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List of abbreviations 

 

CHF   congestive heart failure 

CL    cycle length 

HW/BW  heart weight to body weight ratio 

LV   left ventricle 

MCT    monocrotaline 

PAAT    pulmonary artery acceleration time 

PAAT/CL   pulmonary artery acceleration time normalized to cycle length 

RV    right ventricle 

RV/BW    right ventricle to body weight ratio 

RVEDD    right ventricular end-diastolic diameter 

RV/[LV+IVS] right ventricle to left ventricle plus interventricular septum 

ratio 
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Abstract 

  

Introduction: The temporal relations between the onset of echocardiographic changes and 

clinical diagnosis of right ventricular (RV) failure are unresolved. We have characterized 

such relations in a rat monocrotaline (MCT) model of RV failure. 

Methods: Eight-week old male Wistar rats were injected with MCT (60 mg/kg) or vehicle 

and underwent serial echocardiography. RV free-wall thickness (RVWT), pulmonary 

artery acceleration time normalized to cycle length (PAAT/CL), RV end-diastolic 

diameter (RVEDD), and tricuspid annular plane systolic excursion (TAPSE) were 

measured.  

Results: Significant differences in echocardiographic parameters between MCT-treated 

and control rats were found as early as 14 days prior to RV failure for RVWT, 10 days 

for PAAT/CL, and 7 days for RVEDD and TAPSE. The time intervals between the onset 

of changes in RVWT, PAAT/CL, RVEDD, TAPSE and diagnosis of RV failure were 11.3 ± 

0.8 days, 10.9 ± 0.7 days, 6.5 ± 0.5 days, and 5.4 ± 0.7 days, respectively. The sequence of 

echocardiographic changes was consistent in all animals during development of RV failure. 

Conclusions: Pulmonary hypertension (assessed by PAAT/CL) and RV free-wall thickening 

(characterized by RVWT) precede RV dilation and RV systolic dysfunction (measured by 

RVEDD and TAPSE, respectively). Echocardiographic analysis permits accurate 

determination of the stage of disease development in MCT induced RV failure.   
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Introduction 

Congestive heart failure (CHF) affects approximately 1% of the general population with 

progressively increasing prevalence in industrialized countries. Despite significant 

advances in its medical treatment, CHF continues to be a major source of morbidity and 

mortality1-3. While left-sided CHF is more prevalent and has been studied intensively, 

right-sided CHF is also common but much less is known about its pathophysiology and 

treatment. Causes of right-sided CHF are not only advanced left-sided CHF but also 

congenital cardiac malformations4, increased pulmonary vascular resistance5,6, chronic 

obstructive pulmonary disease7 and myocardial ischemia of the right ventricle (RV)8,9. For 

example, RV failure is the main cause of death in patients with primary and 

thromboembolic pulmonary hypertension.7 Thus, development of optimal treatment 

strategies for RV failure is of great importance. 

A well-established animal model of RV failure is injection of monocrotaline (MCT) into 

rats.10-12 This model is often used to study the effects of various drugs on progression of 

pulmonary hypertension.13,14 MCT is a pyrrolizidine alkaloid which causes structural 

remodeling of pulmonary arteries with consequent severe progressive pulmonary 

hypertension. A single MCT injection leads to RV hypertrophy and in most, but not all, 

cases RV failure.10,11,14-17 However, in rats that develop RV failure the speed of 

progression to RV failure after MCT injection is highly variable between individual 

animals.10,11,17,18 This variability confounds the design of treatment studies.  

Echocardiography plays an important role in diagnosing pulmonary hypertension and its 

outcome in patients.5,6,19-21 It is also used for non-invasive assessment of progressive 

pulmonary hypertension in the rat MCT model.16,18 Thus, we aimed to monitor the 

development of RV failure in MCT-injected rats in detail using echocardiography and to 

characterize the temporal relation between echocardiographic changes and the onset of 

RV failure. This may aid in delineating the disease stage in vivo and allowing better design 

of future treatment studies in this model. 
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Methods 

Animal treatment  

The study protocol was approved by the institutional animal use committee and was in 

line with European Union directives on the care and use of experimental animals. Seven 

weeks old male Wistar rats (225-285 gr) were obtained from Harlan (The Netherlands). 

After acclimatization for one week, the animals were anesthetized with single 

intraperitoneal (i.p.) injections of ketamine (75 mg/kg) and midazolam (7.5 mg/kg). Their 

chest was shaved and transthoracic echocardiography was performed. Thereafter, the 

rats were divided into two groups. One group (n=17) was injected with a single dose of 

60 mg/kg i.p. of MCT (dissolved in Dulbecco’s phosphate-buffered solution at 20 mg/ml 

with the pH adjusted to 7.4 with 5 N HCl). The control group (n=22) was injected i.p. 

with a comparable amount (3 ml/kg) of the MCT vehicle. Animals were then returned to 

their cages and housed at 22-24 °C with free access to water and commercially available 

rat chow. MCT was obtained from Sigma (The Netherlands). 

Based upon published studies, the subsequent planned observation time was 56 days. 

MCT-injected rats were to be killed if they developed clinical signs of RV failure and/or 

appeared clinically to be severely stressed. For the purpose of this study, we 

operationally predefined such a condition by the occurrence of a body weight loss of 

more than 30 g in the preceding week or more than 15 g in the preceding 4 days, in 

combination with at least one of the following criteria: 1) Dyspnea, defined as visibly 

increased respiratory efforts and chest-opposite-to-belly breath movement; 2) Cold 

lower body, tail and limbs temperature assessed subjectively by physical examination; 3) 

Cyanotic ears; 4) Markedly decreased activity level (lethargy). Whenever a MCT-injected 

rat was killed because it had developed clinical signs of RV failure, 1-2 control animals 

with a corresponding time after injection were killed to allow for optimal matching. All 

MCT-injected animals and their controls, that had not developed RV failure, were  
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sacrificed on day 56. Each animal was killed by i.p. injection of 100 mg/kg pentobarbital. 

The thorax was opened and checked for the presence of fluid. The heart, lungs and liver 

were immediately dissected, blotted dry and weighed. RV was separated from atria and 

left ventricle (LV) plus septum in 4 MCT-treated animals and 4 age-matched controls. In 

all animals, we calculated the whole heart to body weight ratio (HW/BW, mg/g). In 4 

animals, we also calculated the RV to body weight ratio (RV/BW, mg/g), and the RV to 

LV plus interventricular septum ratio (RV/[LV+IVS]). 

During the period between the MCT or vehicle injection and the sacrifice, the animals 

were routinely monitored clinically and by echocardiography. Such assessments were 

done once per week during the first 21 days, and twice per week thereafter. In some 

cases, when animals appeared ill but did not fulfill our above criteria for the clinical 

diagnosis of RV failure, they were assessed on additional days. If they were diagnosed 

with RV failure on such an additional day, they were sacrificed and the measurements 

from that day were taken as their final day. Additionally, rectal temperature was 

measured on the day of sacrifice in 4 MCT-treated rats with RV failure and their age-

matched controls. 

Echocardiographic measurements  

Echocardiographic measurements were performed in anaesthetized (ketamine plus 

midazolam, see above), but spontaneously breathing rats which were positioned on their 

left side. The dose of anaesthetics was reduced down to 50% only on the day when a rat 

had developed clinical signs of RV failure. Transthoracic two-dimensional, M-mode 

(according to standards of American Society of Echocardiography) and Doppler imaging 

were performed with a VingMed Sound System Five (General Electric, USA) with a 10 

MHz transducer. Two-dimensional images, M-mode and Doppler tracings were stored on 

a computer for subsequent analysis, with the latter two being recorded at a sweep speed 

of 200 mm/s. Each parameter was measured and averaged over 3 cardiac cycles.  
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The RV morphology was assessed as RV free-wall thickness (RVWT) and RV end-

diastolic diameter (RVEDD). RVWT was measured either in the 2-dimensional short-axis 

parasternal view below the tricuspid valve or in the long-axis parasternal view by M-

mode, depending on the quality of RV free-wall visualization. RVEDD was measured as 

the maximal distance from the RV free-wall to the septum from the apical four-chamber 

view (Figure 1). The position of the transducer was aligned to visualize the RV apex. To 

select accurately a true end-diastolic frame, the diastole was screened frame-by-frame 

with the rate of 132 frames per second. The last frame with maximal RV cavity size 

preceding the frame with the onset of systolic closure of tricuspid valve leaflets was used 

as a true one to measure RVEDD. To assess RV function, the base-to-apex shortening 

during systole, measured as the tricuspid annular plane systolic excursion (TAPSE) of the 

lateral portion of the tricuspid annular plane, was recorded in the M-mode format under 

two-dimensional echocardiographic guidance from the apical four-chamber view. Pulse-

wave Doppler of the pulmonary outflow was recorded in the parasternal view at the 

level of the aortic valve. For this purpose, the sample volume was positioned proximal 

(2-3 mm) to the pulmonary leaflets and aligned to maximize laminar flow. The pulmonary 

artery acceleration time (PAAT) was used as an echocardiographic indicator of 

pulmonary hypertension18,22,23 and measured from the onset of systolic flow to peak 

pulmonary outflow velocity. This was normalized to cardiac cycle length (CL) as 

measured within the same images.  

Determination of cut-off value 

The cut-off values for each analyzed echocardiographic parameter were derived from 

serial measurements in control rats. For RVWT and RVEDD, these values were the 

mean values plus 2 standard deviations found in control rats at each measurement day. 

For PAAT/CL and TAPSE, the mean values minus 2 standard deviations, found in control 

rats at each measurement day, were used. The cut-off values determined at each 

measurement day were plotted against time and connected with straight lines. The day at  
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which echocardiographic variables started to change continuously were defined as the 

day at which the cut-off values were reached. 

 

Figure 1: Typical examples of 2-D echocardiographic images. A: 2-dimensional short-

axis parasternal view (a control rat); B: apical 4-chamber view (a control rat); C: 2-

dimensional short-axis parasternal view (a rat with RV failure); D: apical 4-chamber view 

(a rat with RV failure). 

Data analysis  

In line with several other studies,11,17,18 the interval between MCT injection and the onset 

of RV failure differed markedly between animals (Figure 2). Thus, we analyzed the data in 

two ways: by counting from the MCT injection day (Figures 3 and 4, upper panels) and by  
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“backward counting”. Since the individual clinical and echocardiographic course appeared 

similar in all MCT-treated rats during the last three weeks prior to RV failure, the 

backward counting was performed from the day at which each individual rat developed 

clinical RV failure. In the backward counting analysis, all measured values were plotted 

against time before RV failure and averaged (Figures 3 and 4, lower panels). 

 

Figure 2: Distribution of time of onset of RV failure in MCT-treated rats. No rat 

developed RV failure later than 42 days after MCT injection. 

The sequence of changes of echocardiographic parameters in RV failure rats was 

determined in two ways. In the forward counting analysis, we compared the intervals 

between the MCT injection and the day when the parameter reached its cut-off value. In 

the “backward counting” analysis, the intervals between the day at which the parameter 

reached its cut-off value and the day of clinical RV failure were compared. Since the 

intervals between measurements ranged from 3 to 7 days, while the echocardiographic 

changes progressed continuously (Figures 3 and 4, upper panels), the day when each 

echocardiographic parameter reached its cut-off value was interpolated as demonstrated  
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in Figure 5. The measured values were plotted against time and connected with straight 

lines. From these lines, the day at which the cut-off value was reached, was read. 

 

Figure 3: Effect of monocrotaline (MCT) injection on right ventricular free-wall 

thickness (RVWT). Data are shown from individual MCT-treated rats relative to the time 

of injection (upper panel), and as group means ± SEM of MCT (n= 4-13)- and vehicle-

treated rats (n= 9-22) relative to the time when they developed clinical signs of RV 

failure (lower panel). *- p < 0.05 vs. control. 
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Figure 4: Effect of monocrotaline (MCT) injection on right ventricular end-diastolic 

diameter (RVEDD). Data are shown from individual MCT-treated rats relative to the 

time of injection (upper panel), and as group means ± SEM of MCT (n= 4-13)- and 

vehicle-treated rats (n= 9-22) relative to the time when they developed clinical signs of 

RV failure (lower panel). *- p < 0.05 vs. control. 
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Statistical analysis 

All values are expressed as mean ± SEM. Mean values of control and MCT-treated rats 

were compared using two-tailed unpaired Student’s t-test (Figures 3 and 4). One-way 

ANOVA test with Bonferroni t-test was applied to find the difference in the days at which 

echocardiographic parameters reached their cut-off values (Figure 6). The differences 

with p < 0.05 were considered statistically significant. Software (SigmaStat® 3.0; Aspire 

Software International, Leesburg LA) was used for statistical analysis. 
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Results 

Biometrical changes 

MCT treatment induced clinical signs of RV failure in 13 of 17 rats within 56 days. The 

time to do so varied considerably between animals, ranging from 24-42 days after 

injection (Figure 2). The four animals which did not develop RV failure were excluded 

from the further analysis. Compared to vehicle-injected rats, MCT-injected rats with RV 

failure had a significantly reduced body and liver weight and rectal temperature at the 

time of sacrifice (Table 1). This was accompanied by significantly increased HW/BW, 

RV/BW and RV/[LV+IVS] ratios (Table 1) demonstrating development of RV 

hypertrophy. A significantly increased mean lung weight (Table 1) and pleural effusion in 

all MCT rats (in 5 animals with hemorrhage) confirmed the decompensation of RV pump 

function.  

Table 1: Biometrical parameters of RV failure and control rats at the time of sacrifice. 

 Body 

weight        

(g) 

HW/BW 

ratio 

(mg/g) 

RV/BW 

ratio    

(mg/g) 

RV/[LV+IVS]           

ratio 

Lung 

weight     

(g) 

Liver 

weight     

(g) 

Rectal 

temperature 

(°C) 

Control 366±7 3.9±0.1 0.57±0.06 0.19±0.01 1.4±0.1 15.3±0.3 37.7±0.2 

RVF  290±5 4.8±0.2 1.49±0.10 0.39±0.01 2.4±0.1 10.9±0.4 35.4±0.3 

p-value p<0.0001 p<0.0001 p<0.001 p<0.0001 p<0.0001 p<0.0001 p<0.001 

Data are means ± SEM of 13 RV failure and 22 control animals, except RV/BW and 

RV/LVS ratios, and rectal temperature measurements, where n = 4. RVF: right ventricular 

failure; HW/BW: heart weight to body weight ratio; RV/BW: right ventricle to body 

weight ratio; RV/[LV+IVS]: right ventricle to left ventricle plus interventricular septum 

ratio. 
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Echocardiographic changes 

The increased RV weight seen at autopsy was detectable by echocardiography as 

increased RVWT (Figure 3). While all MCT-injected animals with RV failure developed an 

RVWT of at least 0.8 mm, none of the control rats exceeded 0.7 mm. The mean RVWT 

was significantly greater in RV failure than in control rats as early as 14 days prior to 

developing clinical signs of RV failure (Figure 3). A functionally altered morphology of the 

RV in MCT-induced RV failure was demonstrated by increases in RVEDD (Figure 4). 

While all MCT-injected animals with RV failure developed an RVEDD of at least 6 mm, 

none of the control rats exceeded 4.5 mm. The mean RVEDD was significantly greater in 

RV failure than in control rats as early as 7 days prior to developing clinical signs of RV 

failure (Figure 4).  

The TAPSE was used to assess RV systolic function. While all MCT-injected animals with 

RV failure had a TAPSE of 1.6 mm or less, none of the control rats had less than 1.75 

mm. The mean TAPSE was significantly smaller in CHF than in control rats as early as 7 

days prior to developing clinical signs of RV failure, i.e. at the same time point when RV 

dilatation, assessed by RVEDD, was first observed.   

Since the RV morphological and functional alterations in the MCT model result from 

increased pulmonary vascular resistance, we measured the PAAT/CL as an 

echocardiographic indicator of pulmonary hypertension. While all MCT-injected animals 

with RV failure developed a PAAT/CL ratio of 0.08 or less, none of the control rats had a 

ratio of less than 0.15. The mean PAAT/CL was significantly smaller in RV failure than in 

control rats as early as 10 days prior to development of clinical signs of RV failure. 

The heart rate of MCT-treated animals did not differ significantly from that in control 

rats during the echocardiographic measurements (not shown), except on the day when 

the diagnosis of RV failure was established. At the day of sacrifice, heart rate in MCT- 
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injected rats was significantly slower than in control rats (311 ± 14 beats/minute versus 

349 ± 19 beats/minute, respectively; p<0.05). 

 

Figure 5: Determination of day at which the cut-off value of echocardiographic variable 

was reached. In this typical example, solid circles are measured data from a MCT-treated 

rat that developed RV failure. PAAT/CL, Pulmonary artery acceleration time normalized 

to cycle length. 

Sequence of echocardiographic changes  

The sequence of echocardiographic changes culminating in RV failure was derived from 

the days at which each echocardiographic parameter reached its cut-off value. The first 

echocardiographic parameters to change were RVWT and PAAT/CL at 22.2 ± 1.6 days  
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(range 14-34) and 22.7 ± 1.7 days (range 11-32) after MCT injection, respectively, 

followed by RVEDD at 27.0 ± 1.7 days (range 18-37) and, finally, TAPSE at 28.2 ± 1.7 

days (range 20-40) (Figure 6). The same sequence of echocardiographic changes was 

found with respect to the day of development of RV failure, i. e. by “backward counting”. 

Indeed, the first echocardiographic parameters to change were RVWT and PAAT/CL at 

11.3 ± 0.8 days (range from 7 to 16) and 10.9 ± 0.7 days (range from 7 to 17), 

respectively, prior to clinical RV failure. These changes were followed by RVEDD at 6.5 ± 

0.5 days (range from 4 to 9) and, finally, TAPSE at 5.4 ± 0.7 days (range from 2 to 9) 

(Figure 6). Thus, during development of RV failure in this rat model, the onsets of 

pulmonary hypertension and RV thickening assessed by PAAT/CL and RVWT, 

respectively, preceded RV dilation and RV systolic dysfunction as characterized by 

RVEDD and TAPSE, respectively.  The sequence of echocardiographic changes was 

consistent in all MCT-treated animals that developed RV failure. 

Of note, Figure 6 demonstrates the strong correlation in the sequence of 

echocardiographic changes between the forward analysis and the backward analysis 

methods. Furthermore, the finding that the horizontal error bars are smaller but the 

vertical error bars large indicates that the onset of echocardiographic changes is more 

closely related to the onset of RV failure than to the MCT injection day. This shows that 

the speed of progression of echocardiographic changes, once started, varies little 

between individual rats. 
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Figure 6: Day at which echocardiographic parameters reached cut-off values in RV 

failure rats with respect to the day of the onset of clinical RV failure (axis) and the day of 

monocrotaline (MCT) injection (ordinate). Note that the error bars are much smaller in 

“Day before RV failure” than in “Day after MCT injection”. RVWT: right ventricular free-

wall thickness; PAAT/CL: pulmonary artery acceleration time normalized to cycle length; 

RVEDD: right ventricular end-diastolic diameter; TAPSE: tricuspid annular plane systolic 

excursion. Data are means ± SEM. *- p < 0.05 - vs. RVWT, # - vs. PAAT/CL. 
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Discussion 

The injection of MCT into rats is a well-established model of pulmonary 

hypertension,15,16,24,25 which leads to RV hypertrophy and, ultimately, to RV failure.10-

12,14,17,18 We have used echocardiography to non-invasively monitor this process and 

found PAAT/CL, RVWT, RVEDD and TAPSE of use. PAAT reflects pulmonary artery 

pressure,18,22,23 while RVWT, RVEDD and TAPSE are indicators of RV hypertrophy,7,13 RV 

dilation26 and RV contractile function,27 respectively.  

The animal model 

The presence of RV hypertrophy was confirmed by an increase in HW/BW, RV/BW and 

RV/[LV+IVS] ratios. RV failure was indicated clinically by a combination of the following 

symptoms: body weight loss and cyanotic ears and/or cold limbs and/or dyspnea and/or 

lethargy. Autopsy demonstrated increased lungs weight and massive pleural effusion in all 

MCT-treated rats that exhibited the symptoms of RV failure. It has been recently 

reported that, in patients with severe CHF, hypothermia was a predictor of death.28 In 

the present study, we found a significant decrease in rectal temperature. Diminished liver 

weight in rats with RV failure might be explained by the occurrence of liver cirrhosis. The 

presence of liver cirrhosis was demonstrated in patients with severe right-sided CHF 29 

and in MCT-treated rats.11 

Anaesthesia used and cardiac performance  

Anaesthetics may affect cardiac performance in rodents.31 Therefore, the measured 

values of echocardiographic parameters might be influenced by anaesthesia. To minimize 

this possible confounder, we used the lowest drug dosage that was sufficient to keep a 

rat unconscious and immobilized and completed echocardiographic examination within 

15-20 minutes. Thus, the ketamine dose was 75 mg/kg, while a 100 mg/kg dose per se  
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was shown not to affect cardiac performance in healthy rats.30 To potentiate a short 

anaesthetic effect of ketamine, we used midazolam, a hypnotic-sedative drug. In contrast 

with xylazine, which markedly suppress cardiac performance in rodents, 30 midazolam has 

only slight effects on the cardiovascular system in animals.31 

Despite negligible effects of anaesthesia on cardiac performance of healthy animals, 

ketamine causes a significant dose-dependent decrease in developed tension of failing 

atrial and ventricular muscles in vitro.32 Also, the systemic clearance of midazolam in 

patients with CHF is lowered.33 Accordingly, on the day of sacrifice, the dose of 

anaesthetics was reduced down to 50% in MCT-treated rats with RV failure. Yet, this 

dose was still sufficient to complete the protocol of echocardiographic measurements. 

However, despite the dose reduction, minor heart rate depression on this day was 

observed. 

Determination of disease stage of individual animal  

In the present study, not all MCT-treated animals developed RV failure in accordance 

with previous studies.24,25 In those which did, we found that RV failure occurred at highly 

variable time points relative to time point of MCT injection. An important observation of 

the present study was the finding that the variability in the timing of changes of 

echocardiographic estimates of RV morphology and function were markedly reduced 

when changes during the last 17 days prior to clinical RV failure are analyzed (“backward 

counting”). This method revealed a close relation between the onset of 

echocardiographic changes and the day when RV failure is clinically obvious in each 

individual case.   

This situation makes it desirable to identify changes in cardiac morphology and/or 

function that precede the development of clinical signs of RV failure as early as possible. 

Indeed, we identified several echocardiographic parameters which discriminated MCT- 
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treated and control rats, i.e. RVWT as early as 14 days, PAAT/CL 10 days, and RVEDD 

and TAPSE 7 days prior to RV failure. Jones and colleagues18 also demonstrated a 

significant increase in RVWT and PAAT in MCT rats. However, in contrast with our 

data, they did not find a significant increase in RVEDD. There are several possible 

explanations for this difference. Jones et al. included into analysis all the injected with 

MCT rats, while our primary aim was to study only animals which developed RV failure. 

Another possible explanation is that Jones et al. used a parasternal view for 

measurements of RVEDD, whereas we measured this parameter using the four-chamber 

apical view. The latter method has been shown to be more accurate.26  

Thus, based on echocardiographic data, we are able to identify the following 

disease states in MCT rats: pulmonary hypertension, RV hypertrophy, RV dilation and RV 

contractile dysfunction, as assessed by PAAT/CL, RVWT, RVEDD and TAPSE, 

respectively. RVWT and PAAT/CL were the earliest echocardiographic parameters to 

change during development of RV failure. These parameters were followed by RVEDD 

and TAPSE. The sequence of echocardiographic changes indicates that RV failure occurs 

shortly after the onset of RV dilation and contractile dysfunction in this model.  

Implication of echocardiography for treatment study design 

In several previous studies, the effects of tested drugs on the progression of pulmonary 

hypertension in MCT-injected rats were assessed at fixed time points after MCT 

injection.13,14 Our data demonstrate that changes in echocardiographic parameters 

started at different time points after MCT injection. Thus, 7 of 13 (54%) RV failure-

destined rats had no echocardiographic changes up to day 21 after MCT injection. 

Therefore, because of variability in the onset of these changes, the effects of tested drugs 

in this model may be misinterpreted, when assessed at fixed time points after MCT 

injection. For example, seemingly positive effects of treatment may be false-positive if  
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given to animal that had not truly developed into an advanced disease stage. 

Echocardiographic monitoring may help to avoid these misinterpretations.  

The accurate identification of the disease stage with echocardiography has 

another benefit. It has been reported that biochemical and histopathologic characteristics 

of MCT rats differed markedly between animals with RV hypertrophy and those with 

symptoms of RV failure.12 This observation may suggest differences in response to 

treatment between RV hypertrophy and RV failure rats. Since the symptoms of RV failure 

occur shortly after the onset of contractile dysfunction (decreased TAPSE) and appear 

irreversible in the case of progressive pulmonary hypertension (continuous decrease in 

PAAT/CL), treatment may be more effective for attenuation of RV failure if started at the 

RV hypertrophy stage when RV systolic function is preserved. Thus, echocardiography 

permits more refined testing of the effectiveness of drugs by targeting the onset of 

treatment to different stages during development of RV failure in this model. Such 

analysis of disease stage-targeted drug effectiveness may also prove to be helpful in 

patients when clinical therapies are considered.    

Time course of development of MCT-induced RV failure  

In the present study, the time interval between MCT injection and development of 

clinical RV failure ranged from 24 to 42 days. Although echocardiographic changes, once 

started, progressed homogeneously and predictably, the intervals between MCT injection 

and time points at which echocardiographic parameters reached their cut-off values 

varied markedly among individual rats. This observation may be in part explained by 

differences in the effects of MCT on the pulmonary vasculature between individual rats 

leading to unequal rates of increase in pulmonary vascular resistance.15,34 Indeed, Ghodsi 

et al.15 observed rats with minimal changes of pulmonary vessels and pulmonary artery 

pressure comparable with control values even 4 weeks after MCT injection. Similarly, 

clinically observed heterogeneities in the rate of development of RV failure may be 

explained by varying speeds at which the underlying mechanisms cause RV overload. 
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Summary 

In summary, we have demonstrated the close temporal relation between the onset of 

changes of echocardiographic parameters and occurrence of clinical signs of RV failure in 

individual rats and the sequence of such changes. Echocardiographic analysis permits 

accurate determination of the stage of disease development in MCT induced RV failure. 

This may allow a better design of treatment studies in the MCT model by targeting 

treatments at specific disease states. Our data also raise the possibility that similar 

echocardiographic measurements could also be helpful in patients with chronic 

pulmonary hypertension to assess their likelihood of progressing to RV failure. However, 

this possibility remains to be studied clinically. 
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