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Background: Right ventricular (RV) dysfunction independently predicts outcomes in human myxomatous mitral valve dis-

ease (MMVD). There is limited information regarding RV systolic function in dogs with MMVD.

Hypothesis: Right ventricular systolic function differs among stages of disease, decreasing in decompensated MMVD.

Animals: Thirty-sixclient-owned dogs with MMVD not receiving oral cardiovascular medications.

Methods: Prospective clinical study. Dogs were categorized according to disease severity as ACVIM Stage B1, B2, or C.

Seven echocardiographic indices of RV systolic function were measured. Groups were compared by 1-way ANOVA and

Tukey’s HSD test. Frequencies of cases with cardiac remodeling falling outside previously established reference intervals were

compared using Fisher’s exact test. Intra- and interobserver measurement variability was calculated for each RV function

index.

Results: The indices TAPSE (P = 0.029), RV StL (P = 0.012), and RV StRL (P = 0.041) were significantly different

between groups. A greater proportion of B2 dogs (7 of 12) had TAPSE values above reference intervals compared with B1 (2

of 12) or C (2 of 12) dogs (P = 0.027). Measurement variability of TAPSE, RV S’, and RV StG was clinically acceptable.

Conclusions and Clinical Importance: Right ventricular systolic function differs between stages of MMVD, increasing in

stage B2, and declining in stage C. The prognostic importance of RV function indices, particularly TAPSE, might be worth

evaluating in dogs with MMVD.
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Myxomatous mitral valve disease (MMVD) is the
most common cause of heart disease and mitral

regurgitation (MR) in dogs and represents the leading
cause of congestive heart failure (CHF) in this species.1,2

The progression from subclinical disease to CHF is vari-
able and difficult to predict.3 Routine analysis of left
heart size and function is typically emphasized as these
chambers are directly affected by MR. Previous studies
evaluating echocardiography in MMVD have focused on
the left atrium (LA), left ventricle (LV), and transmitral
inflow patterns to stage disease severity and gain prog-
nostic information.4–9 While gross measures of left heart
size seemingly offer prognostic value in MMVD,5–7 the
prognostic value of routine echocardiographic measures
of LV systolic function has not been completely
demonstrated.8,9 Most studies have reported that LV

ejection fraction, fractional shortening, and global defor-
mation (strain) increase with advanced stages of MR in
smaller breeds of dogs. This finding is attributed to the
influence of enhanced ventricular preload and reduced
ventricular afterload on echocardiographic measures of
LV systolic function.10 While controversial, the assess-
ment of LV systolic function is considered unreliable for
estimating contractile function or prognosis in the setting
of severe mitral regurgitation.10,11
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Abbreviations:

Ao aorta

CHF congestive heart failure

CV coefficient of variation

HR heart rate

IVS interventricular septum

LA left atrium

LVIDDN left ventricular end-diastolic internal dimension

normalized to body weight

LV left ventricle

MMVD myxomatous mitral valve disease

MR mitral regurgitation

RV FAC fractional area change in the right ventricular inlet

RV S’ systolic myocardial velocity of the lateral tricuspid

annulus

RV StG global longitudinal strain of the right ventricle

RV StL longitudinal strain of the right ventricular free wall

RV StRG global longitudinal strain rate of the right ventricle

RV StRL longitudinal strain rate of the right ventricular free

wall

RVAd right ventricular area in diastole

RVAs right ventricular area in systole

RV right ventricle

STE speckle-tracking echocardiography

TAPSE tricuspid annular plane systolic excursion

TDI tissue Doppler imaging

TR tricuspid regurgitation
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The LV and RV exhibit interdependence and interac-
tion related to a shared ventricular septum and the
influence of LA pressure on RV afterload.12 Both ven-
tricles are also subject to neurohormonal influences acti-
vated in advanced disease.13 In people with left heart
failure from primary MR, RV systolic dysfunction is
present in approximately 30% of patients and repre-
sents a prognostic criterion used to stratify patient
risk.14–16 Echocardiographic measures and derived vari-
ables of RV systolic function in people offer prognostic
information in the setting of MR. Useful functional
variables include tricuspid annular plane systolic excur-
sion (TAPSE),14,15 RV ejection fraction,16 and tissue
Doppler imaging (TDI)-derived systolic myocardial
velocity of the lateral tricuspid annulus (RV S’).15 Addi-
tionally, RV longitudinal strain (RV StL) and strain rate
(RV StRL) have predicted mortality in human patients
with left heart failure.17

There are limited studies investigating RV function
and structural changes in dogs with MMVD. Radionu-
cleotide studies in dogs have shown that the RV enlarges,
the interventricular septum (IVS) flattens or shifts to the
right, and RV systolic function decreases in CHF.18 In
one canine study, RV Tei index, an indicator of global
systolic and diastolic function, was higher in dogs with
advanced MMVD (indicating impaired RV perfor-
mance); this index independently predicted cardiac-
related death within 1 year.19 In contrast, RV S’ is
reportedly not different between healthy dogs and dogs
with various stages of MMVD20 and TASPE has not
been shown to differ between dogs with various stages of
MMVD.21 Whether RV systolic function deteriorates in
advanced MMVD or RV systolic function differs in dogs
over progressive stages of this disease is unresolved.

The aim of this study was to analyze several echocar-
diographic indices of RV systolic function in dogs with
MR caused by MMVD not yet receiving medical ther-
apy. We hypothesized that RV systolic function differs
across stages of MMVD and that dogs in CHF exhibit
lethargic RV systolic function.

Materials and Methods

Animals

All procedures in this study were approved by the Veterinary

Medical Center Clinical Research and Teaching Advisory Commit-

tee at The Ohio State University. Written consent authorizing par-

ticipation of dogs in the study was obtained from all dog owners.

Dogs presenting to The Ohio State University Veterinary

Medical Center for evaluation of a murmur or clinical signs of

left-sided CHF were eligible for enrollment. Dogs were further

considered if they fulfilled each of the following clinical and

echocardiographic criteria: (1) body weight (BW) ≤15 kg, (2) age

≥5 years, (3) systolic heart murmur with a point of maximum

intensity over the left cardiac apex, (4) systolic arterial blood pres-

sure measured by the Doppler method between 100 and

160 mmHg, (5) echocardiographic appearance of mitral valve

thickening or prolapse, and (6) color and spectral Doppler evi-

dence of MR. Body weight has a significant effect on RV function

indices,22 therefore to avoid large variability between groups, a

BW cut-off ≤15 kg was chosen. Exclusion criteria included as fol-

lows: (1) prior or concurrent oral administration of cardiac

medications, (2) a nonsinus heart rhythm, and (3) cardiac disease

other than MMVD. Concurrent tricuspid regurgitation (TR) was

neither a specific entry nor exclusion criterion. Dogs with radio-

graphically-confirmed CHF could receive a single parenteral dose

of furosemide (2 mg/kg, IM or IV) and supplemental oxygen ther-

apy prior to echocardiography. Dogs with persistent signs of respi-

ratory distress after sedation and furosemide were excluded from

the study, at which point any treatment deemed necessary by the

attending clinician was administered.

Clinical and Radiographic Examinations

All dogs underwent complete physical examination and Doppler

arterial blood pressure measurement by the same investigator

(EHC). Three-view thoracic radiographs were obtained within

3 hours of echocardiographic evaluation. Vertebral heart size was

measured as previously described.23 Left-sided CHF was defined

as the presence of clinical signs of tachypnea or respiratory distress

in addition to radiographic evidence of pulmonary venous conges-

tion and infiltrates compatible with cardiogenic pulmonary edema.

The presence of CHF was confirmed by at least 2 investigators.

Conventional Echocardiography and Doppler
Examination

All dogs received 0.25 mg/kg butorphanol by intramuscular

(IM) injection 10–15 minutes before echocardiography that was

performed by the same sonographer (EHC) with an ultrasound

unita equipped with 5-, 6-, and 12-MHz phased-array transducers.

Echocardiographic recordings were captured with a simultaneous

electrocardiogram (ECG) in proprietary, raw DICOM format for

off-line analysis at a digital workstation.b This storage format

offers off-line adjustments of image gain, compression, reject, and

grayscale processing.

Complete transthoracic echocardiography was performed

according to standard techniques24 in dogs manually restrained in

right and left lateral recumbency.

Specific measurements of interest included left ventricular end-

diastolic internal dimension, maximal end-systolic left atrial

dimension (from right parasternal long-axis 4 chamber view), aor-

tic dimension (right parasternal long-axis outflow tract view, mea-

sured between maximally opened aortic leaflets), and the peak TR

velocity when present. Calculated variables included left ventricu-

lar end-diastolic internal dimension normalized to body weight

(LVIDDN)25 and the ratio of LA dimension to aortic dimension

(LA:Ao).c

Echocardiographic Indices of Right Ventricular
Systolic Function

All indices of RV systolic function were acquired from the left

apical 4-chamber view optimized for the right heart as previously

described (Fig 1).22 TAPSE was generated from M-mode record-

ings with the cursor as parallel as possible to the majority of the

RV free wall. Measurements needed for calculation of RV frac-

tional area change (RV FAC) were obtained by tracing the

endocardial border of the RV inflow region in end-diastole and

end-systole to measure RV end-diastolic area (RVAd) and RV

end-systolic area (RVAs), respectively. When visualized, papillary

muscles were excluded from the tracing. The RV FAC was calcu-

lated using the formula: FAC = ([RVAd–RVAs]/RVAd) 9 100.

The index TDI-derived RV S’ was recorded with a 3-mm pulse

wave sample volume positioned at the level of the lateral tricuspid

annulus and the cursor parallel to the longitudinal motion of the

RV free wall. Peak systolic modal velocity in cm/s was measured

using digital calipers. The lateral tricuspid annulus was chosen as
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this variable has been evaluated by the authors’ laboratory and

reference intervals were created in dogs.22 Strain and strain rate

measurements were obtained from proprietary 2D speckle-tracking

echocardiography (STE) softwareb using the LV 2- and 4-chamber

algorithms,22 as no defined RV STE algorithm was available at

the time of this study. The region of interest for STE was defined

by manually tracing the RV endocardial border from the level of

the lateral tricuspid valve annulus to the RV apex for 3-segment

longitudinal strain (RV StL) and strain rate (RV StRL) and contin-

uing to the septal tricuspid annulus (including IVS) for 6-segment

global strain (RV StG) and strain rate (RV StRG). Manual adjust-

ments using the available software tools were made to incorporate

the entire myocardial thickness and ensure adequate myocardial

tracking over the cardiac cycle. When automated software

approval of tracking was not obtained, the regions of interest were

retraced and recalculated. Occasionally, it was necessary to manu-

ally approve the automated tracking so long as visual inspection

of myocardial tracking was considered appropriate; this was

required in less than 10% of the studies.

The value recorded for each RV function index was determined

from an average of 5 representative cardiac cycles. Heart rate

(HR) recorded for each patient was calculated as the average of 5

consecutive R-R intervals measured on the simultaneous ECG

during RV imaging.

Classification of Study Groups

Dogs were divided into 3 groups based on the ACVIM classifi-

cation of valvular heart disease.26 The ACVIM staging does not

specify a specific method for determining remodeling, and both

A B C

D E

F G

Fig 1. Echocardiographic right ventricular systolic function indices measured in dogs with MMVD: fractional area change (A), tricuspid

annular plane systolic excursion (B), pulsed-wave tissue Doppler imaging derived peak systolic longitudinal myocardial motion velocity at

the lateral tricuspid annulus (C), 3-segment global longitudinal strain (D) and strain rate (E), and 6-segment global longitudinal strain (F)

and strain rate (G).

Table 1. Clinical and select echocardiographic charac-
teristics in 36 dogs with MMVD.

Variable

Group

P†B1 (n = 12) B2 (n = 12) C (n = 12)

Age (mo.) 108 � 32 111 � 29 109 � 53 0.64

Sex (M/F) 8/4 7/5 6/6 0.71

Body weight

(kg)

8.5 � 3.9 7.5 � 3.3 7.1 � 3.3 0.61

Heart rate

(bpm)

92 � 20a 93 � 16a 127 � 21b <0.001

TR (present/

absent)

7/5 10/2 10/2 0.37

TR velocity

(m/s)*

2.4 � 0.3a 2.6 � 0.4a 3.3 � 0.7b 0.013

VHS (v) 10.2 � 0.2a 11.5 � 0.9b 12.5 � 1.0c 0.002

LA:Ao* 2.3 � 0.1a 3.1 � 0.2b 4.5 � 1.7b 0.006

LVIDDN 1.5 � 0.1a 1.9 � 0.2b 2.1 � 0.3b 0.007

TR, tricuspid regurgitation; VHS, vertebral heart score; LA:Ao,

long-axis left atrium to aortic annulus ratio; LVIDDN, left ventricu-

lar end-diastolic internal dimension normalized to body weight.

Data are expressed as mean � standard deviation.

Significant group differences are italicized.

*Data not normally distributed. Median TR velocity (IQR):

C = 3.3 (2.8–4.1), B2 = 2.6 (2.4–2.8), B1 = 2.4 (2.2–2.6); Median LA:

Ao (IQR): C = 3.9 (3.5–4.9), B2 = 2.9 (3.1–2.8), B1 = 2.4 (2.3–2.4).
Within each row, superscripts with different letters represent a

statistical difference in post hoc tests (P < 0.05) between groups.
†ANOVA or Kruskal–Wallis derived P-value.
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radiographic and echocardiographic criteria were used in this

study. Specifically, asymptomatic dogs with a VHS ≤ 10.5,

LVIDDN ≤ 1.6, and absence of left atrial dilatation (long-axis

LA:Ao ≤ 2.4)c were classified as stage/group B1 (MR without

remodeling); asymptomatic dogs with a VHS > 10.5,

LVIDDN > 1.6, and LA:Ao > 2.4 were classified as stage/group

B2; and dogs with VHS > 10.5, LVIDDN > 1.6, and LA:Ao > 2.4

and with radiographic and clinical evidence of left-sided CHF were

classified as stage/group C. No dogs in stage D were enrolled in

this study.

Intra- and Interobserver Measurement Variability

Intra-observer measurement variability was determined by a sin-

gle observer (EHC). Using the same echocardiogram, each of the

RV variables from 12 randomly selected studies was measured on

2 different days. For interobserver measurement variability, after a

period of training on different images, a second observer (JDB)

measured each of the RV variables from the same 12 randomly

selected studies, using the same cardiac cycles independently from

the first observer. The initial set of measurements obtained from

observer one was compared to the measurements obtained

by observer two. Image quality was subjectively assessed by each

observer and recorded as marginal, satisfactory, or good.

Statistical Analysis

All statistical analyses were performed using commercial

software.d,e

Descriptive statistics were calculated, and the distribution of

data for patient characteristics and echocardiographic variables

were assessed for normality using the D’Agostino–Pearson test

and visual inspection of dot plots. Variables of RV function were

compared across the 3 stages of MMVD by 1-way ANOVA for

normally distributed data and by the Kruskal–Wallis test for non-

normally distributed data (that could not be transformed to nor-

mality). Tukey’s honest significant difference test or Bonferroni

corrected Mann–Whitney–Wilcoxon tests were performed for post

hoc multiple comparisons when significant differences were identi-

fied by ANOVA. Additionally, the number of dogs with values

outside of a published weight-based reference interval25 were

tabulated for each variable and for each study group. Fischer’s

exact test was used to compare proportions between study groups.

Results for normally distributed data are presented as mean � s-

tandard deviation (SD) or as median and interquartile range

(IQR) for non-normal data. Linear regression analysis was used to

evaluate the relationship between HR and each RV function index.

Statistical significance for null hypothesis significant tests was set

at P < 0.05.

Intra- and interobserver measurement variability was quantified

as the coefficient of variation (CV) for 2 replicates.27 The CV was

expressed as a percent value, calculated as CV = SD/Mean 9 100,

where SD was the square root of the variance of 12 replicated

measurements and mean was the average value of the 24 measure-

ments obtained for each variable.27 Repeatability was also evalu-

ated using Bland–Altman difference plots with calculation of the

bias between observers and their 95% limits of agreement.

Results

Thirty-six client-owned dogs with MMVD were
prospectively enrolled in the study (Table 1). Age, BW,
and sex were not significantly different between groups.
The LVIDDN, VHS, and LA:Ao were significantly dif-
ferent between groups (Table 1). The VHS increased
with stage of disease (P = 0.002) while LA:Ao and
LVIDDN were significantly higher in groups B2 and C
compared with B1 (P = 0.006 and P = 0.007, respec-
tively). Tricuspid regurgitation was present in 27 of 36
(75%) of the dogs, and the proportion of dogs with TR
was not different between groups (P = 0.37). The dogs
in CHF (group C) had significantly higher HR
(P < 0.001) and TR velocities (P = 0.013) than dogs
with compensated disease (groups B1 and B2).

The indices TAPSE, RV StL, and RV StRL were sig-
nificantly different between groups (Table 2, Fig 2). The
index TAPSE was significantly greater in group B2 than
group B1 (P = 0.029). The indices RV S’, RV FAC, RV
StG, and RV StRG were not different between groups.
A greater proportion of B2 dogs had measures of

Table 2. Echocardiographic measures of right ventricular systolic function in 36 dogs with MMVD.

RV function index

Group

P*B1 (n = 12) B2 (n = 12) C (n = 12)

TAPSE (mm) 12.0 � 3.3a 14.8 � 2.7b 12.2 � 2.2a 0.029

RV S’ (cm/s) 12.6 � 3.8 16.1 � 4.8 12.4 � 3.3 0.054

RV FAC (%) 53 � 10 53 � 10 48 � 12 0.49

RV StL (%) �25.0 � 4.8a �32.3 � 5.8b �30.2 � 6.5a 0.012

RV StRL (s�1) �3.0 � 0.9a �3.6 � 0.8a �3.9 � 0.9b 0.041

RV StG (%) �24.6 � 5.5 �24.7 � 4.7 �24.8 � 4.2 0.99

RV StRG (s�1)* �2.6 � 0.9 �2.4 � 0.5 �3.0 � 0.9 0.050

RVAd (cm2) 3.5 � 1.3 4.0 � 1.1 2.9 � 0.9 0.059

RVAs (cm2) 1.7 � 0.8 1.9 � 0.7 1.5 � 0.7 0.41

TAPSE, tricuspid annular plane systolic excursion; RV S’, systolic myocardial velocity of the lateral tricuspid annulus; RV FAC, frac-

tional area change in the right ventricular inlet; RV StL, longitudinal strain of the right ventricular free wall; RV StRL, longitudinal strain

rate of the right ventricular free wall; RV StG, global longitudinal strain of the right ventricle; RV StRG, global longitudinal strain rate of

the right ventricle; RVAd, right ventricular area in diastole; RVAs, right ventricular area in systole.

Significant group differences are italicized.

Data are expressed as mean � standard deviation.

*Data not normally distributed. Median RV StRG B1 (IQR) = �2.4 (�2.0 to �2.9), B2 = �2.5 (�2.7 to �2.1), C = �2.8 (�2.3 to �3.6).

Within each row, superscripts with different letters represent a statistical difference in post hoc tests (P < 0.05) between groups.
†ANOVA or Kruskal–Wallis derived P-value.

RV Systolic Function in Canine MMVD 67



TAPSE above published reference intervals (P = 0.027).
More negative values of RV StL, reflecting increased
strain, were identified in group B2 than in group B1

(P = 0.012). Measured RV StRL was significantly more
negative in group C than in B1 (P = 0.041). The indices
RV StL and RV StRL were unable to be measured in 3
of 36 dogs (B2 n = 1, C n = 2) because of inadequate
automated myocardial tracking.

Regression analysis demonstrated a significant, weak,
positive correlation between HR and RV StRG

(R2 = 0.155, P = 0.018). No other indices were signifi-
cantly correlated with HR.

Repeatability

Intra-observer and interobserver measurement vari-
abilities are summarized in Table 3. The coefficient of
variation for intra-observer repeatability ranged from
0.5 to 17.9% for the 7 RV function indices. Interob-
server variability was greater for the 7 function indices
with CV ranging from 3.6 to 20.1%. The lowest degrees
of variability were recorded for linear measurements of
longitudinal RV wall excursion (TAPSE) and peak sys-
tolic velocity (RV S’). In contrast, repeatability of area
measurements (RV FAC) was relatively poor between
observers. It was noted that 42% of all images were
graded as marginal in quality for measurement. High
variability was also observed with the algorithm-gener-
ated measures of strain and strain rate. Of the STE
variables, only RV StG showed clinically acceptable
reproducibility.

Discussion

The principle finding of this study was that echocar-
diographic estimates of RV systolic function differ
between ACVIM stages of dogs with MMVD. The
indices TAPSE, RV S’, and RV StL demonstrated a
graphical “U-shaped” pattern of hyperdynamic RV sys-
tolic function in advanced, compensated MMVD (Stage
B2) with normalization in acute CHF (Stage C). Of the
RV systolic function indices evaluated, TAPSE proved
to be a significant and clinically useful marker of RV
systolic function associated with low measurement vari-
ability in dogs with MMVD.

The results of this study suggest that RV systolic
function mirrors that of the LV in dogs with MMVD.
Because of alterations in LV loading secondary to
chronic MR,1,3,28,29 advanced MMVD is associated
with hyperdynamic LV systolic function when assessed
by conventional echocardiographic measures.10,11,30,31

In the present study, dogs with advanced, compensated
MMVD (stage B2) had measures of TAPSE above pub-
lished reference intervals,25 demonstrating a hyperdy-
namic state. While the RV is not directly affected by
mitral regurgitation, its shared structures with the LV
could explain these similarities.

In both naturally occurring MMVD and an experi-
mental model of MR in dogs, the IVS has substantial
excursion throughout the cardiac cycle, with displace-
ment into the RV via rightward shifting during diastole
and a greater leftward systolic excursion.11,30,31 The IVS
plays a pivotal role in RV function as evidenced by exper-
imental canine studies demonstrating normal cardiac

Fig 2. Dot plots for each of the right ventricular function indices

with statistically significant differences between groups of dogs

with MMVD. Individual data points are shown. Solid bars repre-

sent group means and 95% CI for the mean. *, TAPSE signifi-

cantly higher in group B2 dogs compared with B1, P = 0.029; †,

StL significantly increased in group B2 dogs compared with B1,

P = 0.012; ‡StRL significantly increased in group C dogs compared

with B1, P = 0.041.
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output and central venous pressure after complete cauter-
ization of the RV free wall,32 complete occlusion of the
right coronary artery,33 or when the RV free wall was
removed and replaced with a pericardial patch.34 Crea-
tion of RV free wall ischemia by right coronary artery
occlusion does not depress RV function until pulmonary
hypertension is induced or septal ischemia is created.33

While the IVS was not specifically evaluated in this study,
the increased RV systolic function in dogs with stage B2
MMVD might be related to increased septal motion
known to occur in dogs with advanced MMVD.

An alternative explanation for enhanced RV systolic
function in stage B2 MMVD could be enhanced Frank-
Starling forces related to an increased preload from neu-
rohormonal activation and tricuspid regurgitation.13

While the current study did not find significant increases
in RVAd or proportion of dogs with TR in stage B2, the
marginal near-field image resolution in some dogs, high
inter- and intra-observer variabilities, and inability to
image the complex shape of the RV in its entirety using
2-dimensional echocardiography limited our ability to
exclude increased preload as a possible explanation for
enhanced RV function in this group.

The tendency for normalization of RV systolic func-
tion noted in stage C dogs could relate to differences in
RV afterload. Dogs suffering from CHF in the current
study, similar to previous reports,3,20 had higher peak TR
velocities, suggesting higher systolic pulmonary arterial
pressures. The RV is sensitive to changes in afterload34,35

that could explain the tendency for lower TAPSE, RV
StL, and RV S’ in CHF. This is further supported by pre-
vious reports in dogs, many with MMVD, where TAPSE
and RV S’ were reduced in the presence of suspected pul-
monary hypertension (peak TR velocity >3 m/s) com-
pared with healthy controls.36,37 Direct comparison is
complicated by the fact that prior studies36,37 of RV func-
tion in dogs with pulmonary hypertension included dogs
with precapillary causes of pulmonary hypertension,
whereas this study focused on dogs that would be
assumed to only have post-capillary causes of pulmonary
hypertension. Different etiologies of pulmonary hyper-
tension might impact the RV disparately.

A recent study demonstrated that IM sedation with
butorphanol increases peak TR velocities in dogs with
degenerative valve disease.38 All dogs in the current
study received the same dose of butorphanol at a simi-
lar time before echocardiographic examination of the
RV, which should have minimized the effect of sedation
on TR velocity between groups. It is possible that
butorphanol had an effect on the peak TR velocity val-
ues obtained in each dog; however, the average peak
TR velocities within the different stages of MMVD in
our study are similar to those previously reported.20

A single index of RV systolic function, RV StRL, was
greatest in dogs in CHF. Although not repeated in this
study, a modest positive correlation between HR and
StRL was previously reported.25 The index RV StRL had
the highest measurement variability of all the indices, and
therefore, it is possible that the data used for statistical
analysis of this index was related to random variation. It
might also be that the application of an LV algorithm
developed for human patients to the RV of a small-breed
dog is simply inappropriate. Alternatively, it is possible
that RV StRL is a less load-dependent marker and a truer
reflection of RV systolic function.

The conclusions of this study are different from previ-
ous reports, where no difference in RV systolic function
was measured between ACVIM stages of MMVD.20,21

This discrepant result might be because of the adminis-
tration of load-altering and positive inotropic agents in
some dogs in the previous studies.20,21 Positive inotropic
medications are known to positively influence RV sys-
tolic function in healthy dogs39 and would likely have a
similar effect in dogs with MMVD.

The authors are unaware of other studies of RV sys-
tolic function in dogs with MMVD who have not previ-
ously received oral therapy for heart disease. With the
exception of a single injectable dose of furosemide and
oxygen supplementation provided to dogs presenting
with acute CHF, cardiac therapy was not administered to
dogs in any group. Therefore, the change in RV systolic
function in the current study likely reflects the native
pathophysiologic state, including type III pulmonary
hypertension, rather than the effect of medications. Many

Table 3. Intra- and interobserver repeatability for RV function indices in 12 dogs with MMVD.

Intra-observer repeatability

Bland–Altman

CV (%) Interobserver repeatability

Bland–Altman

CV (%)Bias LOA* Bias LOA*

TAPSE (mm) 0.0 �0.2, 0.2 0.5 TAPSE (mm) �0.3 �1.5, 1.0 3.6

RV S’ (cm/s) �0.2 �1.4, 0.9 3.6 RV S’ (cm/s) 0.4 �1.7, 2.5 6.4

RV FAC (%) 3.0 �9.0, 15.0 8.4 RV FAC (%) 4.7 �23.5, 32.9 17.3

RV StL (%) 0.6 �8.2, 9.3 11.4 RV StL (%) 10.1 �30.0, 50.2 12.3

RV StRL (s�1) 0.0 �1.5, 1.6 17.9 RV StRL (s�1) 3.8 �2.9, 10.4 20.1

RV StG (%) 0.0 �4.5, 4.6 6.5 RV StG (%) �0.2 �6.0, 5.7 8.4

RV StRG (s�1) 0.1 �0.6, 0.8 9.1 RV StRG (s�1) 0.5 �1.0, 2.0 16.9

TAPSE, tricuspid annular plane systolic excursion; RV S’, systolic myocardial velocity of the lateral tricuspid annulus; RV FAC, frac-

tional area change in the right ventricular inlet; RV StL, longitudinal strain of the right ventricular free wall; RV StRL, longitudinal strain

rate of the right ventricular free wall; RV StG, global longitudinal strain of the right ventricle; RV StRG, global longitudinal strain rate of

the right ventricle.

*95% limits of agreement, CV, coefficient of variation.
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of the indices measured in this study have been referred
to as indices of ventricular contractility, but each are sen-
sitive to changes in preload or afterload, as well as inotro-
pic state and remodeling.11 Therefore, the true inotropic
state of the RV in different stages of MMVD cannot be
determined from this study.

Our study demonstrated high intra- and interobserver
measurement variability for RV FAC, RV StL, RV
StRL, and RV StRG. Visser et al.25 reported clinically
acceptable measurement variability (CV < 10%) for
TAPSE, RV S’, RV FAC, RV StL, and RV StRL in 80
healthy dogs of varying body weights. Differences in
study population and investigators might explain this
difference in measurement variability. Dogs in the previ-
ous study did not have a displaced RV caused by left-
sided cardiomegaly; additionally, many of the dogs in
that study were much larger than for the present study.
The higher measurement variability presented in the
current study likely reflects the difficulty in imaging the
RV of dogs with substantial cardiac remodeling. With
progressive LV enlargement and remodeling, the RV
appeared smaller and foreshortened. Therefore, non-
standard imaging windows were often needed to better
visualize the RV free wall. The near-field image resolu-
tion, as in people,40,41 was often poor and led to diffi-
culty with endocardial border detection when measuring
RV FAC and defining regions of interest for STE. In
cases of advanced cardiac remodeling, a greater portion
of the RV free wall becomes a near-field structure
whereas the basilar segment remains well visualized in
these cases. This could explain why far-field targets
involving the basilar segment sampled for TAPSE and
RV S’ were feasible in all cases and highly repeatable,
whereas RV StL and RV StRL measurements were not
feasible in 3 dogs because of poor speckle tracking.

There are several limitations of this study. First, RV
imaging was challenging in dogs with advanced cardiac
remodeling and this could affect the accuracy or precision
of operator measurements. Poor imaging of the RV per
se was not considered a limitation of this study; rather, it
demonstrates the challenges clinicians can expect when
imaging the RV in advanced MMVD. It is possible that
image quality will continue to improve with advances in
ultrasound technology. Another study limitation was the
relatively small sample size. The variables RV S’ and glo-
bal RV (6-segment) strain, indices with low measurement
variability, might have achieved statistical significance
with larger samples and higher statistical power. This
study did not include healthy dogs; whether RV function
is significantly different between dogs with and without
MMVD cannot be determined from these data. However,
we used previously published reference intervals obtained
from 80 healthy dogs in our laboratory as our compar-
ison group and noted that a substantial percentage of
measurements in B2 dogs fell outside those reference
intervals.25 The reference intervals did need to be extrap-
olated because 3 of the dogs in this study weighed less
than the smallest dog used to calculate the normal refer-
ence intervals. Whether or not the established reference
intervals are appropriate for the smallest dogs in this
study is unknown. Last, the dogs in Stage C were allowed

to receive inhaled oxygen supplementation, which could
have impacted RV afterload through oxygen-dependent
pulmonary artery vasodilation and therefore altered the
measured indices of RV systolic function compared to
dogs that did not receive oxygen therapy.

In conclusion, this study identified that TAPSE, RV
StL, and RV StRL, are significantly different between
stages of MMVD. Dogs in ACVIM stage B2 exhibited
increased systolic function as estimated by TAPSE rela-
tive to published references intervals. The indices
TAPSE, RV S’, and RV StG demonstrated clinically
acceptable measurement variability, even in the presence
of advanced left heart remodeling. However, given the
high variability in RV StL and RV StRL, these indices
might be of limited use in future studies. While not
observed for all, there was a general tendency for most
indices of RV systolic function to increase in compen-
sated remodeling (stage B2) but decline in dogs with
congestive heart failure (stage C). Therefore, longitudi-
nal investigations of RV systolic function indices, par-
ticularly TAPSE, are warranted to determine their
prognostic importance in dogs with MMVD.

Footnotes

a GE E9 with XD Clear echocardiographic system and EchoPac

software package, version BT13, GE Medical Systems, Wauke-

sha, WI
b EchoPAC 2D Strain software, Q-Analysis (strain module), ver-

sion 6.1, GE Medical Systems, Waukesha, WI
c Strohm LE, Visser LC, Drost WT, Bonagura JD. 2-dimensional

long-axis echocardiographic ratios for assessment of left atrial

and ventricular size in healthy dogs and dogs with mitral regurgi-

tation. Abstract. Vet Radiol Ultrasound 2016;57:670–684
d IBM SPSS Statistics, version 24, IBM Corp, Armonk, NY
e MedCalc for Windows, version 15.0, MedCalc Software, Ostend,

Belgium
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