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Simple Summary: Echocardiography is the gold-standard method for the assessment of cardiac
chamber enlargement. However, precordial leads can play a complementary role in the non-invasive
detection of cardiac remodeling. Therefore, the aim of this study was to evaluate the diagnostic
accuracy of precordial leads for the detection of right ventricular enlargement in dogs. Healthy dogs
and dogs with echocardiographic right ventricular enlargement were enrolled in this prospective
observational study. All the electrocardiographic measurements were assessed in both limb and
precordial leads, and their diagnostic accuracy for the detection of right ventricular enlargement
was evaluated. A total of 84 dogs, 27 with right ventricular enlargement and 57 controls, were
enrolled. Q wave amplitude in lead aVR (cutoff > 0.10 mV), R/S ratio in lead V4 (cutoff < 1.15),
R/S ratio in lead V5 (cutoff < 1.95) and S wave amplitude in lead V6 (cutoff > 0.70 mV) showed
suitable diagnostic accuracy in detecting right ventricular enlargement. Only nine dogs (33%) with
right ventricular enlargement presented a right shift of the mean electrical axis. Differently, 19 out of
27 (70%) showed at least one of the identified precordial lead criteria. Adding the reported precordial
leads criteria increases the diagnostic accuracy of electrocardiography for the detection of right
ventricular enlargement in dogs.

Abstract: The purpose of this study was to evaluate the reliability of precordial leads for the detection
of right ventricular enlargement (RVE) in dogs. This was a prospective observational study. The
RVE was defined by echocardiography. The amplitude (mV) of the Q, R, and S waves, the R/S ratio,
and the mean electrical axis (MEA) of the QRS complex were assessed on the 12-lead ECG. The ROC
curve and the Youden index yielded the best cutoffs for RVE detection. An area under the curve
(AUC) > 0.7 defined suitable diagnostic accuracy. A total of 84 dogs, 27 with RVE and 57 healthy
controls, were enrolled. Q wave amplitude in aVR (cutoff > 0.10 mV; AUC = 0.727), R/S ratio in V4
(cutoff < 1.15; AUC = 0.842), R/S ratio in V5 (cutoff < 1.95; AUC = 0.839) and S wave amplitude in V6
(cutoff > 0.70 mV; AUC = 0.703) showed suitable diagnostic accuracy in detecting RVE. Among dogs
with RVE, only 9/27 (33%) presented a right shift of MEA. Differently, 19/27 (70%) showed at least
one of the identified precordial lead criteria. Assessment of the R/S ratio in V4 and V5 and S wave
amplitude in V6 increases the diagnostic accuracy of ECG in distinguishing between dogs with RVE
and healthy dogs.

Keywords: electrocardiography; right heart dimensions; 12-lead ECG; cardiology; canine

1. Introduction

Electrocardiography (ECG) represents the gold-standard method for the diagnosis
of cardiac arrhythmias at rest in dogs [1,2]. Differently, two-dimensional transthoracic
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echocardiography represents the gold-standard non-invasive method for the diagnosis
of cardiac chamber enlargement [3]. However, the use of a 12-lead ECG can help in
the detection of cardiac chamber enlargement in the absence of an echocardiographic
examination. Indeed, abnormalities in the amplitude, duration, and shape of the ECG
waves have been proposed as indirect signs of pathological changes, such as hypertrophy
and/or dilation of cardiac chambers.

Conventional lead placement for the recording of 12-lead ECG has been established in
human medicine, and several electrocardiographic criteria for cardiac enlargement have
been described, such as: R/S ratio in lead V1, V5, and V6; S wave amplitude in lead V5 and
V6 [2,4–8]. Various electrocardiographic criteria for ventricular enlargement have also been
suggested in veterinary medicine, such as: S wave amplitude in lead I and lead II; Q wave
amplitude in lead aVR; the mean electrical axis (MEA) of the QRS complex on the frontal
plane; S wave amplitude in V2 and V4; R/S ratio in lead V4 [9–12]. However, the number of
electrocardiographic criteria validated for the diagnosis of ventricular enlargement in dogs
is fewer than those used in humans. Furthermore, most of the proposed criteria have been
validated using postmortem examination or chest thoracic radiograph as gold standards
for evaluating ventricular enlargement, when transthoracic echocardiography is nowadays
the most used diagnostic tool to assess cardiac enlargement in clinical practice. In addition,
various precordial lead systems have been used in dogs; hence, the different electrode
placement has determined a considerable variability in the amplitude of the recorded
electrocardiographic waves yielding significant differences when comparing study results.

One of the most used precordial lead systems in dogs is that one described by
Kraus et al. [13]. It has been recently modified by Santilli et al. [14], aiming to obtain
more accurate recordings of right atrial and right ventricular depolarization in healthy dogs
with various thoracic conformations (i.e., brachymorphic, mesomorphic, and dolichomor-
phic morphotypes). The main variation of this novel lead system is the different position of
V1, which is placed at the costo-chondral junction of the right first intercostal space, while
the remaining leads (V2-V6) are placed in the same location previously proposed by Kraus
et al. (i.e., the left sixth intercostal space). However, the diagnostic accuracy of this novel
precordial lead system has not yet been evaluated in terms of its capacity to identify right
ventricular enlargement (RVE) in dogs.

Therefore, the aim of the present study was to evaluate if this novel precordial lead
system may increase the diagnostic accuracy of 12-lead ECG in comparison to standard
6-lead ECG for the detection of echocardiographic RVE in dogs.

2. Materials and Methods
2.1. Animals

The protocol of the study was examined and approved by the Institutional Welfare
and Ethics Committee of the University of Pisa (authorization number 52/2020). Client-
owned dogs referred for a cardiologic evaluation at the Veterinary Teaching Hospital of
the Department of Veterinary Sciences of the University of Pisa and at Anicura Istituto
Veterinario Novara were enrolled in this prospective and observational study. Dogs were
eligible for participation in the study provided that the owner had given informed consent.
A total of 84 dogs of different breeds were included, of which 39 were females (46%),
and 45 were males (54%). There were 12 mixed breed dogs, 10 Labrador Retrievers,
8 Chihuahuas, 8 French Bulldogs, 6 Golden Retrievers, 4 Boxers, 3 English Bulldogs;
the remaining 33 dogs belonged to 22 different breeds. All dogs enrolled in the study
underwent complete physical examination, 12-lead ECG examination, and transthoracic
echocardiography. Dogs presenting pleural and/or pericardial effusion were excluded
from the study. Data regarding age, sex, body weight (BW), ECG, and echocardiographic
findings were collected.
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2.2. Echocardiography

All echocardiographic examinations were performed by a board-certified cardiologist
or by residents supervised by a board-certified cardiologist using ultrasound systems.
Complete transthoracic 2D, M-mode, and Doppler echocardiographic examinations were
achieved following standard recommendations [15]. Each dog was examined under gentle
manual restraint, in the right and left lateral recumbency, without sedation. Right ventricu-
lar enlargement was defined using two-dimensional echocardiography as follows: right
ventricular free wall thickness normalized for BW (RVFWn) > 0.39 cm/kg0.250 [16] and/or a
right ventricular end-diastolic area normalized for BW (RVEDAn) > 1.4 cm2/kg0.665 [17]. In
detail, the right ventricular free wall thickness was acquired from the right parasternal long
axis view, using a trailing edge to trailing edge technique as perpendicular as possible to the
long axis of the ventricle from points estimated to be at the mid-ventricular level. The right
ventricular end-diastolic area was measured by tracing the endocardial perimeter from the
parietal tricuspid annulus along the right ventricular free wall to the right ventricular apex
and back to the septal tricuspid annulus along the interventricular septum.

2.3. Electrocardiography

Electrocardiographic examinations were recorded with the dogs positioned in right
lateral recumbency using electrocardiographic units (MAC 800 and MAC 1600 ECG systems,
General Electric Healthcare, Boston, MA, USA) with a 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
artifact [18]. Limb leads (I, II, III, aVR, aVL, and aVF) were recorded according to the
standard technique [19], and precordial leads (V1, V2, V3, V4, V5, V6) were recorded
according to Kraus et al. modified by Santilli et al. [13,14].

Lead V1 was placed at the costo-chondral junction of the right first intercostal space,
while the sixth intercostal space was used for all the other precordial leads: V2 was placed
adjacent to the sternum, V3 was placed midway between V2 and V4, V4 was placed at the
costo-chondral junction, and V5 and V6 were sequentially placed dorsal to V4 at a distance
equal to that between V3 and V4.

In accordance with human and veterinary literature [2,4–12], the following electrocar-
diographic measurements were assessed on both limb leads and precordial leads: Q wave
amplitude (mV); R wave amplitude (mV); S wave amplitude (mV); and R/S wave ratio.
The R/S ratio was calculated for all dogs in which the S wave was present. In those cases
in which the S wave was not present, the ratio was not evaluated. The algebraic sum of
the QRS complex in V1 was calculated [20]. The MEA of the QRS complex expressed in
degrees (◦) on the frontal plane was calculated using the isoelectric method [21,22]. A right
shift deviation of the MEA of the QRS complex was considered for values between +100◦

and −80◦ [11,19,23,24].

2.4. Statistical Analysis

Descriptive statistics were generated. Electrocardiographic and echocardiographic
data were reported as median and range. The receiver operating characteristic (ROC)
curve analysis and the Youden index were assessed in order to define the best cutoff for
the detection of RVE. Among the ECG parameters evaluated in the study (i.e., Q wave
amplitude, R wave amplitude, S wave amplitude, and R/S wave ratio on limb leads
and precordial leads), those criteria with an area under the curve (AUC) > 0.7 [25] and
specificity (Sp) higher than 90% were considered as having suitable diagnostic accuracy for
the detection of RVE. Statistical analysis was performed with Prism 5 (GraphPad Software
Inc., San Diego, CA, USA). A value of p < 0.05 was considered statistically significant.

3. Results

Among the 84 dogs enrolled in the study sample, 57 dogs were healthy and composed
the control group, whereas 27 dogs presented RVE. The median age of the control group
was 3 years (range: 5 months–13 years) and 5 years (range: 3 months–17 years) for those
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with RVE. The median BW was 23.7 kg (range: 2.2–53 kg) in the control group and 13 kg
(range: 2.6–50.2 kg) in the dogs with RVE. Of those with RVE, 13 dogs had pulmonary
valve stenosis, 11 dogs had precapillary pulmonary hypertension, one had an atrial septal
defect, one had tricuspid valve dysplasia, and one dog presented both pulmonary valve
stenosis and tricuspid valve dysplasia.

Echocardiographic data of the control group and dogs with RVE are reported in
Table 1. Among dogs presenting RVE, 9 out of 27 (33%) presented right ventricular free wall
thickening only, 11 out of 27 dogs (41%) presented right ventricular dilation only, while
the remaining 7 dogs (26%) presented both right ventricular free wall thickening and right
ventricular dilation.

Table 1. Echocardiographic values in the study sample (n = 84 dogs).

Control Dogs (n = 57) Dogs with RVE (n = 27)

RVFWn 0.20 (0.15–0.27) 0.38 (0.19–0.64)
RVEDAn 0.83 (0.57–1.19) 1.36 (0.74–4.51)

Abbreviations: RVE, right ventricular enlargement; RVFWn, right ventricular free wall thickness normalized for
body weight; RVEDAn, right ventricular end-diastolic area normalized for body weight. Data are reported as
median (range).

On limb leads, only Q wave amplitude in aVR and the presence of right shift of the
MEA of the QRS complex showed suitable diagnostic accuracy for the detection of RVE
(Table 2). Among dogs with RVE, 12 out of 27 (44%) showed at least a Q wave amplitude in
aVR > 0.1 mV or right shift of the MEA of the QRS complex.

Table 2. Electrocardiographic parameters showing suitable diagnostic accuracy in the detection of
right ventricular enlargement.

Control Dogs Dogs with RVE Cutoff Se (%) Sp (%) AUC

Limb leads

Q wave-aVR (mV) 0 (0–1.1) 0.2 (0–2.2) * >0.10 53 95 0.727
MEA of QRS (◦) 74◦ (15–105◦) 75◦ (−105–165◦) Right shift 33 95 NA

Precordial leads

R/S ratio-V4 4.5 (0.75–34) 1.1 (0.18–11.3) * <1.15 63 96 0.842
R/S ratio-V5 5 (0.33–18.5) 1 (0.1–26) * <1.95 69 92 0.839

S wave-V6 (mV) 0.2 (0–1.8) 0.7 (0–2.8) * >0.70 52 92 0.703

Abbreviations: AUC, area under the curve; NA, not available; MEA, mean electrical axis; RVE, right ventricular
enlargement; Se, sensitivity; Sp, specificity. Data are reported as median (range). * p < 0.05 in comparison to the
control group.

On precordial leads, the R/S ratio in lead V4, R/S in V5, and S wave amplitude in
lead V6 showed suitable diagnostic accuracy for the detection of RVE (Table 2). In 2 out of
27 dogs with RVE in our study, the R/S ratio in V4 was not assessable due to the absence
of an S wave on V4. Similarly, in 3 out of 27 dogs with RVE, the R/S ratio in V5 was not
assessable because of the absence of an S wave on V5. Among dogs with RVE, 19 out of
27 (70%) showed at least one of the following precordial lead criteria: R/S ratio in V4 < 1.15,
R/S ratio in V5 < 1.95, or S wave in V6 > 0.7 mV (Figure 1). Conversely, only 2 out of
27 dogs with RVE (7%) did not have any of the limb or precordial leads criteria for RVE
identified in this study.
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Regarding limb leads, also the amplitude of the S wave in leads I and II were previously 
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Figure 1. Limb leads and precordial leads of an English Bulldog with pulmonary valve stenosis and
right ventricular enlargement showing a Q wave > 0.1 mV in aVR, right shift of MEA, R/S wave
ratio < 1.15 in V4, R/S wave ratio < 1.95 in V5 and S wave > 0.7 mV in V6. Paper speed = 50 mm/s;
5 mm/mV.

4. Discussion

The present study aimed to evaluate the diagnostic accuracy of 12-lead ECG for the
diagnosis of RVE using the precordial lead system proposed by Kraus et al. and modified
by Santilli et al. and compared it with the diagnostic efficacy of standard 6-lead ECG for
the same purpose.

Considering limb leads, the amplitude of the Q wave in aVR was the only ECG
measurement that showed suitable diagnostic accuracy for the detection of RVE. The
diagnostic accuracy of the Q wave in aVR for the detection of RVE has already been
described in dogs [11,23,24]; however, a different diagnostic cutoff was previously reported
(i.e., >0.3 mV in comparison to >0.1 mV found in the present study). This could be explained
by different study samples, with different types and severities of cardiac diseases causing
RVE, as well as the different thoracic morphotypes of the dogs included. Regarding limb
leads, also the amplitude of the S wave in leads I and II were previously described as
diagnostic criteria for RVE in dogs [11,19,23,24]; however, they did not match the criteria of
the present study for the definition of suitable diagnostic accuracy.

Finally, the MEA of the QRS complex on the frontal plane was evaluated on limb
leads that showed suitable diagnostic accuracy for the detection of RVE in dogs, in line
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with human and veterinary literature [11,12,19,26–28]. Specifically, 9 out of 27 dogs with
RVE (33%) had a right shift of the MEA, showing high specificity (95%) but low sensitivity
for the detection of RVE. Among those nine dogs, eight of them presented RV concentric
hypertrophy secondary to pulmonary valve stenosis, while the remaining dog presented
RV eccentric hypertrophy secondary to severe pulmonary hypertension of precapillary
origin. The low sensitivity of the 6-lead ECG for detecting RVE has also been described
in humans, especially when RVE is associated with chronic lung disease, acquired heart
disease, and primary pulmonary hypertension, usually characterized by RV eccentric or
mixed hypertrophy [2]. These findings may suggest that RV concentric hypertrophy more
frequently determines the right shift of the MEA of the QRS complex in comparison to RV
eccentric hypertrophy. In line with this hypothesis, electrocardiography showed its best
diagnostic accuracy for the detection of RVE in infants with congenital heart disease, usually
characterized by RV concentric hypertrophy [2], and a recent study in dogs showed that the
degree of right shift of MEA of the QRS complex is predictive of the severity of pulmonary
valve stenosis [29]. Therefore, our results could suggest that 6-lead ECG could play a
complementary role in the detection of RVE, particularly useful in those cases presenting
severe RV concentric hypertrophy rather than in those with RV eccentric hypertrophy.
However, further prospective studies aiming to detect the electrocardiographic differences
between RV concentric hypertrophy versus RV eccentric hypertrophy in a wider sample of
dogs are needed to verify our preliminary findings.

Regarding precordial leads, the R/S ratio in V4, the R/S ratio in V5, and the amplitude
of the S wave in V6 showed suitable diagnostic accuracy in distinguishing dogs with RVE
and healthy dogs. From an electrophysiological point of view, ventricular depolarization
is composed of 3 vectors: the first vector represents the septal depolarization, and it
determines a first positive deflection in V1 and a negative deflection in V5 and V6, while the
second and the third vectors determine a negative deflection in V1 and positive deflections
from V2 to V6. Accordingly, the typical QRS morphology identified in humans and in
dogs with normal cardiac dimensions by using precordial leads is characterized by a low-
amplitude R wave and deep S wave in V1 (i.e., R/S < 1) and a higher R wave and a lower
S wave in lead V2 to V6. [14,30]. Differently, in cases of RVE, there is a modification of
the balance between right and left ventricular depolarization vectors as right ventricular
depolarization predominates over left ventricular depolarization. Accordingly, the QRS
morphology is usually characterized by a higher R wave and lower S wave in V1 and by a
lower R wave and higher S wave in V2 to V6 [2,4].

In the present study, the value of the R/S ratio in V4 (cutoff < 1.15 mV) and its
specificity (96%) described in our study were similar to those previously reported in the
veterinary literature: R/S ratio in V4 < 1 mV with specificity 96% [12] and R/S ratio in
V4 < 0.87 mV with specificity of 98% [11,19,23,24]. Differently, our cutoff of the R/S ratio
in V4 showed a higher sensitivity than in previous studies (63% versus 37%). It is noted
that in 2 out of 27 dogs with RVE in our study, the R/S ratio in V4 was not assessable due
to the absence of an S wave on V4 in these cases.

To the best of the author’s knowledge, the diagnostic value of the R/S ratio in V5
and the S wave amplitude in V6 has never been described for the detection of RVE in
dogs. On the other hand, these criteria are used in human cardiology for the detection of
RVE [5,6]. Interestingly, the reported cutoff of the S wave amplitude in V6 for humans [5,6]
was identical to that found in our study (>0.7 mV), whereas the cutoff of the R/S ratio in V5
described in our study was almost half of that reported in the human literature [5]. Similar
to the R/S ratio in V4, in 3 out of 27 dogs with RVE, the R/S ratio in V5 was not assessable
because of the absence of an S wave on this lead. Differently, The diagnostic accuracy of
the R/S ratio and S wave amplitude on the remaining leads was not suitable.

Our results are in line with previous studies describing the diagnostic accuracy of
electrocardiography as having low to moderate sensitivity but high specificity in detecting
RVE [2,5,6]. Among our study sample, 44% of dogs with RVE showed at least one of the
identified limb lead criteria for RVE (Q wave in aVR or MEA of the QRS complex). On the
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other hand, considering precordial leads, the percentage of dogs presenting at least one of
the identified electrocardiographic criteria for RVE increased to 70% (19 out of 27 dogs).
Based on these findings, our results may suggest that the assessment of precordial leads
may be beneficial for increasing the diagnostic accuracy of ECG for the detection of RVE.

In the novel precordial lead system proposed by Santilli et al. [14], V1 was shifted
from the fifth right intercostal space originally proposed by Kraus et al. [13] to the first right
intercostal space with the aim of obtaining a more accurate recording of right atrial and
right ventricular depolarization. Accordingly, no previous studies dealt with the accuracy
and the assessment of precordial leads according to the different thoracic morphotypes.
To the results of that study, the old V1 placement at the level of the fifth intercostal space
yielded an unreliable right ventricular electrocardiographic pattern in dogs with various
thoracic conformations [14].

Despite the novel precordial lead placement, in the present study, V1 did not show
suitable diagnostic accuracy for the detection of RVE in dogs. However, when the algebraic
sum of the QRS complex in V1 was evaluated, 9 out of 27 dogs with RVE (33%) showed a
positive QRS complex, of which 7 dogs presented RV concentric hypertrophy secondary to
moderate to severe pulmonic stenosis, while the remaining 2 dogs presented RV eccentric
hypertrophy secondary to an atrial septal defect in one case and severe tricuspid valve
dysplasia in the other one. Thus, it could be suggested that RV concentric hypertrophy
could lead to a positive morphology of the QRS in V1 rather than RV eccentric hypertrophy
in the system proposed by Santilli et al. However, given the small sample size of dogs
presenting RVE, the present study was probably underpowered to identify a possible
diagnostic criterion for detecting RVE in V1. Further prospective studies evaluating the di-
agnostic performance of lead V1 for the detection of RVE are needed, especially comparing
different types of right ventricular remodeling and different thoracic morphotypes.

The clinical usefulness of the present study is represented by the potential usage of
12-lead ECG in dogs presented with cardio-respiratory symptoms in a first opinion practice
(such as syncope, exercise intolerance, respiratory distress, ascites) or in asymptomatic
dogs during a pre-anesthetic ECG evaluation. The assessment of a 12-lead ECG may allow
general practitioners and anesthesiologists to perform a preliminary cardiologic evaluation,
possibly suggesting right heart cardiomegaly. Indeed, ECG is a common diagnostic tool
that is easy to assess, less cost-effective, less experience-dependent, and easy to share in
telemedicine in comparison to echocardiography. Based on the results of the present study,
the finding of one of the described 12-lead ECG criteria could constitute a concrete clinical
suggestion of underlying right heart disease, strongly suggesting the need for a specialistic
echocardiographic examination.

The results of the present study must be carefully considered in the context of its
limitations. At first, a low number of dogs with RVE was included. Further studies
comparing 12-lead ECG findings in a larger number of dogs with RVE secondary to
different etiologies and severity are needed. At second, age, BW, and type of thoracic
morphotype were not statistically matched between the control group and dogs with
RVE. However, large and small breed dogs were included in the control and dogs with
RVE groups. Similarly, brachycephalic dogs were present in both groups. Third, only
two-dimensional echocardiographic parameters of right ventricular size (right ventricular
free wall thickness and right ventricular end-diastolic area) were evaluated in the present
study. Nevertheless, RV volume has been proposed as a possibly more reliable method
for the non-invasive assessment of RV dimension [17,31,32]. Moreover, there are currently
no consensus guidelines in veterinary medicine dealing with the objective assessment of
right heart size in dogs. Finally, the precordial ECG criteria identified in the present study
were not matched with the severity of RVE. Different from human medicine [32], there
are currently no consensus guidelines in veterinary medicine dealing with the objective
assessment of right heart size and the severity classification of RVE in dogs. Thus, further
prospective studies evaluating the reliability of the reported precordial criteria to the
objective severity of RVE are warranted.
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5. Conclusions

The 12-lead ECG using the precordial lead system of Kraus et al. modified by Santilli
et al. has low sensitivity but high specificity for the diagnosis of RVE in dogs. The R/S
ratio in V4 and V5 and the S wave amplitude in V6 showed the best diagnostic accuracy in
distinguishing between dogs presenting RVE and healthy dogs. Adding these precordial
lead criteria to the standard 6-lead ECG evaluation increases the diagnostic accuracy of
RVE detection in dogs. Further studies evaluating the electrocardiographic differences
among dogs with concentric versus eccentric RV hypertrophy would be of clinical value.

Author Contributions: Conceptualization, G.G., T.V., C.S.P., O.D., R.T.; methodology, G.G., T.V.,
C.S.P., O.D., R.T.; formal analysis G.G., T.V., C.S.P., O.D.; investigation, G.G., T.V., C.S.P., M.B., V.P.,
O.D.; data curation, G.G., T.V., C.S.P., M.B., V.P., O.D.; writing-original draft preparation, G.G., T.V.,
C.S.P.; writing-review and editing, T.V., O.D., R.T.; supervision, T.V., O.D., R.T. All authors have read
and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The study was conducted in accordance with the ethical
committee of the University of Pisa (authorization number 52/2020).

Informed Consent Statement: Written informed consent has been obtained from the owner(s) to
publish this paper.

Data Availability Statement: The data presented in this study have not been published elsewhere,
but are available on request from the corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Wilson, F.N. The clinical value of chest leads. Br. Heart J. 1948, 10, 88–91. [CrossRef] [PubMed]
2. Hancock, E.W.; Deal, B.J.; Mirvis, D.M.; Okin, P.; Kligfield, P.; Gettes, L.S.; Bailey, J.J.; Childers, R.; Gorgels, A.; Josephson,

M.; et al. AHA/ACCF/HRS recommendations for the standardization and interpretation of the electrocardiogram: Part V:
Electrocardiogram changes associated with cardiac chamber hypertrophy: A scientific statement from the American Heart Asso-
ciation Electrocardiography and Arrhythmias Committee, Council on Clinical Cardiology; the American College of Cardiology
Foundation; and the Heart Rhythm Society. Endorsed by the International Society for Computerized Electrocardiology. J. Am.
Coll. Cardiol. 2009, 53, 992–1002. [PubMed]

3. Bonagura, J.D.; Herring, D.S. Echocardiography. Acquired heart disease. Vet. Clin. N. Am. Small Anim. Pract. 1985, 15, 1209–1224.
[CrossRef]

4. Myers, G.B.; Klein, H.A.; Stofer, B.E. The electrocardiographic diagnosis of right ventricular hypertrophy. Am. Hear. J. 1948, 35,
1–40. [CrossRef]

5. Murphy, M.L.; Thenabadu, P.N.; de Soyza, N.; Doherty, J.E.; Meade, J.; Baker, B.J.; Whittle, J.L. Reevaluation of electrocardiographic
criteria for left, right and combined cardiac ventricular hypertrophy. Am. J. Cardiol. 1984, 53, 1140–1147. [CrossRef]

6. Harrigan, R.A.; Jones, K. ABC of clinical electrocardiography. Conditions affecting the right side of the heart. BMJ 2002, 324,
1201–1204. [CrossRef]

7. Kligfield, P.; Gettes, L.S.; Bailey, J.J.; Childers, R.; Deal, B.J.; Hancock, E.W.; van Herpen, G.; Kors, J.A.; Macfarlane, P.; Mirvis, D.M.;
et al. Recommendations for the standardization and interpretation of the electrocardiogram: Part I: The electrocardiogram and
its technology: A scientific statement from the American Heart Association Electrocardiography and Arrhythmias Committee,
Council on Clinical Cardiology; the American College of Cardiology Foundation; and the Heart Rhythm Society: Endorsed by
the International Society for Computerized Electrocardiology. Circulation 2007, 115, 1306–1324. [CrossRef]

8. Whitman, I.R.; Patel, V.V.; Soliman, E.Z.; Bluemke, D.A.; Praestgaard, A.; Jain, A.; Herrington, D.; Lima, J.A.C.; Kawut, S.M.
Validity of the surface electrocardiogram criteria for right ventricular hypertrophy: The MESA-RV Study (Multi-Ethnic Study of
Atherosclerosis-Right Ventricle). J. Am. Coll. Cardiol. 2014, 63, 672–681. [CrossRef]

9. Brown, F.K.; Brown, W.J., Jr.; Ellison, R.G.; Hamilton, W.F. Electrocardiographic changes during development of right ventricular
hypertrophy in the dog. Am. J. Cardiol. 1968, 21, 223–231. [CrossRef]

10. Hamlin, R.L. Electrocardiographic detection of ventricular enlargement in the dog. J. Am. Vet. Med. Assoc. 1968, 153, 1461–1469.
11. Hill, J.D. Electrocardiographic diagnosis of right ventricular enlargement in dogs. J. Electrocardiol. 1971, 4, 347–357. [CrossRef]
12. O’grady, M.; Difruscia, R.; Carley, B.; Hill, B. Electrocardiographic evaluation of chamber enlargement. Can. Vet. J. 1992, 33,

195–200. [PubMed]
13. Kraus, M.S.; Moïse, N.S.; Rishniw, M.; Dykes, N.; Erb, H.N. Morphology of ventricular arrhythmias in the boxer as measured by

12-lead electrocardiography with pace-mapping comparison. J. Vet. Intern. Med. 2002, 16, 153–158. [CrossRef]

http://doi.org/10.1136/hrt.10.2.88
http://www.ncbi.nlm.nih.gov/pubmed/18880734
http://www.ncbi.nlm.nih.gov/pubmed/19281932
http://doi.org/10.1016/S0195-5616(85)50366-6
http://doi.org/10.1016/0002-8703(48)90182-3
http://doi.org/10.1016/0002-9149(84)90651-9
http://doi.org/10.1136/bmj.324.7347.1201
http://doi.org/10.1161/circulationaha.106.180200
http://doi.org/10.1016/j.jacc.2013.08.1633
http://doi.org/10.1016/0002-9149(68)90323-8
http://doi.org/10.1016/S0022-0736(71)80020-1
http://www.ncbi.nlm.nih.gov/pubmed/17423972
http://doi.org/10.1111/j.1939-1676.2002.tb02347.x


Vet. Sci. 2022, 9, 399 9 of 9

14. Santilli, R.A.; Porteiro Vázquez, D.M.; Gerou-Ferriani, M.; Lombardo, S.F.; Perego, M. Development and assessment of a
novel precordial lead system for accurate detection of right atrial and ventricular depolarization in dogs with various thoracic
conformations. Am. J. Vet. Res. 2019, 80, 358–368. [CrossRef]

15. Thomas, W.P.; Gaber, C.E.; Jacobs, G.J.; Kaplan, P.M.; Lombard, C.W.; Moise, N.S.; Moses, B.L. Recommendations for standards in
transthoracic two-dimensional echocardiography in the dog and cat. Echocardiography Committee of the Specialty of Cardiology,
American College of Veterinary Internal Medicine. J. Vet. Intern. Med. 1993, 7, 247–252. [CrossRef]

16. Gentile-Solomon, J.M.; Abbott, J.A. Conventional echocardiographic assessment of the canine right heart: Reference intervals and
repeatability. J. Vet. Cardiol. 2016, 18, 234–247. [CrossRef] [PubMed]

17. Feldhütter, E.K.; Domenech, O.; Vezzosi, T.; Tognetti, R.; Sauter, N.; Bauer, A.; Eberhard, J.; Friederich, J.; Wess, G. Echocardio-
graphic reference intervals for right ventricular indices, including 3-dimensional volume and 2-dimensional strain measurements
in healthy dogs. J. Vet. Intern. Med. 2022, 36, 8–19. [CrossRef] [PubMed]

18. Hinchcliff, K.W.; Constable, P.D.; Farris, J.W.; Schmidt, K.E.; Hamlin, R.L. Electrocardiographic characteristics of endurance-
trained Alaskan sled dogs. J. Am. Vet. Med. Assoc. 1997, 211, 1138–1141. [PubMed]

19. Detweiler, D.K. Chapter 41: The Dog Electrocardiogram: A Critical Review. In Comprehensive Electrocardiology; Macfarlane, P.W.,
van Oosterom, A., Pahlm, O., Kligfield, P., Janse, M., Camm, J., Eds.; Springer: London, UK, 2010; pp. 1861–1908.

20. Alimurung, M.M.; Joseph, L.G.; Nadas, A.S.; Massell, B.F. The unipolar precordial and extremity electrocardiogram in normal
infants and children. Circulation 1951, 4, 420–429. [CrossRef] [PubMed]

21. Kittleson, M.D.; Kienle, R.D. Electrocardiography. In Small Animal Cardiovascular Medicine; Mosby: St. Louis, MO, USA, 1998;
pp. 119–153.

22. Santilli, R.; Moïse, N.S.; Pariaut, R.; Perego, M. Chapter 3: Formation and interpretation of the electrocardiographic waves. In
Electrocardiography of the Dog and Cat, Diagnosis of Arrhythmias, 2nd ed.; Edr. Edra S.p.A.: Milano, Italy, 2018; pp. 52–89.

23. Smith, F.W.K., Jr.; Tilley, L.P.; Oyama, M.K.; Sleeper, M.M. Elettrocardiography. In Manual of Canine and Feline Cardiology, 5th ed.;
Elsevier: St. Louis, MO, USA, 2015; pp. 49–76.

24. Santilli, R.; Moïse, N.S.; Pariaut, R.; Perego, M. Chamber enlargement. In Electrocardiography of the Dog and Cat, Diagnosis of
Arrhythmias, 2nd ed.; Edr. Edra S.p.A.: Milan, Italy, 2018; pp. 101–110.

25. Swets, J.A. Measuring the accuracy of diagnostic systems. Science 1988, 240, 1285–1293. [CrossRef] [PubMed]
26. Paul, O.; Myers, G.S.; Campbell, J.A. The electrocardiogram in congenital heart disease; a preliminary report. Circulation 1951, 3,

564–578. [CrossRef] [PubMed]
27. Fowler, R.S.; Keith, J.D. The electrocardiogram in pulmonary stenosis—A reappraisal. Can. Med. Assoc. J. 1968, 98, 433–437.

[PubMed]
28. Trautvetter, E.; Detweiler, D.K.; Bohn, F.K.; Patterson, D.F. Evolution of the electrocardiogram in young dogs with congenital

heart disease leading to right ventricular hypertrophy. J. Electrocardiol. 1981, 14, 275–282. [CrossRef]
29. Bini, M.; Vezzosi, T.; Fernández Del Palacio, M.J.; Talavera, J.; Patata, V.; Marchesotti, F.; Domenech, O. Clinical and Electrocardio-

graphic Findings for Predicting the Severity of Pulmonary Valve Stenosis in Dogs. Vet. Sci. 2022, 9, 61. [CrossRef]
30. Goldman, M.J. Definitions of electrocardiographic configurations. In Principles of Clinical Electrocardiography, 11th ed.; Lange

Medical Publications: Los Altos, CA, USA, 1982; pp. 23–28.
31. Maffessanti, F.; Muraru, D.; Esposito, R.; Gripari, P.; Ermacora, D.; Santoro, C.; Tamborini, G.; Galderisi, M.; Pepi, M.; Badano,

L.P. Age-, body size-, and sex-specific reference values for right ventricular volumes and ejection fraction by three-dimensional
echocardiography: A multicenter echocardiographic study in 507 healthy volunteers. Circ. Cardiovasc. Imaging 2013, 6, 700–710.
[CrossRef] [PubMed]

32. Lang, R.M.; Badano, L.P.; Mor-Avi, V.; Afilalo, J.; Armstrong, A.; Ernande, L.; Flachskampf, F.A.; Foster, E.; Goldstein, S.A.;
Kuznetsova, T.; et al. Recommendations for cardiac chamber quantification by echocardiography in adults: An update from the
American Society of Echocardiography and the European Association of Cardiovascular Imaging. J. Am. Soc. Echocardiogr. 2015,
28, 1–39. [CrossRef] [PubMed]

http://doi.org/10.2460/ajvr.80.4.358
http://doi.org/10.1111/j.1939-1676.1993.tb01015.x
http://doi.org/10.1016/j.jvc.2016.05.002
http://www.ncbi.nlm.nih.gov/pubmed/27453517
http://doi.org/10.1111/jvim.16331
http://www.ncbi.nlm.nih.gov/pubmed/34874066
http://www.ncbi.nlm.nih.gov/pubmed/9364227
http://doi.org/10.1161/01.CIR.4.3.420
http://www.ncbi.nlm.nih.gov/pubmed/14870256
http://doi.org/10.1126/science.3287615
http://www.ncbi.nlm.nih.gov/pubmed/3287615
http://doi.org/10.1161/01.CIR.3.4.564
http://www.ncbi.nlm.nih.gov/pubmed/14822165
http://www.ncbi.nlm.nih.gov/pubmed/5638569
http://doi.org/10.1016/S0022-0736(81)80009-X
http://doi.org/10.3390/vetsci9020061
http://doi.org/10.1161/CIRCIMAGING.113.000706
http://www.ncbi.nlm.nih.gov/pubmed/23811752
http://doi.org/10.1016/j.echo.2014.10.003
http://www.ncbi.nlm.nih.gov/pubmed/25559473

	Introduction 
	Materials and Methods 
	Animals 
	Echocardiography 
	Electrocardiography 
	Statistical Analysis 

	Results 
	Discussion 
	Conclusions 
	References

