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GENERAL ABBREVIATIONS 

 

A wave       Transtricuspid valve late diastolic flow wave 

A’TV         Peak late diastolic tricuspid annular velocity 

BP           Arterial blood pressure 

CI   Cardiac index 

CO           Cardiac output 

CRI   Constant rate infusion 

CV   Coefficient of variation 

CVP          Central venous pressure 

DPD          Dual pulsed-wave Doppler 

ECG   Electrocardiography 

E wave  Transtricuspid valve early diastolic flow wave 

E’TV         Peak early diastolic tricuspid annular velocity 

FAC         Fractional area change 

ICC          Intraclass correlation coefficient 



 

 

LV   Left ventricle 

Max dP/dt     The first derivatives of the maximum right ventricular 

pressure change 

PAP          Pulmonary arterial pressure 

PAWP  Pulmonary arterial wedge pressure 

PH           Pulmonary hypertension 

PVR          Pulmonary vascular resistance 

RHC          Right heart catheterization 

Rp/Rs         Pulmonary vascular resistance to systemic vascular resistance 

ratio 

RTX          Right ventricular Tei index 

RTXDPD       Right ventricular Tei index derived from dual pulsed-wave 

Doppler 

RTXPD        Right ventricular Tei index derived from pulsed-wave 

Doppler 

RTXTD        Right ventricular Tei index derived from tissue Doppler 



 

 

RV           Right ventricle 

RVEDA       Right ventricular end-diastolic area 

RVESA       Right ventricular end-systolic area 

RVLS         Right ventricular longitudinal strain 

RVP          Right ventricular pressure 

RV-SD6       Standard deviation of the systolic shortening time of RV 

6segments 

SD   Standard deviation 

SST          Systolic shortening time 

STE      Speckle tracking echocardiography 

S’TV  Peak systolic tricuspid annular velocity 

SVR          Systemic vascular resistance 

TAPSE        Tricuspid annulus plane systolic excursion 

Tau           Time constant of right ventricular relaxation 

TD  Tissue Doppler 
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GENERAL INTRODUCTION 

 

Heart failure is one of the most common clinical syndrome, and the most 

important cause of death in both humans and dogs. Echocardiography is a mainstay to 

assess the motion and structure of the heart in humans and dogs with heart disease, and 

has been used in diagnosis of heart failure, evaluation of the disease severity, and risk 

stratification. The main target of echocardiographic assessment in both humans and dogs 

has been left ventricle (LV) because LV is considered as a physiological important 

chamber.  

On the other hand, the physiological importance of right ventricle (RV) has long 

been underestimated. Recently, it has been shown that the RV function assessed by 

magnetic resonance imaging and cardiac catheterization is closely associated with the 

hemodynamic deterioration and clinical outcome in human patients with not only right 

heart disease, such as pulmonary hypertension (PH)1,2, but also left heart disease, such as 

mitral valvular disease3, and dilated cardiomyopathy4. Furthermore, RV intraventricular 

dyssynchrony, abnormality of timing of RV contraction between free wall and septum, 

has been described in human patients with PH, and has been associated with more 

pronounced RV dysfunction and clinical worsening.5,6 Therefore, the assessment of RV 
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function has recently garnered increasing interest in human medicine. 

Magnetic resonance imaging and cardiac catheterization are invasive, expensive, 

and time consuming for serial assessment of RV function. In addition, anesthesia is 

necessary during these procedures in dogs. On the other hand, echocardiography is 

noninvasive, inexpensive, and does not require anesthesia. Thus, the assessment of RV 

function by echocardiography gain more interest in humans and veterinary medicine. 

However, accurate assessment of RV function by echocardiography is challenging 

because of its complex geometry and contractile properties. In current guidelines for the 

echocardiographic assessment of RV size and function, it is recommended to assess RV 

function by using multiple echocardiographic indices of RV function including the peak 

systolic tricuspid annulus velocity by tissue Doppler (S’TV), tricuspid annulus plane 

systolic excursion by the M-mode (TAPSE), fractional area change (FAC), RV Tei index 

(RTX), and RV longitudinal strain (RVLS) derived from speckle tracking 

echocardiography (STE).7,8 These echocardiographic indices have been examined in 

healthy dogs as well as clinical setting, and some of these indices have been shown to be 

impaired in dogs with PH compared with healthy dogs.9–14 However, these parameters 

have some limitations; S’TV and TAPSE can only assess regional tricuspid annulus and 

are angle-dependence, while FAC is experience-dependence and often shows poor 
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reproducibility.7,8 Looking at these points, we focused on 2 echocardiographic indices of 

RV function which are angle-independent and unaffected by complex geometry; RTX and 

RVLS derived from STE. 

RTX is an index of overall myocardial function, including systolic and diastolic 

performance.15 An important limitation of the RTX obtained by conventional methods is 

it cannot be calculated in a single cardiac cycle that makes it being influenced by heart 

rate fluctuations (i.e., respiratory sinus arrhythmia). To overcome this limitation, we apply 

the dual pulsed-wave Doppler (DPD), which can simultaneously record Doppler signals 

at two different points simultaneously in one image. 

STE is a novel quantitative method for assessment of the regional and global 

myocardial deformation in greyscale B-mode images. In humans, RVLS derived from 

STE, which is an index for assessing the RV systolic function, and the standard deviation 

of the systolic shortening time (SST) of RV 6segments (RV-SD6), which is an index for 

RV intraventricular dyssynchrony, has been applied for evaluating RV function and 

dyssynchrony. 

However, there are a few studies on these echocardiographic indices of RV 

function in dogs. To our best knowledge, no reports on RTX derived from DPD (RTXDPD) 

and only 2 reports on RVLS derived from STE exist to date.16,17 These 2 reports on RVLS 
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indicated a high repeatability, provided a reference value of RVLS, and suggested the 

correlation between RVLS values and characteristics in healthy dogs.16,17 In contrast, no 

report is available on RV-SD6 in dogs. Additionally, changes in these echocardiographic 

indices of RV function under an RV pressure-overload condition in dogs is unknown. 

Considering the above background, this study was performed in 3 stages to 

establish the clinical utility of the echocardiographic indices of RV function in dogs with 

heart disease. In the first stage, the repeatability and reference value of RTXDPD have 

established. In the second stage, the repeatability and reference value of RVLS and RV-

SD6 by STE have established. In the third stage, the effect of RV pressure-overload on 

echocardiographic indices of RV function have determined. 
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CHAPTER 1 

 

 

REPEATABILITY AND REPRODUCIBILITY OF RIGHT 

VENTRICULAR TEI INDEX VALUES DERIVED FROM THREE 

ECHOCARDIOGRAPHIC METHODS FOR EVALUATION OF 

CARDIAC FUNCTION IN DOGS 
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1. INTRODUCTION 

 

RTX is an index of overall myocardial function, including systolic and diastolic 

performance.15 This measurement involves a simple technique without geometric 

assumptions, and it correlates well with both the invasive systolic and diastolic function 

variables of RV in healthy dogs.13 In addition, it has been shown that RTX is useful for 

predicting hemodynamic variables and monitoring disease severity in human patients 

with PH18,19, and providing information on the severity and prognosis of dogs with 

cardiac disease.13,14 To date, the RTX has been derived from pulsed-wave Doppler15 and 

tissue Doppler echocardiography20. However, there is an important limitation in that the 

RTX derived from conventional pulsed-wave Doppler (RTXPD) cannot be calculated in a 

single cardiac cycle; therefore, it is influenced by heart rate fluctuations (i.e., respiratory 

sinus arrhythmia). On the other hand, tissue Doppler can simultaneously record systolic 

and diastolic phases, but it was reported that RTX derived from tissue Doppler (RTXTD) 

values were different from RTXPD values in dogs.21  

Dual pulsed-wave Doppler (DPD) can simultaneously record Doppler signals at 

two different points, setting two separate sample volumes in one image. Therefore, 

measurement of the RTX during the same cardiac cycle is possible, which may overcome 
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the limitation of measurement by pulsed-wave Doppler. In human medicine, it was 

demonstrated that the intra- and interobserver repeatability of RTX derived from DPD 

(RTXDPD) were high.22 In addition, RTXTD values are higher than RTXPD and RTXDPD 

values.22 

So far, in dogs, RTX measurement derived from DPD has not been applied to the 

evaluation of RV function, and therefore its repeatability remains unknown. In addition, 

degrees of agreement among RTX values derived from the 3 echocardiographic methods 

have not reported in dogs. In order to determine whether differences in data reflect 

clinically important changes resulting from disease progression in an individual patient, 

it is necessary to evaluate the repeatability of RTX measurement, and to validate statistical 

relationship among RTX derived from 3 different echocardiographic methods. 

Thus, the goal of chapter 1 was to assess the repeatability of the RTX 

measurement derived from 3 different echocardiographic methods in healthy dogs, and 

to validate the relationship among RTX values derived from 3 different echocardiographic 

methods. 
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2. MATERIALS AND METHODS 

 

2.1 Dogs 

Six laboratory Beagles (two females, four males; 1-3 years; 9.5-13.0 kg) were 

used in this study. All dogs were determined to be healthy and have a normal heart 

anatomy and myocardial function, as determined on the basis of normal findings on 

complete physical examination, electrocardiography, and standard echocardiographic 

examinations (including M-mode, pulsed-wave Doppler, and color flow Doppler 

imaging). All procedures were approved by the Laboratory Animal Experimentation 

Committee, Graduate School of Veterinary Medicine, Hokkaido University (Approval No. 

15-0087). 

2.2 Echocardiographic measurements 

Echocardiographic measurements were performed using an ultrasound machine 

(HI VISION Preirus; Hitachi Medical Corporation, Chiba, Japan) equipped with a 3 to 7 

MHz sector probe (EUP-S52; Hitachi Medical Corporation, Chiba, Japan). All dogs were 

examined while manually restrained in left lateral recumbent positions without sedation. 

An ECG trace (lead II) was recorded simultaneously with echocardiographic imaging and 

automatically measured heart rate. RTX was calculated using DPD, pulsed-wave Doppler, 
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and tissue Doppler by two echocardiogarphers. RTX was defined as the sum of the 

isovolumic contraction time (ICT) and isovolumic relaxation time (IRT) divided by 

ejection time (ET) (Figure 1). For each RTX, the mean values of three different cardiac 

cycles were used to assess the repeatability. Each RTX was calculated after image 

acquisition. 

To calculate RTXDPD, tricuspid inflow and pulmonary artery (PA) flow were 

measured simultaneously using DPD with a left parasternal short-axis view, and ICT + 

IRT was derived by subtracting ET from the time of the cessation of the tricuspid valve A 

wave to the onset of the tricuspid valve E wave in one image (Figure 1 A).22 ET was 

measured from the beginning of one to the beginning the next PA spectrum. 

To calculate RTXPD, firstly, tricuspid inflow was measured with a left parasternal 

short-axis view. Next, PA flow was measured with a left parasternal short-axis view. 

Finally, ICT + IRT was derived by subtracting ET from the time of the cessation of the 

tricuspid valve A wave to the onset of the tricuspid valve E wave using two different 

images (Figure 1 B, C).23 No attempt was made to match R-R intervals for the in- and 

outflow signals because it is difficult to match RR intervals in clinical settings. 

To calculate RTXTD, the S`TV, peak early diastolic tricuspid annular velocity 

(E`TV), and peak late diastolic tricuspid annular velocity (A`TV) were determined by tissue 
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Doppler with an apical 4-chamber view. Then, ICT + IRT was derived by subtracting the 

S`TV duration from the time from the end of A`TV to the onset of E`TV on the basis of tissue 

Doppler recordings (Figure 1 D).7 

2.3 Statistical analysis 

Power calculations for sample size determination were made on the basis of data 

from previous study.24 Presuming a similar intraobserver within-day, intraobserver 

between-day, and interobserver intraclass correlation coefficient (ICC), it was estimated 

that a sample size of 6 dogs would be required in this study to provide a power of 90% to 

demonstrate ICC = 0.7524, a null hypothesis of ICC = 0, with α = 0.05, and the numbers 

of measurement is 3 times.25 Statistical analyses were performed using computer software 

(JMP, version 8.0, SAS Institute Inc., Cary, NC, USA). Results are summarized as least 

square means (95% confidence intervals). 

Statistical analyses programs were used to develop a linear mixed model, with 

measurement time (1 to 9 times), method (DPD, tissue Doppler, and pulsed-wave 

Doppler), and their interaction as categorical fixed effects, and dog identity as a random 

effect. The F test was performed to assess the effect of measurement time and method on 

RTX values. Multiple comparisons were made by obtaining the least square means by 

one observer’s (KN) measurement and applying Tukey honest significant difference 
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(HSD) test to assess differences among methods. The all-pairs, Tukey HSD test allows 

significance tests of all combinations of pairs, and the resulting HSD intervals are greater 

than those provided with the Student pairwise t for least significant differences. 

The following linear model was used for the variables in within- and between-

day and interobserver variability analysis26: 

 

Yijkl = μ + Observeri + Dayj + Dogk + (Observer × Dog)ik + (Day × Dog)jk + εijkl 

 

where Yijkl was the first value measured for dog k on day j by observer i, μ was 

the general mean, Observeri was the differential effect (considered as fixed) of observer 

i, Dogk was the differential effect of dog k, (Observer × Dog)ik is the interaction term 

between the observer and dog, (Day × Dog) is the interaction term between day and dog, 

and εijkl is the model error. The SD of within-day variability was estimated as the residual 

SD of the model, SD of between-day variability as the SD of the differential effect of day, 

and SD of interobserver variability as the SD of the differential effect of observer. The 

corresponding coefficients of variations (CV) were determined by dividing each SD by 

the mean. 

The intraobserver within-day ICC was determined from data generated by the 
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same observer (KN); this echocardiographer evaluated 6 dogs 3 times repeatedly during 

the same day. The intraobserver between-day ICC was determined from data generated 

by 1 blinded observer (KN); on 3 different days, this echocardiographer made 3 

evaluations of the 6 dogs. The interobserver ICC was determined from data generated by 

2 blinded observers (KN, TM) on the same day; these echocardiographers evaluated 6 

dogs 3 times repeatedly during the same day. Agreement was considered marked when 

CV < 20%26,27 and ICC > 0.7524. 

Differences among measurements derived from the 3 methods were evaluated 

by use of Bland-Altman analysis, with modification for repeated measures as described 

elsewhere.28 Mean difference (bias) and 95% limits of agreement were calculated. 

Differences among methods were considered significant when the 95% limits of 

agreement did not contain 0. Values of P < 0.05 were considered significant.  
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Figure 1. Echocardiographic images illustrating a technique used to measure RTX in dogs 

by means of DPD (A), pulsed-wave Doppler (B and C), and tissue Doppler (C) techniques. 

A－The upper waveform is tricuspid inflow, and lower waveform is pulmonary artery 

flow. B－Tricuspid inflow is shown. C－Pulmonary artery flow is shown. D－Tricuspid 

annular velocity is shown. The simultaneously recorded ECG appears at the top. For all 

calculations, RTX = (a – b)/b. a = interval from tricuspid valve closure to opening (pulsed-

wave Doppler recordings) or the end of the A’TV wave to the beginning of the E’TV wave 
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(tissue Doppler recordings). A = transtricuspid valve late diastolic flow. A` = peak late 

diastolic tricuspid annular velocity. b = Ejection time or S`TV duration. E = transtricuspid 

valve early diastolic flow. E` = peak early diastolic tricuspid annular velocity. ICT = 

isovolumic contraction time. IRT = isovolumic relaxation time. S` = peak systolic 

tricuspid annular velocity. 
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3. RESULTS 

 

Least square means obtained from linear mixed model for RTX and its 

components obtained using the 3 different methods by one observer are summarized in 

Table 1. The values of RTXTD were higher than those of RTXDPD and RTXPD. In contrast, 

the values of RTXDPD was not significantly different from those of RTXPD. The tricuspid 

closure to opening time (TCO) and isovolumic time (the sum of ICT and IRT) derived 

from tissue Doppler were longer than respective values derived from the DPD and 

pulsed-wave Doppler methods. No difference in heart rate was identified among the 3 

methods. 

Bland-Altman analysis revealed that RTXTD values were significantly higher 

than RTXDPD and RTXPD values (Figure 2). However, agreement was good between 

RTXDPD and RTXPD (Figure 2). 

Intraobserver within- and between-day and interobserver CVs and ICCs of RTX 

derived from the 3 different methods are summarized in Table 2. The RTXDPD had high 

(low CV and high ICC) within-day and interobserver but between-day repeatability was 

not high. The RTXTD had high within-day repeatability, but between-day and 

interobserver repeatability were not high. The RTXPD lacked high within- and between-
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day repeatability and interobserver repeatability.  
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Table 1. Least square means (95% confidence intervals) RTX values as assigned to 

healthy adult Beagles (n = 6) by 1 observer using 3 echocardiographic methods and 

variables identified through mixed linear modeling as associated with those values. 

 
Dual pulsed-wave 

Doppler 

Tissue 

Doppler 

Pulsed-wave 

 Doppler 

RTX 0.27 (0.23-0.31)a 0.50 (0.46-0.54)b 0.25 (0.21-0.29)a 

TCO (ms) 252 (236-268)a 286 (270-292)b 245 (229-261)a 

Ejection time (ms) 199 (189-209)a 191 (181-201)a 196 (186-206)a 

ICT + IRT (ms) 53 (43-63)a 95 (85-105)b 49 (39-59)a 

HR (beats/min) 93 (77-109)a 91 (75-107)a 94 (78-110)a 

ICT = isovolumic contraction time. IRT = isovolumic relaxation time. RTX = right 

ventricular Tei index. TCO = interval between tricuspid valve closure and opening. 

a, bValues in the same row with different superscript letters are significantly (P < 0.05; 

Tukey`s HSD) different. 
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Table 2. Within- and between-day (1 observer) and interobserver (2 observers) CVs and 

ICCs for 3 echocardiographic methods of RTX measurement in healthy adult Beagles (n 

= 6) performed 3 times/d for 3 days. 

Variable Within-day Between-day  Interobserver  

CV (%) ICC CV (%) ICC CV (%) ICC 

DPD 6.1 0.77 8.4 0.73 3.5 0.83 

Tissue Doppler 6.0 0.80 7.7 0.63 24.6 0.62 

Pulsed-wave Doppler 20.7 0.62 20.7 0.35 19.1 0.65 

Agreement was considered high when the CV was < 20% and the ICC was > 0.75. 
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Figure 2. Bland-Altman plot of difference among 3 echocardiographic methods for RTX 

measurement in healthy adult Beagles (n = 6) by 1 observer. A－Bias (95% CI) between 

RTXTD and RTXDPD was 0.23 (0.18 to 0.28), B－Bias between RTXTD and RTXPD was 

0.27 (0.19 to 0.35), C－Bias between RTXDPD and RTXPD was 0.04 (-0.03 to 0.10). Solid 

horizontal line represents the bias (mean difference), and the dashed lines above and 

below the solid line represent the 95% limits of agreement. 
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4. DISCUSSION 

 

In the present study, the within-day and interobserver repeatability for RTXDPD 

were high in a small number of healthy Beagles. To our knowledge, this study provides 

the first description of the repeatability of RTXDPD, RTXPD, and RTXTD. Our results agree 

with previous reports in humans.22 The DPD method allows simultaneous recording of 

Doppler signals at 2 points during the same cardiac cycle; therefore, RTXDPD 

measurement is not influenced by heart rate fluctuation.22 Because respiratory arrhythmia 

is a common event in dogs29, measurements obtained with the DPD method versus other 

methods are suggested to be more accurate in that species. 

Intraobserver within- and between-day and interobserver repeatability for 

RTXPD measurement were low in the present study. This is in disagreement with the 

results of a previous study23, in which between-day CV for RTXPD in 55 healthy dogs was 

15.3%. This difference may be related to the number of measurements, in that 3 cardiac 

cycles were used in the present study versus 20 cycles in the other study. 

High intraobserver and low interobserver repeatability of RTXTD measurement 

were obtained in the present study. To date, repeatability of RTXTD measurement in dogs 
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has lacked adequate evaluation. For humans, high30–32 and low33 repeatability of RTXTD 

measurement have been reported. The RTXTD can also be measured in a single cardiac 

cycle; therefore, it is not influenced by heart rate fluctuations. Low interobserver 

repeatability in humans and the dogs of the present study may be attributable in part to 

that fact that limits of the different intervals for tissue Doppler echocardiography are often 

poorly defined and may be too sensitive to the mild changes, such as hemodynamic shifts 

or slight differences in the obtained images.33 

The RTXTD values were higher than the RTXDPD and RTXPD values of the dogs 

of the present study. This finding was consistent with findings of previous studies 

involving humans30,31 and dogs21. The higher RTXTD was mainly attributable to the longer 

interval between tricuspid valve closure and opening and isovolumic time derived from 

the tissue Doppler method, compared with values obtained with DPD and pulsed-wave 

Doppler methods. The reason for differences between RTXTD and other RTX 

measurements may have been related to differences in methods used and measurement 

site.22,31 The RTXTD is measured by use of intervals based on myocardial motion, whereas 

the RTXDPD and RTXPD are measured by use of intervals based on blood flow.31 Moreover, 

RTXTD is measured only at the right ventricular inlet portion, in contrast to RTXDPD and 

RTXPD, which are measured at both the right ventricular inlet and outlet portion; therefore, 
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RTXTD may be unrelated to the overall right ventricular function.22,31 It is important to 

consider that RTXTD had higher reference values than RTXDPD and RTXPD; therefore, 

RTX should not be used interchangeably. 

In humans with RV pressure-overload, RTXDPD is a better predictor of exercise 

capacity than RTXTD and RTXPD.22 Therefore, in dogs with RV pressure-overload, as 

occurs with PH, RTXDPD may also be a better predictor of right heart dysfunction. 

Additional studies are needed to validate the clinical usefulness of RTXDPD in dogs with 

right heart dysfunction. 

The present study had several limitations. First, a small number of healthy 

laboratory Beagles was used; therefore, caution has to be exercised in extrapolating these 

repeatability data to dogs with right heart dysfunction. Indeed, in humans, the degree of 

disagreement among RTX values in patients with heart disease is higher than that in 

healthy subjects.32 Second, no reference standard of the RV function, such as cardiac 

catheterization, was evaluated in the present study. Therefore, we could not assess which 

of the 3 methods for RTX measurement was superior. Additional studies are needed to 

validate the correlation between RTX and the RV function obtained by cardiac 

catheterization and other noninvasive echocardiographic indices, such as TAPSE or FAC. 

Third, DPD echocardiography is a novel application of ultrasonography that is available 
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on only few ultrasonography systems, so the usefulness of RTXDPD measurement may be 

limited in clinical settings. 

The study reported here revealed that RTXDPD measurement was feasible and 

reliable method for evaluation of cardiac function in a small number of healthy dogs. The 

RTXDPD values were not significantly different from the RTXPD values; however, RTXTD 

values were significantly higher than RTXDPD and RTXPD values. Therefore, RTX values 

derived from different methods should be interpreted with caution and not used 

interchangeably because the values differ with each method. Investigations involving 

dogs with heart disease are warranted to determine the clinical applicability of RTXDPD 

measurement. 
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5. SUMMARY 

 

 In this chapter, the repeatability of the RTX measurements and the degrees of 

agreement RTX values derived from 3 different echocardiographic methods in healthy 

dogs have established. RTXDPD measurement had high within-day and interobserver 

repeatability, and RTXTD measurement had high within-day repeatability. In addition, the 

RTXTD values were significantly higher than the RTXDPD and RTXPD values. Therefore, 

RTX values derived from different echocardiographic methods should be interpreted with 

caution. 
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CHAPTER 2 

 

 

THE REPEATABILITY AND CHARACTERISTICS OF RIGHT 

VENTRICULAR LONGITUDINAL STRAIN IMAGING BY SPECKLE 

TRACKING ECHOCARDIOGRAPHY IN HEALTHY DOGS 
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1. INTRODUCTION 

 

STE is a novel quantitative method for assessment of the regional and global 

myocardial deformation from greyscale B-mode images. In humans, STE has been 

applied to analysis of RV function, and demonstrated to be a feasible and sensitive 

quantitative technique.34 RVLS has been shown to correlate well with invasive 

hemodynamic variables, and impaired RVLS has been strongly predicted to lead to a poor 

outcome in human patients with PH and advanced systolic heart failure.35–40 In addition, 

RV-SD6 has been demonstrated to be a good predictor of a reduced cardiac function, 

clinical worsening, and poor prognosis in human patients with PH.41–43 

Few reports are available on RVLS measurement derived from STE in dogs. 

High repeatability and the reference intervals of free wall and septal RVLS, and the 

correlation between these values and body weight have been reported in healthy dogs.16,17 

However, the RVLS values using different ultrasound systems and offline software have 

been reported to be different in human medicine.44–46 In addition, RV-SD6 has not been 

evaluated in these reports. 

Thus, the goal of chapter 2 was to elucidate the repeatability of the RVLS and 

RV-SD6 measurement derived from STE in healthy dogs, and to validate the effects of 
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the body weight, heart rate, age, and sex on echocardiographic indices of RV function, 

including RVLS and RV-SD6 in clinically healthy dogs with different body weights. 
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2. MATERIALS AND METHODS 

 

2.1 Dogs 

Five laboratory Beagles (one female, four males; 2-4 years; 9.5-13.0 kg) were 

used for assessing repeatability in this study. All dogs were determined to be healthy and 

have a normal heart anatomy and myocardial function based on normal findings on 

complete physical examination, electrocardiography, and standard echocardiographic 

examinations (including B-mode, M-mode, pulsed-wave Doppler, and color flow 

Doppler imaging). 

Client-owned dogs referred to the Veterinary Teaching Hospital of Hokkaido 

University with no cardiovascular disorder between December 2013 and April 2016, and 

14 laboratory Beagles formed the clinically healthy dog group. The owner`s consent for 

each dog was obtained before its enrollment in this study. Exclusion criteria included the 

presence of a heart murmur, pathologic arrhythmia, and a history of heart or respiratory 

disease. All dogs were determined to have a normal heart anatomy and myocardial 

function based on normal findings on complete physical examination, 

electrocardiography, and standard echocardiographic examinations (including B-mode, 

M-mode, pulsed-wave Doppler, and color flow Doppler imaging). Arterial blood 
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pressures were measured indirectly by means of the oscillometric method (PetMAP 

graphic; Ramsey Medical Inc., Tampa, FL, USA). Trivial tricuspid and pulmonic 

regurgitation evident on color flow Doppler imaging was defined as physiologic “silent 

regurgitation” if silent to auscultation and associated with a normal valve morphology. 

Dogs with “silent regurgitation” across the tricuspid and pulmonic valve were not 

excluded because this is considered physiologic in many healthy dogs.47 The most 

common reasons for ultrasonographic evaluations of client-owned dogs were 

preanesthetic evaluation for magnetic resonance imaging (73 dogs) and health assessment 

(30 dogs). Dogs were recruited based on their body weight and were classified into 4 

groups: very small (≤ 4 kg); small (4.1 to 8 kg); medium (8.1 to 20 kg); large (>20 kg). 

All procedures were approved by the Laboratory Animal Experimentation 

Committee, Graduate School of Veterinary Medicine, Hokkaido University (Approval No. 

15-0087). 

2.2 Echocardiographic measurements 

All echocardiographic measurements were performed using commercially 

available ultrasound equipment (Artida; Toshiba Medical Systems Corporation, Tochigi, 

Japan) equipped with a 3 to 6 MHz sector probe (PST-50BT; Toshiba Medical Systems 

Corporation, Tochigi, Japan). All dogs were examined while manually restrained in left 
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and right lateral recumbent positions without sedation. An ECG trace (lead II) was 

recorded simultaneously with echocardiographic imaging and an automatically measured 

heart rate. S’TV was determined by tissue Doppler at the lateral tricuspid annulus with an 

apical 4-chamber view (Figure 3). TAPSE was obtained by placing an M-mode cursor 

over the tricuspid annulus with an apical 4-chamber view and measuring its amplitude of 

motion during systole (Figure 3). The RV end-diastolic area (RVEDA) and end-systolic 

area (RVESA) were obtained by tracing the RV endocardium in systole and diastole from 

the annulus to apex with the modified apical four chamber view, which included the RV 

apex, and then the FAC was calculated as (RVEDA − RVESA)/RVEDA × 100% (Figure 

3). The RTX was calculated by tissue Doppler method as shown chapter 1 (Figure 3). 

2.3 Right ventricular longitudinal strain and RV-SD6 analysis  

by speckle tracking echocardiography 

 RVLS and RV-SD6 measurement were performed using conventional grayscale 

echocardiography with a modified apical four-chamber view. The frame rate was 

optimized to >200 frames/s by narrowing the imaging sector and reducing the depth to 

focus on the RV. Three consecutive cardiac cycles were stored on a hard drive, and the 

images were analyzed using offline software (2D Wall Motion Tracking; Toshiba Medical 

Systems Corporation, Tochigi, Japan). The value for STE indices was determined from 
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the average of three cardiac cycles. Care was taken to obtain the best visualization of the 

RV endocardial border from the base to apex. The endocardial border was manually traced 

in an end-diastolic frame, and the region of interest was generated followed by 

adjustments to incorporate the entire RV wall myocardial thickness. The RV wall was 

divided into inner and outer layers, and the RV free wall and septal wall were divided into 

three segments (basal, middle, and apical), respectively. RVLS is defined as the 

percentage shortening of a region of interest relative to its original length, and is expressed 

as a negative percentage during systole.48 RVLS was obtained for each segment at the 

highest peak of the software-generated strain curves of the inner layer. Global RVLS was 

calculated by averaging values observed in all six segments of the RV, and free wall RVLS 

and septal RVLS were calculated by averaging each value of three segments along the 

entire RV (Figure 4). SST was calculated from the QRS onset to maximum peak 

longitudinal strain of each of the RV 6segments of the RV. To quantify RV intraventricular 

dyssynchrony, RV-SD6 was calculated as the SD of the SST of RV 6segments using 

offline software (2D Wall Motion Tracking; Toshiba Medical Systems Corporation, 

Tochigi, Japan) (Figure 4), and RV-SD6 was corrected for the RR interval according to 

Bazett’s formula: Corrected RV-SD6 = RV-SD6/√RR interval.49 

2.4 Statistical analysis 
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Power calculations for sample size determination were made on the basis of data 

from previous study24. Presuming a similar intraobserver within-day, intraobserver 

between-day, and interobserver intraclass correlation coefficient (ICC), it was estimated 

that a sample size of 5 dogs would be required in this study to provide a power of 80% to 

demonstrate ICC = 0.7524, a null hypothesis of ICC = 0, with α = 0.05, and the numbers 

of measurement is 3 times.25 Statistical analyses were performed using computer software 

(JMP version 8.0 and SPSS version 21; SPSS Inc., Chicago, IL, USA). The normal 

distribution of the data was confirmed by means of a Shapiro-Wilk test.  

The following linear model was used for the variables in within- and between-

day and interobserver variability analysis26: 

 

Yijkl = μ + Observeri + Dayj + Dogk + (Observer × Dog)ik + (Day × Dog)jk + εijkl 

 

where Yijkl was the first value measured for dog k on day j by observer i, μ was 

the general mean, Observeri was the differential effect (considered as fixed) of observer 

i, Dogk was the differential effect of dog k, (Observer × Dog)ik is the interaction term 

between the observer and dog, (Day × Dog) is the interaction term between day and dog, 

and εijkl is the model error. The SD of within-day variability was estimated as the residual 
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SD of the model, SD of between-day variability as the SD of the differential effect of day, 

and SD of interobserver variability as the SD of the differential effect of observer. The 

CV were determined by dividing each SD by the mean. 

The intraobserver within-day ICC was determined from data generated by the 

same observer; this echocardiographer evaluated 5 dogs 3 times repeatedly during the 

same day. The intraobserver between-day ICC was determined from data generated by 1 

observer; on 3 different days, this echocardiographer made 3 evaluations of the 5 dogs. 

The interobserver ICC was determined from data generated by 2 blinded observers on the 

same day; these echocardiographers evaluated 5 dogs 3 times repeatedly during the same 

day. Agreement was considered marked when CV < 20%26,27, ICC was reported as 

indicating poor to very good agreement: < 0.2 is considered as poor agreement, 0.21-0.40 

as fair agreement, 0.41-0.60 as moderate agreement, 0.61-0.80 as good agreement, 0.81-

1.0 as very good agreement.34 

The correlation between echocardiographic indices and characteristics (body 

weight, age, and heart rate) were evaluated by Pearson`s correlation coefficient test. In 

multiple linear regression analysis with forward stepwise selection, Akaike information 

criteria were used to assess the relationships between echocardiographic indices and 

characteristics (body weight, age, sex, and heart rate). Differences between males and 
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females regarding echocardiographic indices of RV function were evaluated with an 

unpaired t-test. The significance of differences between the different body weight groups 

was evaluated by ANOVA. If ANOVA was significant, Tukey HSD test was used as a 

post-hoc test. Values of P < 0.05 were considered significant. Data are shown as the mean 

± SD. 
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Figure 3. Echocardiographic images illustrating a technique used to measure the 

echocardiographic indices of RV function. A－S’TV was determined by measuring the 

maximum velocity during systole using tissue Doppler at the lateral tricuspid annulus 

with an apical 4-chamber view. B－TAPSE was determined by measuring its amplitude 

of tricuspid annulus motion during systole using the M-mode with an apical 4-chamber 

view. C－FAC was calculated with a modified apical 4-chamber view as follows: (RV 

end-diastolic area – RV end-systolic area)/RV end-diastolic area × 100%. D－RTX was 

calculated with a left parasternal short-axis view using tissue Doppler as follows: (a – 
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b)/b. FAC, fractional area change; RV, right ventricle; S’TV, peak systolic tricuspid annular 

velocity; TAPSE, tricuspid annulus plane systolic excursion. 
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Figure 4. Echocardiographic images illustrating a technique used to measure RVLS and 

RV-SD6. RV free wall and septum were automatically divided into 3 segments (apical, 

middle, and basal), respectively. A－Global RVLS was calculated by averaging the peak 

longitudinal strain values in all 6 segments of the RV with a modified apical 4-chamber 

view, B－RV-SD6 was calculated as the standard deviation of the systolic shortening time 

of the 6 RV segments, and corrected for the R-R interval (Bazett’s formula). The colored 

arrows indicate each segmental systolic shortening time. AL, apical lateral free wall; AS, 

apical septum; BL, basal lateral free wall; BS, basal septum, ML, middle lateral free wall; 

MS, middle lateral septum. RV, right ventricle; RVLS, right ventricular longitudinal 

strain; RV-SD6, standard deviation of the time to systolic shortening time of right 

ventricular 6segments. 
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3. RESULTS 

 

Repeatability of RVLS and RV-SD6 

Global, free wall, septal RVLS, and RV-SD were determined for all obtained 

images (90 cardiac cycles of 5 Beagles). Intraobserver within- and between-day and 

interobserver CVs and ICCs of global, free wall, septal RVLS, and RV-SD6 are 

summarized in Table 3. Intraobserver within-day repeatability of RVLS and RV-SD were 

very good (ICC of > 0.80). Intraobserver between-day repeatability of RVLS was 

moderate to good (ICC of 0.58-0.78), and interobserver repeatability of RVLS was good 

(ICC of 0.70-0.80). In contrast, intraobserver between-day repeatability of RV-SD6 was 

moderate (ICC of 0.45), and interobserver repeatability of RV-SD6 was fair (ICC of 0.21). 

Reference values and comparison between different body weight groups 

Data were collected from 14 Beagles and 103 privately owned dogs. These dogs 

belonged to 30 different breeds, with Chihuahua being the most frequently represented (n 

= 17,14.5%), followed by Miniature dachshund (n = 15, 12.7%), Beagle (n = 14, 12.0%), 

Miniature poodle (n = 10, 8.5%), mixed breeds (n = 8, 6.8%). The data on characteristics 

and echocardiographic indices of RV function of the breeds represented by the highest 

number of dogs (Chihuahua, Miniature dachshund, Beagle, and Miniature poodle) are 
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summarized in Table 4. Thirty-two dogs were classified into the very small dog group, 36 

were classified into the small dog group, 32 were classified into the medium dog group, 

and 17 were classified into the large dog group. Mild physiologic tricuspid regurgitation 

was observed in 17 of the 117 dogs (14.5%). The data on characteristics and 

echocardiographic indices of RV function in the 4 groups are summarized in Table 5. Free 

wall RVLS was higher than septal RVLS (19.0 ± 3.1 vs. 15.3 ± 2.7, respectively, P < 

0.0001). 

Global, free wall, and septal RVLS in large dogs were significantly lower 

compared with those in the other groups. The RV-SD6 in large dogs was significantly 

higher than the other groups. Values for S’TV and TAPSE in medium and large dogs were 

significantly higher than in very small and small dogs. The RTX in large dogs was 

significantly higher than in very small dogs. FAC in medium and large dogs was 

significantly lower than in very small and small dogs. 

Correlation analysis between echocardiographic indices and characteristics 

The correlations between the echocardiographic indices of RV function and body 

weight, heart rate, and age are summarized in Table 6. Global, free wall, and septal RVLS 

were negatively correlated with the body weight, and RV-SD6 was positively correlated 

with the body weight. In addition, S’TV, TAPSE, and the RTX were positively correlated 
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with the body weight, and FAC was negatively correlated with the body weight. While 

there was no correlation with STE indices and the age, S’TV and TAPSE were negatively 

correlated with the age. There was no significant difference between male and female 

dogs regarding the echocardiographic indices of RV function. 

Multiple linear regression analysis between echocardiographic indices and 

characteristics 

All echocardiographic indices of RV function (STE and conventional indices) 

were significantly correlated with the body weight. Furthermore, TAPSE was 

significantly correlated with the age. In contrast, there was no correlation with the sex. 
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Table 3. Within-day, between-day, and interobserver repeatability for measurements of 

speckle tracking echocardiographic indices in five healthy Beagles. 

Variable Within-day Between-day  Interobserver  

CV (%) ICC CV (%) ICC CV (%) ICC 

Global RVLS 3.4 0.90 12.7 0.78 5.2 0.80 

Free wall RVLS 5.3 0.91 4.4 0.77 6.6 0.79 

Septal RVLS 5.9 0.85 10.8 0.58 7.1 0.70 

RV-SD6 13.3 0.84 29.2 0.45 51.7 0.21 

CV, coefficients of variation; ICC, intraclass correlation coefficient; RVLS, right 

ventricular longitudinal strain; RV-SD6, standard deviation of the systolic shortening time 

of right ventricular 6segments corrected for the RR interval according to Bazett’s formula.
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Table 4. Characteristics and the values of echocardiographic indices in 56 dogs of 4 

different breeds. 

 Chihuahua 
Miniature 

dachshund 
Beagle 

Miniature 

poodle 

Number of dogs 17 15 14 10 

Male/Female 11/6 9/6 8/6 5/5 

Age (years) 6.3 ± 2.8 8.1 ± 3.0 1.4 ± 0.9 6.4 ± 2.8 

Body weight (kg) 3.0 ± 1.2 5.0 ± 1.4 11.3 ± 1.1 4.4 ± 1.1 

Heart rate (bpm) 114 ± 25 88 ± 24 110 ± 21 93 ± 29 

Mean blood pressure 

(mmHg) 

109 ± 10 107 ± 21 109 ± 8 116 ± 16 

Global RVLS × - 1 (%) 16.6 ± 2.0 17.6 ± 1.8 17.3 ± 2.1 19.3 ± 3.2 

Free wall RVLS × - 1 

(%) 

18.5 ± 3.0 19.9 ± 1.9 18.9 ± 2.5 21.2 ± 4.0 

Septal RVLS × - 1 (%) 14.6 ± 2.1 15.7 ± 2.3 16.0 ± 2.2 17.4 ± 3.5 

RV-SD6 (msec) 12.0 ± 5.5 -11.8 ± 4.5 16.1 ± 7.6 13.7 ± 3.8 

S’TV (cm/sec) 11.0 ± 3.1 9.9 ± 2.4 13.8 ± 3.7 10.4 ± 2.3 

TAPSE (mm) 8.5 ± 2.0 9.1 ± 1.8 14.5 ± 2.0 9.4 ± 3.1 

FAC (%) 46.9 ± 5.5 42.7 ± 7.1 36.7 ± 5.0 45.5 ± 1.9 

RTX 0.49 ± 0.06 -0.53 ± 0.04 0.53 ± 0.06 0.50 ± 0.03 

Data are presented as mean ± SD. 

FAC, fractional area change; RTX, right ventricular Tei index; S’TV, peak systolic 

tricuspid annular velocity; TAPSE, tricuspid annulus plane systolic excursion. 

See Table 3 for remainder of key. 



 43  

 

Table 5. Characteristics and the values of echocardiographic indices in 117 clinically 

healthy dogs. 

 All dogs Very small* Small* Medium* Large* 

Number of dogs 117 32 36 32 17 

Male/Female 64/53 17/15 21/15 17/15 9/8 

Age (years) 6.0 ± 3.6 6.5 ± 3.1 a 6.8 ± 3.3 a 5.4 ± 3.9 a 4.7 ± 4.3 a 

Body weight (kg) 9.6 ± 8.8 2.7 ± 0.8 a 5.3 ± 1.1 b 11.4 ± 2.3 c 28.0 ± 6.7 d 

Heart rate (bpm) 100 ± 24 106 ± 26 a 95 ± 27 a 102 ± 22 a 97 ± 15 a 

Mean blood 

pressure (mmHg) 
109 ± 15 113 ± 15 a 109 ± 15 a 108 ± 12 a 102 ± 17 a 

Global RVLS 

× - 1 (%) 
17.1 ± 2.5 17.6 ± 2.3 a 17.9 ± 2.3 a 17.3 ± 2.0 a 14.5 ± 2.4 b 

Free wall RVLS 

× - 1 (%) 
19.0 ± 3.1 19.7 ± 2.9 a 19.9 ± 2.8 a 19.0 ± 2.6 a 15.8 ± 2.9 b 

Septal RVLS 

× - 1 (%) 
15.3 ± 2.7 15.6 ± 2.6 a 15.7 ± 2.8 a 15.7 ± 2.0 a 13.1 ± 2.9 b 

RV-SD6 (msec) 13.8 ± 6.5 -11.9 ± 5.7 a 12.9 ± 5.1 a 12.9 ± 6.7 a 19.3 ± 6.9 b 

S’TV (cm/sec) 11.6 ± 3.4 -10.1 ± 3.3 a 10.5 ± 2.3 a 12.8 ± 3.4 b 14.6 ± 2.9 b 

TAPSE (mm) 10.9 ± 3.1 -8.1 ± 2.0 a 9.9 ± 2.0 b 13.0 ± 2.4 c 13.9 ± 2.9 c 

FAC (%) 41.5 ± 8.0 -45.1 ± 6.3 a 44.1 ± 6.9 a 38.3 ± 6.8 b 35.1 ± 9.3 b 

RTX 0.52 ± 0.05 -0.50 ± 0.05 a 0.51 ± 0.05 ab 0.53 ± 0.05 ab 0.54 ± 0.07 b 

Data are presented as mean ± SD. 

See Tables 3 and 4 for key. 

a, bValues in the same row with different superscript letters are significantly (P < 0.05; 

Tukey HSD) different. 

* Very small, Body weight of ≤ 4 kg; Small, Body weight of 4.1 to 8 kg; Medium, Body 

weight of 8.1 to 20 kg, Large, Body weight of > 20 kg. 
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Table 6. Correlation analysis of echocardiographic indices and characteristics in 117 

clinically healthy dogs. 

 Body weight Heart rate Age 

Global RVLS  - 0.46* - 0.14 - 0.02* 

Free wall RVLS - 0.46* - 0.07 - 0.09* 

Septal RVLS - 0.32* - 0.16 - 0.05* 

RV-SD6 - 0.35* - 0.14 - 0.13* 

S’TV - 0.48* - 0.15 - 0.24* 

TAPSE - 0.62* - 0.01 - 0.32* 

FAC - 0.42* - 0.10 - 0.01* 

RTX - 0.31* - 0.23 - 0.06* 

The numbers represent the correlation coefficients (r). 

See Tables 3 and 4 for key. 

* P < 0.05. 
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4. DISCUSSION 

 

The major findings of our study are the following: (1) repeatability of RVLS and 

RV-SD6 by STE was high with the exception of between-day and interobserver 

repeatability of RV-SD6; (2) free wall RVLS was higher than septal RVLS; (3) in large 

dogs (BW > 20 kg), all RVLS values were significantly lower, and RV-SD6 was 

significantly higher than in smaller dogs; (4) all RVLS and FAC were negatively, and RV-

SD6, S’TV, TAPSE, and RTX were positively, correlated with the body weight; (5) all 

echocardiographic indices of RV function were significantly related to the body weight 

on multiple regression analysis. 

The repeatability of RVLS was high (ICC of > 0.60), except for between-day 

septal RVLS (ICC of 0.58) in the present study. This finding agrees with previous reports 

on humans and dogs.16,17,34 Therefore, the measurement of RVLS by STE is clinically 

feasible. While within-day repeatability of RV-SD6 was high (ICC of 0.84), between-day 

and interobserver repeatability of RV-SD6 were low (ICC of 0.45 and 0.21, respectively). 

Similar findings have been reported in humans and dogs.44,50 In these previous studies, 

between-day and interobserver repeatability of SD of the time to the peak longitudinal 

strain of the LV in healthy humans44 and SD of the time to peak radial strain of LV in 
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dogs with mitral valvular disease50 were low. The low repeatability of RV-SD6 may be 

partly explained by the relatively low frame rate to the heart rate. In the present study, the 

frame rate was optimized to > 200 frames/s; however, the frame rate might not be 

sufficient to quantify intraventricular dyssynchrony. It is important for RV-SD6 to be 

interpreted with careful consideration of the between-day and interobserver repeatability. 

In the present study, free wall RVLS was higher than septal RVLS in healthy 

dogs. This result is in line with a previous study on healthy humans and dogs.17,51 In 

human patients with PH, both free wall RVLS and septal RVLS have been shown to be 

decreased compared with healthy humans36,37,51, and to significantly correlate with the 

pulmonary arterial pressure36. While impaired free wall RVLS has been reported to 

strongly predict a poor outcome in patients with PH and advanced systolic heart failure38–

40, the utility of septal RVLS as a predictor of a poor outcome has not been clarified. 

However, in the present study, both free wall RVLS and septal RVLS were measured, 

because the RV systolic function may depend on the contraction of not only the free wall 

but also septum. Indeed, only septal RVLS was found to be significantly lower in human 

patients with acute pulmonary embolism than in healthy controls52, and the septal RVLS 

was preserved as a compensatory mechanism for impaired free wall RVLS in patients 

with right heart disease.53 
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In addition, free wall RVLS in the present study were lower than those in a 

previous study on health dogs16,17 (free wall RVLS, 19.0 ± 3.2 vs. 28.6 ± 4.0 or 24.9 ± 

6.1). The reason for the difference may be related to ultrasound systems and offline 

analysis software from different vendors. In the present study, Artida and 2D Wall Motion 

Tracking (Toshiba Medical Systems) was used for STE, and Vivid 7 and EchoPac (GE 

Medical Systems) or MyLab 50 and XStrainTM (Esaote) was used in the previous study. 

The longitudinal strain values of the LV using Artida have been reported to be lower than 

those using GE and Esaote in healthy humans.44–46 Several factors, such as a different 

tracking algorithm, analytical software, and region of interest, may contribute to this 

difference.44–46 

The large dogs (BW > 20 kg) had significantly lower RVLS values and higher 

RV-SD6 values than smaller dogs (BW ≤ 20 kg) in the present study. Our results support 

the previously reported findings in healthy dogs.54 In the previous study, LV radial and 

circumferential strain were significantly decreased, and the dyssynchrony index 

(difference in the time to peak strain from the earliest to latest segment of the LV) was 

significantly increased in large dogs (BW > 20 kg).54 One possible reason for the lower 

STE values in large dogs is a less synchronized manner of RV contraction in the 

longitudinal direction. Although the specific mechanism is still unknown, the time 
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required for the propagation of RV systole may be prolonged because of the large size of 

the heart in larger dogs. 

In the present study, RVLS, RV-SD6, and conventional indices (S’TV, TAPSE, 

FAC, and the RTX) were significantly correlated with the body weight. Furthermore, 

multiple linear regression analysis revealed that all echocardiographic indices of the RV 

function were significantly related to the body weight. In previous studies, conventional 

indices of RV function, including S’TV, TAPSE, FAC and RVLS, were shown to be 

correlated with the body weight in healthy dogs.16,17 Our findings agree with the previous 

reports on dogs. To our knowledge, the present study provides the first description of the 

effects of the body weight on RV-SD6 in dogs. In the present study, RV-SD6 was 

significantly related to body weight; therefore, the body weight should be taken into 

consideration when evaluating RV dyssynchrony by STE in a clinical setting. 

The RTX was significantly correlated with the body weight in the present study. 

Our findings conflict with previous studies on healthy dogs.13,23 The reason for this 

difference in effects of the body weight on the RTX may be related to the number of dogs 

and difference in method. The number of dogs in these previous studies was smaller than 

in our study (n = 53 and 45 vs. 117, respectively). Moreover, in the previous studies, 

pulsed-wave Doppler echocardiography was used to measure the RTX, in contrast to our 
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study using tissue Doppler echocardiography. We previously reported that the RTX 

measured with different methods should not be used interchangeably.55 

S’TV and TAPSE were negatively correlated with the age. This finding supports 

a previous human study.56 Our findings indicate that the body weight and age should be 

taken into consideration when we evaluate the cardiac function by echocardiography in a 

clinical setting. 

There remain several limitations in the present study. First, only a small number 

of healthy laboratory Beagles was evaluated for repeatability analysis. Therefore, caution 

has to be exercised on extrapolating these repeatability data to dogs with right heart 

dysfunction. Second, the possibility that the dogs used as healthy dogs had subclinical 

cardiac disease cannot be excluded. Third, a dog breed effect on echocardiographic 

indices of the RV function may be present, because various dog breeds with a small 

number of dogs as healthy dogs was included in this study. Further studies using a larger 

number of dogs should be performed to clarify whether there is a breed effect on 

echocardiographic indices of the RV function in dogs. Fourth, only the RV longitudinal 

strain, and not radial or circumferential strain was performed. Because of complex 

geometry, the assessments of RV radial and circumferential strains are difficult. The 

modality of 3D-echocardiography may be able to assess various direction strains. Fifth, 
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the reference values showed in this study should only be applied when using the same 

echocardiography device with the same offline software, because the values using 

different methods can change. Sixth, the RV strain was measured using software for the 

LV strain, because RV-specific strain analysis software has yet to be developed. Finally, 

image quality affects the repeatability of STE measurement and different image quality 

may therefore affect future results. 

In conclusion, RV longitudinal strain imaging by STE was a feasible method in 

healthy dogs. Speckle tracking and conventional echocardiographic indices of RV 

function were affected by the body weight and age. Therefore, evaluation of the cardiac 

function based on echocardiographic indices of RV function should be interpreted with 

caution in a clinical setting. 
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5. SUMMARY 

 

In this chapter, the repeatability of the RVLS and RV-SD6 measurements have 

established in healthy Beagles. In addition, the relationship between echocardiographic 

indices of RV function and characteristics (body weight, heart rate, blood pressure, and 

sex) have validated in clinically healthy dogs. 

RVLS had high within-day, between-day, and interobserver repeatability. While 

RV-SD6 had high within-day repeatability, between-day and interobserver repeatability 

were low. All echocardiographic indices of RV function and dyssynchrony were related 

to body weight, and S’TV and TAPSE were related to age. Therefore, evaluation of cardiac 

function based on these echocardiographic indices of RV function should be interpreted 

with caution in a clinical setting. 
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CHAPTER 3 

 

 

CHANGES IN RIGHT VENTRICULAR FUNCTION ASSESSED BY 

ECHOCARDIOGRAPHY IN DOG MODELS OF RV PRESSURE-

OVERLOAD 
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1. INTRODUCTION 

 

PH is a progressive and life-threatening disease characterized by increased in 

pulmonary vascular resistance (PVR) and pulmonary arterial pressure (PAP), leading to 

RV pressure-overload, RV dysfunction, and ultimately death. PH is defined as an increase 

in mean PAP of ≥ 25 mmHg at rest by right heart catheterization (RHC).57 RV 

hemodynamic deterioration measured by RHC, such as increased PAP and PVR, and 

decreased CI, has been associated with poor clinical outcome in human patients with 

PH.1,2,58–60 

In clinical practice, RHC is invasive, expensive, and time-consuming for serial 

assessment. In contrast, echocardiography is the most useful screening tool to diagnose 

PH and to assess the severity of PH. To our knowledge, no reports are available on the 

relationship between invasive hemodynamic variables obtained by RHC and the 

echocardiographic indices of RV function and dyssynchrony in dogs. Thus, the goal of 

chapter 3 was to elucidate the effects of RV pressure-overload on echocardiographic 

indices of RV function and dyssynchrony. 
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2. MATERIALS AND METHODS 

 

2.1 Dogs 

Seven laboratory Beagles (3 females and 4 males; 2-4 years; 9.1-12.5 kg) were 

used in this study. All dogs were determined to be healthy and have a normal heart 

anatomy and myocardial function based on normal findings on complete physical 

examination, electrocardiography, and standard echocardiographic examinations. All 

procedures were approved by the Laboratory Animal Experimentation Committee, 

Graduate School of Veterinary Medicine, Hokkaido University. (Approval No. 15-0087). 

2.2 Study protocol 

The dogs were sedated with atropine sulfate (0.05 mg/kg, SC, Atropine Sulfate 

Injection, Mitsubishi Tanabe Pharma Corp., Osaka, Japan), butorphanol tartrate (0.2 

mg/kg, IV, Vetorphale, Meiji Seika Pharma Co. Ltd., Tokyo, Japan), and midazolam 

hydrochloride (0.1 mg/kg, IV, Dormicum Injection, Astellas Pharma Inc., Tokyo, Japan). 

Then, the dogs were administered heparin sodium (100 IU/kg, IV, Heparin Sodium 

Injection, Ajinomoto Pharmaceuticals Co. Ltd., Tokyo, Japan) and cefazolin sodium 

hydrate (20 mg/kg, IV, Cefamezin α, Astellas Pharma Inc., Tokyo, Japan). The dogs were 

then anesthetized with propofol (6 mg/kg, IV, Propofol Mylan, Mylan Inc., Canonsburg, 
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PA, USA.) and intubated. Anesthesia was maintained using a mixture of 1.5-2.0% 

isoflurane (Isoflu, DS Pharma Animal Health Co. Ltd., Osaka, Japan) and 100% oxygen. 

The end-tidal partial pressure of carbon dioxide was monitored and maintained between 

35 and 45 mmHg by mechanical ventilation. The tidal volume was 10-15 mL/kg and the 

respiratory rate was maintained at 10-12 breaths/min. The heart rate and arterial blood 

pressure (BP) via arterial catheterization were monitored and recorded using a polygraph 

instrument (RMC-4000; Nihon Kohden, Tokyo, Japan). Lactated Ringer’s solution 

(Solulact, Terumo Corp., Tokyo, Japan) was infused at rates of 7 mL/kg/hr via the 

cephalic vein. 

Following a stabilization period of about 10 min, baseline recordings of 

hemodynamic variables and echocardiographic indices were performed. After baseline 

measurement, U46619 (9,11-dideoxy-11α,9α-epoxymethanoprostaglandin F2α; Sigma-

Aldrich, Saint Louis, MO, USA.) at 50 µg/mL diluted with normal saline was continuous 

infused via the cephalic vein. U46619 is a thromboxane A2 analog, and intravenous 

infusion of U46619 induces pulmonary arterial constriction in dogs.61 Continuous 

intravenous infusion of U46619 was started at 0.3 µg/kg/min, and titrated at rates of 0.6 

and 0.9 µg/kg/min. The infusion rate was determined based on a previous study61 and the 

results of our preliminary study. At 15 min after continuous intravenous infusion of 
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U46619, hemodynamic variables were measured, and then echocardiography was 

performed. Following the examinations, the dogs were allowed to recover from 

anesthesia. 

2.3 Hemodynamic measurements 

 All hemodynamic variables were recorded by a polygraph instrument. The 

anesthetized dogs were positioned in left lateral recumbency. A 6-Fr introducer sheath 

(FAST-CATH Hemostasis Introducers, St. Jude Medical, Minnetonka, MN, USA.) was 

percutaneously inserted through the right jugular vein, and then a 5-Fr Swan-Ganz 

catheter (Swan-Ganz thermodilution catheter, Edwards Lifesciences, Irvine, CA, USA.) 

was inserted and advanced into the PA under fluoroscopic guidance. The systolic, mean, 

and diastolic PAP, mean right ventricular pressure (RVP), mean central venous pressure 

(CVP), and mean pulmonary artery wedge pressure (PAWP) were measured and 

calculated as the average of 5 consecutive cardiac cycles. The cardiac output (CO) was 

measured by the thermodilution technique and calculated as the average of 4 

measurements. The CI was calculated by dividing the CO by the body surface area. The 

first derivatives of the maximum RVP change (max dP/dt) and the time constant of RV 

relaxation (Tau) were calculated from the RVP data. The PVR and systemic vascular 

resistance (SVR), and PVR to SVR ratio (Rp/Rs) were derived as follows.  
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PVR = (mean PAP – mean PAWP)/CO, SVR = (mean BP – mean CVP)/CO 

Rp/Rs = PVR/SVR. 

2.4 Echocardiographic measurements 

Echocardiographic measurements were performed using Artida and HI VISION 

Preirus. The echocardiographic equipment used in this chapter was as described in chapter 

1 and 2. HI VISION Preirus was used to measure the RTX by DPD. An ECG trace (lead 

II) was recorded simultaneously with echocardiographic imaging and automatically 

measured heart rate. 

As detailed in chapter 2, echocardiographic indices of RV function (S’TV, TAPSE, 

FAC, and RTX) were measured. RVLS and RV-SD6 measurement by STE are as detailed 

in chapter 2. 

2.5 Statistical analysis 

 Statistical analyses were performed using computer software (JMP version 10.0 

and SPSS version 21). Normal distribution of the data was confirmed by a Shapiro-Wilk 

test. A linear mixed model was developed with dose (baseline, 0.3, 0.6, and 0.9 

µg/kg/min) as a categorical fixed effect, and dog identity as a random effect. The F test 

was performed to assess the effect of dose on the values of the measured variables. 

Pairwise comparisons between the baseline and each dose were performed by obtaining 
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the least square means and using the Bonferroni correction to account for multiple 

comparisons. Partial correlation analysis controlling for the effect of dogs was used to 

determine the relationship between hemodynamic variables and echocardiographic 

indices. Partial correlation analysis was developed with echocardiographic indices as an 

outcome variable, and hemodynamic variables as an explanatory variable. Dog was 

treated as a categorical factor using a dummy variable with 6 degrees of freedom. Multiple 

linear regression analysis with forward stepwise selection and Akaike information criteria 

were used to determine the independent predictive value of mean PAP, PVR, CI and Tau. 

Candidate predictors were S’TV, TAPSE, FAC, RTX, free wall RVLS, septal RVLS, RV-

SD6. 

Values of P < 0.05 were considered significant. 
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3. RESULTS 

 

Changes in hemodynamic variables 

Hemodynamic variable changes before (baseline) and after continuous 

intravenous infusion of U46619 are summarized in Table 7 and Figure 5 (A and B). Mean 

BP, systolic PAP, diastolic PAP, mean PAP, mean RVP, PVR, and SVR were significantly 

higher than baseline at infusion rates of 0.6 and 0.9 µg/kg/min. Mean CVP and Tau were 

significantly higher than baseline at infusion rates of 0.3, 0.6, and 0.9 µg/kg/min. Rp/Rs 

was significantly higher than baseline at an infusion rate of 0.6 µg/kg/min. Mean PAWP 

was significantly higher than baseline at an infusion rate of 0.9 µg/kg/min. In contrast, CI 

was significantly lower than baseline at infusion rates of 0.6 and 0.9 µg/kg/min. Max 

dP/dt did not change with continuous intravenous infusion of U46619. 

Changes in echocardiographic indices 

Changes in echocardiographic indices at baseline and after continuous 

intravenous infusion of U46619 are summarized in Table 8 and Figure 5 (C-F). An 

example of baseline and after infusion of U46619 at infusion rates of 0.9 µg/kg/min is 

shown in Figure 6. FAC was significantly decreased, and RTX was significantly increased 

at infusion rates of 0.6 and 0.9 µg/kg/min. S’TV and TAPSE were significantly decreased 
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at an infusion rate of 0.9 µg/kg/min. Free wall and global RVLS were significantly 

decreased at infusion rates of 0.6 and 0.9 µg/kg/min. In contrast, septal RVLS did not 

change with continuous intravenous infusion of U46619. Figure 7 shows segmental 

RVLS and SST at baseline and after continuous intravenous infusion of U46619. Basal 

and middle free wall RVLS were significantly decreased at infusion rates of 0.6 and 0.9 

µg/kg/min, in contrast to apical free wall, basal septal, middle septal, and apical septal 

RVLS. Free wall SST was significantly longer than baseline at an infusion rate of 0.9 

µg/kg/min. Basal free wall SST was significantly longer than baseline at an infusion rate 

of 0.6 and 0.9 µg/kg/min. RV-SD6 was significantly increased at an infusion rate of 0.9 

µg/kg/min. There was a slightly high septal to free wall systolic delay at an infusion rate 

of 0.9 µg/kg/min, but this was not significant (P = 0.21). 

Partial correlation analysis between echocardiographic indices and hemodynamic 

variables 

Partial correlations controlling for the effect of dogs between echocardiographic 

indices and hemodynamic variables are summarized in Table 9. There were significant 

correlations between PVR, CI and all echocardiographic indices. There were significant 

correlations between mean PAP and echocardiographic indices except for septal RVLS. 

However, there were no significant correlations among RVEDA, QRS duration, and 
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echocardiographic indices. 

Multiple linear regression analysis 

Multiple linear regression analysis revealed that free wall RVLS and RV-SD 

were an independent predictor of the mean PAP (free wall RVLS, β = -0.60, P < 0.001; 

RV-SD6, β = 0.40, P = 0.011, Table 10). Free wall RVLS, RV-SD6, and RTX were an 

independent predictor of PVR (free wall RVLS, β = -0.39, P = 0.020; RV-SD6, β = 0.47, 

P = 0.0086; RTX, β = 0.34, P = 0.047, Table 10). In addition, RTX and S’TV were an 

independent predictor of CI (RTX, β = -0.65, P < 0.001; S’TV, β = 0.35, P = 0.0030, Table 

10). RTX was an independent predictor of Tau (β = 0.39, P = 0.0017, Table 10). 
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Table 7. Least square means (95% confidence intervals) obtained from the linear mixed 

model for ECG and hemodynamic variables baseline and after continuous intravenous 

infusion of U46619 in dog models of RV pressure-overload. 

 Baseline U46619 

 0.3 µg/kg/min 0.6 µg/kg/min 0.9 µg/kg/min 

QRS duration (msec) 58 (56-60) 58 (56-60) 59 (57-61) 58 (56-60) 

Heart rate (beat/min) 108 (98-118) 99 (89-109) 97 (87-107) 103 (93-113) 

Mean BP (mmHg) 54 (48-60) 63 (55-71) 68 (60-76)* 83 (75-91)* 

Systolic PAP (mmHg) 13 (11-15) 14 (12-17) 19 (16-21)* 22 (19-24)* 

Mean PAP (mmHg) 10 (8-13) 12 (10-15) 17 (14-19)* 19 (17-22)* 

Diastolic PAP 

(mmHg) 

8 (6-10) 10 (8-13) 15 (13-17)* 17 (15-19)* 

Mean RVP (mmHg) 6 (4-7) 7 (6-9) 9 (8-11)* 10 (9-12)* 

Mean CVP (mmHg) 1 (0-2) 2 (1-3)* 3 (2-4)* 3 (2-4)* 

Mean PAWP (mmHg) 5 (3-7) 5 (3-7) 6 (4-8) 8 (6-9)* 

CI (L/min/m2) 4.5 (3.9-5.1) 4.4 (3.8-5.0) 3.6 (3.0-4.2)* 3.0 (2.4-3.6)* 

Max dP/dt 

(mmHg/sec) 
90 (76-104) 85 (71-99) 90 (76-104) 99 (85-113) 

Tau (msec) 135 (81-189) 180 (126-234)* 204 (150-258)* 208 (154-262)* 

PVR (WU) 2.5 (1.5-3.5) 3.5 (2.5-4.5) 6.2 (5.2-7.2) * 8.1 (7.1-9.1)* 

SVR (WU) 
24.0  

(16.2-31.8) 

28.2  

(20.4-36.0) 

37.8 (30.0-

45.6)* 

56.8 

(49.0-64.6)* 

Rp/Rs 
0.11 

(0.09-0.13) 

0.12 

(0.10-0.14) 

0.17 (0.15-

0.19)* 

0.15  

(0.13-0.17) 

BP, blood pressure; CI, cardiac index; CVP, central venous pressure; Max dP/dt, 

maximum positive rate of RV pressure change; PAP, pulmonary arterial pressure; PAWP, 

pulmonary artery wedge pressure; PVR, pulmonary vascular resistance; Rp/Rs, PVR to 

SVR ratio; RVP, right ventricular pressure; SVR, systemic vascular resistance; Tau, time 

constant of RV relaxation. 
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* P < 0.05 compared with the baseline. 
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Table 8. Least square means (95% confidence intervals) obtained from the linear mixed 

model for echocardiographic indices baseline and after continuous intravenous infusion 

of U46619 in dog models of RV pressure-overload. 

 Baseline U46619 

 0.3 µg/kg/min 0.6 µg/kg/min 0.9 µg/kg/min 

E (m/sec) 0.43 (0.37-0.49) 0.40 (0.34-0.46) 0.30 (0.24-0.36)* 0.25 (0.19-0.31)* 

A (m/sec) 0.37 (0.29-0.45) 0.44 (0.36-0.52) 0.42 (0.34-0.50)* 0.43 (0.35-0.51)* 

E/A 1.20 (0.94-1.46) 0.97 (0.71-1.23) 0.81 (0.55-1.07)* 0.62 (0.36-0.88)* 

S’TV (cm/sec) 6.9 (5.9-7.9) 6.5 (5.5-7.5) 5.8 (4.8-6.8) 5.1 (4.1-6.1)* 

TAPSE (mm) 7.2 (6.6-7.8) 7.7 (7.1-8.3) 6.6 (6.0-7.2) 5.8 (5.2-6.4)* 

RVEDA (cm2) 6.0 (4.6-7.4) 6.9 (5.5-8.3) 6.7 (5.3-8.2) 6.1 (4.6-7.5) 

RVESA (cm2) 4.3 (3.2-5.5) 5.2 (4.0-6.4) 5.4 (4.2-6.5)* 4.9 (3.7-6.1) 

FAC (%) 30.4 (26.4-34.4) 26.2 (22.2-30.2) 20.8 (16.8-24.8)* 20.4 (16.4-24.4)* 

RTX 0.26 (0.16-0.36) 0.32 (0.22-0.42) 0.45 (0.35-0.55)* 0.63 (0.53-0.73)* 

Global RVLS × - 1 (%) 11.8 (9.6-14.0) 12.0 (9.8-14.2) 9.1 (6.9-11.3)* 8.3 (6.1-10.5)* 

Free-wall RVLS 

× - 1 (%) 
13.2 (11.2-15.2) 13.0 (10.8-15.2) 9.3 (7.1-11.5)* 8.2 (6.0-10.4)* 

  Basal free wall 13.8 (10.6-17.0) 11.7 (8.5-14.9) 8.1 (4.9-11.3)* 7.4 (4.2-10.6)* 

  Middle free wall 13.8 (11.6-16.0) 13.4 (11.2-15.6) 10.5 (8.3-12.7)* 8.9 (6.7-11.1)* 

  Apical free wall 8.5 (6.1-10.9) 8.1 (5.7-10.5) 7.2 (4.8-9.6) 7.0 (4.6-9.4) 

Septal RVLS × - 1 (%) 10.4 (7.6-13.2) 10.9 (8.1-13.7) 9.2 (6.4-12.0) 9.0 (6.2-11.8) 

  Basal septum 11.4 (8.6-14.2) 11.6 (8.8-14.4) 10.8 (8.0-13.6) 9.2 (6.4-12.0) 

  Middle septum 9.6 (7.4-11.8) 10.5 (8.3-12.7) 9.2 (7.0-11.4) 8.7 (6.5-10.9) 

  Apical septum 6.8 (5.0-8.6) 7.0 (5.2-8.8) 5.8 (4.0-7.6) 6.8 (5.0-8.6) 

Free wall SST (msec) 261 (215-307) 272 (226-318) 321 (275-367) 345 (299-391)* 

  Basal free wall 263 (209-317) 272 (219-327) 339 (285-393)* 373 (319-427)* 

  Middle free wall 261 (221-301) 279 (239-319) 299 (259-339) 303 (263-343) 

  Apical free wall 262 (220-304) 286 (244-328) 297 (255-339) 313 (271-355) 

Septal SST (msec) 257 (205-309) 279 (227-331) 299 (247-351) 310 (258-362) 

  Basal septum 263 (213-313) 286 (236-336) 301 (251-351) 311 (261-361) 

  Middle septum 263 (211-315) 280 (228-332) 291 (239-343) 307 (255-359) 

  Apical septum 260 (208-312) 297 (245-349) 313 (261-365) 318 (266-370) 

Septal to free wall 4 -7 22 35 
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systolic delay (msec) (- 33-41) (- 44-30) (- 15-59) (- 2-72) 

RV-SD6 (msec) 25 (9-41) 24 (8-40) 50 (34-66) 66 (50-82)* 

A, tricuspid valve late diastolic flow velocity; E, tricuspid valve early diastolic flow 

velocity; FAC, fractional area change; RTX, right ventricular Tei index; RVEDA, right 

ventricular end-diastolic area; RVESA, right ventricular end-systolic area; RVLS, right 

ventricular longitudinal strain; RV-SD6, standard deviation of the systolic shortening time 

of right ventricular 6segments corrected for RR interval according to Bazett’s formula; 

SST, systolic shortening time; S’TV, peak systolic tricuspid annular velocity; TAPSE, 

tricuspid annular plane systolic excursion. 

* P < 0.05 compared with the baseline. 
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Table 9. Partial correlation analysis of echocardiographic indices and hemodynamic 

variables controlling for the effect of dogs in dog models of RV pressure-overload. 

 Mean PAP PVR  CI 

S’TV  - 0.44* - 0.56* - 0.67* 

TAPSE - 0.47* - 0.53* - 0.67* 

FAC - 0.66* - 0.69* - 0.54* 

RTX - 0.73* - 0.83* - 0.83* 

Global RVLS - 0.75* - 0.80* - 0.67* 

Free wall RVLS - 0.78* - 0.77* - 0.62* 

Septal RVLS - 0.27* - 0.40* - 0.43* 

RV-SD6 - 0.79* - 0.83* - 0.57* 

See Table 7 and 8 for key. 

* P < 0.05. 
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Table 10. Multiple linear regression analysis of predictors of the mean PAP, PVR, CI, 

and Tau in dog models of RV pressure-overload. 

Predictor β SE P value 

Mean PAP *    

  RV-SD6 - 0.40 0.02 0.011 

  Free wall RVLS - 0.60 0.20 < 0.001 

PVR †    

  RV-SD6 - 0.47 0.02 0.0086 

  Free wall RVLS - 0.39 0.11 0.020 

  RTX  0.34 2.16 0.047 

CI ‡    

  RTX - 0.65 0.45 < 0.001 

  S’TV  0.35 0.07 0.0030 

Tau §    

  RTX 0.39 39.6 0.0017 

See Table 7 and 8 for key  

* Adjusted R2 = 0.84, † Adjusted R2 = 0.87, ‡ Adjusted R2 = 0.91, § Adjusted R2 = 0.85. 

β = Standard regression coefficient. 
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Figure 5. Dose-dependent changes in the hemodynamic variables and echocardiographic 

indices after U46619 infusion in dog models of RV pressure-overload. Data are shown 

as the least square means ± SE. A－Mean PAP and PVR. B－CI. C－Free wall and 

septal RVLS. D－Free wall and septal SST. E－RV-SD6. F－RTX.  

* P < 0.05 compared with the baseline. 
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Figure 6. Representative images of speckle tracking echocardiograph and right 

ventricular Tei index (RTX) at baseline (A, C) and after U46619 infusion (B, D). A－ 

Global right ventricular longitudinal strain (RVLS) was –11.8%, and RV-SD6 was 25 

msec at baseline. B－RTX was 0.20 at baseline. C－After U46619 infusion at 0.9 

µg/kg/min, global RVLS was decreased (–7.4%). Systolic shortening time of basal and 

middle free wall was delayed (white arrows), and RV-SD6 was increased (60 msec). D

－RTX was increased (0.70) after U46619 infusion at 0.9 µg/kg/min. White color curve 

indicates global RVLS. RV-SD6, standard deviation of the systolic shortening time of 

right ventricular 6segments. 
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Figure 7. Dose-dependent segmental right ventricular longitudinal strain (RVLS) and 

systolic shortening time (SST) change after U46619 infusion in dog models of RV 

pressure-overload. Data are shown as the least square means ± SE. A, Basal and middle 

free wall RVLS were significantly lower than baseline at infusion rates of 0.6 and 0.9 

µg/kg/min.  B, Basal free wall SST was significantly longer than baseline at an 

infusion rate of 0.6 and 0.9 µg/kg/min. Blue bar, baseline; red bar, 0.3µg/kg/min; green 

bar, 0.6µg/kg/min; black bar, 0.9µg/kg/min. A-RV, apical free wall; A-S, apical septum; 

B-RV, basal free wall; B-S, basal septum; M-RV, middle free wall; M-S, middle septum. 

* P < 0.05 compared with the baseline. 
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4. DISCUSSION 

 

The main finding of this study is that echocardiographic indices of RV function, 

including RVLS and RV-SD derived from STE, are impaired under an RV pressure-

overload condition, and were an independent predictor of the mean PAP and PVR. These 

findings indicate that RVLS and RV-SD6 are sensitive to RV pressure-overload. 

In present study, while free wall RVLS significantly decreased and was 

correlated significantly with the mean PAP and PVR, septal RVLS did not change in dog 

models of RV pressure-overload. Li et al.35 and Puwanant et al.36 have reported that septal 

RVLS by STE significantly decreased in patients with PH compared with normal controls, 

and was correlated with PAP. The reason for this difference in septal RVLS may be related 

to the difference in the severity or duration of RV pressure-overload. In our study, systolic 

PAP of the dog models of RV pressure-overload was 22 ± 1 mmHg in contrast to a 

previous study, which included patients with systolic PAP of > 43.0 ± 4.6 mmHg35 and 

71 ± 23 mmHg36 estimated by echocardiography. Our findings indicate that free wall 

RVLS has higher sensitivity to RV pressure-overload compared with septal RVLS under 

an RV pressure-overload condition. The result of free wall RVLS is similar to previous 

studies in patients with PH.6,35–38 
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Furthermore, basal and middle free wall RVLS were significantly decreased in 

the present study. In contrast, apical free wall RVLS and all segmental septal RVLS did 

not change in dog models of RV pressure-overload. McConnell’s sign, characterized by 

severe hypokinesis of the middle and basal RV free wall with a preserved apical RV free 

wall motion based on subjective wall motion evaluation, is a well-recognized pattern and 

useful for echocardiographic diagnosis in patients with acute pulmonary embolism.62 

However, patients with McConnell’s sign actually had lower apical free wall RVLS 

compared with those without McConnell’s sign, and this sign has been associated with 

higher PVR, RV dilation, and systolic dysfunction.63,64 In present study, apical free wall 

RVLS was preserved after U46619 infusion similar to baseline, therefore the findings of 

the present study may be a mild impairment in RV wall motion under an RV pressure-

overload condition rather than McConnell’s sign, and basal and middle free wall may be 

sensitive to RV pressure-overload. 

In the present study, RV-SD6 increased significantly after U46619 infusion, and 

was significantly correlated with the mean PAP, PVR, and CI. RV intraventricular 

dyssynchrony has been described in human patients with PH, and has been demonstrated 

to be a good predictor of reduced cardiac function, such as RV ejection fraction and CI, 

clinical worsening, and poor prognosis.5,6,41,42 RV dyssynchrony has been reported to be 
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caused by RV pressure-overload, chamber dilation, and electrical activation 

delay.5,6,41,42,65 In our study, RV-SD6 showed no association with RVEDA and QRS 

duration. Therefore, RV dyssynchrony may be mainly caused by RV pressure-overload 

under this condition. 

Marcus et al.5 and Kalogeropoulos et al.6 reported free wall systolic delay using 

STE and magnetic resonance imaging in patients with PH. Our study showed that basal 

free wall SST was longer, and septal to free wall systolic delay was high after U46619 

infusion, but was not significant. The reason might be explained by the lesser degree of 

RV pressure-overload or the small sample size (n = 7) in our study. Indeed, the mean PAP 

in Kalogeropoulos et al.’s study and Marcus et al.’s study were 45 ± 13 mmHg and 55 ± 

13 mmHg, respectively. 

RV muscle is mainly composed of longitudinal muscle fibers, and the tricuspid 

annulus move toward the apex during the systolic phase. Therefore, longitudinal 

function of RV is essential in determination of RV output.66 In the present study, 

conventional RV function indices, such as S’TV, TAPSE, and FAC, were correlated with 

the mean PAP, PVR, and CI. This is consistent with the findings of previous studies in 

humans.67,68 However, in multivariate analysis, these echocardiographic indices were 

not independent predictors of the mean PAP and PVR. While these conventional RV 
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function indices have been used in clinical setting and provide information on global RV 

function, they have some limitations. S’TV and TAPSE can only assess regional analysis 

of tricuspid annulus and are angle-dependence. The measurement of FAC is experience-

dependent and reproducibility is often poor. Our results indicate that the superiority of 

STE-derived indices and RTX, for assessing hemodynamic deterioration compared with 

conventional RV function indices under an RV pressure-overload condition. 

RTX increased significantly under an RV pressure-overload condition, and was 

an independent predictor of PVR and CI. This result is in line with previous studies in 

patients with PH18,19,65. Furthermore, diastolic function, as assessed by Tau, was impaired 

in dog models of RV pressure-overload. These findings indicate that diastolic dysfunction 

is caused by RV pressure-overload. Similar findings have been reported in the human 

patients with PH69, and pig models of PH induced by U4661970. In previous studies using 

a high-fidelity micromanometer69 or conductance catheter70, diastolic function, as 

assessed by Tau, was impaired. Moreover, in our study, RTX was an independent 

predictor of Tau. Our study findings suggest that RTX reflects not only hemodynamic 

deterioration, but also diastolic dysfunction caused by RV pressure-overload. 

In present study, U46619 infusion significantly elevated not only PVR and PAP, 

but also the BP, PAWP and SVR in a dose-dependent manner. These hemodynamic 
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changes may influence the echocardiographic indices of RV function. Indeed, 

echocardiographic indices of RV systolic and diastolic function by conventional and STE 

impaired in patients with systemic hypertension without PH.71,72 

There remain several limitations of the present study. First, as mention above, 

U46619 infusion significantly elevated not only PVR and PAP, but also the BP, PAWP 

and SVR in a dose-dependent manner. A previous humans and dogs study showed a 

similar change of hemodynamic variables.61,70,73 These results indicate that U46619 

induces not only pulmonary arterial constriction, but also systemic arterial constriction. 

Previous studies demonstrated that U46619 induced pulmonary arterial 

vasoconstriction74, and canine isolated coronary, basilar, and mesenteric arteries 

vasoconstriction75. However, in our study, Rp/Rs significantly increased after U46619 

infusion, therefore the main target of U46619 may be the PA. Second, in the present study, 

a Swan-Ganz catheter was used for measuring hemodynamic variables. A high-fidelity 

micromanometer would have strengthened the results, especially max dP/dt and Tau. 

Third, while RV systolic function was assessed by max dP/dt in this study, it is load-

dependent and does not accurately reflect RV contractility. Therefore, measurement of 

load-independent indices derived from RV pressure-volume loops using a conductance 

catheter, such as ventricular end-systolic elastance and effective arterial elastance, is 
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needed to clarify the relationship between echocardiographic indices and RV systolic 

function. Fourth, the possibility that general anesthesia may have modulated myocardial 

performance and echocardiographic indices cannot be excluded. Moreover, a complete 

autonomic blockade was not used in the present study. Fifth, the number of dogs in this 

study was small. 

In conclusion, echocardiographic indices of RV function, such as free wall RVLS, 

RV-SD6, and RTX, are useful for assessing hemodynamic changes under an RV pressure-

overload condition, compared with conventional echocardiographic indices. 
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5. SUMMARY 

 

In this chapter, the effects of RV pressure-overload on the echocardiographic 

indices of RV function in dog models of RV pressure-overload by U46619 infusion were 

investigated. Compared with baseline values, all echocardiographic indices of RV 

function and dyssynchrony were impaired after U46619 infusion, and these indices were 

significantly correlated with the mean PAP, PVR, and CI. In addition, on multiple linear 

regression analysis, free wall RVLS and RV-SD6 were an independent predictor of the 

mean PAP and PVR, and RTX was an independent predictor of CI. These results indicate 

that the echocardiographic indices of RV function and dyssynchrony, such as free wall 

RVLS, RV-SD6, and RTX, are useful for assessing hemodynamic changes under RV 

pressure-overload condition. 
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GENERAL CONCLUSION 

 

The goal of this study was to establish the clinical usefulness of the assessment 

of RV function by echocardiography in dogs with heart disease. The findings of the 

present study indicate that RTX derived from DPD, RVLS and RV-SD6 derived from STE 

are feasible and reliable method for evaluation of RV function, and these 

echocardiographic indices can be used to assess the severity of RV pressure-overload in 

dogs. These results allow validation of the relationship between the echocardiographic 

indices of RV function and the hemodynamic changes observed in clinical dogs with heart 

disease in the future. 

In chapter 1, the repeatability of RTX derived from 3 different echocardiographic 

method was established in healthy dogs. While the within-day, between-day, and 

interobserver repeatability of RTXDPD measurement were high, those of RTXPD were low. 

The within-day repeatability of RTXTD was high. In addition, the RTXTD values were 

significantly higher than RTXDPD and RTXPD values. Thus, these findings indicate that 

RTXDPD measurement can be applied for the assessment of RV function in dogs. 

In chapter 2, the repeatability of RVLS and RV-SD6 derived from STE was 

investigated in healthy dogs, and the relationship between echocardiographic indices of 
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RV function and characteristics in clinically healthy dogs. The within-day, between-day, 

and interobserver repeatability of RVLS was high. The within-day repeatability of RV-

SD6 was high, but the between-day and interobserver repeatability of this index were low. 

In addition, these echocardiographic indices were significantly related to body weight. 

Therefore, these data demonstrate that the evaluation of RV function and dyssynchrony 

based on RVLS and RV-SD6 by STE can be applied in dogs. However, the effect of body 

weight on echocardiographic indices should be taken into consideration in a clinical 

setting. 

In chapter 3, the effects of RV pressure-overload on echocardiographic indices 

of RV function were investigated in healthy dogs. Compared with baseline values, all 

echocardiographic indices of RV function were impaired after U46619 infusion. In 

addition, these echocardiographic indices were significantly correlated with the mean PAP, 

PVR, and CI. On multiple linear regression, RVLS and RV-SD6 were an independent 

predictor of the mean PAP and PVR, and RTX was an independent predictor of the CI. 

Thus, these results demonstrate that RVLS, RV-SD6, and RTX are useful for assessing 

hemodynamic changes under an RV pressure-overload condition in dogs. 

In order to clarify the role of the echocardiographic indices of RV function in 

dogs with chronic RV pressure-overload in the future, it is necessary to validate the 
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relationship between invasive hemodynamic variables obtained by RHC and 

echocardiographic indices in dog models of chronic RV pressure-overload. Furthermore, 

long-term follow-up studies that can confirm associations between chronic RV pressure-

overload and the changes in the echocardiographic indices of RV function in clinical dogs 

(e.g.. the dogs with PH) are needed. In addition, to validate the usefulness of these 

echocardiographic indices to evaluate the treatment response, further studies in clinical 

dogs with RV pressure-overload and dog models of chronic RV pressure-overload are 

needed.  

In conclusion, the applicability of the echocardiographic indices of RV function 

in dogs including RTX derived from DPD, RVLS, and RV-SD6 derived from STE were 

able to be established. Additionally, preliminary findings in healthy dogs regarding the 

relationships between the echocardiographic indices of RV function and RV pressure-

overload can be clarified. The assessment of RV function by echocardiography may be 

useful to evaluate the severity and prognosis in dogs with heart disease.
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JAPANESE SUMMARY（要旨） 

 

Application of the assessment of right ventricular function by echocardiography 

in dogs with heart disease 

（犬心疾患への心エコー図法を用いた右心室機能評価の応用） 

 

心エコー図検査は人や犬において心疾患の診断、重症度評価、予後推定

に有用な検査であり必須の検査とされている。これまでは全身に血液を拍出す

る重要な心腔であり多くの心疾患が発生することから、その主な対象は左心室

機能であった。しかしながら近年医学では、右心室機能低下が主に右心室が障害

される肺高血圧症患者のみならず、左心室が障害される僧帽弁閉鎖不全症や拡

張型心筋症患者においても予後不良因子であることが明らかにされてきており、

その評価に注目が集まっている。しかしながら心エコー図検査では、右心室の複

雑な構造や収縮機構のため従来左心室に適用されていた心エコー図検査指標を

用いて右心室機能を評価することは困難とされてきた。そこで今回これらの制

限を受けにくい指標として右室 Tei index および新たな技術である Speckle 

Tracking法を用いた右心室機能評価に着目した。 

右室 Tei index は収縮能と拡張を合わせた総合的な心機能を評価可能な
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心エコー図検査指標であり、人および犬においてその有用性が示されている。し

かしながら従来法である pulsed-wave Doppler 法による測定では同一心周期での

測定を行うことができず、犬に一般的に存在する呼吸性不整脈の影響を受けて

再現性が低下する可能性が指摘されている。また組織ドプラ法による測定は同

一心周期における測定は可能であるが、pulsed-wave Dopplerによる測定値との差

異が認められている。そこで同一心周期にて測定可能な Dual pulsed-wave Doppler

法による右室 Tei index 測定に注目した。 

 Speckle Tracking 法は１心周期において心筋の動きを自動的に追跡する

ことにより正確に心筋運動を定量化できる新たな心エコー図手法である。医学

においては Speckle tracking法による右心室機能評価は肺高血圧症患者において

侵襲的に評価した血行動態と良好に相関し、予後推定にも有用であることが明

らかとなってきている。さらに Speckle tracking法を用いることで右心室自由壁

と心室中隔の収縮のタイミングのずれ「同期障害」を評価することも可能であり、

同期障害の発生が肺高血圧症患者の重症化および予後推定に有用であることが

示されてきている。 

しかしながら、犬においてはこれらの心エコー図検査手法に関する研究

は乏しく、基礎的な知見を欠いている。そこで本研究では、Dual pulsed-wave 

Dopper法による右室 Tei index 測定および Speckle tracking法による右心室機能、
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同期障害評価の犬心疾患における臨床的有用性を確立するために３段階からな

る実験を行った。 

第１段階として、３つの異なる方法により算出される右室 Tei indexによ

る右心室機能評価の犬への応用可能性を検討した。従来の方法である pulsed-

wave Doppler 法および組織ドプラ法による Tei index 測定に加え、新たな技術で

ある Dual pulsed-wave Doppler 法を用いた測定の再現性評価および各測定値の差

異について検討した。その結果、Dual pulsed-wave Doppler法による右室 Tei index

測定は日内・日間・検者間変動係数および級内相関係数が全て２０％以下および

０．７５以上であり、検査再現性は犬への臨床応用に適したものであった。一方

pulsed-wave Doppler 法による測定は日内・日間・検者間再現性が低く、組織ドプ

ラ法による測定は日内・日間再現性は良好であるものの検者間再現性は低いと

いう結果であった。また組織ドプラ法による右室 Tei index は他 2 法による右室

Tei index と比較して高値であった。以上の結果から、Dual pulsed-wave Doppler法

を用いた右室 Tei index 測定は犬において応用可能であることが示された。 

続いて第２段階として、 Speckle tracking 法による右心室機能および同

期障害評価の犬への応用可能性を検討した。 Speckle tracking法では右心室収縮

能評価指標である右室 strainおよび右心室同期障害指標である RV-SD6を算出し

た。これらの指標の再現性および体重、心拍数、年齢および血圧との関連性を検
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討した。右室 strain および RV-SD6はともに良好な日内再現性を有していた。さ

らに右室 strain は良好な日間および検者間再現性を示したものの、RV-SD6 にお

いては日間および検者間再現性は低かった。またこれらの指標は体重の影響を

受けることも明らかとなった。以上の結果より、 Speckle tracking 法による右心

室機能および同期障害評価は犬においても臨床応用可能であるものの、体重の

影響を受けることを考慮する必要があることが明らかとなった。 

次いで第３段階として、心エコー図検査による右心室機能評価指標が急

性右心室圧負荷条件下において右心室圧負荷の重症度評価に応用可能かを検討

するための基礎的実験として、健常犬を用いて選択的肺動脈収縮薬である

U46619の持続投与による急性右心室圧負荷が右心室機能評価指標へ及ぼす影響

を検討した。すべての右心室機能評価指標が急性右室圧負荷により悪化し、心臓

カテーテル検査にて測定した平均肺動脈圧、肺血管抵抗および心拍出量と有意

に相関した。さらに重回帰分析において右室 strainおよび RV-SD6 は平均肺動脈

圧、肺血管抵抗の、右室 Tei index は心拍出量の、独立した規定因子であること

が明らかとなった。これらの結果から、急性右心室圧負荷条件下において右室

strain、RV-SD6 および右室 Tei index が右心室圧負荷の重症度評価に有用である

ことが示された。 

今後明らかにすべき研究課題の１つとして、慢性右心室圧負荷条件下に
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おける右心室機能評価指標と血行動態指標の間の因果関係の検討が挙げられる。

そのためには、慢性右心室圧負荷モデル犬において右心室機能評価指標と心臓

カテーテル検査などで侵襲的に測定した血行動態指標との関連性を検討する実

験研究や慢性肺高血圧症症例犬の右心室機能評価指標の経時的変化を観察する

追跡研究が必要である。加えて、肺高血圧症症例犬の内科療法の治療効果判定に

おける右心室機能評価の有用性についても明らかにしていきたい。そのために

は、肺高血圧症症例犬や慢性右心室圧負荷モデル犬において治療による右心室

機能評価指標の変化を経時的に観察していく必要がある。さらには、様々な原因

による肺高血圧症症例やモデル犬を用いて右心室機能評価指標の変化の違いを

検討することで、原因診断における右心室機能評価の有用性も明らかにしたい

と考えている。 

最後に、本研究により右心室機能評価指標、特に右室 Tei index、 Speckle 

tracking法を用いた右室 strain 解析や右心室同期障害評価（RV-SD6）が犬におけ

る右心室圧負荷の重症度評価に有用である可能性が示された。今後、心エコー図

検査よる正確な右心室機能評価を通して、犬心疾患のより適切な管理・治療の実

現が期待される。
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