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Post-capillary pulmonary hypertension (PH) is a life-threatening complication in dogs with myxomatous mitral valve disease (MMVD). An increase in pulmonary vascular resistance (PVR) is associated with post-capillary PH progression. In humans, PVR estimated by echocardiography (PVRecho) enables the non-invasive assessment of PVR in patients with PH. This study aimed to evaluate the clinical utility of PVRecho in dogs with MMVD, PH probability, and right-sided congestive heart failure (R-CHF). Dogs with MMVD and detectable tricuspid valve regurgitation were included in the study. Dogs were classified into three PH probability groups (low/intermediate/high) and according to the presence or absence of R-CHF. All dogs underwent echocardiographic measurements for right ventricular (RV) morphology and function. PVRecho was calculated by two methods using tricuspid valve regurgitation velocity and velocity–time integral of the pulmonary artery flow (PVRecho and PVRecho2). RV size indicators were significantly higher with a higher probability of PH. RV strain and velocity–time integral of the pulmonary artery flow in the high probability group were significantly lower than those in the other groups. Tricuspid valve regurgitation velocity, PVRecho, and PVRecho2 were significantly higher with an increase in PH probability. Logistic regression analysis revealed a significant association between the presence of R-CHF and increased PVRecho2 and end-diastolic RV internal dimension normalized by body weight. PVRecho and PVRecho2 showed significant differences among the PH probability groups. These non-invasive variables may be useful for the diagnosis and stratification of PH and the determination of the presence of R-CHF in dogs with MMVD.
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INTRODUCTION

Pulmonary hypertension (PH) is a life-threatening disease in dogs and is characterized by an increase in pulmonary arterial pressure (PAP) and/or pulmonary vascular resistance (PVR) (1, 2). PH is induced by various diseases in dogs, including pulmonary arterial disease, left heart disease, respiratory disease, hypoxia, pulmonary embolic disease, parasitic disease, or a combination of these (1). In particular, PH secondary to left heart disease is called post-capillary PH because the main factor of increasing PAP is considered to be the increased pulmonary venous pressure; it is classified into two subtypes: isolated post-capillary PH (Ipc-PH) and combined post- and pre-capillary PH (Cpc-PH) (1, 3–5). The former is caused solely by pulmonary venous congestion due to increasing left atrial pressure, whereas the latter is caused by the increase in PVR associated with pulmonary vascular remodeling in addition to the pathophysiology of Ipc-PH. As a result, the PAP in Cpc-PH was higher than that in Ipc-PH. Recent human studies have reported that Cpc-PH is significantly associated with poor prognosis in patients with left heart disease and heart failure (6–8). Therefore, PVR assessment is essential to determine the pathophysiology and prognosis of dogs with post-capillary PH.

The gold standard for determining the disease state of PH is by right heart catheterization (1, 9). Additionally, the absolute evaluation of PVR requires a catheterization-derived cardiac output and transpulmonary pressure gradient. However, the availability of right heart catheterization is limited, and its clinical use is restricted due to the need for anesthesia. Therefore, echocardiography has been used as an alternative to invasive indicators for disease evaluation. Specifically, in humans, PVR is estimated by echocardiography (PVRecho), which is calculated using tricuspid valve regurgitation (TR) velocity and the velocity–time integral of the pulmonary artery flow (PV VTI), has been reported to identify patients with elevated PVR (10–13). However, to the best of our knowledge, only one study has assessed the clinical utility of PVRecho in veterinary medicine (14).

The primary objective of this study was to evaluate the clinical utility of PVRecho in dogs with myxomatous mitral valve disease (MMVD), the most common cardiac disease in dogs (15). We hypothesized that PVRecho might provide additional information for the diagnosis and pathophysiological evaluation of PH in dogs with MMVD.



MATERIALS AND METHODS

This was a prospective observational study. Client-owned dogs that underwent cardiac screening at the Nippon Veterinary and Life Science University Veterinary Medical Teaching Hospital were recruited from October 2017 to May 2019. All procedures followed the Guidelines for Institutional Laboratory Animal Care and Use of Nippon Veterinary and Life Science University in Japan, and the study was approved by the Ethical Committee for Animal Use of the Nippon Veterinary and Life Science University Veterinary Medical Teaching Hospital, Japan (approval number: R2-5). Written informed consent authorizing the participation of the dogs in this study was obtained from all dog owners.


Animals

Client-owned dogs with MMVD and detectable TR were prospectively included in our study. All dogs underwent complete physical examination, electrocardiography, blood pressure measurement by oscillometric method, and radiographic and echocardiographic examinations. Dogs were diagnosed as having MMVD based on echocardiographic findings of mitral valve thickening, prolapse, and mitral regurgitation (16, 17). Clinical diagnosis of TR was performed by inspecting the tricuspid valve from multiple views and using color Doppler echocardiography, and the peak TR velocity was obtained using the continuous-wave spectral Doppler method. Dogs that met the following criteria were excluded from the study: other cardiac diseases, diseases that might increase the PAP, such as pulmonary disease, thromboembolic disease, and neoplastic disease; diseases that might affect cardiac function, such as endocrine disease and systemic hypertension (systolic blood pressure ≥160 mmHg) (18), and/or missing data.



Classification

Dogs with MMVD were divided into three groups (Stage B1, B2, and C/D) based on the MMVD severity noted by the American College of Veterinary Internal Medicine (ACVIM) consensus (15). Additionally, dogs were classified according to the PH probability noted on the ACVIM consensus using echocardiographic findings of the TR velocity and anatomical abnormalities of the right heart, pulmonary artery, and caudal vena cava into low, intermediate, and high probability groups (1). Furthermore, dogs with MMVD were classified by the presence or absence of right-sided congestive heart failure (R-CHF). Dogs were diagnosed as having R-CHF if they had ultrasonographic and/or radiographic findings indicative of ascites, pleural effusion, or pericardial effusion without any abnormalities other than PH that may have been responsible (17).



Echocardiographic Evaluation of Right Heart

Conventional, two-dimensional, and Doppler echocardiographic examinations were performed using an echocardiographic system (Vivid E95, GE Healthcare, Tokyo, Japan) and a 3.5–6.9 MHz transducer by a single investigator (RS). Lead II electrocardiography was recorded simultaneously, and the results are displayed on the images. Non-sedated dogs that were manually restrained in right and left lateral recumbency. All data were obtained from at least five consecutive cardiac cycles in sinus rhythm. All images were analyzed by a single observer (YY) who was well trained by a cardiologist using an offline workstation (EchoPAC PC, Version 204, GE Healthcare, Tokyo, Japan).

All echocardiographic variables were measured using five consecutive cardiac cycles in sinus rhythm from high-quality images. To evaluate the right ventricular (RV) morphology, end-diastolic RV internal dimension (RVIDd) and end-diastolic and end-systolic RV area (RVEDA and RVESA, respectively) were measured using the left apical four-chamber view optimized for the right heart (RV focus view) (17, 19–22). RVIDd was measured as the largest diameter at the middle RV, parallel to the tricuspid annulus, using the B-mode method (17). RVEDA and RVESA were measured by tracing the endocardial border of the RV inflow region at end-diastole and end-systole, excluding the papillary muscles. These variables were normalized by body weight using the following formulas (21):
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Pulmonary artery to aortic diameter ratio (PA/Ao) was also obtained using the right parasternal short-axis view at the level of the heart base, as described previously (23).

For the RV functional assessment, tricuspid annular plane systolic excursion (TAPSE), RV functional area change (RV FAC), tissue Doppler imaging-derived peak systolic myocardial velocity of the lateral tricuspid annulus (RV s'), RV myocardial performance index (RV MPI), and PV VTI were measured as described previously (21–24). All RV functional indices, except PV VTI, were obtained using the RV focus view. The TAPSE was measured using the B-mode method, as described previously (17, 25). The TAPSE and RV FAC were normalized by body weight using the following formulas (25, 26):
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RV MPI was obtained from the tissue Doppler imaging-derived lateral tricuspid annular motion wave, and calculated by dividing the sum of isovolumic contraction and relaxation time by ejection time. Isovolumic contraction and relaxation time were calculated by subtracting the interval from the end of the late-diastolic tricuspid annular motion wave to the onset of the early-diastolic tricuspid annular motion wave by the duration of the systolic tricuspid annular motion wave. Ejection time was defined as the duration of the systolic tricuspid annular motion wave (22).

The PVRecho measured by the two methods was calculated using the following formulas (11, 13) (Figure 1):
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FIGURE 1. Echocardiographic estimation of pulmonary vascular resistance in a dog with high pulmonary hypertension probability. PV VTI, velocity–time integral of the pulmonary artery flow; PVRecho, pulmonary vascular resistance estimated by echocardiography; TR, tricuspid valve regurgitation.


As an indicator of intrinsic RV systolic function, we measured RV longitudinal strain and strain rate (RV-SL and RV-SrL, respectively) using the two-dimensional speckle tracking echocardiography (2D-STE) method. All 2D-STE analyses were performed using the same offline workstation as that used for standard echocardiography. RV-SL and RV-SrL were obtained from the RV focus view using the left ventricular four-chamber algorithm (16, 17, 27). The region of interest for 2D-STE was determined by manually tracing the RV endocardial border. Manual adjustments were made to include and track the entire myocardial thickness over the cardiac cycle when necessary. When the automated software could not track the myocardial regions, the regions of interest were retraced and recalculated. RV-SL and RV-SrL were measured using only RV free wall analysis (3seg), performed by tracing from the level of the lateral tricuspid annulus to the RV apex (Figure 2A), and RV global analysis (6seg), performed by tracing from the lateral tricuspid annulus to the septal tricuspid annulus via the RV apex (i.e., both RV free wall and interventricular septum) (Figure 2B). RV-SL was reported as the absolute value of the negative peak obtained from the strain wave (16, 17, 27). The RV-SrL was obtained from the strain rate wave and was reported as the absolute value of the negative peak during systole (27–29).


[image: Figure 2]
FIGURE 2. Right ventricular longitudinal strain (RV-SL) and strain rate (RV-SrL) assessed by two-dimensional speckle tracking echocardiography. (A) RV-SL and RV-SrL obtained from right ventricular free wall (RV-SL3seg and RV-SrL3seg, respectively). (B) RV-SL and RV-SrL obtained from the global right ventricle (RV-SL6seg and RV-SrL6seg, respectively).




Statistical Analysis

All statistical analyses were performed using commercially available software (R 2.8.1). Categorical data are expressed as absolute numbers and frequencies as percentages. Continuous data are reported as median (interquartile range).

Shapiro–Wilk test was performed to evaluate the normality of the data. Categorical indices were compared among the PH probability groups using Fisher's exact test. Continuous indices were compared among the PH probability groups using one-way analysis of variance with subsequent pairwise comparisons using Tukey's multiple comparison test for normally distributed data or the Kruskal–Wallis test with subsequent pairwise comparisons using the Steel–Dwass test for non-normally distributed data. All echocardiographic indices for right heart morphology and function were compared for the presence or absence of R-CHF using a Student's t-test for normally distributed data or the Mann–Whitney U test for non-normally distributed data. Additionally, univariate and multivariate logistic regression analyses were performed to evaluate the association between the presence of R-CHF and echocardiographic indices for the right heart, including PVRecho. After adjusting for multicollinearity, variables with P < 0.10 in the univariate analysis, were entered into the multivariate analysis. Results of logistic regression analyses were recorded as adjusted odds ratios and their respective 95% confidence intervals (CI). Receiver operating characteristic curves were created to calculate the area under the curve (AUC), sensitivity, and specificity, and to determine the optimal cutoff values required for evaluating the presence of R-CHF. The AUC was considered to have high accuracy if it was >0.9, moderate accuracy if it was 0.7–0.9, and low accuracy if it was 0.5–0.7 (30). The optimal cutoff value was defined as the value that minimized the distance between the curve and the upper left corner in the receiver operating characteristic curve.

Intra-observer variability measurements were performed by a single observer who performed all echocardiographic measurements (YY). The echocardiographic indices assessed in this study were obtained from nine dogs (three dogs in each PH probability group). All measurements were performed on two different days with >7-day intervals using the same cardiogram and cardiac cycles. A second blinded observer (HKa) measured the same indices to determine interobserver variability using the same echocardiogram and heart cycles. Variability of intra- and inter-observer measurements was quantified by the coefficient of variation (CV), which was calculated using the following formula:
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Intra- and inter-class correlation coefficients (ICCs) were also used to evaluate measurement variability. Low measurement variability was defined as CV < 10.0, and ICC > 0.70.

Statistical significance was set at P < 0.050 for all the analyses.




RESULTS


Clinical Characteristics

Fifty-eight client-owned dogs with MMVD and TR were enrolled in this study. The dogs were of the following breeds: Chihuahua (n = 15, 22%), mixed breed (n = 7, 12%), Toy Poodle (n = 6, 10%), Shi Tzu (n = 5, 9%), Miniature Dachshund (n = 3, 5%), Maltese (n = 3, 5%), Miniature Schnauzer (n = 3, 5%), Papillon (n = 2, 3%), Pomeranian (n = 2, 3%), Cavalier King Charles spaniel (n = 2, 3%), Chinese Crested dog (n = 2, 3%), Norfolk terrier (n = 2, 3%), and one dog each from eight other breeds. Seventy-eight percent of dogs with MMVD received medical treatment from the referral hospital at the time of examination, which was either angiotensin converting enzyme inhibitors (low: n = 9; intermediate: n = 11; high: n = 20), pimobendan (low: n = 4; intermediate: n = 9; high: n = 14), sildenafil (low: n = 0; intermediate: n = 2; high: n = 5), loop diuretics (low: n = 0; intermediate: n = 0; high: n = 4), or a combination of these. The clinical characteristics and systemic blood pressure results are summarized in Table 1. Age, sex, body weight, and systemic arterial pressure showed no significant differences among the PH probability groups. The proportion of the ACVIM stage of MMVD and the presence of R-CHF was significantly associated with PH probability (P = 0.004 and P < 0.001, respectively).


Table 1. Clinical characteristics of the study population.
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Echocardiographic Variables for the Right Heart

Table 2 shows the results of the echocardiographic variables, including the 2D-STE indices. Regarding the morphological indicators for the right heart, the RVIDd index, RVEDA index, and RVESA index were significantly higher in the high probability group than in the low and intermediate probability groups (RVIDd index: P = 0.006 [vs. low], P < 0.001 [vs. intermediate]; RVEDA index: P = 0.002 [vs. low], P < 0.001 [vs. intermediate]; RVESA index: P = 0.006 [vs. low], P = 0.002 [vs. intermediate]). Additionally, the PA/Ao ratio in the intermediate and high probability groups was significantly higher than that in the low probability group (P = 0.049 and P = 0.005, respectively).


Table 2. Results of echocardiographic indices in dogs with myxomatous mitral valve disease and pulmonary hypertension probability.
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For the RV functional variables, TAPSEn, RV FACn, RV s', and RV MPI showed no significant differences among the PH probability groups (P = 0.205, P = 0.551, P = 0.433, and P = 0.112, respectively). On the other hand, PV VTI in the high probability group was significantly lower than that in the low and intermediate probability groups (PV VTI: P = 0.022 and P = 0.008, respectively). TR velocity was significantly different among all PH probability groups (P < 0.001). PVRecho and PVRecho2 were also significantly different among all PH probability groups (PVRecho: P = 0.044 [low vs. intermediate], P < 0.001 [low vs. high and intermediate vs. high]; PVRecho2: P = 0.002 [low vs. intermediate], P < 0.001 [low vs. high and intermediate vs. high]) (Figure 3). Regarding the 2D-STE indices, RV-SL3seg in the high probability group was significantly lower than that in the intermediate probability group (P = 0.049). Additionally, RV-SL6seg in the high probability group was significantly lower than that in the low and intermediate probability groups (P = 0.034 and P = 0.003, respectively). Although RV-SrL3seg showed no significant difference among the PH probability groups, RV-SrL6seg in the high probability group was significantly lower in the intermediate probability group (P = 0.023).


[image: Figure 3]
FIGURE 3. Box and whisker plots of the pulmonary vascular resistance estimated by echocardiography (PVRecho). The bottom of the box is 25%, the middle line is the median, the top of the box is 75%, and the whiskers represent the range. (A) PVRecho. (B) PVRecho2.


Table 3 summarizes the echocardiographic indices for the right heart compared between the presence and absence of R-CHF. The comparison among the PH probability groups, RVIDd index, RVEDA index, RVESA index, and PA/Ao were significantly higher in dogs with R-CHF. Additionally, certain RV functional indices, including RV MPI, PV VTI, TR velocity, PVRecho, PVRecho2, RV-SL6seg, and RV-SrL6seg, were significantly different between dogs with and without R-CHF. However, TAPSEn, RV FACn, RV s', RV-SL3seg, and RV-SrL3seg showed no significant differences between dogs with and without R-CHF.


Table 3. Results of echocardiographic variables between the presence or absence of congestive heart failure.
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The intra- and inter-observer measurement variability results are summarized in Table 4. For inter-observer variability, all variables assessed in this study showed low measurement variability. However, RV FAC and RV MPI did not meet the criteria of low measurement variability based on CV < 10.0, and ICC > 0.70.


Table 4. Intra- and inter-observer measurement variability in echocardiographic variables assessed in this study.
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Logistic Regression Analysis

In the univariate analyses that evaluated the association between echocardiographic variables for the right heart and the presence of R-CHF, an association was observed between the presence of R-CHF and increased RVIDd index, RVEDA index, RVESA index, PA/Ao, RV MPI, TR velocity, PVRecho, and PVRecho2, and decreased RV FACn, PV VTI, RV-SL6seg, and RV-SrL6seg (Table 5). After adjusting for confounding factors, five indices, including RVIDd index, PA/Ao, RV MPI, PVRecho2, and RV-SL6seg, were included in the multivariate model, and the RVIDd index and PVRecho2 remained significant in the multivariate analysis.


Table 5. Significant variables in logistic regression analysis to evaluate the association between right-sided congestive heart failure and echocardiographic variables.
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The results of the receiver operating characteristic curves of the significant variables in the univariate analysis are summarized in Table 6. The RVIDd index, RVESA index, TR velocity, PVRecho, and PVRecho2 had a high accuracy in detecting the presence of R-CHF, and the RVEDA index, PA/Ao, PV VTI, RV-SL6seg, and RV-SrL6seg had moderate accuracy, and the other variables had low accuracy.


Table 6. Area under the curve and optimal cutoff of the significant variables in the univariate logistic regression analyses to detect the presence of right-sided congestive heart failure.
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DISCUSSION

This study was the first to evaluate the clinical utility of PVRecho in dogs with MMVD, classified according to the PH probability. Several echocardiographic variables such as TAPSEn, RV FACn, RV s', and RV MPI, showed no statistical significance among the PH probability groups; RV-SL3seg, RV-SL6seg, PV VTI, TR velocity, PVRecho, and PVRecho2 showed significant worsening with the increase in PH probability. Additionally, logistic regression analysis revealed a significant association between the presence of R-CHF and increased RVIDd index and PVRecho2. Our results suggest that PVR estimated by echocardiography may provide additional information for the diagnosis and stratification of PH in dogs with MMVD, reflecting the increase in PVR and associated RV adaptation and/or the progression to Cpc-PH.

In this study, PVRecho measured by the two methods was significantly higher as the PH probability increased. In particular, those in the high probability group showed substantially higher values compared to those in the low and intermediate probability groups. These results suggest that dogs with high PH probability might have an increase in PVR in addition to the increase in PAP. Furthermore, some dogs with high PH probability may have pulmonary arterial remodeling (i.e., the development of Cpc-PH). Higher PVRecho observed in this study may reflect increased PVR attributable to the significant pulmonary arterial remodeling and detect the Cpc-PH condition. However, since not all dogs have undergone histopathological examination, further studies that compare echocardiographic and histopathological findings are warranted in the future. Additionally, the PVR estimated by echocardiography was calculated with PV VTI, which reflects RV performance and TR velocity, which indicates RV afterload. Therefore, these indices might also reflect RV adaptation associated with increased PVR. Although TR velocity showed the same tendency as PVRecho, a previous study has reported that systolic PAP estimated by TR velocity showed poor agreement with that measured by catheterization (31), and ACVIM consensus stated that PH diagnosis by TR velocity alone should be avoided (1). Furthermore, our previous study reported that RV compensated for mild pressure overload by hyperactivation and decompensated for moderate-to-severe and chronic pressure overload in dogs with experimentally induced PH (27), suggesting that the pseudo-normalization of RV systolic function cannot be avoided as PH progresses. Therefore, the overall assessment of RV performance and afterload, such as PVRecho and PVRecho2, might be more useful for the clinical assessment of PH rather than the assessment using TR velocity and/or RV performance variables alone.

Logistic regression analysis in this study revealed a significant association between the presence of R-CHF and increased PVRecho2 with high AUC, sensitivity, and specificity. PVRecho was considered an independent factor for mortality in human patients with interstitial lung disease (12). Additionally, the development of Cpc-PH has been reported to be associated with RV failure and poor prognosis in patients with post-capillary PH (5, 32). Our results also suggest that increased PVR estimated by echocardiography may be a poor prognostic factor in dogs with MMVD, reflecting the increased PVR and associated RV maladaptation and/or the progression to Cpc-PH. In this study, an increased RVIDd index was also associated with the presence of R-CHF with high AUC, sensitivity, and specificity, as well as PVRecho2. We previously described RV maladaptation against RV afterload in dogs with chronic PH and that RV dysfunction would induce RV dilatation to maintain RV cardiac output (27). Dogs with R-CHF in this study also showed RV dysfunction based on a decrease in RV-SL and RV-SrL and increased RV afterload based on TR velocity. Additionally, previous studies have reported that right heart dilatation is associated with the presence of R-CHF and shorter survival time (19, 33). Therefore, our results suggest that the PVRecho2 and RVIDd index may provide additional information to determine the presence of R-CHF in dogs with MMVD.

In our study population, PVRecho and PVRecho2 showed equivalent power for the stratification of PH probability and the detection of the presence of R-CHF. A previous human study reported that PVRecho2 was more reliable in estimating the catheterization-derived PVR than PVRecho in patients with substantially elevated PVR (11). Although not all dogs underwent right heart catheterization, our study results suggest that PVRecho calculated by both methods might be clinically useful for the diagnosis and stratification of PH in dogs with MMVD. However, the small study population of dogs with progressive PH and R-CHF might have affected the results in this study. Unfortunately, only a few dogs with post-capillary PH might progress to Cpc-PH. Further studies that accumulate more dogs with severe PH are expected in the future.

This study has several limitations. First, since not all dogs had undergone right heart catheterization, the definitive diagnosis of PH and the actual PVR value could not be completely clarified. Additionally, because not all dogs have undergone complete differential diagnosis, diseases that might increase PAP and/or PVR other than MMVD (i.e., pre-capillary PH) could not be completely ruled out (1). Second, few cases of misdiagnosis may have occurred in some dogs with R-CHF. Since none of the dogs underwent complete abdominal ultrasonography, we may not have identified some dogs with mild ascites. Third, some medications, especially pimobendan, sildenafil, and loop diuretics, might have affected RV function and hemodynamics. Especially, sildenafil, which would decrease PVR, might also affect our results of PVRecho. Finally, because the number of dogs with R-CHF in our study population was relatively small, the possibility of selection bias and insufficient power to detect statistical differences could not be excluded.

In conclusion, PVR estimated by echocardiography showed a significantly high value as the PH probability increased. These results suggest that these novel non-invasive values might be useful tools for the diagnosis and stratification of PH in dogs with MMVD. Additionally, multivariate logistic regression analysis revealed a significant association between the presence of R-CHF and increased PVRecho2 and the RVIDd index. Further studies that increase the study population and compare right heart catheterization- and echocardiography-derived PVR are warranted to validate the accuracy and utility of PVR estimated by echocardiography in the future.
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2D-STE, two-dimensional speckle tracking echocardiography; 3seg, only right ventricular free wall analysis; 6seg, right ventricular global analysis; CI, confidence interval; CV, coefficient of variation; ICC, intra- or inter-class correlation coefficients; MMVD, myxomatous mitral valve disease; PA/Ao, pulmonary artery to aortic diameter ratio; PAP, pulmonary arterial pressure; PH, pulmonary hypertension; PVR, pulmonary vascular resistance; PVRecho, pulmonary vascular resistance estimated by echocardiography; PV VTI, velocity-time integral of the pulmonary artery flow; RV, right ventricular; RV FACn, right ventricular fractional area change normalized by body weight; RV MPI, right ventricular myocardial performance index; RV s', tissue Doppler imaging-derived peak systolic myocardial velocity of 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; RVIDd index, end-diastolic right ventricular internal dimension normalized by body weight; RV-SL, right ventricular longitudinal strain; RV-SrL, right ventricular longitudinal strain rate; TAPSEn, tricuspid annular plane systolic excursion normalized by body weight; TR, tricuspid valve regurgitation.
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Pulmonary hypertension probability
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0.58(0.40-0.69)

7163-83"

398550
0.60 (0.48-080)
246 (1.66-358]
25.1(22.6-30.0)

34286.1)
206 (15.0-25.0)

200235

<0.001
0.001
0.003
0.002
0.205
0.551
0.433
0.112
0.005
<0.001
<0.001
<0.001
0.049
0.088
0.003
0.021

Data are represented as median (interquartile range).
3seg, only right ventriculer free well analysis; 6seg, right ventricular global analysis; PA/Ao, pulmonary artery to aortic diameter ratio; PVRecho, pulmonary vascular resistance estimated
by echocardiography; PV VITI, velocity-time integral of the puimonary artery flow; RV, right ventricular; RV FACn, RV fractional area change normalized by body weight; RV MPI, RV
myocardial performance index; RV s', tissue Doppler imaging-derived peak systolic myocardil velocity of ateral tricuspid annulus; RVEDA index, end-dlastolic RV area normalized by
body weight; RVESA index, end-systolic RV area normelized by body weight; RVIDd indiex, end-diastolic RV interal cimension normalized by body weight; RV-SL, RV longitudinal strain;
RV-SrL, RV longitudinal strain rate; TAPSEN, tricuspid annular plane systolic excursion normalized by body weight; TR, tricuspid vaive regurgitation.
“Variables that wes significantly different from the low probabilty group (P < 0.050).

Variables that was significantly different from the intermediate probability group (P < 0.050).
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Variables Right-sided congestive heart failure P

Present Absent
RVIDd index (mmvkg®%?) 10,0 (8.3-12.0) 67 (54-7.4) <0.001
RVEDA index (cm?/kg®®%%) 136 (1.13-1.67)  0.86 (0.74-1.01) 0003
RVESA index (cm?/kgP®%8)  0.73 (0.61-0.88) 0.45 (0.35-0.52) 0.003
PA/AO 100(089-127) 087 (0.81-0.92) 0.006
TAPSEN (cnvkg?284) 7.2 (6.0-8.5) 75(6.7-8.3) 0511
RV FAC (%/kg=0%%7) 492(369-63.1)  58.8(49.8-62.4) 0113
RV’ (cmvs) 11.8(8.5-17.4) 11.4(9.3-13.6) 0.308
RV MPI 0.65(0.34-096)  0.44 (0.37-0.58) 0046
PV VTI cm) 59(4.5-7.9) 8.4(68-97) 0002
TR velocity (m/s) 50(4.3-6.1) 3.1(2.8-35) <0.001
PVRecho 076(0.62-100)  038(0.29-048)  <0.001
PVRecho2 332(280-503)  1.16(084-162)  <0.001
RV-SLaseg (%) 255(23.3-00.4)  28.8(25.2-31.6) 0.395
RV-StLsseg (%/5) 4.4(2.7-6.4) 49(33-68) 0452
RV-SLocag (%) 19 (13.3-24.3) 25.3 (20.9-28.4) 0.008
RV-StLsseg (%/5) 2.4(1.8-36) 3.4(26-4.6) 0017

Data are represented as median (interquartie range).
3seg, only right ventricular free wall analysis; Gseg, right ventriculer global analysis;
PA/Ao, pulmonary artery to aortic diameter ratio; PVRecho, pulmonary vesculer resistance
estimated by echocardiography; PV VI, velocity~time integrel of the puimonary artery
flow; RV, right ventricular; RV FACn, RV fractional area change normalized by body weight;
RV MPI, RV myocardiel performance index; RV s', tissue Doppler imaging-derived peak
systolic myocardlal velocity of lateral tricuspid annulus; RVEDA index, end-diastolic RV
area normalized by body weight; RVESA index, end-systolic RV area normalized by body
weight; RVIDd index, end-diastolic RV interal dimension normalized by body weight; RV-
SL, RV longtudiinal strain; RV-SrL,, RV longitudinal strain rate; TAPSEN, tricuspid annular
plane systolic excursion normalized by body weight: TR, tricuspid valve regurgitation.
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Variables

Low
Number 16
Age (year) 11(9.6-135)
Sex (male/female) 10/6
Body weight (kg) 5.1(33-7.6)
ACVIM Stage (81/B2/C, D) 8/5/3
R-CHF (present/absent) o6
Heart rate (bpm) 121 (109-152)
Systemic arterial pressure
Systole (mmHg) 126 (110-146)
Mean (mmHg) 92 (81-108)

Data are represented as median (interquartie range).

Pulmonary hypertension probability

Intermediate

19
1.6 (08-132)
13/6
4.4(33-6.9)
5/11/3
/21
136 (120-151)

136 (118-148)
98(83-107)

ACVIM, American College of Veterinary Internal Medicine; R-CHF, right-sided congestive heart failure.

High

23
13.3 (12.2-14.6)
1/13
48(257.2)
o7/
10/13
149 (127-158)

135 (106-150)
96 (88-112)

0056
0.451
0.769
0.004
<0.001
0.350

0451
0.832
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Variables

RVIDd index (mvkg?27)
RVEDA index (cm?/kg®#2%)
RVESA index (cm?/kg?62%)
PA/AO (0.1)

RV FACn (%/kg=0%7)
RVMPI(0.1)

PV VI cm)

TR velocity (m/s)

PVRecho (0.1)

PVRecho2 (0.1)

RV-Slacog (%)

RV-StLseg (0.1 %/5)

AUC (95% CI)

0952 (0.887-1.000)
0.886 (0.726-1.000)
0.902 (0.760-1.000)
0.776 (0.508-0.954)
0,684 (0.443-0.925)
0.694 (0.470-0.917)
0.802 (0.657-0.947)
0.907 (0.850-1.000)
0.964 (0.921-1.000)
0.974 (0.939-1.000)
0.748 (0.585-0.911)
0.754 (0.582-0.926)

Cutoff

7.68
112
0.54
0.96
51.3
0.57

70
4.52
0.60
2.46

22.40

256

Sensitivity

0.90
0.88
0.82
0.70
0.70
0.70
070
0.80
0.90
0.90
0.70
0.70

Specificity

0.88
0.90
0.90
0.82
0.74
0.73
0.70
0.96
0.94
0.94
0.72
0.78

65eg, right ventricular global analysis; AUC, area under the curve; PA/Ao, pulmonary artery to eortic diameter ratio; PVRecho, pulmonary vascular resistance estimated by
echocardiography; PV VI, velocity-time integral of the pulmonary artery flow; RV, right ventricular; RV FAC, RV fractionalarea change normalized by body weight; RV MPI, RV myocardial
performance index; RVEDA index, end-diastolic RV area normalized by body weight; RVESA index, end-systofic RV area normalized by body weight; RVIDd index, end-dlastolic RV
internal dimension normelized by body weight; RV-SL, RV longitucinel strain; RV-SrL, RV longitudinel strain rate; TR, tricuspid valve regurgitation.

Optimal cutoff was defined as that which minimized the distance between the curve and the upper left comer in the ROC curve.
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Variables Intra-observer Inter-observer

cv(%) Icc P cv(%)  Icc P
RVIDA 32 097 <0001 76 095 <0001
RVEDA 40 0.99 <0.001 6.4 0.95 <0.001
RVESA 56 094 <0001 76 096 0.001
PA/AG 74 089 0002 82 0.86 0.001
RV FAC 52 091 <0001 75 067 0.001
TAPSE 35 0.90 <0.001 6.4 0.80 0.012
RVS' 27 097 <0001 38 095 <0001
RV MPI 9.1 086 0002 125 072 0.044
PV VT 38 098 <0001 55 094 <0001
R 09 099 <0001 09 099 <0001
velocity

PVRecho 8.7 099 <0001 54 096 <0001
PVRecho2 8.6 099 <0001 54 097 <0001
RV- 45 093 <0001 52 0% <0001
Slaseg

RV- 64 095 <0001 97 089 <0001
Stlaseg

RV- 56 091 <0001 69 085 <0001
Sleseg

Rv- 6.1 0.94 <0.001 80 0.93 <0.001
Stloseg

3seg, only RV free wall analysis; 6seg, RV global analysis; GV, coefiicient of variation; ICC,
intra- or inter-class correlation coefficients; PA/Ao, pulmonary artery to aortic diamefer
ratio; PVRecho, pulmonary vascular resistance estimated by echocardiography; PV VI,
velocity-time integral of the pulmonary artery flow; RV, right ventricular; RV FAC, RV
fractional area change; RV MPI, RV myocardial performance index; RV s', tissue Doppler
imaging-derived peek systolic myocardial velocity of lateral tricuspid annulus; RVEDA,
end-diastolic RY area; RVESA, end-systolic RV area; RV-SL, RV longitudinal strain; RV-
S, RV longitucinal strain rate; TAPSE, tricuspid annular plane systolic excursion; TR,
tricuspid valve regurgitation.
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Variables Univariate analysis Multivariate analysis

Non- P Adjusted P
adjusted odds ratio
odds ratio (95% CI)
(95% CI)

RVIDd index 54(17-165) <0001  32(12-122) 0036

(mvkg0s?T)

RVEDA index 21(1.384) <0001

(o2t

RVESA index 41(1.895) <0001

(omP/kg®®2%)

PA/AO (0.1) 1.8(1.2-2.6) 0.005

RV FACH 1.1(1.0-1.2) 0.029

(S%/kg-00T)

RV MPI (0.1) 1.5(1.1-2.0) 0019

PV VT (om) 20(1.2-88) 0.006

TRvelocity (/s) ~ 1.3(1.2-16) <0001

PVRecho (0.1) 45(1.7-121) 0003

PVRecho2 (0.1 1.3(1.1-1.5) 0.001 12(1.1-14) 0026

RV-SLeseg (%) 1.2(1.0-1.3) 0.014

RV-Stlgseg (0.1 1.1(1.0-1.2) 0018

%/s)

6seg, right ventricular global analysis; PA/Ao, pulmonary artery to aortic diameter
ratio; PVRecho, pulmonary vascular resistance estimated by echocardiography; PV VI,
velocity-time integral of the pulmonary artery flow; RY, right ventriculer; RV FACh, RV
fractional area change normaized by body weight; RV MP, RV myocardial performance
index; RVEDA index, end-diastolic RV area normalized by body weight; RVESA index,
end-systolic RV area normlized by body weight; RVIDd index, end-diastolic RV intemal
dimension nommalized by body weight; RV-SL, RV longitudinal strain; RV-SrL, RV
longitudinal strain rate; TR, tricuspid valve regurgitation.
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