinusoidal variation
to be determined. Yet, despite this, CV in HR was
readily demonstrable in our healthy and AF pet dog
populations. This suggests that CV in HR may, to
some extent, be independent of feeding regime,
as it is in experimental dogs [12], and of other
features of human “home life” that are known to
disrupt the normal 12-h light and dark cycle such
as artificial light and variation in bedtime [8]. We
conclude that CV in HR is robust in pet dogs. If
significant pathology is required to disrupt it, then
we speculate that loss of CV in HR has potential as
a negative prognostic indicator. We were unable to
investigate this retrospectively, but we believe
that our study paves the way to prospective lon-
gitudinal follow-up studies of both healthy and AF
dog populations to determine whether the absence
of CV in HR predicts an adverse clinical outcome.

We could only demonstrate disruption to CV in
HR in a minority of our population of dogs with AF.
This suggests that the CV in autonomic input into
the atrioventricular node was intact in the
majority of our AF dogs and was similar to the
autonomic input into the sinoatrial node in the
healthy dogs [12,18,26]. This finding is in agree-
ment with published reports in people with sus-
tained AF, including those receiving rate-control
medication, where CV in both HR and the degree
of variability in HR was intact [18,26]. However,
this finding is still surprising since we would expect
both AF and advanced heart disease to modify
autonomic activity either directly or through
reduced levels of activity [27,28]. We do not know
how intolerant of exercise the AF dogs were since
activity was not consistently recorded by owners in
the diaries provided. Our study did not include a
third group of dogs with advanced heart disease
without AF. This might have teased out the relative
contributions of AF and heart disease to disruption
of CV in HR. However, since CV was only disrupted
in a minority of AF dogs, we believe that our
conclusions remain valid. Furthermore, the pri-
mary aim of our study was to develop a spot-check
protocol for AF rather than to determine the
effects of heart disease on CV in HR although we
did extend our analysis to determine whether spot-
checks could themselves identify CV in HR.

Although of no practical utility, we included
multiple 1-h spot-checks in our study in order to
determine the minimum frequency of HR
riods every 4 (A, B, G, and H), 6 (C, D, I, and J), and 8 (E,
s recording periods were compared with the mesor heart
evels of agreement; q4h: every 4 h; q6h: every 6 h; q8h:



Table 6 Correlation of average heart rate (mean and median) calculated from periods of 30 and 60 s every 1, 4, 6
and 8 h, with 24-hourly mesor heart rate in the population of dogs with atrial fibrillation. Abbreviations: q1h: every
hour; q4h: every 4 h; q6h: every 6 h; q8h: every 8 h; SD: standard deviation; sec: seconds.

Duration of interval
assessed

Frequency of
measurement

r P Bias SD of bias

30 s Median q1h 0.977 <0.0001 �0.92 10.78
Mean q1h 1.00 <0.0001 �1.4 4.215
Median q4h 0.96 <0.0001 4.75 9.06
Mean q4h 0.92 <0.0001 5.44 11.93
Median q6h 0.96 <0.0001 4.85 8.45
Mean q6h 0.90 <0.0001 3.07 13.08
Median q8h 0.88 <0.0001 2.73 14.83
Mean q8h 0.86 <0.0001 2.41 16.75

60 s Median q1h 0.89 <0.0001 1.23 13.47
Mean q1h 0.99 <0.0001 1.75 4.42
Median q4h 0.91 <0.0001 - 4.53 12.56
Mean q4h 0.95 <0.0001 - 3.34 9.25
Median q6h 0.92 <0.0001 �2.78 12.19
Mean q6h 0.98 <0.0001 �1.46 6.29
Median q8h 0.85 <0.0001 - 3.51 18.64
Mean q8h 0.87 <0.0001 - 1.94 15.68
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measurements required to confirm CV. By doing so,
we demonstrated that CV in HR cannot be detec-
ted through spot-check HR measurements. Thus, if
CV in HR becomes a useful future biomarker, it is
very likely that its detection will require ambula-
tory ECG monitoring. However, the loss of infor-
mation that occurs when moving to spot-check
monitoring does not appear to include an assess-
ment of 24-hourly HR, even when the sampling
duration is reduced to 30 or 60 s at 8-h intervals.
This brings clinically useful measurement of HR
into the realm of what is achievable for an owner
at home with a smartphone.

Mean and median HR calculated from short
periods on ambulatory ECG recordings provided an
accurate measure of the 24-hourly mesor HR.
Curiously, spot-check HR had a narrower LOA with
the mesor values in AF dogs than in healthy dogs.
We speculate that AF was associated with
increased sympathetic tone in these dogs, and that
this reduced the variation in HR that is normally
present between periods of activity and rest [2].
As a result, short sampling periods would be more
representative of the entire 24-h long recording.

The reason for the superior correlation in the AF
group between 30 and 60 s interval average HR and
the mesor compared to 1-h measurements is less
clear as it was not observed in the healthy dog
group. In AF, there is marked variation in HR,
particularly beat-to-beat variations in HR. Shorter
recording intervals (30 or 60 s) contain fewer var-
iations in HR simply because there is less time
available for this. We speculate that this could
permit better agreement with a very long
(continuous) recording in which there might be a
wider but even distribution of variations in HR.
Intermediate intervals such as 1-h long every 4, 6,
or 8 h, may be long enough to include lots of var-
iations in HR but not long enough to prevent an
uneven distribution of these variations. The cor-
ollary is that 30 and 60 s interval average HR from
dogs with lone AF or AF with optimized rate con-
trol, and less variation in HR, might agree less with
the mesor. Therefore, a prospective study of the
spot check protocol should include sufficient
numbers of these dogs to permit subgroup analysis.
Nevertheless, we conclude that our study demon-
strates that spot-check HR offers potential in
determining the adequacy of rate control in all
dogs with AF.

Our study had several limitations, many of
which are inherent to the retrospective design of
the study, selection bias and lack of a controlled
environment. We cannot comment on the effect of
underlying cardiac disease or congestive heart
failure (CHF) alone on CV in HR. Follow-on pro-
spective studies could include additional groups at
different stages of heart failure. We were unable
to do this because of an insufficient number of
dogs in our database since dogs without AF but
with CHF do not routinely undergo 24 h ambulatory
ECG monitoring in our hospital.

All calculations were based on a 24-h period and
some dogs may have had rhythmic variations in HR
of unknown significance that had a different
period length.

The difference in weight and sex of the dogs of
the two populations is not surprising, as AF has
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been previously associated with large and giant
breed dogs and shown to be more predominant in
the male dog population [29]. Nevertheless, we
were not able to test the influence of these pop-
ulation characteristics on the presence of CV,
which may have biased our data.

Larger population sizes could provide different
results or demonstrate different statistical sig-
nificance. Furthermore, the sizes of our pop-
ulations were insufficient to compare the CV of HR
between different causes of AF, different rate-
controlling treatments, and differences in CHF
status. These could, however, be the subject of a
future prospective study, in matched populations
of dogs. A mesor could not be generated in only
one-third of AF dogs, and, as an alternative for
these dogs, the agreement between spot-check
protocol median and mean HRs and those derived
from 24-h ambulatory monitoring should also be
tested prospectively.

The chosen anti-arrhythmic medications and
treatment of underlying heart disease or CHF in
the AF dog population were not standardized and
were based on clinician judgement and clinical
response to treatment.

QRS complexes were identified by the software.
We selected recordings of good quality, and we
visually inspected ReR intervals but do concede
that there might have been occasional beats that
were over-or under-sensed. However, by including
examinations with <10% artefact, we will have
minimized the impact of artefact and under-
sensing on spot-check measurements. Addition-
ally, the use of 24 isolated ventricular premature
complexes as a cut-off for exclusion of our dog
populations was based on previous studies per-
formed in healthy dog populations [16,17]. This
may have been an inappropriate extrapolation for
the AF dog population for which there is no similar
baseline study.

Finally, pre-determined recording periods were
sampled from continuous ambulatory ECG data to
mimic spot-checks. These did not consider the
confounding effects on HR that might occur as part
of a genuine spot-check protocol undertaken by an
owner. We do, however, propose that the accuracy
of spot-checks in measuring HR in dogs with AF
should now be tested prospectively and that
our study provides the template for this
undertaking.

Conclusion

We have shown that 4-, 6-, and 8-hourly HR spot-
checks could provide accurate estimates of 24-
hourly HR in dogs with AF. Heart rate varies in a
circadian manner in most healthy pet dogs and
dogs with AF. However, CV in HR cannot be
determined by a spot-check protocol.
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