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A B S T R A C T   

This study assessed a new smartphone-based digital stethoscope (DS) featuring simultaneous phonocardio
graphic and one-lead electrocardiogram (ECG) recording in dogs and cats. The audio files and ECG traces ob
tained by the device were compared with conventional auscultation and standard ECG. A total of 99 dogs and 
nine cats were prospectively included. All cases underwent conventional auscultation using an acoustic 
stethoscope, standard six-lead ECG, standard echocardiography and recordings with the DS. All the audio re
cordings, phonocardiographic files and ECG traces were then blind reviewed by an expert operator. The 
agreement between methods was assessed using Cohen’s kappa and the Bland-Altman test. Audio recordings 
were considered interpretable in 90% animals. Substantial agreement was found in the diagnosis of heart 
murmur (κ = 0.691) and gallop sound (k = 0.740). In nine animals with an echocardiographic diagnosis of heart 
disease, only the DS detected a heart murmur or gallop sound. ECG traces recorded with the new device were 
deemed interpretable in 88 % animals. Diagnosis of heart rhythm showed moderate agreement in the identifi
cation of atrial fibrillation (k = 0.596). The detection of ventricular premature complexes and bundle branch 
blocks revealed an almost perfect agreement (k = 1). Overall, the DS showed a good diagnostic accuracy in 
detecting heart murmurs, gallop sounds, ventricular premature complexes and bundle branch blocks. A clinically 
relevant overdiagnosis of atrial fibrillation was found but without evidence of false negatives. The DS could 
represent a useful screening tool for heart sound abnormalities and cardiac arrhythmias..   

1. Introduction 

Cardiac auscultation is used for the early detection of heart disease. 
The reliability of cardiac auscultation depends mainly on the skill, 
competence and listening ability of the physician (Chowdhury et al., 
2019; Joshi et al., 2021). Due to the variation in sensitivity of the human 
ear, some sounds may not be audible due to the low frequencies 
(Aumann and Emanetoglu (2019)). This limitation of conventional 
acoustic stethoscopes has led to the emergence of advanced electronic 
devices, such as digital stethoscopes (DS; Swarup and Makaryus (2018)). 
Digital stethoscopes have been developed for both human and veteri
nary medicine, especially because of their promising characteristics for 
telemedicine, teaching and cardiologic monitoring over time. 

Several types of sensor-based DSs also equipped with phonocardio
grams have been used in both human (Tavel, 2006; Noponen et al., 
2007; Germanakis et al., 2008) and veterinary studies (Höglund et al., 

2007; Ljungvall et al., 2009; Vörös et al., 2011; Vörös et al., 2012; Blass, 
et al., 2013; Szilvási et al., 2013; Balogh et al., 2021). Digital sound 
recording and phonocardiography in dogs with heart murmurs were 
described by Vörös et al. in 2011. Furthermore, it was shown that digital 
phonocardiography significantly improves the diagnostic accuracy of 
observers in the detection and characterization of cardiac murmurs 
(Szilvási et al., 2013). To enhance the usefulness of phonocardiography, 
it is often combined with a simultaneous electrocardiographic (ECG) 
recording. Smartphone-based ECGs have been studied in both human 
(Walsh et al., 2014, Peritz et al., 2015; Wegner et al., 2020) and veter
inary medicine (Kraus et al., 2016; Vezzosi et al., 2016; Vezzosi et al., 
2018; Yaw et al., 2018; Bonelli et al., 2019; Huynh, 2019; Kraus et al., 
2019; Vezzosi et al., 2019; Welch-Huston et al., 2020; Vitale et al., 
2021). 

The aim of this study was to evaluate a new smartphone-based DS 
featuring simultaneous phonocardiographic and one-lead ECG 

Abbreviations: DS, Digital stethoscope; CS, Conventional stethoscope; Sp, Specificity; Se, Sensitivity; PPV, Positive predictive value; NPV, Negative predicting 
value; stECG, Standard ECG. 
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recording in dogs and cats, comparing the audio recordings and ECG 
tracings obtained by the device with a conventional auscultation and 
standard six-lead ECG. 

2. Materials and methods 

This was a prospective observational study performed at the Veter
inary Teaching Hospital of the University of Pisa between December 
2020 and December 2021. The sample consisted of dogs and cats with 
heart disease and/or cardiac arrhythmias and healthy animals that 
required cardiology evaluation for cardiologic screening or preanes
thetic evaluation. The study protocol was reviewed and approved by the 
Institutional Welfare and Ethics Committee of the University of Pisa 
(Authorization number: 53/2020; Date of approval: 11 December 2020). 

The device tested in the study was the Eko DUO ECG + Digital 
Stethoscope (Eko Devices Inc.). The sound volume of the device was set 
to half of its scale and the extended mode was used as a filter. Dogs and 
cats were not shaved, only alcohol was applied to the left precordial area 
in order to increase the contact and transmission of the electrical signal. 

The device was positioned with the microphone and the electrodes in 
a cranio-ventral direction and the portion with the output of the 
earphones in caudo-dorsal direction with an angle of about 30◦ at the 
level of the left precordial area (Fig. 1). 

Each animal was subjected to cardiac auscultation with a conven
tional stethoscope (CS; 3 M Littmann Classic II, Littmann) and then 
auscultation and recording with the DS by a board-certified cardiologist 
(T.V.) using the Eko application on an iPhone 11Pro. In addition, each 
animal underwent a standard six-lead ECG (MAC 1600, General Electric) 
and standard echocardiography (Aplio 300, Canon). For the standard 
ECG, the following settings were used: sampling frequency of 1000 Hz 
for acquisition, a 100 Hz low-pass filter and a 0.3–0.5 Hz high-pass filter 
to decrease respiratory noise interference (Hinchcliff et al.,1997; Car
nabuci et al., 2019). At the end of the DS recording, the traces (audio, 
phonocardiography and ECG) were saved on the smartphone applica
tion and automatically stored online. 

When all the cases had been collected, a blinded analysis of each 
recording was performed by a board-certified cardiologist (T.V.). The 
analysis of the recordings consisted of listening to the audio tracks using 
headphones and the simultaneous analysis of the phonocardiographic 
traces from the online database (Figs. 2, 3 and 4). The audio tracks were 
randomly selected by a second operator (L.A.), who also guaranteed the 
blind analysis. The following data were assessed for each audio 

recording: audio recording quality (impossible to assess, acceptable for 
interpretation, excellent quality), presence of a murmur (yes/no), and 
presence of gallop sound (yes/no). 

The ECG traces acquired with the DS were exported to PDF and 
printed via the dedicated website of the device. The ECGs obtained by 
standard six-lead ECGs were digitally saved on the computer as PDFs 
and then printed. All ECG traces were printed at a paper speed of 
25 mm/s and an amplitude of 10 mm/mV. All traces were analyzed by 
an individual operator (T.V.) assessing: P wave (ms), PQ interval, QRS 
complex and QT interval duration (ms), and electrocardiographic 
diagnosis. 

2.1. Statistical analysis 

Only those cases in which the quality of the audio track and the ECG 
trace was considered acceptable were included in the statistical analysis, 
which was performed using commercially available software (GraphPad 
Prism). The Shapiro-Wilk test was used to determine the normality of the 
data distribution. As most of the data were not normally distributed they 
are reported as the median (range). Cohen’s κ was used to calculate the 
agreement between CS findings (reference method) and the re-listening 
to DS-recorded traces, as well as for the agreement between standard 
ECG reference method) and the new device ECG tracings for the elec
trocardiographic diagnosis. The agreement was interpreted as follows: 
κ < 0 none; 0.00 – 0.20 slight; 0.21 – 0.40 fair; 0.41 – 0.6 moderate; 0.61 
– 0.80 substantial; 0.81 – 1.00 almost perfect (Landis and Koch, 1977). 
The agreement between standard ECG and DS ECG tracings for numer
ical data were assessed using the Bland Altman plot. Lastly, the diag
nostic accuracy was expressed using sensitivity, specificity, positive 
predictive value and negative predictive value. 

3. Results 

A total of 108 cases were included in the study, comprising 99 dogs 
(20 Mixed breed, 10 Labrador retrievers, eight Cavalier King Charles 
spaniels, seven Dachshunds, six Golden retrievers, five Boxers, five 
Chihuahuas, three Jack Russell terriers, three Miniature Pinschers, two 
Great Danes, two French bulldogs, two English bulldogs, two Pugs, two 
Dobermans, two Spanish greyhounds, two Romanian water dogs, two 
Rottweilers, one Poodle, one Beagle, one Bolognese dog, one Border 
collie, one Greater Swiss mountain dog, one Bull terrier, one Cocker 
spaniel, one Maltese dog, one German shepherd, one English pointer, 

Fig. 1. The device was positioned with the microphone and the electrodes in a cranio-ventral direction and the portion with the output of the earphones in caudo- 
dorsal direction with an angle of about 30◦ at the level of the left precordial area. 

T. Vezzosi et al.                                                                                                                                                                                                                                 



The Veterinary Journal 295 (2023) 105987

3

Fig. 2. Phonocardiographic trace with relative ECG obtained by the digital stethoscope in a healthy dog.  

Fig. 3. Phonocardiographic trace with relative ECG obtained by the digital stethoscope in a dog with patent ductus arteriosus presenting with a continuous murmur.  

Fig. 4. Phonocardiographic trace with relative ECG obtained by the digital stethoscope in a dog with severe myxomatous mitral valve disease presenting with a 
systolic murmur. 
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one Bloodhound, one Shiba Inu, one Spitz, one West Highland white 
terrier, one Whippet, one Yorkshire terrier) and nine cats (seven Do
mestic shorthairs, one Main Coon and one Birman). 

The canine sample included 42 females and 66 males, with a median 
age of 8 years (range, 0.5–17 years) and median body weight of 14.1 kg 
(range, 1.4–66 kg). 

The feline sample included one female and eight males, with a me
dian age of 11 years (range, 1–17 years), and median body weight of 
5.4 kg (range, 3–6.4 kg). 

Considering all the study animals, 31 animals (28.7 %) were healthy 
and the remaining 77 animals (71.3 %) had heart disease. The latter 
included aortic or sub-aortic stenosis in five animals (four dogs and one 
cat), patent ductus arteriosus in three dogs, ventricular septal defect in 
three dogs, pulmonary stenosis in two dogs, tricuspid dysplasia in one 
dog, myxomatous mitral valve disease in 50 animals, hypertrophic 
cardiomyopathy in three cats, dilated cardiomyopathy in two cats, 
pulmonary hypertension in eight animals (three cats and five dogs). 

According to the standard ECG, 88 animals presented in sinus 
rhythm, seven animals presented with atrial fibrillation, 11 animals had 
ventricular premature complexes, and six animals had a bundle branch 
block (five left bundle branch block and one right bundle branch block). 

3.1. Cardiac auscultation findings 

Of 108 animals, 11 dogs were excluded from this analysis because 
the recorded audio tracings were not deemed to be interpretable because 
of noise due to the animals’ behavior (anxiety, biting, vocalizing), or 
rubbing noises caused by the coat in panting dogs. Audio recording 
quality was considered acceptable for interpretation in 58 animals and 
of excellent quality in 39 animals. 

The sample considered for this analysis therefore included 97 ani
mals, of which 40 animals did not present with a cardiac murmur, and 
the remaining 57 had a cardiac murmur according to auscultation with 
the CS. Based on relistening to the audio traces recorded with the DS, 
substantial agreement was found in the detection of a murmur 
(k = 0.691; 96 % sensitivity and 70 % specificity; Table 1). 

In two cases a murmur was detected by CS and not by DS. In 12 
animals, the DS detected heart murmurs that were not detected using the 
CS: in seven out of 12 animals (58 %) heart disease was diagnosed by 
echocardiography (three dogs with mild-to-moderate pulmonary hy
pertension, two dogs with mild myxomatous mitral valve disease, one 
dog with mild subaortic stenosis and one cat with dilated cardiomyop
athy), while the remaining five out of 12 dogs (42 %) had normal 
echocardiographic findings with a murmur of slight entity and duration. 

The detection of gallop sound showed substantial agreement be
tween CS and DS (k = 0.740), with 100 % sensitivity and 98 % speci
ficity. In two cats, gallop sound was detected only by DS, and in both 
cases an underlying heart disease was diagnosed by echocardiography 

(one cat with hypertrophic cardiomyopathy, and one cat with dilated 
cardiomyopathy). 

3.2. ECG results 

Of the 108 animals included, 13 ECG traces were judged as non- 
interpretable because of the presence of noise preventing the accurate 
recognition of QRS complexes. The sample thus considered for this 
analysis included 95 animals. No clinically significant differences were 
found in ECG measurements between the standard ECG and the DS ECG 
(Table 2; Fig. 5). With regard to the diagnosis of atrial fibrillation, the 
agreement between CS and DS was moderate with k = 0.596, with a 
sensitivity of 100 % and a specificity of 91 % (Table 3; Fig. 6A). In eight 
animals the DS detected atrial fibrillation where it was not present on 
standard ECG because of the presence of noise on the isoelectric line 
which limited the identification of P waves. Regarding the detection of 
ventricular premature complexes and bundle branch blocks (Fig. 6B), a 
perfect agreement was found between CS and DS (k = 1). 

4. Discussion 

The new device showed a good diagnostic accuracy in the detection 
of heart murmurs, gallop sound and arrhythmias in dogs and cats. The 
detection of cardiac murmurs by listening to audio tracings recorded 
with the DS demonstrated an agreement with CS findings in 86 % ani
mals, with a significant efficacy in excluding the presence of a murmur 
based on a sensitivity of 96%. Based on the present study, we believe 
that the assessment of the phonocardiographic tracings during the 
listening of audio tracings can help operators to verify the presence/ 
absence of a murmur. This finding is also supported by a recent study by 
Balogh et al. (2021) on a DS, in which phonocardiography was consid
ered as a valuable aid when listening to audio traces. 

In the present study, in seven animals presenting with an underlying 
cardiac disease, the DS detected a heart murmur that was not identified 
using the CS. These findings demonstrate the reliability of cardiac 
auscultation with the DS for screening cardiac murmurs, and possibly 
suggest that in such cases the new device is more sensitive. However, the 
possible higher sensitivity of the DS could lead to an increase in the 
number of non-pathological murmurs (i.e. innocent or functional mur
murs) detected by the device. Indeed, differently from CS, relistening to 
the audio tracing obtained with the DS led to the detection of non- 
pathological murmurs in five dogs that presented with normal echo
cardiographic findings. Thus, further studies are warranted to verify 
these preliminary results and to possibly propose the DS for the remote 
assessment of cardiac auscultation in veterinary medicine, as already 
used in humans (Onweni et al., 2021). 

Regarding the identification of gallop sound, the auscultatory find
ings obtained with DS were in agreement with the CS, with a very good 
diagnostic accuracy (sensitivity 100 % and specificity 98 %). These re
sults are in disagreement with those reported by Blass et al. 2013 who 
described the ability of a different DS in detecting gallop sound in cats, 
reporting a sensitivity of 34 % and specificity of 92 % when used by an 

Table 1 
Auscultatory findings regarding the presence of heart murmur and gallop sound 
based on direct auscultation with the conventional stethoscope (CS) and the 
relistening of audio files obtained with the digital stethoscope (DS). The calcu
lated specificity (Sp), sensitivity (Se), positive predictive value (PPV), negative 
predictive value (NPV) and Cohen’s k value (k) are also shown in the table.  

Analysis 

Murmur  
CS  

YES NO  

DS YES 55 12 PPV = 82 % 
NO 2 28 NPV = 93 %   

Se = 96 % Sp = 70 % k = 0.691  

Gallop sound  
CS  

YES NO  

DS 
YES 3 2 PPV = 60 % 
NO 0 92 NPV = 100 %   

Se = 100 % Sp = 98 % k = 0.740  

Table 2 
Median and interquartile ranges of the values obtained with standard electro
cardiogram (ECG) and digital stethoscope (DS) ECG, and Bland-Altman test re
sults regarding the comparison between the two methods.   

Standard ECG DS ECG Bias 
95% Limits of 
agreement 

P (ms) 40 (30 – 40) 40 (30 – 40)  -3 − 13, + 7 
PQ (ms) 100 (80 – 100) 90 (80 – 100)  -5 − 32, + 23 
QRS 

(ms) 
50 (40 – 60) 50 (50 – 60)  -4 − 21, + 14 

QT (ms) 200 (180 – 200) 200 (180 – 
200)  

-8 − 35, + 19  
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experienced cardiologist. However, it should be noted that the cited 
study used a DS of an earlier generation than the one we used, which 
could explain the differences in the results. Interestingly, in two cats in 
our study, only the DS was able to detect gallop sound, and the assess
ment of the phonocardiographic tracings helped in this detection. 

Regarding the electrocardiographic performance of the new device, 
the ECG tracings were judged to be interpretable in 88% cases. This is in 
agreement with findings reported in human and veterinary medicine, 

where ECG traces obtained with one-lead smartphone ECG devices were 
considered interpretable in 87–99.6% human and veterinary patients 
(Saxon, 2013; Nguyen et al., 2015; Garabelli et al., 2017; Vezzosi et al., 
2018). In our experience, the main limitations in acquiring good quality 
ECG racings with the DS is the lack of compliance of some dogs, the low 
wave amplitude in cats and the substantial undercoat in some animals. 
In addition, movement or skin tremor can create artifacts on the iso
electric line which sometimes make the recordings too difficult to 
analyze. This type of artifact was also detected in the study conducted on 
dogs with other smartphone ECG devices, decreasing the quality of the 
recorded traces (Kraus et al. 2016; Vezzosi et al., 2016). 

The DS was moderately reliable in the detection of atrial fibrillation 
(Table 3). In fact, there was an overdiagnosis of atrial fibrillation in some 
cases (i.e., false positives). These results are in agreement with those 
obtained with other smartphone ECG devices both in human and vet
erinary medicine, reporting a sensitivity of 94–100 % and a specificity of 
72–98 % in the diagnosis of atrial fibrillation (Lau et al., 2013; Haber
man et al., 2015; Vezzosi et al., 2016; Baman et al., 2022). In our sample, 
there were eight cases of false positives, because of oscillations on the 
isoelectric line which made it difficult to identify P waves or the P waves 
had too small amplitude to be visible on the one-lead smartphone 
tracing. Since atrial fibrillation is one of the most common arrhythmias 
in dogs, the sensitivity of the DS in detecting this arrhythmia means it 
can identify or monitor atrial fibrillation. However, the not perfect 
specificity suggests the need for confirmation of atrial fibrillation with a 
standard six-lead ECG. 

Lastly a perfect agreement between the DS’s ECG and standard ECG 
was found for the detection of ventricular premature complexes, in line 
with previous studies (Kraus et al., 2016, Vezzosi et al., 2016). The same 
perfect agreement was found for bundle branch blocks. 

The present study has some limitations. Firstly, the re-listening of the 
audio files and the assessment of smartphone ECG traces were 

Fig. 5. Bland-Altman plots of the difference in electrocardiographic measurements (P wave duration, PQ interval, QRS complex duration, QT interval) between 
standard ECG and ECG trace recorded with the digital stethoscope. 

Table 3 
Electrocardiographic findings regarding atrial fibrillation (AF), premature 
complexes and bundle branch blocks according to six-lead standard electrocar
diography (stECG) and one-lead electrocardiographic trace obtained with the 
digital stethoscope (DS). The calculated specificity (Sp), sensitivity (Se), positive 
predictive value (PPV), negative predictive value (NPV) and Cohen’s k value (k) 
are also shown in the table.  

Analysis    

stECG 
Rhythm   AF Sinus  

DS 
AF 7 8  
Sinus 0 80    

Se = 100 % Sp = 91 %      

Premature complexes   stECG    
YES NO  

DS 
YES 11 0  
NO 0 84    

Se = 100 % Sp = 100 %      

Bundle branch blocks   stECG    
YES NO  

DS YES 6 0  
NO 0 89    

Se = 100 % Sp = 100 %  
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performed by only one operator with substantial experience in veteri
nary cardiology. The results obtained in our study might thus have been 
different using multiple operators with different levels of experience. 
Further studies evaluating inter-operator variability in the interpreta
tion of audio recordings and ECG traces produced with the new device 
are thus needed. Secondly, the audio files were relistened to by an 
operator highly experienced in cardiology but with less experience in 
the analysis of audio files obtained by smartphone-based DS. Studies 
performed in human medicine show that the accuracy of cardiac 
murmur characterization improves after a learning period, consisting of 
both the application of the DS during the clinical examination and the 
relistening of the audio records generated (Germanakis et al., 2008; 
Mahnke et al., 2008). The third limitation was the inability to compare 
the intensity of murmurs between DS and CS. In fact, the use of audio 
recordings does not allow the assignment of a murmur intensity ac
cording to commonly used scales, since the thrill cannot be identified 
and the digital sound intensity of murmurs is not standardized. There
fore, further studies comparing direct auscultation with DS and CS 
would be particularly interesting. In addition, the results of the present 
study regarding the identification of arrhythmias with the DS suggest 
the possible utility of the device for an electrocardiographic screening; 
however, based on the low number of arrhythmic cases included, further 
studies verifying these preliminary results are needed, especially for the 
detection of atrial fibrillation. Lastly, the low number of feline subjects 
included limits the applicability to the general feline population of the 
diagnostic performance of the DS found in the present study. 

5. Conclusions 

The DS showed a good diagnostic accuracy in the detection of heart 
murmurs, gallop sound, ventricular premature complexes and branch 
blocks in dogs and cats. A clinically relevant overdiagnosis of atrial 
fibrillation was found but without evidence of false negatives. Good 
reliability for the detection of heart murmur and gallop sound was also 
found when supported by the phonocardiographic trace. However, 
given the high sensitivity of the microphone and electrodes, it may be 
difficult to acquire good traces in noncompliant animals; in about 10% 
animals in our study it was not possible to perform statistical analysis. 

This new device could represent a useful screening tool for heart 
sound abnormalities and cardiac arrhythmias, also suitable for devel
opment of veterinary telemedicine and cardiac auscultation teaching. 
However, for detection of arrhythmias, a standard six-lead ECG is al
ways recommended for a definitive diagnosis. 
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Ljungvall, I., Ahlstrom, C., Höglund, K., Hult, P., Kvart, C., Borgarelli, M., Ask, P., 
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