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Assessment of Right Ventricular Function by Tissue Doppler Imaging 
in Pulmonary Arterial Hypertensive Rat
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Objectives: Elevated pulmonary pressure and right ventricular (RV) dysfunction are 
the hallmarks of pulmonary vascular disease in animal models and human patients 
with pulmonary arterial hypertension (PAH). Monocrotaline models of PAH are widely 
used to study the pathophysiology of PAH. The purpose of this study was to evaluate the 
severity of PAH rat model by tissue Doppler imaging (TDI). 
Methods: PAH was induced in Sprague-Dawley rats by monocrotaline (M) group. The 
peak systolic (s’), early diastolic (e’), and late diastolic myocardial velocities (a’) were 
measured using TDI at basal segments. Tricuspid annular plane systolic excursion 
(TAPSE) was measured in the 4-chamber view. Velocity of a tricuspid regurgitation 
(TR) jet was measured to estimate the pulmonary artery pressure to assess the severity 
of PAH. 
Results: Decrease in the RV shortening fraction and ejection fraction were observed 
in the M group compared with the control (C) group. RV e’ velocity and s’ velocity were 
significantly lower in the M group compared with the C group. The TAPSE was signifi-
cantly lower in the M group compared with the C group (1.26±0.22 mm vs. 2.83±0.34 
mm). The TR velocity was significantly higher in the M group compared with the C 
group (4.48±0.34 m/sec vs. 1.23±0.02 m/sec). 
Conclusion: TAPSE is an easily obtainable, widely recognized and clinically useful 
echocardiographic parameter of global RV function in the PAH rat model. We recom-
mend that TDI would be a helpful diagnostic tool to evaluate the RV function in PAH rat 
model. (Ewha Med J 2019;42(3):39-45)
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Introduction

Pulmonary vascular remodeling and the right ventricle (RV) 

dysfunction both are important in the pathophysiology of pul-

monary arterial hypertension (PAH) [1]. High pulmonary vas-

cular resistance leads to RV overload, which triggers functional 

and morphological changes in the RV, which ultimately impairs 

the capacity of patients [2]. Recently, clinicians and researchers 

have been interested in the role of the RV in PAH patients. RV 

dysfunction and elevated pulmonary pressure are the hallmarks 

of pulmonary vascular disease in human patients and animal 

models with PAH [2]. 

RV performance is one of the most important predictor of 

cardiovascular mortality and morbidity. Nevertheless, estimation 

of RV contractility by echocardiography is challenging due to its 

complex anatomy and physiology.

Difficulties in evaluating the RV with echocardiography arises 

from several causes. First, the RV has a complex geometry. 
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Second, visualization of the RV inflow-outflow tract is not 

easily obtained by echocardiograms. Third, it is difficult to ad-

equately visualize all segments of the RV because the RV is lo-

cated behind the sternum. Finally, there are no clear landmarks 

to standardize several views [3].

Echocardiography is one of the most important and conve-

nient diagnostic tool for evaluating RV function and hemody-

namics of pulmonary circulation [4,5]. Several echocardio-

graphic parameters such as RV myocardial performance index 

(MPI) [2], RV fractional area changes (RVFAC), tricuspid 

annular plane systolic excursion (TAPSE) [6] and tricuspid an-

nular systolic velocity (s’) [7-9] have been previously studied. 

However, the potential of these parameters to assess RV func-

tion and severity has not been well examined in patients with 

PAH [2].

In contrast to MPI, RVFAC, TAPSE, and s’ myocardial ve-

locity, parameters of RV function such as RV ejection fraction 

(EF) and RVFAC have limited values because of suboptimal RV 

endocardial definition [9].

TAPSE is especially an excellent parameter to assess RV 

global function and predict poor prognosis [8]. It is also known 

to be both highly specific and easy to estimate RV function.

Despite recent interest in the RV function in PAH, stan-

dardization of RV assessment remains in its initial stages [9]. 

Echocardiographic assessment provides essential diagnostic and 

therapeutic data to the clinician and yields many important in-

formation regarding the response of the RV to elevated pulmo-

nary pressures [10]. These echocardiographic parameters may 

also give important information about RV function for evaluation 

and prognostic stratification of patients with heart failure [8].

Monocrotaline (MCT) models of PAH are widely used to 

study the pathophysiology of PAH and to investigate potential 

therapies. Among several preclinical models of PAH, the MCT 

animal model offers an advantage of closely mimicking several 

key aspects of human PAH, including endothelial dysfunction, 

proliferation of smooth muscle cells, vascular remodeling, up-

regulation of inflammatory cytokines and RV failure [11,12].

MCT induced PAH is severe with endothelial apoptosis, 

prominent medial hypertrophy and inflammatory adventitial re-

modeling [13]. Noninvasive assessment of PAH severity without 

sacrificing an animal also allows researchers to serially investi-

gate the therapeutic effects [14].

The purpose of this study was to assess the potential of tissue 

Doppler imaging (TDI) in evaluating the severity of PAH in an 

MCT induced PAH rat model. 

Methods

1. Animals
Six-week-old male Sprague-Dawley rats were kept in 12-

hour light/12-hour dark cycle with climate-controlled condi-

tions and were provided with full access to food and water. 

The rats were separated into two groups: the control (C) group 

(n=12), which received single subcutaneous injection of saline; 

and the monocrotaline (M) group (n=12), which received single 

subcutaneous injection of 60 mg/kg MCT (Sigma Chemicals, 

St. Louis, MO, USA) dissolved in 0.5 N hydrogen chloride 

solution, which induces PAH. We sacrificed the rats at week 4, 

and extracted tissues were immediately frozen at -70℃. All ex-

perimental procedures were approved by the Institutional Animal 

Care and Use Committee of Ewha Womans University College 

of Medicine (Approval No. 13-0125). 

2. Echocardiographic parameters
Echocardiographic studies were performed under sedation us-

ing Vivid E96 (GE Healthcare, Milwaukee, WI, USA) at week 

4. The rats were anesthetized with intraperitoneal administration 

of Zoletil (Virbac, Carros, France) and Rompun (Bayer Korea, 

Seoul, Korea). After the thorax was shaved and the rats were in 

dorsal decubitus position, sonographic images were obtained us-

ing a 12 transducer probe with high temporal and spatial resolu-

tion: complete 2-dimensional, M-mode (at papillary muscle 

levels), Doppler (pulse wave), and TDI echocardiograms. Dop-

pler imaging at the mitral and aortic valves was obtained from 

the apical 3- and 4-chamber views. All acquired images were 

digitally stored for further analysis.

M-mode echocardiography was performed to assess following 

parameters: interventricular septal wall thickness, posterior wall 

thickness, and left ventricle (LV) end diastolic dimension at the 

chordae tendineae level. EF was estimated with biplane Simpson 

formula, and shortening fraction was calculated from LV internal 

dimensions.

Parameters of diastolic function were measured from pulsed 

Doppler mode from the apical window: early diastolic (E), late 

atrial (A) peak velocities, E/A ratios, and deceleration time. 

Myocardial velocities were estimated at the basal septum from 
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the 4-chamber views by TDI: the peak systolic (s’), early dia-

stolic (e’), and late diastolic longitudinal myocardial velocities 

(a’). 

The isovolumetric contraction time (IVCT) was determined 

as the time that has passed between the end of the a’ wave to 

the onset of the next s’ wave, and the isovolumetric relaxation 

time (IVRT) was determined as the time that has passed be-

tween the end of the s’ wave to the onset of the next e’ wave 

(Fig. 1). Ejection time (ET) was also measured. The Tei index 

was then calculated from the TDI using the following formula: 

IVRT+IVCT/ET (Fig. 1). 

Using an apical 4-chamber view to trace the right ventricular 

endocardial border to estimate end-diastolic and end-systolic 

RV area, RVFAC was calculated using the following formula: 

(RV end-diastolic area–RV end-systolic area)/RV end-diastolic 

area x 100%. TAPSE was also determined from an apical 

4-chamber view by using an M-mode cursor through the lat-

eral tricuspid annulus. Tricuspid inflow was recorded from an 

apical 4-chamber view, and the peak early (E) and late (A) 

diastolic velocities, their ratio (E/A), and the tricuspid E-wave 

deceleration time were measured. The ratio between E and e′ 

was calculated (E/e′). 

The tricuspid regurgitation (TR) was measured from the ter-

mination of TR to the onset of the subsequent TR tracing (Fig. 

2). The highest TR velocity was measured in single view, and 

pulmonary arterial pressure was calculated with the following 

formula: 4V2+estimated right atrial pressure [15]. 

To measure pulmonary acceleration time, the time from the 

onset of flow to peak velocity, and RV ET, the time from the 

onset to the termination of pulmonary flow, PW doppler re-

cording of the pulmonary blood flow was obtained by using 

parasternal short axis view at the pulmonic valve level.

All of the parameters were measured over three to five con-

secutive cardiac cycles, and the mean was calculated. To avoid 

interobserver variability, the echocardiographic measurements 

were made by one investigator.

3. Statistical analyses 
SPSS ver. 14.0 (SPSS Inc., Chicago, IL, USA) was used for 

all statistical analysis. Unpaired Student t-test was used to com-

pare group data, and all data are presented as mean±standard 

deviation. The statistically significant cutoff for P-value was 

<0.05. 

Fig. 1. Tissue Doppler imaging at basal portion of right ventricle (RV) 
in pulmonary arterial hypertension (PAH) rat model. The isovolumetric 
contraction time (IVCT) was determined as the time that has passed 
between the end of the a’ wave to the onset of the next s’ wave, and 
the isovolumetric relaxation time (IVRT) was determined as the time 
that has passed between the end of the s’ wave to the onset of the 
next e’ wave. Ejection time (ET) was also measured. The Tei index was 
then calculated from the tissue Doppler imaging using the following 
formula: IVRT+IVCT/ET. s’, systolic myocardial velocity; e’, early dia-
stolic myocardial velocity; a’, late diastolic myocardial velocity; LVET, 
left ventricle ejection time.

Fig. 2. Tricuspid regurgitation (TR) by echocardiography in pulmonary 
arterial hypertension rat model. The TR was measured from the ter-
mination of TR to the onset of the subsequent TR tracing. TR velocity 
was significantly higher in the monocrotaline group group (4.48±0.34 
m/sec ∆P 80.81±12.12 mmHg). Heart rate was 265/min.
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Results

1. Left ventricular parameters
Stroke volume was significantly decreased in the M group 

compared to the C group (0.39±0.24 mL vs. 0.83±0.11 mL; 

P=0.041). 

LV shortening fraction (FS; 37.6%±7.0% vs. 47.1%±

3.9%) and EF (73.1%±8.9% vs. 83.1%±3.6%) were de-

creased in the M group compared to the C group, but the dif-

ference was not statistically significant.

LV e’ myocardial velocity was significantly lower in the M 

group compared to the C group (3.88±0.85 cm/sec vs. 6.96

±1.23 cm/sec, respectively; P=0.023). LV a’ myocardial 

velocity was not significantly different between two groups 

(3.21±1.79 cm/sec vs. 6.30±3.09 cm/sec, respectively; 

P=0.208). LV s’ myocardial velocity was significantly lower in 

the M group compared to the C group (2.93±0.69 cm/sec vs. 

4.89±0.43 cm/sec, respectively; P=0.014) (Table 1).

2. Right ventricular parameters
Right ventricular diastolic area was significantly increased in 

the in the M group compared to the C group (0.72±0.10 cm2 

vs. 0.37±0.05 cm2, respectively; P=0.005). Right ventricular 

systolic area was significantly increased in the in the M group 

compared to the C group (0.50±0.15 cm2 vs. 0.25±0.03 

cm2, respectively; P=0.044). FAC was not significantly differ-

ent between the two groups. 

RV e’ myocardial velocity was significantly lower in the M 

group compared to the C group (3.77±1.02 cm/sec vs. 6.33±

1.01 cm/sec, respectively; P=0.036). RV s’ myocardial veloc-

ity was lower in the M group compared to the C group (3.15±

0.79 cm/sec vs. 5.32±1.46 cm/sec, respectively; P=0.047) 

(Table 2). 

TAPSE was significantly lower in the M group compared with 

the C group (1.26±0.22 mm vs. 2.83±0.34 mm, respec-

tively; P=0.002) (Table 2).

Tricuspid regurgitant velocity was significantly higher in the 

M group compared to the C group (4.48±0.34 m/sec vs. 1.23

Table 1. Comparison of left ventricular parameters by echocardio-
graphy between two groups

Parameter
Control  
group

Monocrotaline 
group

P-value

Enddiastolic volume (mL) 1.00±0.14 0.54±0.31 0.078

Endsystolic volume (mL) 0.17±0.05 0.15±0.09 0.708

Stroke volume (mL) 0.83±0.11 0.39±0.24 0.041

LV EF (%) 83.1±3.6 73.1±8.9 0.145

LV FS (%) 47.1±3.9 37.6±7.0 0.111

Aortic valve ejection  
time (ms)

65.46±15.96 99.77±4.09 0.022

MV E (cm/sec) 113.28±11.65 84.43±30.30 0.198

MV A (cm/sec) 103.75±25.71 89.49±32.93 0.586

MV E/A 1.12±0.22 1.15 ±0.87 0.965

MV E-DT (ms) 26.97±14.24 44.72 ±13.10 0.187

LV e’ (cm/sec) 6.96±1.23 3.88±0.85 0.023

LV a’ (cm/sec) 6.30±3.09 3.21±1.79 0.208

LV s’ (cm/sec) 4.89±0.43 2.93±0.69 0.014

E/e’ 16.84±4.79 21.40±4.73 0.305

Tei index 0.53±0.07 0.59±0.06 0.307

MV, mitral valve; E, early diastolic velocity; A, late atrial peak velocity; 
DT, deceleration time; LV, left ventricle; EF, ejection fraction; FS, 
shortening fraction; e’, early diastolic myocardial velocity; a’, late 
diastolic myocardial velocity; s’, systolic myocardial velocity.

Table 2. Comparison of right ventricular parameters by echocardio-
graphy between two groups

Parameter
Control  
group

Monocrotaline 
group

P-value

RA diatolic area (cm2) 0.37±0.05 0.72±0.10 0.005

RA systolic area (cm2) 0.25±0.03 0.50±0.15 0.044

Fractional area change (%) 31.65±5.15 30.95±13.16 0.935

TV E (cm/sec) 79.22±33.40 82.42±16.96 0.889

TV A (cm/sec) 66.00±13.33 73.52±13.20 0.525

TV E/A 1.17±0.34 1.13±0.21 0.893

RV EF (%) 73.1±2.4 54.2±1.8 0.001

RV FS (%) 43.2±3.2 28.3±1.7 0.024

RV e’ (cm/sec) 6.33±1.01 3.77±1.02 0.036

RV a’ (cm/sec) 5.25±1.94 4.80±0.35 0.710

RV s’(cm/sec) 5.32 ±1.46 3.15±0.79 0.047

PV ET (msec) 60.8±5.7 106.6±5.7 <0.001

TAPSE (mm) 2.83±0.34 1.26±0.22 0.002

Tei index 0.54±0.07 0.50±0.15 0.706

RA, right atrium; FAC, fractional area change, TV, tricuspid valve; E, 
early diastolic velocity; A, late atrial peak velocity; RV, right ventricle; 
EF, ejection fraction; FS, shortening fraction; e', early diastolic 
myocardial velocity; a', late diastolic myocardial velocity; s', systolic 
myocardial velocity; PV ET, pulmonic valve ejection time; TAPSE, 
tricuspid annular plane systolic excursion.
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±0.02 m/sec, P=0.001) (Table 3, Fig. 2). Pulmonary ejec-

tion time was significantly greater in the M group compared to 

the C group (106.6±5.7 ms vs. 60.8±5.7 ms, respectively; 

P<0.001) (Table 2).

Discussion

We established that single subcutaneous injection (60 mg/kg) 

of MCT induced PAH and demonstrated that TDI is a feasible 

technique for assessing RV function noninvasively in animal 

model with PAH. 

We demonstrated that MCT-induced PAH causes RV hyper-

trophy in animal models. We observed that the RV e’ and s’ 

myocardial velocities were significantly lower in the M group as 

compared with the C group. TAPSE was also significantly lower 

in the M group compared to the C group. Taken together, these 

results confirm RV dysfunction.

Tricuspid regurgitant velocity and pulmonary ejection time 

were also significantly higher in the M group as compared to 

the C group. These findings suggest that the induction of PAH 

by MCT was successful. This is similar with observations re-

ported from previous studies [16,17].

LV systolic and diastolic dysfunction were also noted in MCT 

induced PAH models in our study. LV e’ and s’ myocardial ve-

locities were significantly lower in the M group compared to the 

C group. Also, although the LV EF and LV FS were reduced in 

the M group compared with the C group, the values were not 

significantly different. 

Our study revealed that MCT treatment decreased stroke vol-

ume, which characterizes the pump function of the LV. This 

finding is similar with other reports associated with MCT in-

duced PAH [12,13] as right heart failure eventually leads to LV 

failure [18] in MCT-induced PAH [12], although we focused 

mainly on the RV function in this study.

Although there are some reports demonstrating that MCT 

damages pulmonary endothelial cells, exactly how MCT initi-

ates lung toxicity is still obscure. Several investigators doubt how 

relevant MCT-models are in imitating pathobiological process 

of the human PAH. Despite this, MCT-induced PAH is still the 

most favored model in preclinical research for evaluating novel 

therapies [12].

Echocardiography, as a noninvasive and widely accessible 

imaging modality, aids in investigating cardiac diseases such as 

PAH and other cardiovascular diseases [5,18,19]. Echocardiog-

raphy estimates changes in the structure and function of the RV. 

Echocardiographic assessment generates information about the 

response of the right heart to elevated pulmonary pressures and 

provides essential diagnostic and prognostic data to the clinician 

in PAH [10]. 

TAPSE is the RV longitudinal function of a complex 3D 

structure [6]. Because it is easily obtainable, reproducible, and 

relevant to use for both diagnostic and prognostic reasons in 

many disease states, TAPSE is the most frequently used index 

for evaluation of RV performance [20].

The advantages of TAPSE are that it is simple and less depen-

dent on optimal image quality, intraobserver and interobserver 

reliability are relatively high [20], and it does not need clear 

endocardial definition. However, disadvantage of TAPSE is that 

it is angle and load dependent. There are still many controver-

sies regarding the normal reference value.

Both TAPSE and s’ myocardial velocity reflect the longitudi-

nal systolic function of the RV [20]. Wang et al. [21] reported 

that s’ myocardial velocity had a stronger correlation with RV 

EF measured by cardiac magnetic resonance imaging (CMRI). 

In our study, the s’ myocardial velocity and TAPSE were sig-

nificantly lower in the M group as compared to the C group. 

Although RVFAC is a common parameter for assessing RV 

systolic function, it is difficult to completely reflect the three-

dimensional RV EF. Moreover, the hypertrophied RV trabeculae 

is a hindrance in distinguishing the endocardium clearly in PAH 

patients, possibly leading to inaccurate assessment of RVFAC 

[4]. In our study, there was no significant difference between 

the two groups.

Furthermore, the RV is significantly affected in pulmonary 

diseases such as PAH and the RV is remarkably sensitive to car-

diac pathologies, including LV dysfunction, valvular disease and 

RV dysfunction [22].

Although CMRI is the gold standard for noninvasive measure-

Table 3. Comparison of TR V by echo car dio graphy between two 
groups

Parameter
Control  
group

Monocrotaline 
group

P-value

TR Vmax (m/sec) 1.23±0.02 4.48±0.34 0.001

∆P (mmHg) 6.05±0.12 80.81±12.12 <0.001

TR V, tricuspid regurgitation velocity; TR Vmax, tricuspid regurgitation 
maximal velocity; ∆P, change in pressure.



44 THE EWHA MEDICAL JOURNAL

Hong JE, et al

ments of RV size and function [9,23], it is often not easy to 

use it in everyday clinical practice [24]. 

TAPSE is reported to significantly correlate with RV EF de-

rived from radionuclide angiography [25]. Recently, Sato et al. 

[25] reported that TAPSE and s’ significantly correlates with RV 

EF derived from CMRI. 

Right Tei index can be obtained by TDI. The advantage is 

that it is reproducible and depends only on time intervals, which 

makes it possible to avoid the limitations arising from complex-

ity of RV structure [23]. In our study, right Tei index was not 

statistically different between two groups.
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