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Abstract
Background: No previous study has evaluated the accuracy of a six-lead
smartphone-based electrocardiographic (s-ECG) device in dogs.
Methods: This was a prospective multicentre study. Patients referred for
cardiologic consultation were selected. In each patient, a 30-second electro-
cardiogram was simultaneously acquired with a novel six-lead s-ECG and
a standard six-lead ECG machine (st-ECG). A board-certified cardiologist
evaluated each recording. Nineteen ECG variables, including heart rate and
rhythm, as well as quantitative and qualitative features of waves, segments
and intervals, were analysed. Agreement between s-ECG and st-ECG was
evaluated using Cohen’s kappa coefficient and the Bland–Altman test.
Results: Seventy-five dogs were enrolled, and 140 ECG tracings were anal-
ysed. There was perfect agreement between the two methodologies for heart
rate and rhythm classification, both in dogs with sinus rhythm and those with
pathological rhythms. Although some disagreement was found when com-
paring measurements of quantitative variables obtained with the s-ECG and
the st-ECG, none of the differences was of clinical relevance.
Limitations: The sample size was limited, and the interobserver variability
was not analysed.
Conclusion: The six-lead s-ECG studied herein is comparable to the st-ECG
for heart rate and rhythm assessment, and seems clinically acceptable for the
interpretation of waves, segments and intervals in dogs.
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INTRODUCTION

The invention of the electrocardiograph (ECG) at the
beginning of the last century represented a major
medical advance.1 Since then, this diagnostic method
has been used with increasing frequency, becom-
ing an important aid in modern human and vet-
erinary cardiology.1,2 A variety of ECG technologies
have emerged over recent years to speed-up rhythm
analysis and simplify interpretation of cardiac waves,
segments and intervals.3 Among the most recent ones
are the smartphone-based ECG devices (s-ECGs). An
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advantage offered by these devices is their greater
manageability compared to standard ECG machines
(st-ECGs), as the former are extremely small in size
and use batteries, whereas the latter are more cum-
bersome and usually need a continuous power supply.
Additionally, not all veterinary centres have a st-ECG,
whereas many people currently have a smartphone4–7

and many veterinarians are positively predisposed
to the use of modern technology, including mobile
applications, in the medical field.8–10 Finally, the dig-
ital tracings recorded by s-ECGs can be instantly
shared with veterinary centres located in different
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cities, regions or countries for an immediate second
opinion. This facilitates a rapid consultation between
colleagues,10 which, in turn, may contribute to reduc-
ing the risk of ECG misinterpretation.

Accordingly, it is not surprising that, in recent
years, several studies on the feasibility and
clinical utility of s-ECGs have been published in
human medicine.11–21 Conversely, to date, only three
studies on this topic can be found in the canine
medical literature.22–24 It should also be noted
that, in all these studies, a single-lead s-ECG was
employed. Moreover, two out of three investiga-
tions simply focused on evaluating the heart rate
(HR)/heart rhythm rather than assessing specific ECG
measurements.22,24 Additionally, in the only study
comparing measurements obtained using the s-ECG
with those obtained using the st-ECG, regrettably,
only a few ECG parameters were analysed.23 Lastly,
it is interesting to note that none of these studies
provided information on the breeds of the enrolled
dogs.22–24 In the authors’ opinion, these shortcomings
limit our current perception of the actual diagnostic
utility of the s-ECGs in the clinical setting for several
reasons. First, a single-lead device does not allow
assessment of the mean electrical axis (MEA), which
represents a key step during ECG analysis and for the
precise diagnosis of conduction disturbances such as
bundle branch blocks.25 Second, the simple distinc-
tion between sinus rhythm and pathological rhythms
is not enough for an adequate ECG evaluation, as it is
equally important to carry out an accurate measure-
ment of all the deflections, segments and intervals
that compose an ECG tracing.25 Third, the lack of
data on breed makes it impossible to know whether
the accuracy of smartphone-based devices is affected
by the dog’s somatotype. Indeed, dogs with extreme
phenotypes, such as brachymorphic ones, may repre-
sent a diagnostic challenge during ECG recording and
analysis and may show ECG peculiarities on tracings
recorded by st-ECGs.26

Given the above, it seems important to further
expand the current knowledge on the utility of s-ECGs
in dogs, including those with particular chest confor-
mations. With this aim, we sought to compare a large
number of ECG variables obtained using a six-lead s-
ECG with those obtained using a six-lead st-ECG in
a selected population of dogs referred for cardiologic
consultation. We hypothesised that the ECG findings
obtained with this s-ECG device may be similar to
those obtained with the st-ECG.

MATERIALS AND METHODS

Study population

This study was prospective and multicentre. The study
group included client-owned French Bulldogs (FBs)
and English Bulldogs (EBs) that were referred to the
authors’ institutions for a cardiologic consultation.
These breeds were purposefully selected for three rea-
sons. First, they represent two of the most popular

brachymorphic canine breeds,26–29 which intrinsically
increases the potential clinical utility of our research.
Second, they allowed investigation of the possible
effect of somatotype on the ECG findings recorded by
the different ECG devices by evaluating both small-
sized and medium-sized brachymorphic dogs (i.e.,
FBs and EBs, respectively).30 Third, they allowed test-
ing of the feasibility and accuracy of s-ECG in one
of the most challenging settings in canine medicine,
as cardiologic tests are notoriously difficult in these
breeds due to the relatively limited patient compliance
(often influenced by the sensation of suffocation when
some FBs and EBs are held in lateral recumbency
due to brachycephalic obstructive airway syndrome)
and the particular chest conformation.31,32 Reasons
for ECG analysis could include preoperative evalua-
tion before surgeries or cardiologic screening in breeds
known to be predisposed to heart diseases (e.g., pul-
monic stenosis and arrhythmogenic cardiomyopathy
in FBs33 and EBs,34 respectively). To be included, dogs
had to be at least 1 year old and have a complete case
record, including signalment, history, clinical findings
and cardiac investigation. The latter had to include
at least a transthoracic ECG performed according to
the standard technique35 and a 30-second six-lead
ECG performed with a s-ECG device (technical details
below). As all dogs were presented for cardiologic
screening, no additional stress was imposed on the
animals to obtain the data used in this study. There-
fore, no institutional animal use approval was sought.
Nevertheless, all owners were exhaustively informed
about the nature of the research project and signed an
informed consent form.

ECG recording

In all dogs, an ECG was conducted with the dogs
positioned and manually restrained in right lateral
recumbency, with the front legs placed parallel to
each other and perpendicular to the long axis of
the body and the hindlimbs in a neutral semi-flexed
position.25 The animals were not sedated and were
allowed time to acclimatise so that the ECG could
be taken from relaxed dogs. The ECG was simulta-
neously recorded with two different devices, namely,
a commercially available st-ECG (Cube ECG, Cardi-
oline, Caverano, Italy) and a portable six-lead s-ECG
(eKuore 6 leads ECG, Chip Ideas Electronics, Valencia,
Spain). The latter device consisted of a small recording
body connected to ECG leads, able to record tracings
and transmit wireless tracings instantaneously to a
smartphone in order to carry out the ECG analysis-
using a specific app (eKuore Vet). In the case of the
st-ECG, four leads (i.e., the red, the yellow, the black
and the green one) were attached to the skin by atrau-
matic flattened metallic alligator clips at the level of
the olecranon on the caudal aspect of the forelimb
and over the patellar ligaments on the cranial aspect
of the hindlimbs. According to the European refer-
ence system, the red negative electrode was placed
on the right forelimb, the yellow positive electrode on
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F I G U R E 1 Electrocardiographic (ECG) recording in a French
Bulldog using the six-lead smartphone-based ECG device. Although
the smartphone is usually held by the vet during the ECG, in this
case, it was gently placed on the dog’s chest to show readers the
real-time recording guaranteed by the wireless transmission

the left forelimb, the neutral black electrode on the
right hindlimb and the ground green electrode on the
left hindlimb.25 In the case of the s-ECG, three leads
were available (i.e., the red, the yellow and the green
one). As in the case of the st-ECG, these leads were
connected to atraumatic flattened metallic alligator
clips. The leads of the s-ECG were connected close to
the clips of the st-ECG and attached to the correspond-
ing limb as previously described (Figure 1). In the case
of both devices, alcohol was applied to maintain elec-
trical contact with the skin. In both the st-ECG and
the s-ECG, six-lead ECG tracings (i.e., leads I, II, III,
aVR, aVL and aVF) were obtained for 30 seconds. In
the case of the st-ECG, the ECG tracings were printed
with a paper speed of 50 mm/s and a paper sensitiv-
ity of 10 mm/mV. The setting of the st-ECG included a
sampling frequency of 600 Hz for acquisition, a 60 Hz
low-pass filter and a 0.05 Hz high-pass filter. In the
case of the s-ECG, the setting included a sampling fre-
quency of 250 Hz for acquisition and a filter range of
0.5−40 Hz. In this case, tracings were recorded with
an iPhone 13 (Apple, USA), automatically digitalised
by the device with a paper speed of 50 mm/s and an
amplitude of 10 mm/mV (Figure 2), archived as a PDF
and printed for subsequent ECG analysis.

ECG analysis

A board-certified cardiologist (G. R.) evaluated each
ECG tracing and manually measured intervals and
amplitudes using a calliper and ruler with 0.5-mm
graduations. Tracings were considered acceptable for
interpretation if baseline artefacts were absent for at
least 80% of the recording. Initially, the cardiac rhythm
was analysed and classified as sinus or pathological
rhythm. Then, the HR in beats per minute (bpm) was
calculated by determining the number of QRS com-
plexes in a 3-second interval and multiplying this
number by 20. For the purpose of this study, the
classification of the heart rhythms/rate included36–40:

F I G U R E 2 Smartphone display during an
electrocardiographic (ECG) recording obtained with the
smartphone-based ECG device used in this study. Note that all six
leads (i.e., leads I, II, III, aVR, aVL and aVF) are simultaneously
recorded, with a paper speed of 50 mm/s and a paper sensitivity of
10 mm/mV

∙ sinus bradycardia: four or more successive sinus
complexes at an HR less than 60 bpm;

∙ normal sinus rhythm: four or more successive sinus
complexes at an HR of 60−180 bpm;

∙ sinus tachycardia: four or more successive sinus
complexes at an HR greater than 180 bpm;

∙ supraventricular premature complexes (SvPC): a
premature normal-appearing QRS complex not pre-
ceded by any P wave or conducted by a P wave with
abnormal morphology;

∙ supraventricular tachycardia: three or more SvPCs at
an HR greater than 160 bpm;
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∙ atrial fibrillation: replacement of isoelectric base-
line and sinus P waves by sequential less-defined
deflections varying in amplitude, morphology and
cycle length, associated with normal-appearing QRS
complexes and irregular ventricular rhythm;

∙ ventricular premature complex (VPC): a prema-
ture wide and bizarre looking QRS complex, not
associated with a P wave;

∙ accelerated idioventricular rhythm: three or more
VPCs at an HR of 60−180 bpm;

∙ ventricular tachycardia: three or more VPCs at an HR
greater than 180 bpm;

∙ second-degree atrioventricular block (AVB): a P
wave without an associated QRS complex;

∙ third-degree AVB: evidence of P waves dissociated
from QRS complexes with a ventricular rate less than
60 bpm.

Moreover, SvPCs and VPCs were also characterised
as follows38:

∙ couplet: two consecutive SvPCs/VPCs;
∙ triplet: three consecutive SvPCs/VPCs;
∙ bigeminy: an SvPC/PVC following every sinus beat.

Subsequently, analysis of the main ECG variables
was performed as previously described.26,41,42 Specifi-
cally, these included the duration, amplitude and MEA
in the frontal plane of the P-wave; the PQ interval
duration; the duration and MEA of the QRS com-
plex; the Q wave, R wave and S wave amplitudes;
the presence/absence of ST segment deviation and its
amplitude; the polarity and amplitude of the T wave;
and the duration of the QT interval. Three represen-
tative consecutive beats were used to measure various
ECG variables, and the results were averaged for each
variable. Amplitudes and durations were measured in
lead II and expressed in millivolts and milliseconds,
respectively. Lead II was also used to assess the pres-
ence/absence of ST segment deviation and the T wave
polarity. The MEA was calculated using the following
equation: MEA = arctan (Iamp, aVFamp) × 180/π.25,26

Statistical analysis

Statistical analysis was performed using commer-
cially available statistical software (MedCalc Statis-
tical Software version 19.5.1, Ostend, Belgium). All
continuous variables were tested for their distribu-
tion with a Shapiro–Wilk normality test. Descriptive
statistics included mean ± standard deviation for
normally distributed data and median and range
(minimum–maximum) for data that were not nor-
mally distributed. Cohen’s kappa coefficient was used
to calculate the agreement between the st-ECG and
the s-ECG for 7 categorical variables: (1) heart rhythm
classification (i.e., sinus rhythm, supraventricular
tachycardia, atrial fibrillation, ventricular tachycar-
dia, accelerated idioventricular rhythm); (2) in the
case of sinus rhythm, HR classification (i.e., normal,
bradycardia, tachycardia); (3) AVBs (i.e., absent, sec-

ond degree, third degree); (4) premature complexes
(i.e., absent, supraventricular, ventricular); (5) in the
case of presence of premature complexes, couplets
(i.e., present/absent), triplets (i.e., present/absent)
and bigeminy (i.e., present/absent); (6) ST segment
deviation (i.e., present/absent); and (7) T wave polar-
ity (i.e., positive, negative, neutral). The κ coefficient
was interpreted as follows: values 0.20 or greater as
no agreement, 0.21−0.40 as fair, 0.41−0.60 as moder-
ate, 0.61−0.80 as good, 0.81−0.99 as very good and 1 as
perfect agreement. The Bland–Altman test was used to
calculate the agreement between the st-ECG and the
s-ECG for 12 quantitative ECG parameters (i.e., those
related to measurements of durations, amplitudes and
MEA), and 95% limits of agreement were calculated for
each of these variables. A p-value less than 0.05 was
considered significant.

RESULTS

Study population

Seventy-seven dogs were initially considered for the
study. Two dogs (one FB and one EB) were excluded
due to artefacts recorded by both ECG devices (i.e., in
both dogs, the artefacts occurred for more than 80%
of the recordings obtained with both devices). Accord-
ingly, the final study population consisted of 75 dogs
(40 FBs and 35 EBs) and 140 ECG recordings (77 for
each ECG device). Of the 40 FBs, 17 were females (13
entire and four spayed) and 23 were males (18 entire
and five neutered). The median age and bodyweight
were 2 years (1−9 years) and 11.1 kg (8.5−18 kg),
respectively. Thirty-five (87.5%) had a normal echocar-
diographic exam, three (7.5%) had a mitral regurgita-
tion, three (7.5%) had a pulmonic insufficiency and
one (2.5%) had a mild pericardial effusion. Of the 35
EBs, 19 were females (16 entire and three spayed) and
16 were males (13 entire and three neutered). The
median age and bodyweight were 2 years (1−9 years)
and 26 kg (18−33 kg), respectively. Twenty-eight (80%)
had a normal echocardiographic exam, six (17.1%) had
a suspected arrhythmogenic cardiomyopathy and one
(2.9%) had an aortic insufficiency.

Heart rate and heart rhythm

The st-ECG revealed a normal sinus rhythm in 69 of
75 (92%) dogs; the remaining dogs showed acceler-
ated idioventricular rhythm (2/75, 2.8%), ventricular
tachycardia (1/75, 1.3%), supraventricular tachycar-
dia (1/75, 1.3%), atrial fibrillation (1/75, 1.3%) and
second-degree AVB (1/75, 1.3%). Identical findings
were obtained when the HR was classified according
to the s-ECG (κ = 1). Among dogs with sinus rhythm,
the st-ECG identified a normal sinus rhythm in 69 of
73 (94.5%) dogs, whereas the remaining four (5.5%)
dogs had a sinus tachycardia. Identical findings were
obtained when the HR was classified according to the
s-ECG (κ = 1). Among dogs with a sinus rhythm, the
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st-ECG identified VPCs and SvPCs in seven (9.6%) and
one (1.4%) of 73 subjects, respectively. In the seven
dogs with VPCs, two showed a ventricular couplet,
one a ventricular triplet and one a run of ventricu-
lar bigeminy. Identical findings were documented by
the s-ECG, both in terms of number of dogs show-
ing SvPCs and VPCs as well as of dogs showing a
ventricular couplet, triplet and bigeminy (κ = 1).

ST segment deviation and T wave polarity

The st-ECG documented an ST segment deviation
only in three of 75 (4%) dogs; in contrast, the s-ECG
identified this ECG sign in 28 of 75 (37.3%) dogs. Con-
sequently, there was no agreement between the two
ECG devices for the assessment of the ST segment
deviation (κ = −0.01). According to the st-ECG, out of
75 dogs, 32 (42.7%) had a positive T wave, 17 (22.7%)
had a negative T wave and 26 (34.6%) had a neutral
T wave. According to the s-ECG, out of 75 dogs, 34
(45.4%) had a positive T wave, 10 (13.3%) had a neg-
ative T wave and 31 (41.3%) had a neutral T wave.
The agreement between the two ECG devices for the
assessment of the T wave polarity was fair (κ = 0.26).

Measurements of durations, amplitudes
and MEA

The measurement of quantitative ECG parameters
obtained with the st-ECG and the s-ECG are reported
in Table 1. The agreement between the two devices for
each quantitative variable is reported in Table 2 and
Figure 3. With both devices, most of these variables
were within the generic reference intervals,25,26,41–43

with the only exception being the QRS complex MEA,
as a trend towards a left shift was observed with both
devices. Indeed, with the st-ECG machine, the mean
QRS complex MEA was 47.5◦ (0◦−100◦) and 31 of
75 (41.3%) dogs showed a left shift (median value
of the QRS complex MEA among these subjects 32◦

[0◦−39◦]). Similar findings were documented by the
s-ECG, as the mean QRS complex MEA was 45.1◦

(0◦−90◦) and 29 of 75 (38.7%) dogs showed a left shift
(median value of the QRS complex MEA among these
subjects 27◦ [0◦−39◦]). All dogs with a left shift of the
QRS complex MEA had a normal ECG.

DISCUSSION

This study represents the first investigation into the
use of a six-lead s-ECG in dogs as well as evaluating the
highest number of ECG variables among the studies
concerning s-ECGs in this species.22–24

A first interesting result is the perfect agreement
between the six-lead s-ECG and the st-ECG in clas-
sifying HR. The agreement was also perfect for the
classification of heart rhythms, including both sinus
rhythm and pathological rhythms such as accelerated
idioventricular rhythm, ventricular and supraventric-

ular tachycardia, atrial fibrillation and second-degree
AVB. Moreover, it is important to underline that the
agreement remained perfect even in identifying SvPCs
and VPCs and in classifying the organisation of ectopic
complexes (i.e., couplets, triplets, bigeminy). Although
not all types of rhythm disturbance have been identi-
fied in our study population (e.g., no dog showed sinus
bradycardia or third-degree AVB), our results support
the clinical utility of the s-ECG studied herein, as
tachyarrhythmias and premature ectopic complexes
are among the most common ECG abnormalities in
dogs.39,44–46 Additionally, it is intriguing to note that
our findings agree with those previously reported for
one-lead s-ECGs,22–24 further supporting the reliabil-
ity of s-ECG devices in the assessment of canine HR
and heart rhythm.

Another noteworthy result regards the degree of
agreement in detection of ST segment deviation and
assessment of T wave polarity. Both the ST segment
and the T wave represent two ECG parameters tradi-
tionally neglected in the veterinary literature, whose
clinical relevance has been highlighted in small ani-
mals in recent years47–50 and whose reference intervals
have recently been documented in dogs.41,42 The
interpretation of these parameters is essential for a
complete ECG analysis, as ventricular repolarisation is
as important as depolarisation. Regrettably, previous
studies evaluating digital ECG devices did not anal-
yse their accuracy in the assessment of these ECG
components.22–24 Thus, this report represents the first
study investigating the reliability of s-ECG in the anal-
ysis of ST segment and T wave polarity in dogs. Based
on our results, the agreement between the s-ECG and
the st-ECG for both variables was disappointing. This
result suggests that the two ECG devices should not be
used interchangeably for the assessment of the ven-
tricular repolarisation and that the presence/absence
of the ST segment and the T wave polarity should
be interpreted cautiously in the light of the ECG
technology employed.

An additional important result is that regarding
the agreement for the quantitative ECG parameters,
as some differences were found between the values
obtained with the s-ECG and the st-ECG. The differ-
ent settings (e.g., sampling frequencies, filters) of the
two devices may have represented a source of variabil-
ity. In addition, the particular somatotype of FBs and
EBs may have further predisposed to differences in
the calculation of some measurements. Indeed, both
are brachymorphic breeds characterised by a relatively
large, deep and barrel-shaped thorax.26,30,51 Moreover,
these breeds seem to be predisposed to accumulate
adipose tissue around the heart,52 which has a low
electrical conductivity and may make the detection
of some deflections more challenging. Therefore, the
diagnostic performance of each device on such an
extreme anatomic substrate can vary on the basis of
the intrinsic technical characteristics. These results
may not represent evidence of the diagnostic limits of
the s-ECG studied herein but may be a consequence
of our study design. Indeed, compared to previous
canine studies on s-ECGs,22–24 it was our declared
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T A B L E 1 Descriptive statistics for electrocardiographic (ECG) measurements in the study population

Variable Mean/median SD/min–max RIs References

P duration (ms)

st-ECG 35.7 5.24 <45 26

s-ECG 40 20–40

P amplitude (mV)

st-ECG 0.17 0.06 <0.4 25,43

s-ECG 0.14 0.05

P MEA (◦)

st-ECG 42.8 18.4 −18 to 90 43

s-ECG 45 14–76

PQ duration (ms)

st-ECG 91 14.9 60–130 25,43

s-ECG 87.8 15.6

QRS duration (ms)

st-ECG 52.3 8.6 ≤70 25,43

s-ECG 53.4 6.8

QRS MEA (◦)

st-ECG 47.5 21 40–100 25,43

s-ECG 45.1 21

Q amplitude (mV)

st-ECG 0.21 0.15 – –

s-ECG 0.05 0–0.4

R amplitude (mV)

st-ECG 1.26 0.35 <3 25,43

s-ECG 0.8 0.32

S amplitude (mV)

st-ECG 0 0–0.6 – –

s-ECG 0 0–0.2

ST amplitude (mV)

st-ECG 0 −0.1 to 0.1 −0.3 to 0.2 42

s-ECG 0 −0.2 to 0

T amplitude (mV)

st-ECG 0.04 0.19 −0.5 to 0.62 41

s-ECG 0.04 0.14

QT duration (ms)

st-ECG 190 19.3 150–250 25

s-ECG 193.5 18.8

Abbreviations: max, maximum; MEA, mean electrical axis; min, minimum; RIs, reference intervals; SD, standard deviation; s-ECG, smartphone-based ECG device;
st-ECG, standard ECG machine.

intention to study this ECG device in what is con-
sidered by many veterinary cardiologists to be one of
the most challenging settings (i.e., the Bulldogs), pre-
cisely to ‘stress’ its diagnostic performance as much
as possible. Regardless of the peculiarities of our study
population, it should be considered that the presence
of some differences between the st-ECG and s-ECG
devices in the assessment of duration and amplitude
of waves and intervals is not entirely unexpected, as
has already been documented in studies involving
dogs,23 horses53,54 and cows.55 Additionally, it is essen-
tial to note that the mean differences found between
the measurements obtained with the two ECG devices

were of no clinical relevance. Indeed, as shown in
Table 2, such differences were minimal; moreover, as
shown in Table 1, all measurements apart from the
QRS complex MEA fell within normal reference inter-
vals with both ECG devices. This demonstrates that
although each device can provide different numeri-
cal data, usually this difference is so small as to be
clinically negligible.

The final finding supporting the clinical useful-
ness of the s-ECG studied herein concerns the only
measurement diverging from the pertinent reference
interval, namely, the QRS complex MEA. Specifically,
according to both ECG devices, approximately 40% of
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T A B L E 2 Mean differences and upper and lower limits of agreement for quantitative electrocardiographic (ECG) parameters measured
with the standard ECG machine (st-ECG) and the smartphone-based ECG device (s-ECG)

Variable
s-ECG versus st-ECG
(95% CI)

Lower limit of
agreement

Upper limit of
agreement

P duration (ms) 0.2 (−1.19; 1.6) −11.7 12.1

P amplitude (mV) −0.03 (−0.05; −0.02) −0.15 0.08

P MEA (◦) 1 (−2.6; 4.5) −29.2 31.2

PQ duration (ms) −3.3 (−5.6; −0.9) −23.5 17

QRS duration (ms) 1.1 (−0.9; 3) −15.5 17.7

QRS MEA (◦) −2.3 (−6.7; 2) −39.3 35.3

Q amplitude (mV) −0.1 (−0.14; 0.08) −0.35 0.13

R amplitude (mV) −0.38 (−0.45; −0.3) −1.05 0.3

S amplitude (mV) −0.01 (−0.03; 0.01) −0.17 0.15

ST amplitude (mV) 0.04 (−0.06; −0.03) −0.16 0.07

T amplitude (mV) −0.00 (−0.04; 0.03) −0.3 0.3

QT duration (ms) 3.3 (−1.1; 7.7) −34.4 41.1

Abbreviations: CI, confidence interval; MEA, mean electrical axis.

F I G U R E 3 Limits of agreement (Bland–Altman) plot showing differences concerning each of the 12 continuous variables measured
using a six-lead smartphone-based electrocardiographic device and a standard electrocardiographic machine. MEA, mean electrical axis
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dogs had a left shift of this parameter. This result is
in line with two previous investigations of the ECG
features of healthy FBs and EBs that documented a left
shift of the QRS complex MEA in 30% of FB26 and 20%
of EBs,56 respectively, and assumed that such a finding
was a physiological characteristic of Bulldogs related
to their particular chest conformation rather than a
true disturbance of ventricular conduction.26,56 From
a clinical point of view, this result suggests that this six-
lead s-ECG may be able to detect breed-related ECG
peculiarities similarly to the st-ECG. However, further
studies are needed to demonstrate whether this device
is also capable of identifying further breed-related
peculiarities in breeds other than Bulldogs.

This study has some limitations. First, although the
total number of subjects we enrolled was higher than
that of most previous veterinary studies evaluating s-
ECG devices,22,24,53–55 only two breeds were evaluated.
Moreover, the number of dogs with arrhythmias was
limited, and not all rhythm disturbances were present.
Therefore, additional studies enrolling a higher num-
ber of breeds, both with sinus rhythm and a wide
range of pathological rhythms, are needed to further
validate and expand our preliminary data. Second,
our statistical analysis did not include any investiga-
tion of the role of bodyweight and body condition
score on the diagnostic yield of the ECG devices.
Theoretically, such an analysis could have added inter-
esting findings as an increased amount of thoracic
fat might increase the distance between the heart
and electrodes, thus risking making the identification
of deflections more challenging for less reliable ECG
devices. Third, the ECG tracings were all interpreted
by the same operator; therefore, it was impossible to
evaluate the interoperator variability in the analysis of
tracings obtained with the s-ECG device.

In conclusion, the six-lead s-ECG studied herein is
comparable to the st-ECG for HR and heart rhythm
assessment but not for the classification of ST segment
deviation or T wave polarity. Although the diagnostic
yield of the s-ECG device is clinically acceptable for
the measurement of waves, segments and intervals,
the numerical data obtained with the s-ECG and the
st-ECG appear not to be interchangeable on the basis
of our results.
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