
S T ANDA RD AR T I C L E

Utility of tricuspid annular plane systolic excursion normalized
by right ventricular size indices in dogs with postcapillary
pulmonary hypertension

Yunosuke Yuchi | Ryohei Suzuki | Takahiro Teshima | Hirotaka Matsumoto |

Hidekazu Koyama

Faculty of Veterinary Science, Laboratory of

Veterinary Internal Medicine, School of

Veterinary Medicine, Nippon Veterinary and

Life Science University, Tokyo, Japan

Correspondence

Ryohei Suzuki, Faculty of Veterinary Science,

Laboratory of Veterinary Internal Medicine,

School of Veterinary Medicine, Nippon

Veterinary and Life Science University, 1-7-1

Kyonan-cho, Musashino-shi, Tokyo 180-8602,

Japan.

Email: ryoheisuzuki@nvlu.ac.jp

Abstract

Background: Tricuspid annular plane systolic excursion (TAPSE) is a common right

ventricular (RV) function indicator. However, TAPSE was not decreased in dogs with

myxomatous mitral valve disease (MMVD) and postcapillary pulmonary hypertension

(PH) because of its load, angle, and body weight dependency, and TAPSE was consid-

ered a preload-dependent index.

Objectives: To evaluate the utility of TAPSE normalized by RV size in dogs with

postcapillary PH.

Animals: Twenty healthy dogs and 71 MMVD dogs with or without PH.

Methods: In this prospective observational study, end-diastolic RV internal dimension

(RVIDd), end-diastolic and end-systolic RV area, and end-diastolic RV wall thickness

were measured as RV size indices. The TAPSE was measured using B-mode and

M-mode methods. Normalized TAPSE was calculated by dividing TAPSE by each RV

size index. The RV strain was obtained as the detailed RV function using 2-dimensional

speckle tracking echocardiography. All indices were compared among the PH severity

groups and in the presence of right-sided congestive heart failure (R-CHF).

Results: Although nonnormalized TAPSE was higher with PH severity progression,

each normalized TAPSE showed a significant decrease in the severe PH group

(P < .05). The TAPSEB-mode/RVIDd ratio had high area under the curve to predict

R-CHF and had moderate correlation with RV strain (P < .05). The TAPSEB-mode/

RVIDd and left atrial-to-aortic diameter ratios were independent predictors for

R-CHF.

Abbreviations: 3seg, only right ventricular free wall analysis; 6seg, global right ventricular analysis; AUC, area under the curve; CI, confidence intervals; CV, coefficient of variation; ICC, intraclass

correlation coefficient; IQR, interquartile range; LA/Ao, left atrial-to-aortic diameter ratio; LVIDDN, end-diastolic left ventricular internal diameter normalized by body weight; MMVD,

myxomatous mitral valve disease; PH, pulmonary hypertension; R-CHF, right-sided congestive heart failure; ROC, receiver operating characteristic; RV, right ventricular; RVEDA, end-diastolic

right ventricular area; RVESA, end-systolic right ventricular area; RVIDd, end-diastolic right ventricular internal dimension; RV-SL, right ventricular longitudinal strain; RVWTd, end-diastolic right

ventricular wall thickness; STE, speckle tracking echocardiography; TAPSE, tricuspid annular plane systolic excursion; TAPSE/Ao, tricuspid annular plane systolic excursion-to-aortic diameter

ratio; TR, tricuspid regurgitation; TRPG, tricuspid regurgitation pressure gradient; VHS, vertebral heart size.
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Conclusions and Clinical Importance: Normalized TAPSE could reflect RV systolic

dysfunction in dogs with severe PH, which could not be detected by nonnormalized

TAPSE. The TAPSEB-mode/RVIDd ratio might predict R-CHF with high sensitivity and

reproducibility.
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canine, echocardiography, myxomatous mitral valve disease, right ventricular function

1 | INTRODUCTION

Pulmonary hypertension (PH) is a life-threatening complication in dogs

with myxomatous mitral valve disease (MMVD) and is characterized by

increased pulmonary artery pressure, pulmonary vascular resistance, or

both.1,2 Pulmonary hypertension could induce various changes in the

right heart, including right ventricular (RV) hypertrophy, RV dilatation,

RV dysfunction, and right-sided congestive heart failure (R-CHF).1,2

Pulmonary hypertension secondary to left heart disease, commonly

known as postcapillary PH, is hemodynamically classified into iso-

lated postcapillary PH and combined postcapillary and precapillary

PH.3-5 Progression to combined postcapillary and precapillary PH,

which could be induced by increased pulmonary vascular resistance

in addition to increased left atrial pressure, is associated with poor

prognosis in affected humans.6 Although right heart catheterization

is the gold standard for the diagnosis of PH,4,7 it is difficult to imple-

ment this procedure in dogs because of the need for anesthesia.

Therefore, various echocardiographic indicators have been used to

assess PH and its impact on the cardiovascular system in veterinary

medicine.4,5,8-11

Tricuspid annular plane systolic excursion (TAPSE) is an echocar-

diographic parameter of RV systolic function.9,12-15 In human medi-

cine, TAPSE is strongly correlated with RV ejection fraction.16 In

addition, decreased TAPSE is associated with RV systolic dysfunction

and heart failure in patients with MMVD and PH.17,18 However,

recent studies have reported that TAPSE was not decreased in dogs

with postcapillary PH because of its load, angle, and body weight

dependency, and TAPSE was considered a preload-dependent index

in dogs.8,19-21 To eliminate the effect of angle dependency, some

reports have assessed the utility of TAPSE measured by B-mode for

the assessment of RV systolic function.13,22 In addition, TAPSE-to-

aortic diameter ratio (TAPSE/Ao) enables body weight independent

assessment of RV systolic function.23 Nevertheless, the clinical utility

of TAPSE for the assessment of RV function in veterinary medicine is

debatable.

Recently, in human medicine, a load-independent assessment of

RV function was conducted using echocardiographic indices divided

by RV size.24 We hypothesized that TAPSE normalized by RV size

could assess RV systolic function regardless of RV load in dogs as well

as in humans. Therefore, we aimed to evaluate the utility of TAPSE

normalized by RV size for the assessment of RV systolic function in

dogs with MMVD.

2 | MATERIALS AND METHODS

Our study was prospective and observational. Dogs that underwent

cardiac screening were recruited at a university veterinary medical

hospital in Japan from October 2017 to December 2019. Written

informed consent authorizing participation of the dogs in the study

was obtained from all of the dogs' owners. All echocardiographic and

radiographic indices used in our study were measured by a single

observer who was trained by a cardiologist and blinded to the dogs'

identities. All echocardiographic examinations were performed by a

single investigator, who was different from the investigator who

analyzed all of the echocardiographic and radiographic indices.

2.1 | Animals

Client-owned dogs that were clinically healthy or had MMVD were

prospectively included in our study. Dogs were diagnosed as clinically

healthy based on medical history, physical examination, electrocardi-

ography, radiography, noninvasive blood pressure measurement, and

transthoracic echocardiography. Dogs were diagnosed as having

MMVD based on the presence of mitral valve thickening or prolapse

and mitral regurgitation, as identified using transthoracic echocardiog-

raphy.25 If dogs with MMVD also had tricuspid regurgitation (TR),

they were deemed as having PH according to TR ≥3.0 m/s

(TR pressure gradient [TRPG] ≥36 mmHg). Dogs that had other car-

diac diseases, diseases that might affect the cardiac function or pul-

monary artery pressure (eg, respiratory disease, thromboembolic

disease, heartworm disease, neoplastic disease, endocrine disease),

and systemic hypertension (systolic blood pressure ≥160 mmHg)26

were excluded from the study along with cases that had missing data.

Dogs with MMVD were divided into 3 groups based on the

American College of Veterinary Internal Medicine consensus: stage

B1 consisted of asymptomatic dogs with no or minimal remodeling,

stage B2 consisted of asymptomatic dogs with substantial remodeling

based on radiography and echocardiography, and stage C/D consisted

of symptomatic dogs with current or past clinical signs of heart failure

caused by MMVD.27 In addition, dogs with MMVD were classified

into 4 groups based on TRPG: non-PH, defined as TRPG <36 mmHg

or absence of TR; mild PH, defined as TRPG of 36 to 50 mmHg; mod-

erate PH, defined as TRPG of 50 to 75 mmHg; and severe PH, defined

as TRPG >75 mmHg.5,12 Furthermore, dogs with TR were classified
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qualitatively according to TR severity using color Doppler and contin-

uous wave Doppler methods: mild TR consisted of dogs with a small

TR jet based on color Doppler and a faint parabolic TR jet signal based

on the continuous wave Doppler; moderate TR consisted of those

with an intermediate TR jet and a dense parabolic TR jet signal; and

severe TR consisted of those with a substantial large central or eccen-

tric wall-impinging TR jet and a dense triangular, early-peaking TR jet

signal.28,29 Dogs were diagnosed as having left-sided congestive heart

failure if they had at least 1 clinical sign, such as tachypnea, respira-

tory distress, or exercise intolerance, supported by radiographic and

ultrasonographic evidence of pulmonary venous congestion and pul-

monary edema. Dogs were diagnosed as having R-CHF if they had at

least 1 radiographic and ultrasonographic finding indicative of ascites,

pleural effusion or pericardial effusion or clinical signs of cardiac

syncope, jugular venous congestion, or peripheral edema without any

evidence of diseases except for PH, other than neurological diseases.

2.2 | Clinical and radiographic examinations

All dogs underwent complete physical examination and blood pres-

sure measurement using the oscillometric method on the same day as

echocardiographic evaluation. Dogs underwent blood examinations,

neurological examinations or both for differential diagnosis of dis-

eases listed in the exclusion criteria whenever necessary. If dogs had

any echocardiographic evidence of thrombosis, such as intracardiac

thrombus and smoke-like echo, we also performed blood clotting

tests. To eliminate the possibility of thromboembolic disease, dogs

that had abnormally high concentrations of fibrin degradation prod-

ucts (>4.0 μg/mL) and D-dimers (>2.0 μg/mL) were excluded from the

study. Thoracic radiography was performed to measure vertebral

heart size (VHS).30 Abdominal radiography was performed to assess

the presence of ascites when necessary. Abdominal ultrasonography

was performed to assess the presence of ascites and congestion of

the caudal vena cava and hepatic vein using the caudal vena cava

subxiphoid point-of-care ultrasound view, as reported previously.31,32

2.3 | Standard echocardiography

Conventional 2-dimensional (2D), M-mode, and Doppler examinations

were performed using a Vivid E95 echocardiographic system

(GE Healthcare, Tokyo, Japan) and a 3.5- to 6.9-MHz transducer.

Lead II ECG was recorded simultaneously and displayed on the

images. All of the data were stored and obtained from at least

5 consecutive cardiac cycles in sinus rhythm from nonsedated

dogs that were manually restrained in right and left lateral

recumbency. Images were analyzed using an offline workstation

(EchoPAC PC, Version 203; GE Healthcare).

For the described echocardiographic indices, mean values

obtained from 3 consecutive cardiac cycles from high-quality images

were used. The left atrial-to-aortic diameter ratio (LA/Ao) was

obtained from the right parasternal short-axis view using the B-mode

method.33-35 The end-diastolic left ventricular internal diameter

normalized by body weight (LVIDDN) was obtained from the right

parasternal short-axis view at the level of the chordae tendineae using

B-mode and the inner edge-to-inner edge method; LVIDDN = (end-

diastolic left ventricular internal dimension)/(body weight [kg]).294.36

Peak TR velocity was obtained from the right parasternal long-axis

view, short-axis view at the level of the heart base, or left parasternal

apical 4-chamber view optimized for the right heart (RV focus view).

The RV focus view was obtained by adapting the left parasternal api-

cal 4-chamber view for the right heart, as described previously.12,37,38

Systolic pulmonary artery pressure was estimated by calculating peak

TRPG using the simplified Bernoulli equation: TRPG

(mmHg) = 4 × (TR peak velocity [m/s]).239

2.4 | Measurement of RV morphological and
functional indicators

All of the echocardiographic indices were obtained using the same

ultrasound and offline workstation as the standard echocardiography.

To eliminate the effect of respiratory variation, the mean of 5 consecu-

tive cardiac cycles in sinus rhythm from the high-quality images were

used for statistical analyses.

For indicators of RV size, the following indices were measured

using RV focus view: RV end-diastolic internal dimension (RVIDd), RV

end-diastolic and end-systolic area (RVEDA and RVESA, respectively),

and RV wall thickness (RVWTd; Figure 1A).12,37,38 The RVIDd was

measured as the largest diameter at the middle RV parallel to the tri-

cuspid annulus using the B-mode method. The RVEDA and RVESA

were measured by tracing the endocardial border of the RV inflow

region, excluding the papillary muscles, at end-diastole and end-sys-

tole, respectively.12,28 The RVWTd was the RV free wall thickness at

end-diastole measured at the level of the largest RV diameter using

the B-mode method.

The TAPSE was measured using B-mode and M-mode methods

(TAPSEB-mode and TAPSEM-mode, respectively) using the RV focus view

(Figure 1B) and was measured during the same cardiac cycles as the

RV size measurements. The TAPSE was defined as the total displace-

ment of the lateral tricuspid annulus. The TAPSEB-mode was measured

by tracing the distance of the lateral tricuspid annulus when cine-

loops advanced from end-diastole to end-systole.13,22 The M-mode

images were constructed using B-mode cine-loops that were used for

TAPSEB-mode by setting the cursors at the RV apex and lateral tricus-

pid annulus.13 The TAPSE/Ao ratio was calculated by dividing TAPSE

by aortic diameter obtained from the right parasternal short-axis

view.23 In addition, TAPSE normalized using RV size was calculated by

dividing TAPSE by each RV size index in the same cardiac cycle.

2.5 | 2D speckle tracking echocardiography

All 2D speckle tracking echocardiography (2D-STE) analyses were

performed by the same investigator using the same ultrasound

YUCHI ET AL. 109



machine and offline workstation as for standard echocardiography.

The RV longitudinal strain value was obtained from the RV focus view

using left ventricular 4-chamber algorithms.25 The region of interest

for 2D-STE was defined by manually tracing the RV endocardial bor-

der. The RV free wall (3-segment) longitudinal strain (RV-SL3seg) analy-

sis was performed by tracing from the level of the lateral tricuspid

annulus to the RV apex. In addition, RV global (6-segment) longitudi-

nal strain (RV-SL6seg) analysis was performed by tracing from the lat-

eral tricuspid annulus to the septal tricuspid annulus (including the

interventricular septum) via the 6 segments of the RV apex. Manual

adjustments were made for including and tracking the entire myocar-

dial thickness over the cardiac cycle when necessary. When the auto-

mated software could not track the myocardial regions, the regions of

interest were retraced and recalculated. The RV-SL was defined as

the absolute value of the negative peak obtained from the strain wave

(Figure 1C).

2.6 | Intraobserver and interobserver
measurement variability

Intraobserver measurement of variability was performed by a single

observer who performed all of the echocardiographic and radio-

graphic measurements. The RV morphological and functional indices

were obtained from the 10 dogs, whereby each of the 2 dogs was ran-

domly selected from the normal and PH severity group and was mea-

sured on 2 different days at >7-day intervals, using the same

echocardiogram and heart cycles. A second blinded observer mea-

sured the same indices for determination of interobserver variability

using the same echocardiogram and heart cycles. The reproducibility

of TAPSEM-mode was assessed by constructing an M-mode view using

B-mode cine-loops.

2.7 | Statistical analysis

All statistical analyses were performed using commercially available

software (EZR software version 1.41).40 Categorical data were

reported as absolute numbers and frequencies as percentages.

Continuous data were reported as the median (interquartile range [IQR]).

The normality of data was tested using the Shapiro-Wilk test.

Chi-squared or Fisher's exact tests were used for comparing categori-

cal indices among the PH severity groups. Continuous indices were

compared between the normal and each PH severity group using

1-way analysis of variance with subsequent pairwise comparisons

using Tukey's multiple comparison test for normally distributed data

or the Kruskal-Wallis test with subsequent pairwise comparisons

using the Steel-Dwass test for nonnormally distributed data. To

F IGURE 1 Echocardiographic indices for RV morphology and function measured in this study: RV size indicators (RVIDd, RVEDA, RVESA,
RVWTd), A, TAPSE measured using B-mode and M-mode methods, B, and RV-SL obtained by 2-dimensional speckle tracking echocardiography,
C. RV, right ventricular; RVEDA, right ventricular end-diastolic area; RVESA, right ventricular end-systolic area; RVIDd, end-diastolic right
ventricular diameter; RV-SL; right ventricular peak strain; RVWTd, right ventricular end-diastolic wall thickness; TAPSE, tricuspid annular plane
systolic excursion
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predict R-CHF onset, all RV morphological and functional indices were

compared for the presence or absence of R-CHF using a Student

t test for normally distributed data or the Mann-Whitney U test for

nonnormally distributed data. In addition, multivariate logistic regres-

sion analysis using a backward stepwise approach was performed to

identify independent predictors of R-CHF onset. Indices that showed

significance in the univariate analysis were entered into the multivari-

ate analysis, and those that had coefficients of correlation jrj > .7 were

not enrolled owing to multicollinearity. Indices entered into the logis-

tic regression analysis were recorded as adjusted odds ratios and their

respective 95% confidence intervals (CI). Furthermore, receiver oper-

ating characteristic (ROC) curves were created for calculating the area

under the curve (AUC), sensitivity, and specificity, and for determining

the optimal cutoff values required for estimation of the R-CHF onset.

The AUC was considered to have high accuracy if it was > 0.9, moder-

ate accuracy for 0.7 to 0.9, and low accuracy for 0.5 to 0.7.41 The

optimal cutoff value was defined as that which minimized the distance

between the curve and the upper left corner in the ROC curve. Linear

regression analysis was performed to evaluate correlations between

RV-SL and TAPSE, which had the highest AUC for predicting R-CHF

onset. Correlation was considered to be strong if the absolute value

of correlation coefficient jrj was > 0.7, moderate for 0.4 to 0.7, weak

for 0.2 to .4, and no correlation for < 0.2.

Intraobserver and interobserver measurement variability was

quantified by the coefficient of variation (CV) and was calculated

using the following formula: CV = (SD)/(mean value) × 100. Reproduc-

ibility also was evaluated using intraclass correlation coefficients case

1 (ICC [1]) for intraobserver measurement of variability and ICC case

2 (ICC [1, 2]) for interobserver measurement of variability. Good

reproducibility was defined as a CV <10.0 and ICC >0.7. Statistical

significance was set at P < .05.

3 | RESULTS

3.1 | Clinical profiles and standard
echocardiography

Twenty healthy dogs and 96 dogs with MMVD met the inclusion

criteria. However, 25 dogs with MMVD were excluded based on the

exclusion criteria: respiratory disease (n = 11), respiratory disease and

endocrine disease (n = 3), endocrine disease (n = 3), endocrine disease

and abnormally high concentrations of fibrin degradation products

and D-dimers (n = 2), systemic hypertension (n = 1), and missing data

(n = 5). Finally, 20 healthy dogs and 71 dogs with MMVD (non-PH,

n = 27; mild PH, n = 22; moderate PH, n = 11; and severe PH, n = 11)

were enrolled in the study. Dogs consisted of the following breeds:

Chihuahua (n = 26, 29%), mixed breed (n = 11, 12%), Toy Poodle

(n = 8, 9%), Shih Tzu (n = 6, 7%), Miniature Dachshund (n = 6, 7%),

Maltese (n = 5, 5%), Papillon (n = 4, 4%), Miniature schnauzer (n = 4,

4%), Pomeranian (n = 3, 3%), Cavalier King Charles spaniel (n = 2, 2%),

Chinese Crested dog (n = 2, 2%), Norfolk terrier (n = 2, 2%), Pekingese

(n = 2, 2%), Miniature Pinscher (n = 2, 2%), and 1 dog each from 8

other breeds. Clinical and selected echocardiographic indices for the

TABLE 1 Clinical and selected echocardiographic variables obtained from normal dogs and dogs with various PH severities

Variable

Group

P*Normal Non-PH Mild PH Moderate PH Severe PH

n 20 27 22 11 11

Age (year) 11.6 (9.7-13.1) 11.4 (10.3-14.0) 11.7 (10.6-12.7) 12.9 (12.1-13.2) 14.0 (13.3-14.7) .05

Sex (male/female) 8/12 15/12 10/11 7/4 7/4 .58

Body weight (kg) 5.6 (3.9-6.7) 4.6 (3.5-5.9) 4.4 (3.5-5.9) 5.9 (3.3-7.3) 3.7 (2.4-7.0) .39

Heart rate (bpm) 129 (100-143) 114 (92-128) 136 (114-150) 120 (97-143) 129 (118-143) .21

ACVIM (B1/B2/C/D) 0/0/0 12/11/4 8/10/4 1/3/7 0/1/10 <.01

TR (mild/moderate/severe) 0/0/0 14/4/0 16/6/0 5/6/0 0/4/7 <.01

TR velocity (m/s) 2.6 (2.4-2.8) 3.2 (3.1-3.3)a 3.7 (3.6-3.8)a,b 5.0 (4.7-5.1)a,b,c <.01

R-CHF (present/absent) 0/20 0/27 0/22 1/10 10/1 <.01

VHS (v) 10.0 (9.7-10.5) 10.6 (10.1-11.1) 10.9 (10.4-11.2)d 11.8 (11.2-12.7)a,b,d 11.9 (11.6-12.4)a,b,d <.01

LA/Ao 1.3 (1.1-1.3) 1.6 (1.2-1.9) 1.7 (1.3-2.2)b 2.2 (1.9-2.3)d 1.8 (1.7-2.3)d <.01

LVIDDN 1.4 (1.3-1.4) 1.7 (1.5-2.0)d 1.8 (1.4-2.2)d 2.0 (1.6-2.3)d 1.8 (1.3–2.2) <.01

Note: Continuous variables are displayed as median (IQR).

Abbreviations: IQR, interquartile range; LA/Ao, left atrium to aortic ratio; LVIDDN, left ventricular end diastolic size normalized by body weight; PH,

pulmonary hypertension; R-CHF, right-sided congestive heart failure; TR, tricuspid regurgitation; VHS, vertebral heart size.
aThe value is significantly different from non-PH (P < .05).
bThe value is significantly different from mild PH (P < .05).
cThe value is significantly different from moderate PH (P < .05).
dThe value is significantly different from Normal (P < .05).

*P value of 1-way analysis of variance or Kruskal-Wallis test for continuous data and chi-squared or Fisher's exact tests for categorical data.

YUCHI ET AL. 111



left heart are summarized in Table 1. No significant differences in age,

sex, body weight, and heart rate were found among the normal and

PH severity groups. The population with severe MMVD (C/D group)

and TR was significantly higher in the severe PH group (both P < .01).

Seventy-three percent of the dogs with MMVD were receiving some

medical treatments from the referral hospitals at the time of examina-

tion: angiotensin-converting enzyme inhibitors (n = 52), pimobendan

(n = 32), pulmonary vasodilator (sildenafil; n = 10), loop diuretics

(n = 6), or some combination of these. The TR velocity was signifi-

cantly different among each of the PH severity groups (all P < .01).

Ten of the 11 dogs with severe PH had at least 1 indicator of R-CHF

at the time of the visit: syncope (n = 8), ascites (n = 5), pleural effusion

(n = 2), pericardial effusion (n = 2), or some combination of these. The

VHS was significantly higher in the mild PH group compared with that

of the normal group (P < .01) and was higher in the moderate and

severe PH groups compared with that of the normal, non-PH, and

mild PH groups (all P < .01). The LA/Ao was significantly higher in the

mild, moderate, and severe PH groups compared with that of the nor-

mal group (all P < .01). The LVIDDN was significantly lower in the

normal group compared with that of the non-PH, mild PH, and moder-

ate PH groups (all P < .01).

3.2 | RV morphological and functional indices

The results of RV morphological and functional indices classified by

MMVD severity are summarized in Table 2. For the RV morphologi-

cal indices, RVIDd was significantly higher in the C/D group com-

pared with that of the B1 and B2 groups (both P < .01). The RVWTd

also was significantly higher in the C/D group compared with that of

the other groups (all P < .01). The TAPSE measured using B-mode

and M-mode methods was significantly higher in the C/D group

compared with that of the normal and B1 groups (TAPSEB-mode,

P = .02 and P = .04; TAPSEM-mode, P < .01 and P = .04). The TAPSE/

Ao ratio also increased as MMVD progressed. Conversely, all of the

TAPSE values normalized by each RV size had no indication of signif-

icant increase in the C/D group, but almost all of these indices were

significantly higher in the B2 group compared with those of the

TABLE 2 Results of RV morphological and functional indices in dogs with various MMVD severities

Variable

Group

P*Normal B1 B2 C/D

RVIDd (mm) 10.1 (9.6-11.8) 10.0 (8.5-11.1) 9.4 (8.1-11.2) 14.1 (10.0-17.6)a,b <.01

RVEDA (cm2) 2.2 (1.6-2.9) 2.0 (1.6-2.8) 2.1 (1.6-2.7) 2.9 (1.7-4.1) .09

RVESA (cm2) 1.0 (0.8-1.5) 1.0 (0.8-1.5) 1.0 (0.7-1.5) 1.3 (0.8-2.3) .19

RVWTd (mm) 3.5 (3.2-3.8) 3.3 (2.9-3.4) 3.5 (3.2-3.9) 4.1 (3.9-5.2)a,b,c <.01

TAPSEB-mode (mm) 10.0 (7.8-12.6) 10.3 (8.6-11.3) 12.1 (10.3-13.2) 11.9 (9.2-14.4)a,c <.01

TAPSEB-mode/Ao 0.72 (0.54-0.93) 0.74 (0.65-0.82) 0.91 (0.82-0.98)a 0.90 (0.67-1.14) <.01

TAPSEB-mode/RVIDd 0.94 (0.73-1.11) 0.95 (0.87-1.20) 1.18 (1.06-1.43)c 0.88 (0.65-1.27)b <.01

TAPSEB-mode/RVEDA 4.4 (3.0-5.6) 4.9 (4.1-5.8) 5.3 (4.4-7.2) 3.9 (2.5-6.5) .06

TAPSEB-mode/RVESA 9.4 (5.2-13.3) 9.4 (7.3-10.9) 11.0 (8.2-14.9) 9.3 (4.4-14.5) .26

TAPSEB-mode/RVWTd 2.8 (2.1-3.3) 3.2 (2.7-3.4) 3.4 (3.0-3.8) 2.6 (2.2-3.4) .03

TAPSEM-mode (mm) 8.4 (7.4-10.1) 9.3 (7.8-10.6) 10.4 (8.9-12.0)c 10.9 (9.5-13.5)a,c <.01

TAPSEM-mode/Ao 0.64 (0.53-0.82) 0.69 (0.59-0.76) 0.81 (0.68-0.89)a,c 0.92 (0.62-1.05)a,c <.01

TAPSEM-mode/RVIDd 0.86 (0.67-1.01) 0.91 (0.77-1.04) 1.10 (0.91-1.30)c 0.78 (0.60-1.19) .01

TAPSEM-mode/RVEDA 3.9 (2.8-5.1) 4.4 (4.0-5.2) 4.5 (4.0-6.6) 3.8 (3.0-6.1) .12

TAPSEM-mode/RVESA 7.6 (5.5-12.2) 8.0 (7.1-10.1) 9.1 (7.8-15.4) 9.3 (4.7-14.4) .31

TAPSEM-mode/RVWTd 2.4 (2.1-2.8) 2.8 (2.4-3.2) 3.1 (2.6-3.4)c 2.4 (2.0-3.3) .03

RV-SL3seg (%) 26.4 (21.4-32.2) 27.3 (23.9-31.5) 30.7 (26.3-35.1) 30.1 (23.51-35.1) .57

RV-SL6seg (%) 24.7 (18.0-27.2) 25.6 (19.8-28.3) 26.6 (23.7-31.4) 23.7 (15.3-27.4) .08

Note: Continuous variables are displayed as median (IQR).

Abbreviations: 3seg, only right ventricular free wall; 6seg, right ventricular free wall and interventricular septum; IQR, interquartile range; MMVD,

myxomatous mitral valve disease; RV, right ventricular; RVEDA, right ventricular end-diastolic area; RVESA, right ventricular end-systolic area; RVIDd, end-

diastolic right ventricular diameter; RV-SL; right ventricular peak strain; RVWTd, right ventricular end-diastolic wall thickness; TAPSE, tricuspid annular

plane systolic excursion.
aThe value is significantly different from B1 (P < .05).
bThe value is significantly different from B2 (P < .05).
cThe value is significantly different from normal (P < .05).

*P value of 1-way analysis of variance or Kruskal-Wallis test.
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TABLE 3 Results of RV morphological and functional indices in dogs with various PH severities

Variable

Group

P*Normal Non-PH Mild PH Moderate PH Severe PH

RVIDd (mm) 10.0 (9.6-11.8) 9.3 (8.3-11.0) 10.0 (8.7-11.2) 12.3 (9.6-14.5) 16.5 (13.0-20.9)b,c,d <.01

RVEDA (cm2) 2.2 (1.6-2.9) 1.9 (1.6-2.5) 2.4 (1.6-2.9) 2.9 (1.5-3.8) 3.2 (2.6-5.1) .05

RVESA (cm2) 1.0 (0.8-1.5) 1.0 (0.8-1.3) 1.1 (0.7-1.5) 1.2 (0.8-2.0) 1.9 (1.3-3.4) .05

RVWTd (mm) 3.5 (3.2-3.8) 3.4 (3.1-3.7) 3.5 (3.3-4.0) 4.0 (3.6-4.9) 4.8 (4.1-5.2)b,c,d <.01

RV-SL3seg (%) 26.4 (21.4-32.2) 28.4 (23.0-33.7) 30.9 (25.5-32.3) 34.6 (30.1-38.9) 25.5 (23.8-26.3)c .04

RV-SL6seg (%) 24.7 (18.0-27.2) 26.2 (20.9-28.4) 26.4 (24.1-31.3) 28.2 (23.9-32.2) 16.3 (14.0-22.5)a,b,c,d <.01

Note: Continuous variables are displayed as median (IQR).

Abbreviations: 3seg, only right ventricular free wall; 6seg, right ventricular free wall and interventricular septum; IQR, interquartile range; PH, pulmonary

hypertension; RV, right ventricular; RVEDA, right ventricular end-diastolic area; RVESA, right ventricular end-systolic area; RVIDd, end-diastolic right

ventricular diameter; RV-SL; right ventricular peak strain; RVWTd, right ventricular end-diastolic wall thickness.
aThe value is significantly different from non-PH (P < .05).
bThe value is significantly different from mild PH (P < .05).
cThe value is significantly different from moderate PH (P < .05).
dThe value is significantly different from normal (P < .05).

*P value of 1-way analysis of variance or Kruskal-Wallis test.

F IGURE 2 Box and whisker plots of the nonnormalized TAPSE and TAPSE normalized by each RV size indicators: TAPSE, A, TAPSE/Ao, B,
TAPSE/RVIDd, C, TAPSE/RVEDA, D, TAPSE/RVESA, E, and TAPSE/RVWTd, F. The bottom of the box is the 25%, the middle line is the median,
the top of the box is the 75%, and the whiskers represent range. Blue box plots represent TAPSEB-mode, and orange box plots represent
TAPSEM-mode. Asterisk symbol (*) indicates that the values differed significantly (P < .05) between PH severity groups. The sign in blue and orange
indicate significant differences in TAPSEB-mode and TAPSEM-mode indices, respectively. PH, pulmonary hypertension; RV, right ventricular; RVEDA,
right ventricular end-diastolic area; RVESA, right ventricular end-systolic area; RVIDd, end-diastolic right ventricular diameter; RVWTd, right
ventricular end-diastolic wall thickness; TAPSE, tricuspid annular plane systolic excursion; TAPSE/Ao, tricuspid annular plane systolic excursion-
to-aortic diameter ratio
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normal group. The RV-SL showed no significant differences among

the MMVD severity groups.

All of the RV morphological and functional indices classified by

PH severity are summarized in Table 3 and Figure 2. For the RV mor-

phological indices, RVIDd and RVWTd were significantly higher as PH

severity progressed. The TAPSE measured using M-mode was signifi-

cantly higher in the mild PH group compared with the normal group

(P = .02). The TAPSE/Ao ratio measured using B-mode and M-mode

was also significantly higher in the moderate PH group compared with

the normal group (both P < .01). However, these indices showed no

indication of significant decrease in the severe PH group. In contrast,

normalized TAPSE, especially TAPSEB-mode/RVIDd, was higher in the

mild PH group compared with that of the normal group (P = .03) and

was significantly lower in the severe PH group compared with the

non-PH, mild PH, and moderate PH groups (vs non-PH, P < .01; vs

mild PH, P < .01; vs moderate PH, P = .01). For RV-SL, although both

RV-SL3seg and RV-SL6seg tended to be higher in the mild-to-moderate

PH and lower in the severe PH, RV-SL6seg decreased more significantly

in the severe PH group.

Regarding results comparing echocardiographic indices according

to the existence of R-CHF, all of the RV morphological indices were

significantly higher in dogs with R-CHF (RVIDd, 16.5 [14.3-21.3] vs

10.0 [8.6-11.5], P < .01; RVEDA, 3.2 [2.6-5.5] vs 2.1 [1.6-3.0], P = .02;

RVESA, 1.8 [1.3-3.7] vs 1.0 [0.8-1.5], P = .02; RVWTd, 4.8 [4.1-5.3] vs

3.5 [3.2-3.9], P < .01). The TAPSE and TAPSE/Ao ratio measured

using the B-mode and M-mode methods showed no significant differ-

ences between dogs with and without R-CHF (TAPSEB-mode, 11.2

[8.9-12.1] vs 10.8 [9.0-13.0], P = .74; TAPSEM-mode, 9.9 [9.6-12.3] vs

9.6 [7.9-11.6], P = .33; TAPSEB-mode/Ao, 0.80 [0.67-1.00] vs 0.82

[0.69-0.97], P = .94; TAPSEM-mode/Ao, 0.88 [0.62-0.96] vs 0.74 [0.59-

0.87], P = .16). In contrast, all of the normalized TAPSE showed signifi-

cant decreases in dogs with R-CHF (TAPSEB-mode/RVIDd, 0.65

[0.55-0.75] vs 1.05 [0.88-1.32], P < .01; TAPSEB-mode/RVEDA, 3.7

[2.4-3.9] vs 5.2 [4.0-6.6], P < .01; TAPSEB-mode/RVESA, 5.3 [3.6-9.6]

vs 10.3 [7.3-14.5], P < .01; TAPSEB-mode/RVWTd, 2.3 [2.0-2.7] vs 3.2

[2.6-3.6], P < .01; TAPSEM-mode/RVIDd, 0.62 [0.58-0.69] vs 0.93

[0.80-1.22], P < .01; TAPSEM-mode/RVEDA, 3.2 [2.4-3.6] vs 4.4 [3.8-

6.1], P = .01; TAPSEM-mode/RVESA, 5.2 [3.5-9.4] vs 8.5 [6.7-13.5],

P = .03; TAPSEM-mode/RVWTd, 2.2 [1.9-2.5] vs 2.8 [2.3-3.2], P = .05).

For RV-SL, only RV-SL6seg showed a significant decrease in dogs with

R-CHF (17.3 [13.0-24.9] vs 25.4 [20.2-30.1], P < .01), although RV-

SL3seg showed no significant decrease (26.0 [24.1-30.6] vs 28.8 [23.2-

34.0], P = .27). Table 4 shows the results of univariate and multivari-

ate analyses to identify an independent predictor of R-CHF onset.

After excluding the effect of multicollinearity, age, LA/Ao, RVIDd,

TAPSEB-mode/RVIDd, TAPSEB-mode/RVWTd, and RV-SL6seg were

enrolled into the multivariate analysis. The TAPSEB-mode/RVIDd and

LA/Ao ratios were the significant independent predictors. Results of

the ROC curve and optimal cut-off values to predict R-CHF onset

are summarized in Table 5 and Figure 3. Normalized TAPSE,

TABLE 4 Results of multivariate
analysis to identify the independent
predictor of the R-CHF onsetVariable

Univariate analysis Multivariate analysis

odds ratio (95% CI) P odds ratio (95% CI) P

Age (year) 1.6 (1.1-2.3) .01

LA/Ao (.1) 1.1 (1.0-1.3) .02 1.6 (1.2-2.1) <.01

RVIDd (mm) 1.6 (1.2-2.0) <.01

RVEDA (cm2) 2.0 (1.3-3.1) <.01

RVESA (cm2) 3.1 (1.5-6.3) <.01

RVWTd (0.1 mm) 1.2 (1.1-1.3) <.01

TAPSEB-mode/RVIDd (0.1) 2.1 (1.4-3.1) <.01 3.7 (1.6-8.2) <.01

TAPSEB-mode/RVEDA (mm/cm2) 2.2 (1.3-3.6) <.01

TAPSEB-mode/RVESA (mm/cm2) 1.3 (1.1-1.7) <.01

TAPSEB-mode/RVWTd 4.3 (1.6-11.6) <.01

TAPSEM-mode/RVIDd (0.1) 1.8 (1.2-2.6) <.01

TAPSEM-mode/RVEDA (mm/cm2) 1.8 (1.1-2.8) .02

TAPSEM-mode/RVESA (mm/cm2) 1.3 (1.0-1.5) .03

TAPSEM-mode/RVWTd 2.9 (1.0-8.0) .04

RV-SL6seg (%) 1.2 (1.1–1.3) <.01

TR velocity (0.1 m/s) 1.4 (1.2-1.6) <.01

Abbreviations: 6seg, right ventricular free wall and interventricular septum; CI, confidence interval; IQR,

interquartile range; LA/Ao, left atrium to aortic ratio; PH, pulmonary hypertension; R-CHF, right-sided

congestive heart failure; RV, right ventricular; RVEDA, right ventricular end-diastolic area; RVESA, right

ventricular end-systolic area; RVIDd, end-diastolic right ventricular diameter; RV-SL; right ventricular

peak strain; RVWTd, right ventricular end-diastolic wall thickness; TAPSE, tricuspid annular plane systolic

excursion; TR, tricuspid regurgitation; VHS, vertebral heart size.
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especially TAPSEB-mode/RVIDd, RVIDd, and RVWTd showed signifi-

cantly high AUC, sensitivity, and specificity. In addition, linear

regression analysis showed moderate positive correlations between

TAPSEB-mode/RVIDd and RV-SL3seg, and between TAPSEB-mode/

RVIDd and RV-SL6seg (Figure 4).

3.3 | Intraobserver and interobserver
measurement variability

Table 6 shows the results of interobserver and intraobserver

measurement of variability obtained from RV morphological and

TABLE 5 Results of receiver
operating characteristic curves of TAPSE
to predict the R-CHF onset in dogs
with MMVD

Variable AUC Cutoff Sensitivity (%) Specificity (%)

RVIDd 0.88 (0.75-0.99) 12.9 .80 .82

RVEDA 0.76 (0.60-0.93) 2.9 .73 .73

RVESA 0.76 (0.58-0.94) 1.6 .79 .73

RVWTd 0.88 (0.79-0.97) 4.0 .76 .91

TAPSEB-mode 0.52 (0.31-0.66) 11.2 .55 .55

TAPSEB-mode/Ao 0.51 (0.30-0.69) 0.80 .55 .55

TAPSEB-mode/RVIDd 0.90 (0.81-0.97) 0.78 .84 .82

TAPSEB-mode/RVEDA 0.81 (0.67-0.95) 4.0 .75 .91

TAPSEB-mode/RVESA 0.75 (0.58-0.92) 5.6 .89 .64

TAPSEB-mode/RVWTd 0.81 (0.70-0.91) 2.8 .66 .91

TAPSEM-mode 0.59 (0.42-0.76) 9.5 .49 .82

TAPSEM-mode/Ao 0.63 (0.45-0.82) 0.86 .71 .64

TAPSEM-mode/RVIDd 0.83 (0.70-0.96) 0.69 .84 .82

TAPSEM-mode/RVEDA 0.74 (0.57-0.90) 3.8 .74 .82

TAPSEM-mode/RVESA 0.74 (0.55-0.92) 5.4 .88 .64

TAPSEM-mode/RVWTd 0.71 (0.54-0.88) 2.4 .68 .73

Abbreviations: AUC, area under the curve; MMVD, myxomatous mitral valve disease; R-CHF, right-sided

congestive heart failure; RV, right ventricular; RVEDA, right ventricular end-diastolic area; RVESA, right

ventricular end-systolic area; RVIDd, end-diastolic right ventricular diameter; RV-SL; right ventricular

peak strain; RVWTd, right ventricular end-diastolic wall thickness; TAPSE, tricuspid annular plane systolic

excursion; TR, tricuspid regurgitation; VHS, vertebral heart size.

F IGURE 3 Receiver operating characteristic curves of the nonnormalized TAPSE and TAPSE normalized by each RV size indicators to predict
R-CHF onset: TAPSEB-mode, A, and TAPSEM-mode, B. Gray line represents TAPSE, black line represents TAPSE/Ao, red line represents TAPSE/
RVIDd, orange line represents TAPSE/RVEDA, blue line represents TAPSE/RVESA, and green line represents TAPSE/RVWTd. The optimal cutoff
value was defined as that which minimized the distance between the curve and upper left corner in the receiver operating characteristic curve. R-
CHF, right-sided congestive heart failure; RV, right ventricular; RVEDA, right ventricular end-diastolic area; RVESA, right ventricular end-systolic
area; RVIDd, end-diastolic right ventricular diameter; RVWTd, right ventricular end-diastolic wall thickness; TAPSE, tricuspid annular plane
systolic excursion; TAPSE/Ao, tricuspid annular plane systolic excursion-to-aortic diameter ratio
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functional indices. For the RV morphological indices, RVIDd and RVWTd

showed good reproducibility according to CV >10.0 and ICC >0.7. In

terms of TAPSE, TAPSE measured using B-mode had better reproducibil-

ity compared with that measured using M-mode. The TAPSE normalized

using the RV size showed good reproducibility in all cases for

intraobserver and interobserver measurement of variability, and TAPSEB-

mode/RVIDd, especially, showed good reproducibility.

4 | DISCUSSION

In our study, although nonnormalized TAPSE and TAPSE/Ao mea-

sured using the B-mode and M-mode methods were higher in the mild

and moderate PH groups compared with the normal group, no signifi-

cant changes were observed in the severe PH group. A previous

report that included a majority of dogs with precapillary PH and some

F IGURE 4 Correlations between TAPSEB-mode/RVIDd and RV-SL3seg, A, and RV-SL6seg, B. 3seg, only right ventricular free wall; 6seg, right
ventricular free wall and interventricular septum; RVIDd, end-diastolic right ventricular diameter; RV-SL; right ventricular peak strain; TAPSE,
tricuspid annular plane systolic excursion

TABLE 6 Intraobserver and
interobserver measurement variability for
RV morphological and functional
indicators

Variables

Intraobserver Interobserver

CV (%) ICC (1,1) P CV (%) ICC (2,1) P

RVIDd 3.6 0.96 <.01 7.4 0.91 <.01

RVEDA 4.1 0.99 <.01 9.0 0.76 <.01

RVESA 5.8 0.94 <.01 22.3 0.50 .01

RVWTd 4.1 0.89 <.01 5.6 0.76 <.01

TAPSEB-mode 3.3 0.90 <.01 5.9 0.80 <.01

TAPSEB-mode/Ao 3.6 0.88 <.01 5.6 0.88 <.01

TAPSEB-mode/RVIDd 5.3 0.90 <.01 6.7 0.95 <.01

TAPSEB-mode/RVEDA 6.2 0.92 <.01 9.8 0.90 <.01

TAPSEB-mode/RVESA 8.5 0.95 <.01 20.8 0.95 <.01

TAPSEB-mode/RVWTd 5.3 0.95 .05 10.6 0.56 .05

TAPSEM-mode 6.5 0.68 <.01 8.5 0.59 .13

TAPSEM-mode/Ao 7.1 0.71 <.01 8.8 0.77 .01

TAPSEM-mode/RVIDd 8.1 0.75 <.01 11.4 0.73 .04

TAPSEM-mode/RVEDA 7.3 0.72 <.01 12.5 0.92 <.01

TAPSEM-mode/RVESA 9.9 0.96 <.01 24.8 0.92 <.01

TAPSEM-mode/RVWTd 7.5 0.94 <.01 11.1 0.42 .11

RV-SL3seg 4.4 0.93 <.01 4.9 0.91 <.01

RV-SL6seg 5.2 0.90 <.01 6.9 0.84 <.01

Abbreviations: 3seg, only right ventricular free wall; 6seg, right ventricular free wall and interventricular

septum; AUC, area under the curve; CV, coefficient of variation; ICC, intraclass correlation coefficients;

MMVD, myxomatous mitral valve disease; RV, right ventricular; RVEDA, right ventricular end-diastolic

area; RVESA, right ventricular end-systolic area; RVIDd, end-diastolic right ventricular diameter; RV-SL;

right ventricular peak strain; RVWTd, right ventricular end-diastolic wall thickness; TAPSE, tricuspid

annular plane systolic excursion; TR, tricuspid regurgitation; VHS, vertebral heart size.
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dogs with postcapillary PH found that TAPSE was higher in the mild

to moderate groups and lower in the severe PH group.15 The study

concluded that decreased TAPSE may be caused by severe pressure

overload in the severe PH groups and might reflect RV systolic dys-

function.15 However, other studies indicated that TAPSE could be

increased by volume overload through various mechanisms, such as

Starling's law of the heart.9,15,19-21 Our results also suggest that the

increase in volume overload and the decrease in pressure overload

associated with TR might increase TAPSE in dogs with postcapillary

PH. Furthermore, ventricular interdependence also might affect

TAPSE, especially in dogs with severe MMVD.19 Therefore, our

results suggest that nonnormalized TAPSE measured using B-mode

and M-mode methods could not detect RV systolic dysfunction

because of severe volume overload associated with TR and ventricular

interdependence in dogs with MMVD.

On the other hand, TAPSE normalized using each RV size index,

increasing in the mild PH group and decreasing in the severe PH

group. Severe pressure overload and consequent RV systolic dysfunc-

tion in the severe PH group also may cause the decrease in normal-

ized TAPSE.15 In our study, almost all dogs with severe PH had

not only pressure overload but also volume overload because of

TR. Because RV dilatation was closely associated with TR jet area

(RV volume overload), TAPSE increases along with the increased vol-

ume overload.20,42 However, the TAPSE divided by RV size indices

did not increase in the severe PH group, although it did increase in

the mild PH group. Our results indicate that TAPSE normalized using

RV size indices might detect the RV contractile performance regard-

less of the change in load condition, and hence could be a useful

tool to assess RV systolic function, that could not be detected by

nonnormalized TAPSE in dogs with postcapillary PH.

The RV-SL obtained in our study, especially RV-SL6seg, also was

higher in the mild PH group compared with that of the normal group

and was lower in the severe PH group compared with that of the mild

PH group. We previously have reported that left ventricular myocar-

dial function (including the interventricular septum) might be wors-

ened in dogs with MMVD.25,43 Because the left and right ventricle

share the interventricular septum, decreased left ventricular function

associated with MMVD might affect function in the interventricular

septum as in the right ventricle. In addition, another study indicated

that the interventricular septum plays an important role in RV ejec-

tion.44 Therefore, our results suggest that RV-SL6seg could reflect dys-

function of the entire RV myocardium more sensitively. Moreover,

linear regression analysis indicated that the TAPSEB-mode/RVIDd ratio

had moderate positive correlation with RV-SL. Because the 2D-STE

method precisely reflects myocardial expansion and contraction,45

TAPSE normalized using RV size might detect the force of myocardial

contraction. Therefore, it can be presumed that normalized TAPSE

might reflect RV myocardial compensation and decompensation in

detail against RV load, as observed in the RV-SL.

In our study, TAPSEB-mode showed more significant decrease and

better reproducibility than did TAPSEM-mode. We considered that the

motion of the tricuspid annulus in 3 dimensions should be measured

for evaluating RV systolic function because it is considered difficult to

evaluate RV function only in the longitudinal direction obtained from

RV focus view owing to its complex structure.46,47 In human medicine,

RV circumferential function also would contribute to RV systolic func-

tion in addition to longitudinal function.48 Furthermore, a recent study

reported the importance of radial RV function in dogs with PH.49

Therefore, we measured TAPSEB-mode as 2D total displacement (not

parallel to the RV longitudinal direction at end-diastole) with refer-

ence to the previous study that assessed TAPSEB-mode in humans,

although the previous report that used dogs with MMVD assessed

TAPSEB-mode parallel to the RV longitudinal direction.13,22 Therefore,

our results suggest that TAPSEB-mode might be more sensitive to RV

systolic dysfunction than is TAPSEM-mode. In addition, these indices

could not be used interchangeably, especially in dogs with severe

postcapillary PH.

For results comparing TAPSE in the presence or absence of R-

CHF, only normalized TAPSE measured by both methods showed a

significant decrease in dogs with R-CHF, although nonnormalized

TAPSE showed no significant decrease. The TAPSE normalized using

RVIDd had the highest AUC, sensitivity, and specificity to predict R-

CHF onset compared with the other normalized indices. In addition,

multivariate analysis indicated that TAPSEB-mode/RVIDd and LA/Ao

ratios were significant independent predictors. In human medicine, RV

linear dimension provided readily obtainable markers of RV chamber

size and was independently associated with RV volumes on cardiac

magnetic resonance imaging.50 Furthermore, RVIDd used in our study

does not need to take into account the low echocardiographic image

resolution in the near-field from the probe.51 Therefore, although RV

morphological indices also had high AUC to predict R-CHF onset,

the TAPSEB-mode/RVIDd ratio may be an additional tool to estimate

the R-CHF onset with high sensitivity and specificity.

Our study had several limitations. First, the effects of medication

could not be considered in dogs with MMVD. Some drugs such as

pimobendan, pulmonary vasodilators, and diuretics might affect RV

function indices by changing the pressure and volume loads against the

right heart. Second, the dogs were diagnosed with PH based on the TR

velocity, although catheterization is the gold standard for PH diagnosis.

In addition, excessively impaired RV function may lead to the underesti-

mation of peak TR velocity and PH severity. Finally, our sample size

was relatively small, especially dogs with moderate-to-severe PH and

the R-CHF groups. Unfortunately, there were only a few dogs with

postcapillary PH that might progress to pulmonary vascular remodeling

secondary to MMVD. Our study however could assess and compare

the precise RV function of dogs with PH secondary to MMVD.

In conclusion, TAPSE normalized by RV size might reflect RV

systolic dysfunction in dogs with severe PH, which could not be

detected by the nonnormalized TAPSE because of its load depen-

dency and ventricular interdependence. In addition, TAPSEB-mode/

RVIDd ratio could be a useful tool for predicting R-CHF onset with

high sensitivity and specificity. Additional studies that involve more

dogs with severe PH should be performed to evaluate the utility of

normalized TAPSE.
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