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Abstract 

Background: Right ventricular (RV) functional assessment has received considerable attention in veterinary medi-
cine since various diseases, such as cardiovascular, respiratory, endocrine, and neoplastic disease, may affect RV 
function. Heart rate (HR) is an important factor that can influence RV function through changes in loading condi-
tion and contractility. However, no study has yet evaluated the association between HR and RV function in the same 
individuals. This study aimed to evaluate the influence of elevated HR on RV function using right heart catheterization 
and echocardiography, and investigate the association between right heart catheterization and echocardiographic 
indices.

Results: Right atrial pacing was performed in eight dogs at 120, 140, 160, and 180 bpm. With an increase in HR, the 
RV systolic volume, RV diastolic volume, and stroke volume significantly decreased; however, the cardiac output, 
end-systolic elastance (Ees), and effective arterial elastance (Ea) significantly increased. Significant changes were not 
observed in RV pressure and Ees/Ea. The RV area normalized by body weight, RV fractional area change normalized by 
body weight (RV FACn), and tricuspid annular plane systolic excursion normalized by body weight (TAPSEn) signifi-
cantly decreased with increased HR. Peak systolic myocardial velocity of the lateral tricuspid annulus (RV s’), RV strain, 
and RV strain rate of only the RV free wall analysis (RV-SrL3seg) showed no significant changes with the increase in HR; 
however, there was an increase in the RV strain rate of the RV global analysis (RV-SrL6seg). Multiple regression analysis 
revealed that HR, RV FACn, and RV-  SrL6seg had significant associations with the Ees, and the TAPSEn and RV-SrL3seg 
with Ees/Ea.

Conclusions: Decreased venous return and shortened relaxation time decreased the RV FAC, TAPSE, RV s’, and RV 
strain, and might underestimate the RV function. Ees increased with the increase in HR, reflecting the myocardial 
force-frequency relation; as a result, RV-SrL6seg could be a useful tool for Ees estimation. Additionally, the RV-SrL3seg 
could detect RV performance, reflecting the balance between RV contractility and RV afterload.
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Background
Right ventricular (RV) function is affected by various 
diseases, such as cardiovascular, respiratory, endocrine, 
and neoplastic disease [1]. Recent studies have reported 
that pulmonary hypertension, which influences RV func-
tion through pressure overload, was a risk factor for poor 
outcomes in dogs with myxomatous mitral valve disease 
and respiratory disease/hypoxia [2, 3]. Additionally, RV 
dysfunction and dilatation were reported to have an asso-
ciation with shorter survival times in dogs with pulmo-
nary hypertension [4]. Therefore, the morphological and 
functional assessment of the RV has received consider-
able attention in veterinary medicine, and right heart 
catheterization has been accepted as the gold standard 
diagnostic assessment. Catheterization-derived end-sys-
tolic elastance (Ees) and effective arterial elastance (Ea) 
indicate the intrinsic myocardial contractility and after-
load, respectively [5]. Additionally, the ratio of Ees and 
Ea (Ees/Ea) could reflect the ventricular performance 
against afterload (i.e., ventricular-arterial coupling) [6–8]. 
However, this method is difficult to perform clinically 
in companion animals owing to the need for anesthesia. 
Therefore, echocardiography, an alternative non-invasive 
modality, is used most commonly by veterinarians to 
evaluate RV morphology and function. There are various 
RV functional indicators in veterinary medicine, includ-
ing RV fractional area change (RV FAC), tricuspid annu-
lar plane systolic excursion (TAPSE), and tissue Doppler 
imaging-derived peak systolic myocardial velocity of the 
lateral tricuspid annulus (RV s’) [9–11]. Additionally, 
two-dimensional speckle tracking echocardiography (2D-
STE) enables precise non-invasive evaluation of myocar-
dial function [12]. However, high sensitivity to loading 
conditions could complicate echocardiographic evalua-
tion of intrinsic RV function [13–16].

Heart rate (HR) is an important factor influencing car-
diac loading conditions. Some echocardiographic indices 
for RV function have been shown to correlate with HR 
in previous clinical studies [9, 17]. Indeed, increased HR 
would reduce the preload (i.e., venous return) to the right 
heart [18], which could underestimate the RV function. 
However, increased HR activates cardiac contractility 
(force-frequency relation/Bowditch effect) [19]. There-
fore, it is necessary to evaluate RV function while consid-
ering two factors: high sensitivity to loading conditions 
and force-frequency relation. To the authors’ knowledge, 
no study has yet evaluated the relationship between HR 

and RV function assessed by right heart catheterization 
and echocardiography in the same individual.

This study aimed to evaluate the influence of HR on 
RV morphology and function with RV pressure–volume 
loops and echocardiography in healthy anesthetized 
dogs. The echocardiographic variables which reflect RV 
function regardless of changes in HR were also explored. 
We hypothesized that increased HR could influence vol-
ume loading conditions and RV contractility, and would 
affect the echocardiographic RV variables; additionally, 
2D-STE indices could reflect the precise changes in myo-
cardial function.

Results
All the datasets obtained from eight healthy anesthetized 
beagles were used for the statistical analyses. Right atrial 
pacing was completed in all the dogs; the range of HR at 
baseline was 70–112 bpm. The end-tidal partial pressure 
of carbon dioxide, tissue oxygen saturation, and oscillo-
metric method-derived blood pressure were within the 
expected ranges for healthy dogs throughout the study.

Hemodynamic measurements
The hemodynamic variable measurements obtained 
from the RV pressure–volume loops are summarized in 
Table  1. There were no significant changes in maximal 
and minimal RV pressure associated with the increase in 
HR; however, the maximal and minimal RV volume was 
significantly decreased (Fig. 1). Stroke volume was signif-
icantly decreased at 180 bpm compared with the baseline 
(p = 0.028). Contrarily, cardiac output was significantly 
increased at 140 bpm, 160 bpm, and 180 bpm compared 
with the baseline (p = 0.027, p = 0.027, and p = 0.048, 
respectively). The Ees and Ea were significantly increased 
with increased HR. The Ees/Ea showed no significant 
change with increased HR.

Echocardiographic indices for the right heart
Table 2 shows the results of the echocardiographic indi-
ces for RV morphology and function. Right atrial pacing 
at 160 and 180 bpm significantly decreased the end-dias-
tolic and end-systolic RV area normalized by body weight 
(RVEDA index and RVESA index, respectively). Addi-
tionally, the RV fractional area change normalized by 
body weight (RV FACn) and the tricuspid annular plane 
systolic excursion normalized by body weight (TAPSEn) 
significantly decreased with increased HR. The tissue 

Keywords: Bowditch effect, Elastance, Force-frequency relation, Pressure–volume loop, Right ventricular contractility, 
Right ventricular performance, Strain, Strain rate, Two-dimensional speckle tracking echocardiography
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Doppler imaging-derived RV s’ showed no significant 
change with increased HR.

Regarding the 2D-STE indices, all the myocardial seg-
ments were included in the statistical analyses. At all 
pacing rates, the mean ± standard deviation of frame 
rates of the echocardiographic cineloops used for the 

2D-STE analyses were 131 ± 4 frames per second. 
The RV longitudinal strain (RV-SL) of each segmental 
analysis showed no significant change with increased 
HR, although RV-SL had the tendency to decrease at 
160 bpm and 180 bpm (Fig. 2A, 2B). The RV strain rate 
of only RV free wall analysis (RV-SrL3seg) showed no 

Table 1 Changes in hemodynamic variables at various right atrial pacing rates in 8 healthy anesthetized dogs

Data are represented as mean ± standard deviation for normally distributed data or median (interquartile range) for non-normally distributed data

Ea effective arterial elastance, Ees end-systolic elastance, RV right ventricular
* P value of the repeated-measures analysis of variance
a The value is significantly different from baseline (p < 0.050)
b The value is significantly different from 120 bpm (p < 0.050)
c The value is significantly different from 160 bpm (p < 0.050)

Variables Baseline
(range: 70 – 112)

120 bpm 140 bpm 160 bpm 180 bpm p*

Maximal RV pressure (mmHg) 22.1 ± 2.7 22.6 ± 2.1 22.7 ± 1.9 22.5 ± 2.3 23.0 ± 2.4 0.453

Minimal RV pressure (mmHg) 6.6 ± 2.3 5.6 ± 1.9 5.7 ± 2.1 5.7 ± 2.0 5.9 ± 2.0 0.033

Maximal RV volume (mL) 55.8 ± 9.2 54.0 ± 8.8 a 53.2 ± 9.3 a 52.2 ± 8.7 a,b 51.4 ± 8.6 a,b  < 0.001

Minimal RV volume (mL) 48.6 ± 7.4 46.2 ± 7.5 45.6 ± 7.4 44.8 ± 6.9 a,b 44.7 ± 6.8 a,b  < 0.001

Stroke volume (mL) 7.2 ± 2.1 7.8 ± 2.2 7.6 ± 2.6 7.4 ± 2.5 6.7 ± 2.3 c 0.026

Cardiac output (L/min) 0.72 ± 0.3 0.94 ± 0.3 1.1 ± 0.4 a 1.2 ± 0.4 a 1.2 ± 0.4 a  < 0.001

Ees (mmHg/mL) 4.1 ± 0.9 4.6 ± 1.2 5.0 ± 1.5 4.9 ± 1.3 a 5.1 ± 1.0 a 0.018

Ea (mmHg/mL) 2.3 ± 1.0 2.1 ± 0.6 2.2 ± 0.9 2.2 ± 0.7 2.6 ± 0.9b 0.047

Ees/Ea 2.0 ± 0.5 2.3 ± 0.6 2.4 ± 0.6 2.3 ± 0.4 2.1 ± 0.5 0.313

Fig. 1 A representative data of right ventricular pressure–volume loops with the increased heart rate
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Table 2 Changes in echocardiographic variables at various right atrial pacing rates in 8 healthy anesthetized dogs

Data are represented as mean ± standard deviation for normally distributed data or median (interquartile range) for non-normally distributed data

RV FACn right ventricular fractional area change normalized by body weight, RV s’ peak systolic myocardial velocity of the lateral tricuspid annulus, RVEDA index end-
diastolic right ventricular area normalized by body weight, RVESA index end-systolic right ventricular area normalized by body weight, TAPSEn tricuspid annular plane 
systolic excursion normalized by body weight
* P value of the repeated-measures analysis of variance or the Friedman test
a The value is significantly different from baseline (p < 0.050)
b The value is significantly different from 120 bpm (p < 0.050)
c The value is significantly different from 140 bpm (p < 0.050)
d The value is significantly different from 160 bpm (p < 0.050)

Variables Baseline
(range: 70 - 112)

120 bpm 140 bpm 160 bpm 180 bpm p*

RVEDA index  (cm2/kg0.624) 1.21
(1.09 - 1.30)

1.16
(1.05 - 1.25)

1.10
(0.95 - 1.21)

0.97a,b

(0.96 - 1.03)
0.88a,b,c

(0.76 - 0.96)
 < 0.001

RVESA index  (cm2/kg0.628) 0.71 ± 0.1 0.67 ± 0.1 0.64 ± 0.1 a 0.60 ± 0.1a 0.55 ± 0.1a,b,c  < 0.001

RV FACn (%/kg−0.097) 51.8 ± 3.9 51.2 ± 5.9 51.3 ± 6.0 46.6 ± 4.5 46.4 ± 2.9a  < 0.001

TAPSEn (mm/kg0.284) 4.4 ± 0.6 4.1 ± 0.7 3.6 ± 0.6a,b 3.3 ± 0.5a,b,c 2.8 ± 0.5a,b,c,d  < 0.001

RV s’ (cm/s) 6.6 ± 1.0 7.1 ± 1.6 6.9 ± 1.7 6.9 ± 1.6 6.7 ± 1.4 0.345

Fig. 2 Box and Whisker plots of right ventricular strain and strain rate in 8 healthy dogs. A: right ventricular (RV) strain of only RV free wall analysis 
(RV-SL3seg). B: RV strain of RV global analysis (RV-SL6seg). C: RV strain rate of only RV free wall analysis (RV-SrL3seg). D: RV strain rate of RV global analysis 
(RV-SrL6seg). The Whiskers indicate the range of values obtained, the box extends from the 25th to the 75th percentile, and the horizontal bar in the 
box represents the median
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significant change with the increased HR (p = 0.090) 
(Fig. 2C). However, the RV-SrL of the RV global analysis 
(RV-SrL6seg) was significantly increased with increased 
HR (Fig. 2D).

Single and multiple regression analyses
Table  3 shows the Pearson’s and Spearman’s correlation 
coefficients between HR and hemodynamic and echocar-
diographic variables evaluated in this study. For the RV 
pressure–volume loops-derived variables, the maximal 
and minimal RV volumes had significant negative corre-
lations with HR, whereas cardiac output and Ees had sig-
nificant positive correlations with HR. The RV pressure, 
stroke volume, and Ea showed no significant correlations 
with HR. For the echocardiographic variables, RVEDA 
index, RVESA index, RV FACn, TAPSEn, RV-SL3seg, and 
RV-SL6seg had significant negative correlations with HR. 
In contrast, RV-SrL3seg and RV-SrL6seg showed significant 
positive correlations with HR.

Table  4 summarizes the results of single regression 
analyses to evaluate the association between hemody-
namic variables (Ees and Ees/Ea) and echocardiographic 
indices. HR, RV FACn, and RV-SrL6seg showed significant 
associations with Ees in the single linear regression anal-
ysis, and the highest moderate correlation with Ees was 
observed in the RV-SrL6seg (r = 0.41) (Fig.  3A). Further-
more, the RV FACn, TAPSEn, RV s’, RV-SL3seg, RV-SL6seg, 
RV-SrL3seg, and RV-SrL6seg showed significant associa-
tions with Ees/Ea in the single linear regression analy-
sis; the RV-SrL3seg had the highest correlation with Ees/
Ea (r = 0.62) (Fig. 3B). After adjusting for the confound-
ing factors with multiple regression analysis, the HR, RV 
FACn, and RV-SrL6seg were significantly associated with 
Ees (p < 0.001, multiple adjusted r2 = 0.44), while TAPSEn 

Table 3 Correlation coefficients between HR and hemodynamic 
and echocardiographic variables

3seg RV free wall analysis, 6seg RV global analysis, Ea effective arterial elastance, 
Ees end-systolic elastance, RV right ventricular, RV FACn: RV fractional area 
change normalized by body weight, RV s’ peak systolic myocardial velocity of the 
lateral tricuspid annulus, RVEDA index end-diastolic RV area normalized by body 
weight, RVESA index end-systolic RV area normalized by body weight, RV-SL 
RV strain, RV-SrL systolic RV strain rate, TAPSEn tricuspid annular plane systolic 
excursion normalized by body weight
* P value of the Pearson’s or Spearman’s correlation coefficient

Variables Heart rate

Correlation 
coefficients

p*

Maximal RV pressure (mmHg) 0.08 0.620

Minimal RV pressure (mmHg) -0.07 0.647

Maximal RV volume (mL) -0.20 0.021

Minimal RV volume (mL) -0.20 0.021

Stroke volume (mL) -0.07 0.677

Cardiac output (L/min) 0.47 0.002

Ees (mmHg/mL) 0.25 0.011

Ea (mmHg/mL) 0.12 0.450

Ees/Ea 0.06 0.729

RVEDA index  (cm2/kg0.624) -0.68  < 0.001

RVESA index  (cm2/kg0.628) -0.56  < 0.001

RV FACn (%/kg−0.097) -0.40 0.010

TAPSEn (mm/kg0.284) -0.72  < 0.001

RV s’ (cm/s) 0.04 0.828

RV-SL3seg (%) -0.37 0.017

RV-SrL3seg  (s−1) 0.42 0.008

RV-SL6seg (%) -0.31 0.054

RV-SrL6seg  (s−1) 0.44 0.005

Table 4 Results of single regression analyses to evaluate the association between hemodynamic and echocardiographic variables

3seg right ventricular free wall analysis, 6seg right ventricular global analysis, HR heart rate, RV FACn right ventricular fractional area change normalized by body 
weight, RV s’ peak systolic myocardial velocity of the lateral tricuspid annulus, RVEDA index end-diastolic right ventricular area normalized by body weight, RVESA index 
end-systolic right ventricular area normalized by body weight, RV-SL right ventricular strain, RV-SrL systolic right ventricular strain rate, TAPSEn tricuspid annular plane 
systolic excursion normalized by body weight

Variables Ees Ees/Ea

regression coefficient (95% CI) p regression coefficient (95% CI) p

HR (bpm) 0.01 (0.00 – 0.02) 0.039 0.00 (0.00 – 0.01) 0.642

RVEDA index  (cm2/kg0.624) -1.79 (-4.03 – 0.45) 0.114 0.19 (-0.85 – 1.23) 0.713

RVESA index  (cm2/kg0.628) -0.80 (-4.69 – 3.09) 0.680 -0.68 (-2.41 – 1.05) 0.431

RV FACn (%/kg−0.097) -0.09 (-0.17 – -0.02) 0.010 0.05 (0.01 – 0.08) 0.006

TAPSEn (mm/kg0.284) -0.34 (-0.84 – 0.16) 0.176 0.20 (-0.02 – 0.42) 0.070

RV s’ (cm/s) -0.07 (-0.34 – 0.21) 0.630 0.21 (0.11 – 0.32)  < 0.001

RV-SL3seg (%) -0.06 (-0.20 – 0.09) 0.414 0.10 (0.04 – 0.15) 0.002

RV-SrL3seg  (s−1) 0.60 (-0.74 – 1.94) 0.374 1.14 (0.66 – 1.62)  < 0.001

RV-SL6seg (%) 0.03 (-0.14 – 0.20) 0.745 0.08 (0.01 – 0.15) 0.033

RV-SrL6seg  (s−1) 2.15 (0.58 – 3.71) 0.008 1.08 (0.39 – 1.76) 0.003
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and RV-SrL3seg were significantly associated with Ees/Ea 
(p < 0.001, multiple adjusted r2 = 0.46).

Intra- and interobserver measurement variability
Results of the intra- and inter-observer measurement 
variability are summarized in Table  5. All echocardio-
graphic indices had low intra-observer measurement 
variability [20]. Additionally, all echocardiographic indi-
ces met the definition of low inter-observer measurement 
variability [20].

Discussion
In this study, the RV size indicators, including cathe-
terization-derived RV volume and echocardiography-
derived RVEDA and RVESA, significantly decreased with 
increased HR. These results might reflect the incom-
plete myocardial relaxation and decreased venous return 
caused by higher HR. As the HR increased, certain echo-
cardiographic indices, including RV FACn, TAPSEn, 
RV s’, and RV-SL decreased. However, catheterization-
derived Ees increased, suggesting that these echocardio-
graphic indices were sensitive to the decrease in preload 
and thus could underestimate RV systolic function. 
Nonetheless, the RV-SrL6seg showed a significant associa-
tion with the Ees, as did the RV-SrL3seg with the Ees/Ea. 
Our results indicated that the 2D-STE-derived RV-SrL 
could reflect intrinsic RV contractility and RV perfor-
mance regardless of fluctuations in HR.

Several conventional echocardiographic indices used 
for the assessment of RV function, including RV FACn 
and TAPSEn, significantly decreased with increased HR; 
however, the Ees, which indicates intrinsic cardiac con-
tractility, increased. Additionally, the 2D-STE-derived 
RV-SL and RV s’ showed no significant increases with 
increased HR; interestingly, RV-SL tended to decrease 
at rates of 160 and 180  bpm. An increase in HR would 
shorten ejection time and relaxation time, and decrease 
the venous return (incomplete relaxation [19]). A previ-
ous experimental study has reported that acute volume 
overload increased echocardiographic indices such as 
TAPSE, RV FAC, RV s’, and the 2D-STE derived RV-SL 
and RV-SrL [16]. Our results also suggested that short-
ened ejection and relaxation times and a decreased vol-
ume loading condition could underestimate RV systolic 

Fig. 3 Correlations between hemodynamic indices and right ventricular strain rate. A: Correlation between end-systolic elastance (Ees) and right 
ventricular (RV) strain rate of RV global analysis (RV-SrL6seg). B: Correlation between Ees to effective arterial elastance ratio (Ees/Ea) and RV strain rate 
of only RV free wall analysis (RV-SrL3seg)

Table 5 Intra- and inter-observer measurement variability of the 
echocardiographic variables

3seg right ventricular free wall analysis, 6seg right ventricular global analysis, 
CV coefficient of variation, ICC inter- or intra-class correlation coefficients, RV 
FACn right ventricular fractional area change normalized by body weight, RV s’ 
peak systolic myocardial velocity of the lateral tricuspid annulus, RVEDA index 
end-diastolic right ventricular area normalized by body weight, RVESA index end-
systolic right ventricular area normalized by body weight, RV-SL right ventricular 
strain, RV-SrL systolic right ventricular strain rate, TAPSEn tricuspid annular plane 
systolic excursion normalized by body weight
*  Within a row, ICC values were considered significant (p < 0.050)

Variables Intra-observer Inter-observer

CV ICC CV ICC

RVEDA index 2.2 0.97* 6.1 0.91*

RVESA index 4.4 0.95* 7.4 0.83*

RV FACn 5.0 0.91* 9.1 0.85*

TAPSEn 1.8 0.99* 3.5 0.99*

RV s’ 1.3 0.99* 2.2 0.99*

RV-SL3seg 4.1 0.93* 7.2 0.88*

RV-SrL3seg 5.9 0.89* 9.5 0.91*

RV-SL6seg 5.2 0.98* 7.6 0.96*

RV-SrL6seg 5.7 0.93* 6.9 0.87*
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function when using conventional echocardiographic 
indices and 2D-STE-derived RV-SL.

The RV-SrL showed a significant positive correlation 
with HR as well as Ees, although certain conventional 
echocardiographic indices, such as RV FACn, TAPSEn, 
and RV s’, showed either no correlations or significant 
negative correlations. The 2D-STE method enables 
assessment of the RV myocardial function without the 
influences of angle-dependency, translation, or tethering 
of the heart [12, 21], and supports the intrinsic myocar-
dial function evaluation of the whole RV. Our results may 
suggest that the 2D-STE-derived RV functional indices 
could precisely evaluate RV function. Specifically, RV-
SrL6seg had a significant association with Ees, but RV-SL 
and RV-SrL3seg did not. A previous study reported that 
the left ventricular strain rate more closely reflects myo-
cardial contractility with load-independency than did 
left ventricular strain [22]. Additionally, several experi-
mental studies have reported that the interventricular 
septum plays an important role in RV cardiac output [23, 
24]. Therefore, our results indicated that the myocardial 
motility of the global RV, including not only the RV free 
wall but also the interventricular septum, might contrib-
ute to RV contractility; additionally, the RV-SrL6seg might 
reflect intrinsic RV myocardial contractility regardless of 
HR. However, the 2D-STE method could not separate the 
myocardial function of the interventricular septum into 
right and left ventricular components. Further studies 
that also assess left ventricular function are warranted in 
the future.

In addition to the increase in Ees associated with the 
force-frequency relation, Ea was significantly increased 
at 180 bpm when compared with that at 120 bpm. Pre-
vious canine studies reported that the left ventricular Ea 
approximates peripheral vascular resistance multiplied 
by HR [25, 26]. Although there was no significant cor-
relation between HR and Ea, our results indicated that 
an excessively increased HR might increase the Ea of the 
right and left ventricles. With the increase in both Ees 
and Ea, the Ees/Ea was stable even when HR increased. 
In this study, the RV-SrL3seg and TAPSEn demonstrated 
an association with the Ees/Ea in the regression analy-
ses, and the RV-SrL3seg had the highest correlation with 
Ees/Ea. The Ees/Ea is an indicator of RV performance, 
reflecting the relationship between RV contractility and 
afterload [6–8]. Of the indices evaluated in this study, our 
results suggest that the RV-SrL3seg may be the most suit-
able tool to evaluate RV performance regardless of HR 
fluctuation. Additionally, RV-SrL3seg had a higher correla-
tion with Ees/Ea than with TAPSEn in this study. Since 
RV myocardial motility could vary in different regions of 
the RV free wall [27, 28], TAPSE (which evaluates only 
basal regional RV function) would not have sufficient 

power to reflect the RV performance. Evaluation of the 
entire RV free wall (RV-SrL3seg) may be necessary to esti-
mate the RV performance.

This study had certain limitations. The primary limi-
tation of this study was the relatively small sample size. 
As we did not perform an a priori power calculation, 
the small sample size could have influenced the statisti-
cal power necessary to detect the changes in specific RV 
morphological and functional variables as HR increased. 
Second, the influence of HR on RV morphology and 
function was assessed using healthy anesthetized bea-
gles. Certain drugs used for anesthesia, especially isoflu-
rane, could have affected RV afterload and contractility 
[29, 30]. Additionally, our results could differ in dogs of 
other breeds or those with cardiac diseases affecting RV 
function. Third, the frame rates of echocardiography 
cineloops used for the 2D-STE analysis were constant 
throughout the study. The relatively decreased num-
ber of frames at higher HRs could affect the results of 
the 2D-STE indices. However, all 2D-STE indices were 
obtained from the echocardiographic cineloops with 
sufficient frame rates [31, 32]. Third, this study did not 
measure hemodynamic variables other than RV pres-
sure–volume loops. Changes might have occurred in 
pulmonary artery pressure and right atrial pressure dur-
ing anesthesia and/or pacing that might have influenced 
our results. Finally, we evaluated only the RV longitudi-
nal myocardial function. The RV circumferential function 
could also contribute to RV performance [33, 34].

Conclusions
In this study, echocardiographic indices of RV function, 
namely RV FACn, TAPSEn, RV s’, and 2S-STE-derived 
RV-SL, decreased with increased HR. This indicated that 
the aforementioned indices were sensitive to decreased 
venous return and incomplete relaxation and could 
underestimate RV systolic function. However, the intrin-
sic RV contractility assessed with Ees was increased 
according to the force-frequency relation/Bowditch 
effect; RV-SrL6seg could be a useful tool to estimate the 
Ees. Additionally, the RV-SrL3seg may detect RV perfor-
mance assessed by Ees/Ea, reflecting the balance between 
RV contractility and afterload.

Methods
Study design and setting
This was a hypothesis-driven, experimental study. All 
procedures followed the Guidelines for Institutional Lab-
oratory Animal Care and Use of Nippon Veterinary and 
Life Science University in Tokyo, Japan. The study was 
approved by the ethical committee for laboratory animal 
use of the Nippon Veterinary and Life Science University 
in Tokyo, Japan (approval No. 2020S-46).
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Animals
Eight healthy beagles owned by our laboratory 
(male/female: 4/4; age [mean ± standard deviation]: 
1.4 ± 0.1 years; body weight [mean ± standard deviation]: 
9.9 ± 1.0 kg) were used in this study. Each dog was deter-
mined to be healthy based on the findings of a complete 
physical examination, complete blood cell count (poch-
100iV Diff, Sysmex Corporation, Hyogo, Japan), serum 
blood chemistry profile (FDC7000V, FUJIFILM Corpo-
ration, Kanagawa, Japan), electrocardiography (D320, 
FUKUDA M-E KOGYO Co, LTD, Tokyo, Japan), thoracic 
and abdominal radiography (FCR PRIMA V and FD0078-
V Station T, FUJIFILM Corporation, Kanagawa, Japan), 
transthoracic and abdominal ultrasonography (Vivid 
iq, GE Healthcare, Tokyo, Japan), and oscillometric 
blood pressure measurement (BP100DII, FUKUDA M-E 
KOGYO Co, LTD, Tokyo, Japan).

Study protocol
All dogs were premedicated with butorphanol tartrate 
(0.2  mg/kg, IV) and midazolam hydrochloride (0.2  mg/
kg, IV), and received cefazolin sodium hydrate (20.0 mg/
kg, IV). Anesthesia was induced with propofol (4.0 to 
6.0  mg/kg, IV to effect) and dogs were intubated and 
maintained on 1.5% isoflurane. Each dog received an 
intravenous infusion of lactated Ringer’s solution at a rate 
of 3.0  mL/kg/h throughout the experiments. Pressure-
controlled mechanical ventilation at a rate of 10 breaths 
per minute was maintained throughout the study. End-
tidal partial pressure of carbon dioxide, transcutaneously 
measured tissue oxygen saturation, heart rate, and oscil-
lometric blood pressure were assessed throughout the 
study with a multiparameter monitor (AM130, FUKUDA 
M-E KOGYO Co, LTD, Tokyo, Japan).

All dogs were restrained in a supine position, and the 
left and right sides of the neck were clipped, aseptically 
prepared, and draped. A 6-Fr sheath introducer (Radifo-
cus Introducer IIH, Terumo Corporation, Tokyo, Japan) 
was inserted into the left and right jugular veins using a 
Seldinger retainment technique. After the insertion of 
the sheath introducers, the dogs were positioned in left 
lateral recumbency. A 5-Fr pressure–volume catheter 
(Ventri-Cath 507, Millar Inc, Texas, US) was positioned in 
the right ventricle with the aid of fluoroscopic guidance 
(Brivo OEC 785, GE Healthcare Japan, Tokyo, Japan) and 
manually adjusted to obtain accurate RV pressure–vol-
ume loops. Additionally, a 4-Fr pacing catheter (TL-410, 
Abbott Medical Japan LLC, Tokyo, Japan) was positioned 
in the right atrium and manually adjusted to obtain accu-
rate right atrial pacing with the aid of fluoroscopic guid-
ance and electrocardiography. After a 10-min stabilization 
period, hemodynamic measurements (VPR-1003, Unique 
Medical Co, LTD, Tokyo, Japan) and echocardiography 

(Vivid iq, GE Healthcare, Tokyo, Japan) were performed 
to obtain baseline data. Right atrial pacing was subse-
quently performed using an external programmable pace-
maker (Model SEP-101, Star Medical Inc, Tokyo, Japan); 
heart rates of 120 bpm, 140 bpm, 160 bpm, and 180 bpm 
were randomly generated. After 5 min of continuous right 
atrial pacing, hemodynamic measurements and echocar-
diography were performed at each pacing rate. When all 
of the experimental protocols were completed, the cath-
eters and sheath introducers were removed and manual 
astriction was performed at the catheterization sites. All 
dogs were then recovered from anesthesia, and admin-
istered cephalexin (20.0 mg/kg, PO, BID for 3 days) and 
robenacoxib (2.0 mg/kg, SC, SID as needed). After com-
pleting the study protocol, all dogs were transferred for 
another study at our institution.

Right heart catheterization
Right heart catheterizations and hemodynamic analyses 
were performed by a single observer using a ventricu-
lar pressure–volume measurement device (VPR-1003, 
Unique Medical Co, LTD, Tokyo, Japan) and analysis soft-
ware (Integral3, Unique Medical Co, LTD, Tokyo, Japan). 
RV pressure–volume loops were recorded for 30 s.

The mean values of five consecutive pressure–volume 
loops at the end of the expiratory phase were used in the 
statistical analysis to eliminate the influence of respiratory 
variations [35]. The following variables were measured as 
RV hemodynamic indicators: maximal and minimal RV 
pressure, maximal and minimal RV volume, stroke vol-
ume, cardiac output, Ees, Ea, and Ees/Ea. Stroke volume 
was calculated as the difference in maximal and minimal 
RV volume, and cardiac output was defined as stroke vol-
ume multiplied by HR. The Ees was calculated using the 
RV single-beat method as previously described [36].

Echocardiographic evaluation of the right heart
Conventional 2D, M-mode, and Doppler examinations 
were performed using an echocardiography system (Vivid 
iq, GE Healthcare, Tokyo, Japan) and a 3.5–6.9  MHz 
transducer. Lead II electrocardiography was performed 
simultaneously and results were displayed on the images. 
Data were obtained from at least 5 consecutive cardiac 
cycles in each dog while in lateral recumbency. All images 
were analyzed using an offline workstation (EchoPAC PC, 
Version 204, GE Healthcare, Tokyo, Japan).

The means of the five consecutive cardiac cycles meas-
ured during paced rhythms were used in all analyses of 
the right heart echocardiographic indices. Furthermore, 
all indices were measured at the end-expiratory phase. 
The RVEDA and RVESA were measured as RV morpho-
logical indicators. These indices were obtained from the 
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left apical four-chamber view optimized for the right 
heart (RV focus view) [10, 37, 38], and were measured by 
tracing the endocardial border of the RV inflow region 
at end-diastole and end-systole, excluding the papillary 
muscles [11, 37]. To eliminate the effect of different body 
sizes, the RVEDA and RVESA were normalized using the 
following formulae [38]:

For assessing RV function, the following indices were 
measured: TAPSE, RV FAC, and RV s’. These indices were 
obtained from the RV focus view [10, 37, 38]. The TAPSE 
was measured using the B-mode cineloops as the total 
displacement of the tricuspid annulus from end-diastole 
to end-systole [39, 40]. The RV FAC was calculated using 
the RVEDA and RVESA [37]:

RVEDA index = (RVEDA [cm2
])/(body weight [kg])0.624

RVESA index = (RVESA [cm2
])/(body weight [kg])0.628

RV FAC (%) = ([RVEDA—RVESA]/RVEDA) × 100

The TAPSE and RV FAC values normalized by body 
weight (TAPSEn and RV FACn, respectively) were calcu-
lated using the following formulae [37, 41]:

The RV s’ was measured as the peak systolic velocity 
obtained from the tissue Doppler imaging-derived lateral 
tricuspid annular motion wave [37].

2D‑STE
All 2D-STE analyses were performed by the same inves-
tigator using the same ultrasound and offline workstation 
as those for standard echocardiography. The strain and 
strain rate were obtained from the RV focus view using 
the left ventricular four-chamber algorithms [39]. The 
region of interest for the 2D-STE was defined by manu-
ally tracing the RV endocardial border. The RV free wall 
analysis (3seg) was performed by tracing from the level 
of the lateral tricuspid annulus to the RV apex for the 

TAPSEn = (TAPSE)/(body weight [kg])0.33

RV FACn = (RV FAC)/(body weight [kg])−0.097

Fig. 4 Right ventricular strain and strain rate obtained by two-dimensional speckle tracking echocardiography. A: Right ventricular strain and strain 
rate of only RV free wall analysis (RV-SL3seg and RV-SrL3seg). B: Right ventricular strain and strain rate of RV global analysis (RV-SL6seg and RV-SrL6seg)
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longitudinal strain (RV-SL3seg), as well as the systolic 
strain rate (RV-SrL3seg) (Fig. 4A). The RV global analysis 
(6seg) was also performed by tracing from the lateral tri-
cuspid annulus to the septal tricuspid annulus (including 
the interventricular septum) via the RV apex for the lon-
gitudinal strain (RV-SL6seg), as well as the systolic strain 
rate (RV-SrL6seg) (Fig. 4B). Manual adjustments were per-
formed to include and track the entire myocardial thick-
ness throughout the cardiac cycle, if necessary. When 
the automated software could not track the myocardial 
regions, the regions of interest were retraced and recal-
culated. The RV-SL was defined as the absolute value of 
the negative peak value obtained from the strain wave. 
The RV-SrL was defined as the absolute value of the neg-
ative peak value obtained from the strain rate wave dur-
ing systole [42].

Intra- and inter-observer measurement variability
Intra-observer measurement variability was performed 
by the same observer who performed all the echocardio-
graphic analyses. The echocardiographic indices of RV 
morphology and function for three dogs at baseline and 
at each pacing rate were measured on different days using 
the same echocardiogram and heart cycles. A second 
blinded observer measured the same echocardiographic 
indices to obtain interobserver measurement variabil-
ity using the same five cardiac cycles. The mean values 
from two different days and from two different observ-
ers assessing the same cardiac cycles were used to evalu-
ate intra- and interobserver measurement variability, 
respectively.

Statistical analysis
All statistical analyses were performed using R software 
version 2.8.1. Continuous variables were reported as 
mean ± standard deviation for normally distributed data 
and median (interquartile range) for non-normally dis-
tributed data.

Data normality was tested using the Shapiro–Wilk 
test. Continuous variables were compared between the 
baseline and each pacing rate using a repeated-meas-
ures analysis of variance, with subsequent pairwise 
comparisons using Tukey’s multiple comparison test for 
normally distributed data. The Friedman test with sub-
sequent pairwise comparisons using the Steel–Dwass 
test was used for non-normally distributed data. To 
evaluate the influence of HR on RV morphological and 
functional variables, Pearson’s and Spearman’s correla-
tion coefficients were calculated. Additionally, univari-
ate and multiple regression analyses were performed to 
identify the relationships between specific RV hemody-
namic indices (Ees and Ees/Ea) and echocardiographic 

indices. The correlation was considered to be strong 
if the absolute value of the correlation coefficient 
|r| was > 0.7, moderate if 0.4 to 0.7, weak if 0.2 to 0.4, 
and no correlation if < 0.2. The indices with p < 0.10 in 
the univariate analysis were entered into the multiple 
regression analysis.

Intra- and inter-observer measurement variability was 
quantified by the coefficient of variation (CV) using a 
root mean square method, as previously described [43]. 
Additionally, Intra- and inter-class correlation coeffi-
cients (ICC) were also used to evaluate measurement 
variability. Low measurement variability was defined as 
CV < 10.0 and ICC > 0.7. Statistical significance was set at 
p < 0.05.

Abbreviations
2D-STE: Two-Dimensional Speckle Tracking Echocardiography; 3seg: Right 
Ventricular Free Wall Analysis; 6seg: Right Ventricular Global Analysis; CV: 
Coefficient of Variation; HR: Heart Rate; ICC: Inter- or Intra-Class Correlation 
Coefficients; Ea: Effective Arterial Elastance; Ees: End-systolic EChanges in 
hemodynamic variables at various right atrial pacing ratlastance; RV: Right 
Ventricle/Right Ventricular; RV FACn: Right Ventricular Fractional Area Change 
Normalized by Body Weight; RVEDA index: End-diastolic Right Ventricular Area 
Normalized by Body Weight; RVESA index: End-systolic Right Ventricular Area 
Normalized by Body Weight; RV s’: Peak Systolic Myocardial Velocity of the 
Lateral Tricuspid Annulus; RV-SL: Right Ventricular Longitudinal Strain; RV-SrL: 
Systolic Right Ventricular Strain Rate; TAPSEn: Tricuspid Annular Plane Systolic 
Excursion Normalized by Body Weight.

Acknowledgements
We would like to thank Editage (www. edita ge. com) for English language 
editing. This research was presented as an ePoster at the 2021 ACVIM Forum 
On Demand.

Authors’ contributions
YY designed and conducted the study procedures, analyzed and interpreted 
the data, and drafted the manuscript. RS designed the study procedures and 
interpreted the data. HKa analyzed the echocardiographic data as the second 
observer. TS, TT, HM, and HKo provided the concept design and academic 
direction. All authors have read and approved the final manuscript.

Funding
This work was partially supported by JSPS KAKENHI (grant number 20K15667).

Availability of data and materials
The datasets used and/or analyzed during the current study are available from 
the corresponding author upon reasonable request.

Declarations

Ethics approval and consent to participate
All procedures followed the Guidelines for Institutional Laboratory Animal 
Care and Use of Nippon Veterinary and Life Science University in Tokyo, Japan. 
The study was approved by the ethical committee for laboratory animal 
use of the Nippon Veterinary and Life Science University in Toyko, Japan 
(approval No. 2020S-46). This study was carried out in accordance with ARRIVE 
guidelines.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

http://www.editage.com


Page 11 of 12Yuchi et al. BMC Veterinary Research          (2022) 18:166  

Received: 23 July 2021   Accepted: 28 April 2022

References
 1. Reinero C, Visser LC, Kellihan HB, Masseau I, Rozanski E, Clercx C, et al. 

ACVIM consensus statement guidelines for the diagnosis, classification, 
treatment, and monitoring of pulmonary hypertension in dogs. J Vet 
Intern Med. 2020;34:549–73.

 2. Borgarelli M, Abbott J, Braz-Ruivo L, Chiavegato D, Crosara S, Lamb K, 
et al. Prevalence and Prognostic Importance of Pulmonary Hyperten-
sion in Dogs with Myxomatous Mitral Valve Disease. J Vet Intern Med. 
2015;29:569–74.

 3. Jaffey JA, Wiggen K, Leach SB, Masseau I, Girens RE, Reinero CR. Pulmonary 
hypertension secondary to respiratory disease and/or hypoxia in dogs: Clini-
cal features, diagnostic testing and survival. Vet J. 2019;251:105347.

 4. Visser LC, Wood JE, Johnson LR. Survival characteristics and prognostic 
importance of echocardiographic measurements of right heart size 
and function in dogs with pulmonary hypertension. J Vet Intern Med. 
2020;34:1379–88.

 5. Maughan WL, Shoukas AA, Sagawa K, Weisfeldt ML. Instantaneous pressure-
volume relationship of the canine right ventricle. Circ Res. 1979;44:309–15.

 6. Vonk Noordegraaf A, Westerhof BE, Westerhof N. The Relationship Between 
the Right Ventricle and its Load in Pulmonary Hypertension. J Am Coll 
Cardiol. 2017;69:236–43.

 7. Vonk-Noordegraaf A, Haddad F, Chin KM, Forfia PR, Kawut SM, Lumens J, 
et al. Right heart adaptation to pulmonary arterial hypertension: Physiology 
and pathobiology. J Am Coll Cardiol. 2013;62(25 SUPPL.):22–33.

 8. Lahm T, Douglas IS, Archer SL, Bogaard HJ, Chesler NC, Haddad F, et al. 
Assessment of right ventricular function in the research setting: Knowledge 
gaps and pathways forward an official American thoracic society research 
statement. Am J Respir Crit Care Med. 2018;198:e15-43.

 9. Visser LC, Scansen BA, Brown NV, Schober KE, Bonagura JD. Echocardio-
graphic assessment of right ventricular systolic function in conscious 
healthy dogs following a single dose of pimobendan versus atenolol. J Vet 
Cardiol. 2015;17:161–72.

 10. Rudski LG, Lai WW, Afilalo J, Hua L, Handschumacher MD, Chandrasekaran 
K, et al. Guidelines for the Echocardiographic Assessment of the Right 
Heart in Adults: A Report from the American Society of Echocardiography. 
Endorsed by the European Association of Echocardiography, a registered 
branch of the European Society of Cardiology. J Am Soc Echocardiogr. 
2010;23:685–713.

 11. Vezzosi T, Domenech O, Costa G, Marchesotti F, Venco L, Zini E, et al. 
Echocardiographic evaluation of the right ventricular dimension and 
systolic function in dogs with pulmonary hypertension. J Vet Intern Med. 
2018;32:1541–8.

 12. Amundsen BH, Helle-Valle T, Edvardsen T, Torp H, Crosby J, Lyseggen E, et al. 
Noninvasive myocardial strain measurement by speckle tracking echo-
cardiography: Validation against sonomicrometry and tagged magnetic 
resonance imaging. J Am Coll Cardiol. 2006;47:789–93.

 13. Johnson LR, Boon J, Orton EC. Clinical characteristics of 53 dogs with 
Doppler-derived evidence of pulmonary hypertension: 1992–1996. J Vet 
Intern Med. 1999;13:440–7.

 14. Hsiao S-H, Lin S-K, Wang W-C, Yang S-H, Gin P-L, Liu C-P. Severe tricus-
pid regurgitation shows significant impact in the relationship among 
peak systolic tricuspid annular velocity, tricuspid annular plane systolic 
excursion, and right ventricular ejection fraction. J Am Soc Echocardiogr. 
2006;19:902–10.

 15. Morita T, Nakamura K, Osuga T, Yokoyama N, Morishita K, Sasaki N, 
et al. Changes in right ventricular function assessed by echocardiog-
raphy in dog models of mild RV pressure overload. Echocardiography. 
2017;34:1040–9.

 16. Morita T, Nakamura K, Osuga T, Yokoyama N, Morishita K, Sasaki N, et al. 
Effect of acute volume overload on echocardiographic indices of right 
ventricular function and dyssynchrony assessed by use of speckle tracking 
echocardiography in healthy dogs. Am J Vet Res. 2019;80:51–60.

 17. Chetboul V, Damoiseaux C, Lefebvre HP, Concordet D, Desquilbet L, Gouni 
V, et al. Quantitative assessment of systolic and diastolic right ventricular 
function by echocardiography and speckle-tracking imaging: A prospective 
study in 104 dogs. J Vet Sci. 2018;19:683–92.

 18. Wu CC, Takeuchi M. Echocardiographic assessment of right ventricular 
systolic function. Cardiovascular Diagnosis and Therapy. 2018;8:70–9.

 19. Janssen PML, Periasamy M. Determinants of frequency-dependent 
contraction and relaxation of mammalian myocardium. J Mol Cell Cardiol. 
2007;43:523–31.

 20. Landis JR, Koch GG. The Measurement of Observer Agreement for Categori-
cal Data. Biometrics. 1977;33:159.

 21. Chetboul V, Serres F, Gouni V, Tissier R, Pouchelon J. Noninvasive assessment 
of systolic left ventricular torsion by 2-dimensional speckle tracking imaging 
in the awake dog: repeatability, reproducibility, and comparison with tissue 
Doppler imaging variables. J Vet Intern Med. 2008;22:342–50.

 22. Weidemann F, Jamal F, Sutherland GR, Claus P, Kowalski M, Hatle L, et al. 
Myocardial function defined by strain rate and strain during alterations in 
inotropic states and heart rate. Am J Physiol Circ Physiol. 2002;283:H792–9.

 23. Donald DE, Essex HE. Pressure Studies After Inactivation of the Major Portion 
of the Canine Right Ventricle. Am J Physiol. 1954;176:155–61.

 24. Starr I, Jeffers WA, Meade RH. The absence of conspicuous increments of 
venous pressure after severe damage to the right ventricle of the dog, with 
a discussion of the relation between clinical congestive failure and heart 
disease. Am Heart J. 1943;26:291–301.

 25. Sunagawa K, Maughan WL, Sagawa K. Optimal arterial resistance for the 
maximal stroke work studied in isolated canine left ventricle. Circ Res. 
1985;56:586–95.

 26. Ohte N, Cheng CP, Little WC. Tachycardia exacerbates abnormal left 
ventricular-arterial coupling in heart failure. Heart Vessels. 2003;18:136–41.

 27. McConnell MV, Solomon SD, Rayan ME, Come PC, Goldhaber SZ, Lee RT. 
Regional Right Ventricular Dysfunction Detected by Echocardiography in 
Acute Pulmonary Embolism. Am J Cardiol. 1996;78:469–73.

 28. Wright L, Dwyer N, Power J, Kritharides L, Celermajer D, Marwick TH. Right 
Ventricular Systolic Function Responses to Acute and Chronic Pulmonary 
Hypertension: Assessment with Myocardial Deformation. J Am Soc Echocar-
diogr. 2016;29:259–66.

 29. Priebe HJ. Differential effects of isoflurane on regional right and left 
ventricular performances, and on coronary, systemic, and pulmonary 
hemodynamics in the dog. Anesthesiology. 1987;66:262–72.

 30. Kerbaul F, Rondelet B, Motte S, Fesler P, Hubloue I, Ewalenko P, et al. Isoflu-
rane and desflurane impair right ventricular-pulmonary arterial coupling in 
dogs. Anesthesiol. 2004;101:1357–62.

 31. Sanchez AA, Levy PT, Sekarski TJ, Hamvas A, Holland MR, Singh GK. Effects 
of Frame Rate on Two-Dimensional Speckle Tracking-Derived Measure-
ments of Myocardial Deformation in Premature Infants. Echocardiography. 
2015;32:839–47.

 32. Suzuki R, Matsumoto H, Teshima T, Koyama H. Influence of heart rate on 
myocardial function using two-dimensional speckle-tracking echocardiog-
raphy in healthy dogs. J Vet Cardiol. 2013;15:139–46.

 33. Vitarelli A, Terzano C. Do we have two hearts? New insights in right ventricu-
lar function supported by myocardial imaging echocardiography. Hear Fail 
Rev. 2010;15:39–61.

 34. Caivano D, Rishniw M, Birettoni F, Petrescu VF, Porciello F. Transverse right 
ventricle strain and strain rate assessed by 2-dimensional speckle track-
ing echocardiography in dogs with pulmonary hypertension. Vet Sci. 
2020;7:1–10.

 35. Yuchi Y, Suzuki R, Teshima T, Matsumoto H, Koyama H. Investigation of the 
influence of manual ventilation-controlled respiration on right ventricular 
pressure-volume loops and echocardiographic variables in healthy anesthe-
tized dogs. Am J Vet Res. 2021;82:865–71.

 36. Brimioulle S, Wauthy P, Ewalenko P, Rondelet B, Vermeulen F, Kerbaul F, et al. 
Single-beat estimation of right ventricular end-systolic pressure-volume 
relationship. Am J Physiol Circ Physiol. 2003;284:H1625–30.

 37. Visser LC, Scansen BA, Schober KE, Bonagura JD. Echocardiographic 
assessment of right ventricular systolic function in conscious healthy dogs: 
Repeatability and reference intervals. J Vet Cardiol. 2015;17:83–96.

 38. Gentile-Solomon JM, Abbott JA. Conventional echocardiographic assess-
ment of the canine right heart: reference intervals and repeatability. J Vet 
Cardiol. 2016;18:234–47.

 39. Yuchi Y, Suzuki R, Teshima T, Matsumoto H, Koyama H. Utility of tricuspid 
annular plane systolic excursion normalized by right ventricular size indices 
in dogs with postcapillary pulmonary hypertension. J Vet Intern Med. 
2021;35:107–19.

 40. Visser LC, Sintov DJ, Oldach MS. Evaluation of tricuspid annular plane systolic 
excursion measured by two-dimensional echocardiography in healthy 



Page 12 of 12Yuchi et al. BMC Veterinary Research          (2022) 18:166 

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

dogs: repeatability, reference intervals, and comparison with M-mode 
assessment. J Vet Cardiol. 2018;20:165–74.

 41. Cornell CC, Kittleson MD, Della Torre P, Häggström J, Lombard CW, Pedersen 
HD, et al. Allometric scaling of M-mode cardiac measurements in normal 
adult dogs. J Vet Intern Med. 2004;18:311–21.

 42. Suzuki R, Matsumoto H, Teshima T, Koyama H. Effect of age on myocardial 
function assessed by two-dimensional speckle-tracking echocardiography 
in healthy beagle dogs. J Vet Cardiol. 2013;15:243–52.

 43. Bland JM, Altman DG. Statistics Notes: Measurement error proportional to 
the mean. BMJ. 1996;313:106–106.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


	Influence of heart rate on right ventricular function assessed by right heart catheterization and echocardiography in healthy anesthetized dogs
	Abstract 
	Background: 
	Results: 
	Conclusions: 

	Background
	Results
	Hemodynamic measurements
	Echocardiographic indices for the right heart
	Single and multiple regression analyses
	Intra- and interobserver measurement variability

	Discussion
	Conclusions
	Methods
	Study design and setting
	Animals
	Study protocol
	Right heart catheterization
	Echocardiographic evaluation of the right heart
	2D-STE

	Intra- and inter-observer measurement variability
	Statistical analysis

	Acknowledgements
	References


