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Background: The diagnosis of acute pulmonary thromboembolism is challenging in dogs. Little has been reported on changes in echocardiographic indices in dogs with acute pulmonary thromboembolism. The objective of this study was to validate the relationship between echocardiographic indices and right heart catheterization variables in dogs with acute pulmonary embolism and to identify a useful echocardiographic index for diagnosing acute pulmonary embolism.

Materials and Methods: Six healthy laboratory beagles were included in the study. Echocardiography and right heart catheterization were performed in a dog model of acute pulmonary embolism produced by microsphere injection. Echocardiographic indices, including the right ventricular (RV) Tei index, RV longitudinal strain, and the dyssynchrony index using speckle tracking echocardiography, transmitral flow, and eccentricity index, were measured.

Results: The mean pulmonary arterial pressure increased (22.2 ± 1.2 mmHg) and the blood pressure decreased after microsphere injection. Although the mean pulmonary arterial pressure remained elevated, the blood pressure recovered 2 days after the microsphere injection. Most echocardiographic indices of RV function were significantly impaired following microsphere injection and recovered after 2 days. In contrast, the RV Tei index was significantly impaired after microsphere injection and the impairment persisted after 2 days. Multivariable analysis revealed that the RV Tei index was an independent echocardiographic predictor of pulmonary vascular resistance (β = 0.88, P < 0.001), and transmitral early diastolic wave was an independent predictor of the cardiac index (β = −0.86, P = 0.001).

Conclusions: The RV Tei index is a useful echocardiographic index for diagnosing acute pulmonary embolism. Ventricular interdependence may be an important factor causing low cardiac output in dogs with acute pulmonary embolism.
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INTRODUCTION

The right ventricle is vulnerable to acute increases in afterload (pressure overload), resulting in a rapid decline in stroke volume despite good adaptation to preload (1). Acute pulmonary thromboembolism (PTE), a typical disease of acute right ventricular (RV) pressure overload, is a life-threatening condition that leads to respiratory distress, lethargy, pleural effusion, and ascites due to RV dysfunction, hypotension, cardiogenic shock, and ultimately death (2). Accurate diagnosis of acute PTE is important to relieve clinical signs and improve prognosis. In 1999, Johnson et al. reported that over a 10-year period in the United States, 0.9% of dogs were diagnosed with PTE at postmortem (2). In human medicine, computed tomography has a high sensitivity and specificity for the diagnosis of acute PTE (3). Because computed tomography has become increasingly popular in veterinary medicine, its accuracy of PTE diagnosis in dogs may improve (4). However, computed tomography is not widely performed in dogs with respiratory distress or hemodynamic instability because it is time consuming and requires general anesthesia.

Echocardiography may be another useful diagnostic tool for acute PTE because it is non-invasive, provides real-time data, and does not require anesthesia. Impaired echocardiographic indices and reversibility of echocardiographic indices in human patients with acute PTE have been reported (5–11). However, little is known about echocardiographic findings in dogs with acute PTE. One study in dogs demonstrated that only 5 of 29 dogs underwent echocardiography, two dogs presented with RV and pulmonary arterial dilation, and only one dog had pulmonary hypertension (PH) (2). In addition, there is no study performing both echocardiography and right heart catheterization in dogs. Therefore, the utility of echocardiography in the diagnosis of acute PTE in dogs is unknown. Clinical studies cannot reveal the relationship between echocardiographic findings and hemodynamics because right heart catheterization is difficult to perform. Therefore, an experimental study using a dog model of acute pulmonary embolism is required to clarify the utility of echocardiography as a diagnostic tool.

We previously reported the effects of acute RV pressure overload on echocardiographic indices of RV function and dyssynchrony in dogs with mild RV pressure overload induced by continuous intravenous infusion of U46619, a thromboxane A2 analog (12). In that study, RV Tei index, RV longitudinal strain (RVLS), and dyssynchrony index determined by 2D speckle-tracking echocardiography were independent predictors of mean pulmonary arterial pressure (PAP), pulmonary vascular resistance (PVR), and cardiac index (CI). Therefore, these echocardiographic indices were useful for assessing hemodynamic changes under mild RV pressure overload. However, the dog models using U46619 increased PAP and PVR as well as arterial blood pressure, pulmonary arterial wedge pressure, and systemic vascular resistance (SVR) resulting from systemic vascular constriction. In view of this, our previous findings could not be directly extrapolated to dogs with acute PTE. Additionally, time-dependent changes (e.g., acute period vs. compensation period) of echocardiographic indices under acute RV pressure overload are also unknown.

Accordingly, in this study, we evaluated the effects of acute RV pressure overload on echocardiographic indices of RV function and dyssynchrony in a dog model of acute pulmonary embolism in the acute and compensation periods.



MATERIALS AND METHODS


Animals

Six male laboratory beagles (age, 1–3 years; weight, 10.8–12.8 kg) were used in this study. Complete physical examinations, electrocardiography, and standard echocardiographic examinations revealed that all dogs were healthy and possessed normal heart anatomy and myocardial function. All procedures were approved by the Laboratory Animal Experimentation Committee of the Graduate School of Veterinary Medicine, Hokkaido University (Approval No. 15-0087).



Establishment of a Dog Model of Acute Pulmonary Embolism

The dogs were anesthetized with intravenous propofol (6 mg/kg) and intubated. The dogs were then administered heparin sodium (100 IU/kg, IV), cefazolin sodium hydrate (20 mg/kg, IV), and atropine sulfate (0.05 mg/kg,). Anesthesia was maintained using a mixture of 1.5–2.0% isoflurane and 100% oxygen. The end-tidal partial pressure of carbon dioxide was monitored and maintained between 35 and 45 mmHg using mechanical ventilation. The tidal volume was 10–15 mL/kg and the respiratory rate was maintained at 10–12 breaths/min. The anesthetized dogs were positioned in right lateral recumbency. An implantable port device (Bard Slimport; Medicon Ltd., Osaka, Japan) was percutaneously inserted into the left jugular vein, and the catheter tip of the device was inserted into the cranial vena cava. The port was affixed to the subcutaneous tissues on the left side of the neck. After surgery, buprenorphine (0.02 mg/kg, SC, twice daily) was administered as needed for analgesia, and cephalexin (20 mg/kg, PO, twice daily for 7 days) was used to prevent bacterial infection.

One week after port device implantation, the dogs were anesthetized using the same protocol. The dogs were positioned in left lateral recumbency. Heart rate and arterial blood pressure via arterial catheterization were monitored and recorded using a polygraph instrument (RMC-4000; Nihon Kohden Co., Tokyo, Japan). Lactated Ringer's solution was infused at a rate of 5 mL/kg/h via the cephalic vein.

Following a stabilization period of approximately 10 min, baseline recordings of hemodynamic variables and echocardiographic indices were performed. After the baseline measurements were obtained, acute pulmonary embolism was induced by the injection of 300-μm microspheres (Sephadex G50 Coarse; GE Healthcare UK Ltd., Amersham Place, Buckinghamshire, England) into the pulmonary artery via the port device. The volume of microspheres injected in each dog was adjusted to increase systolic PAP by 10–15 mmHg as assessed via right heart catheterization. Fifteen minutes after microsphere injection, hemodynamic variables were measured, and echocardiography was performed (acute period). Following the examinations, the dogs were allowed to recover from anesthesia. The dogs were monitored clinical signs twice a day by a veterinarian. None of treatment was needed. Throughout this study protocol, none of the dogs showed any clinical symptoms associated with pulmonary embolism, including dyspnea, syncope, dyspnea, lethargy, and ascites. None of the dogs died in this study. After 2 days, hemodynamic variables and echocardiographic indices were measured with the dogs under general anesthesia (compensation period). After compensation period, these dogs were repeatedly injected to create a dog model of chronic pulmonary embolism (13).



Hemodynamic Measurements

All hemodynamic variables were recorded using a polygraph. A 6-Fr introducer sheath (Fast-Cath hemostasis introducers; St. Jude Medical Inc., Minnetonka, MN, USA) was percutaneously inserted through the right jugular vein, and a 5-Fr Swan-Ganz catheter (Swan-Ganz thermodilution catheter; Edwards Lifesciences Corp., Irvine, CA, USA) was inserted and advanced into the pulmonary artery under fluoroscopic guidance. The systolic, mean, and diastolic PAP, mean RV pressure, mean central venous pressure, and mean pulmonary arterial wedge pressure were measured and calculated as the average of five consecutive cardiac cycles. The cardiac output was measured using the thermodilution technique and calculated as the average of four measurements. The cardiac index (CI) was calculated by dividing the cardiac output by the body surface area. The first derivative of the maximum RV pressure change (max dP/dt) was calculated using the RV pressure data. The PVR, SVR, and PVR to SVR ratios were derived as follows:
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Echocardiographic Measurements

Echocardiographic examinations were performed by an echocardiographer (KN), using Artida (Toshiba Medical Systems Corp., Utsunomiya, Tochigi, Japan) equipped with a 3–7 MHz sector probe (PST-50BT; Toshiba Medical Systems Corporation, Utsunomiya, Tochigi, Japan) and HI VISION Preirus (Hitachi Aloka Medical Ltd., Tokyo, Japan) equipped with a 3–6 MHz sector probe (EUP-S52, Hitachi Aloka Medical Ltd., Tokyo, Japan). The HI VISION Preirus was used to measure the RV Tei index using a dual pulsed-wave Doppler (DPD). All dogs were placed in the left lateral recumbent position and examined. An ECG trace (lead II) was recorded simultaneously with echocardiographic imaging, and the heart rate was automatically measured.

Early diastolic (E) and late diastolic wave of mitral inflow were determined using a pulsed-wave Doppler with an apical 4-chamber view. To evaluate the degree of interventricular septal flattening, the eccentricity index (EI) was measured as the ratio of the long-axis to short-axis diameters of the LV at end-diastole and end-systole with a right parasternal short-axis view at the level of the papillary muscles (14). The systolic tricuspid annular velocity (S'TV) was determined using tissue Doppler (TDI) at the lateral tricuspid annulus with an apical 4-chamber view. The tricuspid annular plane systolic excursion was obtained by placing an M-mode cursor over the tricuspid valve annulus with an apical 4-chamber view and measuring the amplitude of motion during systole. The RV end-diastolic and end-systolic areas were obtained by tracing the RV endocardium in systole and diastole from the annulus to the apex with an RV-focused apical 4-chamber view, which included the RV apex, and then the fractional area change (FAC) was calculated as follows:
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The RV Tei index was calculated as the sum of the isovolumic time divided by the ejection time. The Tei index was calculated after image acquisition using DPD and TDI. The tricuspid inflow and pulmonary artery flow were measured simultaneously using DPD with a left parasternal short-axis view, and the sum of the isovolumic time was derived by subtracting the ejection time from the time of cessation of the late diastolic wave of the tricuspid valve to the onset of the E wave of the tricuspid valve in an image (15) (Figure 1A). To measure the RV Tei index by TDI, ejection time was defined as the duration of S'TV, and the sum of the isovolumic time was calculated by subtracting the duration of S'TV from the interval from the end of the late diastolic tricuspid annulus velocity to the onset of the early diastolic tricuspid annulus velocity (16) (Figure 1B).


[image: Figure 1]
FIGURE 1. Representative measurement of right ventricular Tei index and speckle tracking echocardiography. (A) Right ventricular Tei index was measured using dual pulsed-wave Doppler with a left parasternal short-axis view as follows: (a-b)/b. (B) Right ventricular Tei index was measured using tissue Doppler with an apical 4-chamber view as follows: (a-b)/b. (C) Right ventricular longitudinal strain and RV-SD6 were measured by speckle tracking echocardiography with a RV-focused apical 4-chamber view. Right ventricular free wall and septum were automatically divided into three segments (apical, middle, and basal). Global RVLS was calculated by averaging the peak longitudinal strain values in all six segments of the RV, and free wall and septal RVLS were calculated by averaging each value of three segments. This image shows the global RVLS. RV-SD6 was calculated as the standard deviation of the systolic shortening time of six right ventricular segments. The colored arrows indicate 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-SD6, standard deviation of the systolic shortening time of right ventricular six segments.


Speckle tracking echocardiography with an RV-focused apical 4-chamber view was performed, as previously described (17). Three consecutive cardiac cycles were stored on a hard drive for offline analysis with measurements made in offline software (2D wall motion tracking; Toshiba Medical Systems Corporation, Utsunomiya, Tochigi, Japan). The RV free wall and septal wall were each divided into three segments (basal, middle, and apical). The RVLS was obtained for each segment from the software-generated strain curves. The global RVLS was calculated by averaging the values observed in all six segments of the RV; free wall and septal RVLS were calculated by averaging each value of the three segments (Figure 1C). The systolic shortening time (SST) was defined as the time interval from QRS onset to peak longitudinal strain (Figure 1C). The free wall delay was calculated as the septal SST subtracted from the free-wall SST. The standard deviation of the SST of six RV segments (RV-SD6) was calculated to quantify RV dyssynchrony, and RV-SD6 was corrected for the R-R interval according to Bazett's formula (18).



Statistical Analysis

Statistical analyses were performed using JMP statistical software (version 12.0; SAS Institute Inc., Cary, NC, USA) and SPSS version 21 (SPSS, Chicago, IL, USA). Normal distribution of the data was confirmed using the Shapiro–Wilk test. Continuous data are reported as median (interquartile range). Continuous variables were compared between each time point using repeated measures analysis of variance with post-hoc Tukey-Kramer honestly significant difference test. 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 explanatory variables. Dogs were treated as a categorical factor using a dummy variable with five degrees of freedom. Subsequently, to determine the independent predictive value of mean PAP, PVR, and CI, multiple linear regression analysis with forward stepwise selection and Akaike information criteria was performed with the P levels for entry from the model set at <0.20. Candidate predictors were mitral E wave, systolic EI, diastolic EI, S'TV, tricuspid annular plane systolic excursion, FAC, RV Tei index, free wall RVLS, septal RVLS, and RV-SD6. P-values < 0.05 were considered statistically significant.




RESULTS


Changes in Hemodynamic Variables

Changes in the hemodynamic variables in a dog model of acute pulmonary embolism are summarized in Table 1 and Figures 2A,B. Systolic PAP, diastolic PAP, mean PAP, mean RV pressure, mean central venous pressure, and PVR were significantly higher than baseline values during the acute period. The mean arterial blood pressure significantly decreased compared to those at baseline during the acute period. However, systolic PAP, diastolic PAP, mean PAP, and PVR remained higher during the compensation period than at baseline. The max dP/dt was significantly increased during the compensation period. In contrast, the mean RV pressure, mean central venous pressure, and CI during the compensation period did not differ from the baseline values.


Table 1. Comparison of hemodynamic variables at baseline, acute period, and compensation period in a dog model of acute pulmonary embolism.
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FIGURE 2. Changes in the hemodynamic variables and echocardiographic indices in a dog model of acute pulmonary embolism. Data are shown as the mean ± standard deviation. (A) Mean pulmonary arterial pressure and pulmonary vascular resistance. (B) Cardiac index. (C) Right ventricular Tei index by dual pulsed-wave Doppler and tissue Doppler. (D) Free wall and septal right ventricular longitudinal strain. (E) Systolic shortening time of free wall and septum. (F) Mitral early diastolic wave. *P < 0.05 compared with the baseline.




Changes in Echocardiographic Indices

The echocardiographic index changes in a dog model of acute pulmonary embolism are summarized in Table 2 and Figures 2C–F. Examples of baseline, acute, and compensation periods are shown in Figures 3, 4, respectively.


Table 2. Comparison of echocardiographic indices at baseline, acute period, and compensation period in a dog model of acute pulmonary embolism.
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FIGURE 3. Representative images of right ventricular Tei index by dual pulsed-wave Doppler at baseline (A) acute period (B) and compensation period (C). (A) Right ventricular Tei index was 0.27 at baseline. (B) In acute period, right ventricular Tei index was increased (0.77). (C) In compensation period, right ventricular Tei index was still higher than baseline (0.63).



[image: Figure 4]
FIGURE 4. Representative images of speckle tracking echocardiography at baseline (A) acute period (B) and compensation period (C). (A) Global RVLS was −9.6% and RV-SD6 was 16.8 msec at baseline. (B) In acute period, global RVLS was significantly impaired compared with baseline (– 6.4%). Systolic shortening times of free wall were delayed (white arrows), and RV-SD6 was increased (81.5 msec). (C) In compensation period, global RVLS and RV-SD6 were returned to the baseline level (−8.6% and 10.1 msec). White color curve indicates global RVLS. RVLS, right ventricular longitudinal strain; RV-SD6, standard deviation of systolic shortening time of right ventricular six segments.


Mitral E waves were significantly decreased in the acute period and returned to baseline levels during the compensation period. Systolic and diastolic EI increased significantly in the acute period and returned to baseline levels during the compensation period. The right ventricle was significantly dilated and several RV function indices, including FAC, tricuspid annular plane systolic excursion, and RV Tei index by TDI decreased in the acute period and recovered to baseline levels during the compensation period. Unlike other echocardiographic indices, the RV Tei index by DPD was significantly increased after embolism and remained elevated 2 days later.

Free wall and global RVLS were significantly reduced in the acute period and returned to baseline levels during the compensation period. In contrast, septal RVLS did not change in a dog model of acute pulmonary embolism. Figure 5 shows the changes in segmental RVLS and SST in a dog model of acute pulmonary embolism. Basal and middle free wall RVLS were significantly decreased in the acute period. All segmental RVLS during the compensation period did not differ from the baseline values. All segmental free wall SST was significantly longer than baseline in the acute period, resulting in increased RV-SD6.


[image: Figure 5]
FIGURE 5. Changes in segmental RVLS and SST in a dog model of acute pulmonary embolism. Data are shown as the mean ± standard deviation. (A) Basal and middle free wall RVLS were significantly lower than baseline in acute period, and were return to the baseline level in compensation period. (B) All segmental free wall SST were significant long compared with baseline in acute period. White bar, baseline; black bar, acute period; gray bar, compensation period. 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. RVLS, right ventricular longitudinal strain; SST, systolic shortening time. *P < 0.05 compared with the baseline.




Partial Correlation Analysis

Partial correlations controlling for the effect in dogs between echocardiographic indices and hemodynamic variables are summarized in Table 3. Free-wall segmental RVLS was negatively correlated with PVR. In contrast, basal septal RVLS was positively correlated with PVR. Mitral E wave was positively correlated with CI (r = 0.85) and negatively correlated with PVR, RV-SD6, and diastolic and systolic EI (r = −0.76; r = −0.70; r = −0.76: r = −0.80, respectively).


Table 3. Partial correlation analysis of echocardiographic indices and hemodynamic variables controlling for the effect of dogs in a dog model of acute pulmonary embolism.
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Multiple Regression Analysis

Multiple linear regression analysis with all candidate predictors (model 1) revealed that the RV Tei index by DPD was an independent predictor of the mean PAP (β = 0.88, P < 0.001) and PVR (β = 0.99, P < 0.001). The mitral E wave was an independent predictor of CI (β = −0.77, P = 0.001).

In a subanalysis model without the RV Tei index by DPD (model 2), the RV Tei index by TDI was an independent predictor of mean PAP (β = 0.76, P = 0.006). Multiple linear regression analysis (model 2) revealed that the RV Tei index by TDI and systolic EI were independent predictors of PVR (RV Tei index by TDI, β = 0.55, P = 0.01; systolic EI, β = 0.56, P = 0.01).




DISCUSSION

This is the first study to validate the relationship between echocardiographic indices and hemodynamics measured by right heart catheterization in a dog model of acute pulmonary embolism during the acute and compensation periods. The data on immediately after pulmonary embolism and compensation period have not reported to date. The major findings of our study are as follows: (1) low blood pressure, RV dilation, LV compression, septal flattening, impaired echocardiographic indices of RV function, and RV dyssynchrony were induced by acute pulmonary embolism, despite only mild elevation in PAP during the acute period; (2) blood pressure and echocardiographic indices, including mitral E wave, FAC, free wall RVLS, and RV-SD6, were reversed, PAP and RV Tei index by DPD did not normalize during the compensation period; (3) RV Tei index was an independent predictor of RV afterload and mitral E wave was an independent predictor of CI.

Microsphere injection caused an acute increase in RV afterload, resulting in a reduction in blood pressure. Although this dog model exhibited only mild elevation in mean PAP (<25 mmHg), severe RV dilation, RV dysfunction, and hemodynamic instability (low blood pressure) occurred. These changes were consistent with the fact that the RV is vulnerable to acute pressure overload.


Acute Period

In the present study, the RV Tei index, a systolic and diastolic function index, measured by DPD and TDI, increased significantly after pulmonary embolism. Sugiura et al. and Ichikawa et al. demonstrated that the RV Tei index was impaired in acute PTE patients with reduced stroke volume (9, 11). Our results are in line with those reported by Sugiura and Ichikawa. In addition, our previous study revealed that the RV Tei index by DPD was significantly increased in dog models with mild RV pressure overload (12). The impaired RV Tei index reflects an acute increase in the RV afterload.

Acute RV pressure overload significantly reduced basal and middle free wall RVLS in a dog model of acute pulmonary embolism, which resulted in the impairment of free wall RVLS. Our results are consistent with those in human patients with acute PTE (10). Our previous study also demonstrated that acute mild RV pressure overload significantly reduced the basal and middle RVLS in dogs (12). Based on these findings, the RV free wall, particularly in the basal and middle segments, was sensitive to acute RV pressure overload in dogs. In the present study, apical free wall RVLS did not change significantly after acute pulmonary embolism, similar to the results in human patients with acute PTE and dog models of mild RV pressure overload (10, 12). In contrast, several human clinical observations demonstrated that patients with acute PTE had reduced RVLS of all free wall segments, including the apical free wall (5, 8, 9, 11). Although addressing the underlying factors responsible for this difference in apical free wall RVLS would be difficult, the severity or duration of RV pressure overload may be related to this difference. Systolic PAP was 25 mmHg (95% CI, 22–28 mmHg), and the duration of RV pressure overload was 15 min in the present study. In human clinical observations, while the accurate duration of RV pressure overload was unknown, systolic PAP was higher than that in the present study. Severe acute RV pressure overload can cause impairment of apical free wall RVLS.

In contrast to free wall RVLS, septal RVLS did not change during the acute period. A previous study demonstrated similar findings using dog models of acute mild RV pressure overload (12). Based on these findings, the interventricular septum may be less sensitive to acute RV pressure overload in acute pulmonary embolism. Therefore, in a clinical setting, the measurement of septal RVLS may not be useful for assessing RV function in dogs with acute PTE.

Right ventricular dyssynchrony determined by RV-SD6 occurred after acute pulmonary embolism in the present study. This finding agrees with clinical observations in acute PTE in humans (9, 11) and a dog with acute PTE (19), as well as a study using dog models of acute RV pressure overload (12). Moreover, similar to studies in humans with acute PTE and dog models of acute RV pressure overload (9, 12), free wall systolic delay was the factor causing RV dyssynchrony in acute pulmonary embolism. The present findings support the premise that acute RV pressure overload causes free wall systolic delay, resulting in RV dyssynchrony in dogs.



Compensation Period

In a dog model of acute pulmonary embolism, free wall RVLS and RV-SD6 returned to normal values during the compensation period despite persistently high PAP and PVR. After embolism, RV pulmonary arterial uncoupling (RV systolic function maladaptation to afterload) may occur, resulting in low blood pressure. Max dP/dt significantly increased and a high RV afterload persisted during the compensation period, suggesting that RV-pulmonary arterial coupling improved. This finding suggests that acute RV pressure overload and RV pulmonary arterial uncoupling may contribute to RV dysfunction and dyssynchrony. However, in our study, the gold standard indices of RV systolic function and afterload, such as ventricular end-systolic elastance and effective arterial elastance, were not measured. Further studies with RV pressure-volume loops are required to clarify this point.

Regarding the reversibility of RV function, conflicting findings have been reported in human patients with acute PTE (7–9). One clinical observation demonstrated that human patients with acute PTE had lower basal and middle free wall RVLS after the elimination of acute RV pressure overload than healthy controls (9). Conversely, other human studies (7, 8) revealed the reversibility of RVLS after treatment in patients with acute PTE, similar to our study. It is difficult to address this discrepancy because the severity of RV pressure overload and the timing of echocardiography after treatment in these studies were not uniform.

The reversibility of RV dyssynchrony has been addressed in a human study (9). After treatment, SST in the middle and apical free wall was significantly shortened, resulting in the restoration of RV synchronicity in patients with acute PTE (9). In the present study, SST in all six segments tended to be shortened during the compensation period compared with those at baseline. Although the mechanisms underlying the shortened SST during the compensation period are unclear, they could compensate for the non-uniformity of RV myocardial contraction after acute pulmonary embolism.



Diagnostic utility in acute pulmonary embolism

In the clinical setting, dogs with acute PTE may be examined during both acute and compensatory periods. Based on the present results, if a dog with acute PTE is examined by echocardiography during the compensation period, many echocardiographic indices would not be detected as abnormal regardless of persistently elevated PAP and PVR. Echocardiographic indices that can be detected as abnormal in each period are ideal in the clinical setting. In contrast to other echocardiographic indices, the RV Tei index was impaired in both the acute and compensation periods. In human patients with acute PTE, the RV Tei index recovered after the elimination of RV pressure overload, but it was still impaired compared with that in healthy subjects (8). In addition, the RV Tei index by DPD was significantly correlated with mean PAP and PVR, and it was an independent predictor of mean PAP and PVR in a dog model of acute pulmonary embolism, similar to human patients with acute PTE (11). Our results indicate that the RV Tei index by DPD is the most useful echocardiographic index for the diagnosis of acute PTE in dogs. Measurement of the RV Tei index by DPD may be promising because right heart catheterization is difficult to perform in a clinical setting. One limitation of the RV Tei index by DPD is the limited availability of ultrasonographic systems with DPD echocardiography. For this reason, we also applied the RV Tei index by TDI, which is a more commonly used application in dogs. The RV Tei index by TDI was an independent predictor of mean PAP and PVR in a multiple linear regression (model 2) without the RV Tei index by DPD. This finding suggests that the RV Tei index by TDI is also useful for diagnosing acute PTE when DPD echocardiography is not available.

A simple echocardiographic index is required in clinical settings because dogs with acute PTE are likely to have respiratory distress or hemodynamic instability. In the present study, the mitral E wave was an independent predictor of CI. This finding indicates that a low mitral E wave is an important factor causing low cardiac output in acute pulmonary embolism. Mitral E wave may be useful for assessing cardiac output in dogs with acute PTE because of the convenience of measurement using a pulsed-wave Doppler. While a low mitral E wave or E/A was observed in human patients with acute PTE (11, 20), the association between mitral E wave and cardiac output has not been addressed to date. Other researchers reported that a low mitral E wave was associated with cardiac events in human patients with chronic PH (21). A low mitral E-wave may be related to direct or sequential ventricular interdependence. In direct interdependence, leftward interventricular septal bowing compresses the LV cavity, resulting in impaired LV diastolic function and decreased LV preload and cardiac output (22, 23). Sequential interdependence is caused by a decrease in RV output due to increased afterload or RV dysfunction, resulting in decreased LV preload and low cardiac output (21, 24). In the present study, left septal bowing, increased RV afterload, and RV dysfunction occurred in dogs with acute pulmonary embolism. In addition, mitral E wave was significantly correlated with EI, PVR, RV Tei index, and free wall RVLS. These findings suggest that direct and sequential ventricular interdependencies occur in dogs with acute PTE and cause low cardiac output. Additionally, RV dyssynchrony impaired LV filling due to delayed systolic peak in the RV during LV early diastole and decreased RV output (23, 25). Since mitral E wave was significantly correlated with RV-SD6 in a dog model of acute pulmonary embolism, RV dyssynchrony could cause ventricular interdependence. However, there is a limitation of the mitral E wave. According to a previous paper, transmitral flow is affected by age, and mitral E wave decreases in dogs older than 6 years (26). Therefore, care should be taken when interpreting the results of mitral E waves in older dogs (>6 years).



Limitations

The present study had several limitations. First, only a small number of dogs were included in the present study. Therefore, a type 2 error can occur. Although several variables did not change in the present study, the small sample size could have rendered the study underpowered to detect actual differences. Second, acute pulmonary embolism caused only a mild increase in the mean PAP (<25 mmHg). Caution must be exercised when extrapolating these data to dogs with severe acute PTE. Third, we cannot exclude the effects of anesthesia on hemodynamics, myocardial function, and echocardiographic indices. Fourth, in the present study, we measured max dP/dt as the RV systolic function index, but it does not reflect accurate RV systolic function because of load dependence. Further studies measuring load-independent indices derived from RV pressure-volume loops, such as ventricular end-systolic elastance, are required to clarify the association between echocardiographic indices and RV systolic function.




CONCLUSIONS

Several echocardiographic indices of RV function, such as free wall RVLS and RV-SD6, were impaired after acute pulmonary embolism and recovered after 2 days. In contrast, the RV Tei index was not only impaired during the acute period after pulmonary embolism, but the impairment also persisted after 2 days and was an independent predictor of RV afterload in multiple regression analysis. Therefore, the RV Tei index may be useful for the diagnosis of acute PTE in this model, but not in dogs with clinical PTE.
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Baseline Acute period Compensation period

value value P value P
Heart rate (beat/min) 110(101-117) 102 (95-111) 051 106 (103-111) 0.92
Mean BP (mmHg) 58 (56-59) 47 (44-54) 0.008 51 (48-68) 0.19
Systolic PAP (mmHg) 15 (14-18) 26 (28-27)" <0.001 26 (24-29) <0.001
Mean PAP (mmHg) 12 (10-14) 23 (21-24)" <0001 24 (20-25)" <0001
Diastolic PAP (mmHg) 10 (7-11) 19 (17-20)° <0001 20 (15-21)° <0.001
Mean RVP (mmHg) 9(7-11) 14 (12-17)° 0019 13 (10-13) 028
Mean CVP (mmHg) 2(1-2) 4367 0016 2(1-9) 098
Mean PAWP (mmHg) 6 (4-6) 5(4-7) 0.81 5(2-7) 0.81
Cl Umin/m?) 4.4(35-4.4) 28(2.6-3.7) 0,085 413652 0.90
Max dP/dt (mmHg/sec) 117 (107-148) 173 (141-195) 0.16 201 (146-255)" 0016
PVR (WU) 3.1(2.9-3.4) 10.5 (7.8-13.4) <0.001 85(6.1-9.9) 0,002
SVR (WU) 26.1(22.1-29.9) 26.1(23.1-305) 0.43 24.9(20.9-26.4) 0.62
Rp/Rs 0.12(0.11-0.14) 036 (0.33-0.50)" <0.001 036 (0.30-0.41)" <0001

Continuous variables were displayed as median (interquartie range). B, Blood pressure; PAR, Pulmonary arterial pressure; RVR, Right ventricular pressure; VR, Central venous pressure;
PAWR, Pulmonary artery wedge pressure; Cl, Cardiac index; Max dP/at, Maximum positive rate of RV pressure change; PVR, Pulmonary vascular resistance; SVR, Systemic vascular
resistance; Ro/Rs, PVR to SVR ratio. *P < 0.05 compared with the baseline.
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Baseline Acute period Compensation period

value value P value P
LVIDDN 1.62 (1.44-1.67) 1.42 (1.29-1.58) 021 1.58 (1.45-1.66) 0.98
Systolic EI 1.03(1.01-1.08) 1.26 (1.09-1.36)" 0.013 1.10(1.04-1.18) 0.44
Diastolic El 1.07 (1.04-1.11) 1.30 (1.25-1.38)" <0.001 1.14(1.11-1.20) 028
Mitral E (m/s) 0.60 (0.57-0.65) 0.44 (0.39-0.57)" 0.027 0.59 (0.54-0.62) 0.87
Mitral A () 0.38(0.30-0.42) 0.29(0.26-0.38) 032 0.35 (0.29-0.40) 078
S'rv (em/sec) 5.7 (4.9-6.7) 50 (4.7-6.1) 074 53 (4.5-6.1) 1.0
TAPSE (mrm) 7.6(6.1-8.7) 49(36-6.4) 0,085 5.6(4.3-7.8) 0.80
RVEDA (cm?) 9.5(8.8-103) 11.0(08-12.2) 0,073 9.4(8.6-103) 099
RVESA (om?) 7.5(6.6-79) 9.2 (83-10.4)" 0,009 7.5(6.2-8.1) 099
FAC (%) 21.8(21.5-282) 16.3 (12.5-17.8) 0.005 22.4(20.5-27.6) 091
Tei index (OPD) 024 (0.18-0.27) 066 (0.49-0.79)" <0001 049 (0.37-0.56)" 0,008
Tei index (TDI) 058 (0.48-0.70) 1.1 (0.86-1.25) 0.004 0.86 (0.67-1.04) 0.15
Global RVLS (- %) 9.3(85-10.0) 7.2 (68-80) 0.008 89(8.0-96) 072
Free wall RVLS (- %) 10.3(9.1-11.7) 6.4 (4.5-6.9) <0.001 9.6(7.2-10.7) 034
Basal free wall 13.7 (2.4-14.7) 67 (4.0-9.7)" 0,033 108 (8.9-14.4) 075
Midde free wall 12.6(9.1-13.4) 82(53-0.9) 0.041 10.7 (7.8-12.1) 053
Apical free wall 6.0 (4.5-10.0) 36(2:3-6.4) 012 60(5.1-8.1) 090
Septal RVLS (- %) 86(7.5-9.0) 88(82-9.3) 069 9.4(83-97) 1.0
Basal septum 9.68.7-112) 12.8 (10.9-13.1) 0,083 115 (9.9-12.5) 055
Middle septum 9.6 (7.2-10.3) 10.0 (8.2-10.6) 0.59 10.1(8.9-10.8) 0.97
Apical septum 58(39-7.8) 53(32-6.1) 025 7.0(6.7-8.0) 0.80
Free wall SST (msec) 261 (245-291) 301 (257-328) 037 241 (204-245) 022
Basal free wall 284 (218-296) 325 (263-339)° 0.028 230 (206-265) 046
Middle free wall 261 (247-284) 333 (258-355)" 0,002 244 (206-265) 039
Apical free wall 264 (249-284) 315 (264-880)" 0.049 252 (285-263) 083
Septal SST (msec) 278 (267-311) 274 (232-306) 025 254 (224-268) 025
Basal septum 281 (244-292) 270 (223-292) 062 250 (229-286) 089
Middle septum 277 (246-313) 269 (227-289) 032 256 (224-271) 075
Apical septum 275 (288-804) 298 (260-340) 021 256 (222-278) 066
Free wall delay (msec) —15 (-24-5) 5(-15-81) 0.15 - 11 (-41-0) 1.0
RV-SDS (msec) 23(19-28) 69 (31-81)" 0013 22/(13-36) 099

Continuous variables were displayed as median (interquartie range). LVIDDN, normalized left ventricular internal diameter in diastole; EI, Eccentricity index; E, Early diastolic wave; A,
Late diastolic wave; S'ry, Systolic tricuspid annular velocity; TAPSE, Tricuspid annular plane systolic excursion; RVEDA, Right ventricular end-diastolic area; RVESA, Right ventricular
end-systolic area; FAC, Fractional area change; DPD, Dual pulsed-wave Doppler; TDI, Tissue Doppler; RVLS, Right ventricular longituciinal strain; SST, Systolic shortening time; RV-SDS,
Standard deviation of the time to peak longitudinal strain of six right ventricular segments. *P < 0.05 compared with the baseline.
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