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5 Abstract 
7 
8 

Background: Right ventricular (RV) function is important for outcomes in pulmonary 
10 
11 
12 hypertension. Evaluation of RV myocardial characteristics is useful to assess the disease severity. 
13 
14 
15 Shear wave elastography (SWE) provides information of shear wave (SW) elasticity, which is 
16 
17 
18 related to tissue hardness, and SW dispersion slope, which reflects tissue viscosity. This study 
19 
20 
21 aimed to test the hypothesis that SW elasticity is increased and SW dispersion slope is decreased 
22 
23 
24 in the right ventricle of monocrotaline (MCT)-induced pulmonary hypertension rats. 
26 
27 

Methods: Rats were divided into MCT-induced pulmonary hypertension group (n = 10) and 
29 
30 
31 control group (n = 10). SW elasticity and SW dispersion slope were measured on excised hearts. 
32 
33 
34 Myocardial fibrosis was evaluated histologically. 
35 
36 
37 Results: RV hypertrophy was observed in the MCT group. SW elasticity of right ventricle was 
38 
39
40 higher in the MCT group than in the control group (3.5 ± 0.9 kPa vs. 2.5 ± 0.4 kPa, p < 0.01). 
41 
42 
43 SW dispersion slope of right ventricle was lower in the MCT group than in the control group 
45 
46 
47 (5.3 ± 1.7 m/s/kHz vs. 7.7 ± 1.5 m/s/kHz, p < 0.01). The fibrosis area of right ventricle was 
48 
49 
50 increased in MCT group compared with control group (18 ± 5% vs. 8 ± 3%, p < 0.01), and was 
51 
52 
53 positively related to SW elasticity and negatively related to SW dispersion slope. 
54 
55
56 Conclusions: Higher SW elasticity and lower SW dispersion slope were observed in the fibrotic 
57 
58 
59 myocardium of right ventricle in MCT-induced pulmonary hypertension rats. SWE may have 
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5 Introduction 
7 
8 

Right ventricular (RV) dysfunction has been associated with worse outcomes in patients with 
10 
11 
12 pulmonary hypertension or heart failure [1-4]. Fibrosis of RV myocardium leads to reduced RV 
13 
14 
15 function. The severity of fibrosis can be useful for assessing the disease severity, but it is 
16 
17 
18 difficult to evaluate non-invasively. 
19 
20 
21 Shear wave elastography (SWE) is a novel ultrasound technique for assessing tissue 
22 
23 
24 characteristics based on shear wave (SW) propagation velocity, which estimates tissue elasticity 
26 
27 

and viscosity [5-7]. SW is generated by pushing pulses of ultrasound waves which deforms a 
29 
30 
31 part of the tissue, and SW speed is detected by tracking pulse. SWE can measure two parameters, 
32 
33 
34 such as SW elasticity and SW dispersion slope. SW elasticity, which is calculated by SW speed, 
35 
36 
37 is related to tissue hardness. Regarding SW dispersion slope, SW speed depends on the 
38 
39
40 frequency of SWs in a visco-elastic tissue [8]. The gradient of SW speed, that is, the slope of 
41 
42 
43 SW speed versus SW frequency is changed in response to viscosity. Thus, SW dispersion slope 
45 
46 
47 can be used to estimate tissue viscosity. 
48 
49 
50 SWE has been evaluated in several organs, such as the liver, breast, and thyroid [9-14]. 
51 
52 
53 In liver diseases, SW elasticity is correlated with the degree of fibrosis [9,10]. SW dispersion 
54 
55
56 slope is associated with inflammation and necrosis [15-17]. In the field of heart diseases, a few 
57 
58 
59 studies reported that SWE could assess myocardial stiffness in animal models [18-20]. However, 
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5 the efficacy of SWE, including SW dispersion slope, has not been fully investigated. In 
6 
7 
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particular, the relationship of SWE with myocardial characteristics remains unknown. 
10 
11 
12 Monocrotaline (MCT)-induced pulmonary hypertension results in RV hypertrophy, leading to 
13 
14 
15 the progression of myocardial fibrosis. We hypothesized that SW elasticity is increased and SW 
16 
17 
18 dispersion slope is decreased in the right ventricle of pulmonary hypertension by reflecting the 
19 
20 
21 myocardial fibrosis. The aim of this study was to compare SWE of right ventricle between 
22 
23 
24 MCT-induced pulmonary hypertension rats and control rats, and to evaluate the relationship of 
26 
27 

SWE with the degree of myocardial fibrosis. 
29 
30 
31 
32 
33 
34 Methods 
35 
36 
37 Animal models 
38 
39
40 Adult male Sprague-Dawley rats weighing 300-330 g (Charles River, Yokohama, Japan) were 
41 
42 
43 used for the experiments. Rats were housed under conditions of constant temperature (22℃) and 
45 
46 
47 humidity (60%), exposed to a 12-hour light/dark cycle, and offered tap water to drink. Rats were 
48 
49 
50 divided into two groups: MCT group (n = 10), which received subcutaneously 60 mg/kg MCT 
51 
52 
53 for 4 weeks to induce pulmonary hypertension, and control group (n = 10), which received 0.1 
54 
55
56 ml/kg saline. All surgery was performed under inhalation of 2% isoflurane anesthesia, and all 
57 
58 
59 efforts were made to minimize suffering. All animal protocols were approved and conducted in 



1 
2 
3 
4 

7 

60 
61 
62 
63 
64 
65 

 

 

9 

2
 

2
 

4
 

5 accordance with the recommendations of the Okayama University Animal Care and Use 
6 
7 
8 

Committee. 
10 
11 
12 Echocardiography 
13 
14 
15 Four weeks after the administration, transthoracic echocardiography was performed using Aplio 
16 
17 
18 ver. 6.0 with a 10-MHz sector probe (Canon Medical Systems, Otawara, Japan) under 2% 
19 
20 
21 isoflurane while lying in a left recumbent position. M-mode imaging was obtained in the 
22 
23 
24 parasternal short-axis view at the level of papillary muscles. RV end-diastolic, left ventricular 
26 
27 

(LV) end-diastolic, and LV end-systolic diameters were measured. Fractional shortening was 
29 
30 
31 calculated according to the formula. 
32 
33 
34 Hemodynamic measurement 
35 
36 
37 Rats were anesthetized, and right heart catheterization was performed on the beating 
38 
39 
40 hearts using high-fidelity 1.4F Millar catheters (Millar Instruments Inc., Houston, TX, USA). 
41 
42 
43 RV systolic pressure was measured with the PowerLab System using Chart 5.0 software 
45 
46 
47 (ADInstruments, Dunedin, New Zealand). 
48 
49 
50 Shear wave elastography 
51 
52 
53 SWE was analyzed by ex vivo experiment. The heart was rapidly excised and submerged in the 
54 
55 
56 Tyrode solution (136 mmol/L NaCl, 5.4 mmol/L KCl, 1.8 mmol/L CaCl2, 0.53 mmol/L MgC12, 
57 
58 
59 5.5 mmol/L HEPES, and 1% glucose, pH 7.4, 37℃) added to 20 mmol/L butanedione 
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5 monoxime,  an  inhibitor  of  actin-myosin  interaction,  and  10  μmol/L  blebbistatin,  a specific 
6 
7 
8 

myosin  II  inhibitor.  The  ascending  aorta  was  cannulated  with  an  18-gauge  blunted needle 
10 
11 
12 connected to a retrograde perfusion system. The heart was perfused with the Tyrode solution 
13 
14 
15 added butanedione monoxime and blebbistatin to induce complete relaxation [21]. The heart 
16 
17 
18 was set in a water tank of agar phantom. 
19 
20 
21 SWE was performed under a retrograde perfusion system using Aplio i900 with an 
22 
23 
24 18-MHz linear probe (Canon Medical Systems) by two cardiologists. B-mode image was 
26 
27 

obtained in the parasternal long-axis view. A rectangular region of interest (ROI) was placed in 
29 
30 
31 RV wall. SW was generated by pushing pulse (Fig. 1A). After confirming proper SW 
32 
33 
34 propagation in “wave front” style display, two circular ROIs of 1-mm in diameter were placed in 
35 
36 
37 the images (Fig. 1B). SW speed was obtained based on the tissue Doppler technique. SW 
38 
39 
40 elasticity E was estimated by SW speed using the equation: 
41 
42 
43 E = 3ρc2 
45 
46 
47 where c is SW speed, and ρ is tissue density. Regarding the evaluation of SW dispersion slope, 
48 
49 
50 SW speed was transformed from time domain into frequency domain by Fourier transformation 
51 
52 
53 in order to estimate the phase change of SW at several frequencies. SW speed c(ω) at each 
54 
55 
56 frequency was calculated using the phase-difference method: 
57 
58 
59 c(ω) = ω ΔL/Δφ(ω) 
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5 where Δφ(ω) is the phase change over the distance ΔL between two detected positions. SW 
6 
7 
8 

dispersion slope, which is the gradient of SW speed, was calculated by the distribution of SW 
10 
11 
12 speed versus SW frequency [22]. SW elasticity and SW dispersion slope were measured 
13 
14 
15 automatically in the circular ROIs of RV wall. Each measurement was repeated five times. 
16 
17 
18 Histological assessment 
19 
20 
21 The hearts were fixed with 10% formalin, embedded in paraffin, and cut into 
22 
23 
24 5-μm-thick sections. Sections were stained with hematoxylin and eosin for evaluating 
26 
27 

morphology, and with picrosirius red for detecting fibrosis. The widths of 30 individual 
29 
30 
31 cardiomyocytes were measured in regions containing the cellular nucleus. Interstitial fibrosis 
32 
33 
34 was measured using computer-assisted image analysis, and the percentage of fibrosis was 
35 
36 
37 calculated [23,24]. 
38 
39 
40 Statistical analysis 
41 
42 
43 Data are presented as mean ± standard deviation for continuous variables. Variables 
45 
46 
47 were compared by Student t test and one-way analysis of variance. Relationships of SW 
48 
49 
50 elasticity and SW dispersion slope with the degree of myocardial fibrosis and the width of 
51 
52 
53 cardiomyocyte were assessed by Pearson’s correlation coefficient. Inter- and intra-observer 
54 
55 
56 differences were analyzed. The measurements of SWE were evaluated by two blinded observers 
57 
58 
59 and by a single observer at two different times. Reliability was calculated by Pearson’s 
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5 correlation coefficient. Variability was calculated as the percentage error of each measurement, 
6 
7 
8 

and  derived  as  the  difference  between  the  two  measurements  divided  by  the  mean  value. 
10 
11 
12 Statistical analysis was performed with JMP version 14.2 (SAS Institute Inc., Cary, NC, USA), 
13 
14 
15 and significance was defined as a value of p < 0.05. 
16 
17 
18 
19 
20 
21 Results 
22 
23 
24 Baseline characteristics 
26 
27 

Baseline characteristics are shown in Table 1. Body weight was significantly decreased 
29 
30 
31 in the MCT group compared with control group. RV weight and RV weight per LV weight were 
32 
33 
34 significantly increased in MCT group compared with control group. RV systolic pressure was 
35 
36 
37 higher in the MCT group than in control group. There were no significant differences in 
38 
39 
40 echocardiographic parameters between the two groups. 
41 
42 
43 

Shear wave elastography 
45 
46 
47 Comparisons of SW elasticity and SW dispersion slope between the two groups are shown in 
48 
49 
50 Figure 2. SW elasticity of right ventricle was significantly higher in the MCT group than in 
51 
52 
53 control group (3.5 ± 0.9 kPa vs. 2.5 ± 0.4 kPa, p < 0.01). SW dispersion slope of right ventricle 
54 
55 
56 was significantly lower in the MCT group than in control group (5.3 ± 1.7 m/s/kHz vs. 7.7 ± 1.5 
57 
58 
59 m/s/kHz, p < 0.01). 
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5 Histological evaluation 
7 
8 

Histological findings of right ventricle stained with hematoxylin and eosin in the MCT 
10 
11 
12 group and control group are shown in Figure 3. The cardiomyocyte width was significantly 
13 
14 
15 increased in the MCT group compared with control group (9.9 ± 2.0 mm vs. 8.1 ± 0.9 mm, p = 
16 
17 
18 0.03). Histological findings of right ventricle stained with picrosirius red in MCT group and 
19 
20 
21 control group are shown in Figure 4. The fibrosis area was significantly increased in the MCT 
22 
23 
24 group compared with control group (18 ± 5% vs. 8 ± 3%, p < 0.01). The fibrosis area was 
26 
27 

positively related to SW elasticity (r = 0.87, p < 0.01) and negatively related to SW dispersion 
29 
30 
31 slope (r = -0.53, p = 0.02) (Fig. 5A). The width of cardiomyocyte was positively related to SW 
32 
33 
34 elasticity (r = 0.63, p < 0.01) and negatively related to SW dispersion slope (r = -0.48, p = 0.04) 
35 
36 
37 (Fig. 5B). When the relationship between the fibrosis area and SW elasticity was corrected by 
38 
39 
40 the width of cardiomyocyte using multiple regression analysis, the fibrosis area remained to be 
41 
42 
43 significantly related to the increase of SW elasticity. 
45 
46 
47 Reproducibility 
48 
49 
50 There was a good reproducibility in the measurements of SW elasticity and SW dispersion slope 
51 
52 
53 between the two blinded observers (r = 0.99, p < 0.01), and for the intra-observer (r = 0.90, p < 
54 
55 
56 0.01). The inter- and intra-observer variabilities for SW elasticity and SW dispersion slope were 
57 
58 
59 2.8% and 1.0%, respectively. 
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Discussion 
10 
11 
12 The present study investigated the effectiveness of SWE for evaluating myocardial 
13 
14 
15 characteristics of right ventricle in MCT-induced pulmonary hypertension rats. The major 
16 
17 
18 findings of the present study were as follows. SW elasticity of right ventricle was increased and 
19 
20 
21 SW dispersion slope of right ventricle was decreased in MCT-induced pulmonary hypertension 
22 
23 
24 rats. SW elasticity was positively related to the fibrosis of right ventricle, and SW dispersion 
26 
27 

slope was negatively related. To our knowledge, this is the first study to assess the efficacy of 
29 
30 
31 SW elasticity and SW dispersion slope for assessing RV myocardial characteristics in 
32 
33 
34 pulmonary hypertension model. 
35 
36 
37 RV function is an important factor for outcomes in patients with pulmonary 
38 
39 
40 hypertension or heart failure [25]. The non-invasive and repeatable method for evaluating RV 
41 
42 
43 myocardial characteristics is valuable for assessing the disease severity in clinical practice. SWE 
45 
46 
47 is a novel technique for characterizing tissues, such as the elasticity and viscosity. SWE has 
48 
49 
50 been used for assessing liver diseases [9,10,26-28]. Regarding the heart, SWE has been 
51 
52 
53 investigated in some animal models [18-20]. Pernot et al. reported that myocardial stiffness of 
54 
55 
56 left ventricle could be measured using SW imaging in ex vivo rat hearts [18]. They also reported 
57 
58 
59 that SW imaging evaluation of LV myocardial stiffness could differentiate between stiff, 
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4
 

5 noncompliant infarcted wall and softer wall containing stunned myocardium in beating ischemic 
6 
7 
8 

hearts of ovine model [20]. In recent years, the feasibility of SW imaging has been shown in 
10 
11 
12 human subjects [29-31]. Villemain et al. reported that myocardial stiffness of left ventricle 
13 
14 
15 calculated by SW imaging was higher in patients with hypertrophic cardiomyopathy than in 
16 
17 
18 healthy volunteers [29]. Pislaru et al. reported that higher LV myocardial stiffness by 
19 
20 
21 elastography was observed in patients with cardiac amyloidosis [31]. However, the efficacy of 
22 
23 
24 SWE on heart diseases has not been well investigated. Although SWE can measure SW 
26 
27 

elasticity, which is related to the hardness of tissue, as well as SW dispersion slope, which 
29 
30 
31 reflects the viscosity of tissue [32], the assessments of SW dispersion slope are lacking. 
32 
33 
34 Furthermore, the relationship of SWE with histological evaluation has not been assessed in heart 
35 
36 
37 diseases. 
38 
39 
40 The present study investigated SW elasticity and SW dispersion slope in the RV 
41 
42 
43 myocardium, including the relationships with tissue state. Higher SW elasticity and lower SW 
45 
46 
47 dispersion slope were observed in the RV myocardium of rats with MCT-induced pulmonary 
48 
49 
50 hypertension. These were related to the degree of fibrosis in the myocardium. MCT-induced 
51 
52 
53 pulmonary hypertension results in severe myocardial hypertrophy of right ventricle, causing the 
54 
55 
56 progression of myocardial fibrosis. Our findings suggest that SW elasticity and SW dispersion 
57 
58 
59 slope may have the possibility for evaluating the severity of fibrosis. 
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5 Clinical application 
7 
8 

RV myocardial fibrosis causes RV dysfunction, leading to worse outcomes in patients 
10 
11 
12 with pulmonary hypertension. SWE, which can evaluate the degree of RV myocardial fibrosis, 
13 
14 
15 may be effective to assess the disease severity, such as the stage of RV dysfunction. Furthermore, 
16 
17 
18 therapeutic strategies for pulmonary hypertension are progressing [33,34]. Because SWE can 
19 
20 
21 detect the changes in myocardial characteristics, SWE may be useful as an indicator for 
22 
23 
24 therapeutic effects. 
26 
27 

SWE is acquired by pushing pulse which deforms a part of the tissue. For the 
29 
30 
31 application of SWE in clinical practice, it is necessary to remove the influence of the beating of 
32 
33 
34 heart on SW propagation velocity, in order to accurately evaluate SWE. Recently, some studies 
35 
36 
37 have reported the feasibility of SW imaging under the beating hearts in human subjects [29]. 
38 
39 
40 Further development of this technique is needed, but the clinical application seems to be 
41 
42 
43 possible in the future. 
45 
46 
47 Study limitations 
48 
49 
50 There are some limitations in the present study. First, this study evaluated SWE in non-beating 
51 
52 
53 hearts. Since the rat’s heart was beating at 350-400 beats per minutes, it was difficult to obtain 
54 
55 
56 SW imaging in the beating hearts. Thus, this study evaluated SWE in the completely relaxed 
57 
58 
59 myocardium under a retrograde perfusion system, which corresponds to the condition of the 
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5 end-diastolic phase. Second, a rectangular ROI placed in RV wall was larger, compared with RV 
6 
7 
8 

wall thickness. This mismatch might affect our results. However, because SWE was measured in 
10 
11 
12 two circular ROIs of 1 mm in diameter on the image showing proper SW propagation, SWE 
13 
14 
15 values were considered to be appropriate in this study. Finally, SWE was measured in the 
16 
17 
18 long-axis view. SWE values might be different in the long- and short-axis views. 
19 
20 
21 
22 
23 
24 Conclusions 
26 
27 

SW elasticity was higher and SW dispersion slope was lower in the right ventricle of 
29 
30 
31 MCT-induced pulmonary hypertension rats. SW elasticity and SW dispersion slope were related 
32 
33 
34 to the degree of myocardial fibrosis. Our findings suggest that SWE has the potential to provide 
35 
36 
37 valuable information for evaluating RV function by assessing myocardial characteristics. 
38 
39 
40 
41 
42 
43 
44 
45 
46 
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5 Figure legends 
7 
8 

Figure 1 Shear wave elastography. (A) SW is generated by pushing pulse of ultrasound wave. 
10 
11 
12 (B) SW propagation images in MCT group and control group are shown. Two circular ROIs
13 
14 
15 were placed in the images. SW elasticity and SW dispersion slope were measured. 
16 
17 
18 Ao, aorta; LV, left ventricle; MCT, monocrotaline; ROI, region of interest; RV, right ventricle; 
19 
20 
21 SW, shear wave. 
22 
23 
24 
25 
26 
27 

Figure 2 Comparison of SW elasticity and SW dispersion slope. SW elasticity and SW 
29 
30 
31 dispersion slope of right ventricle was compared between MCT group (n = 10) and control 
32 
33 
34 group (n = 10). 
35 
36 
37 MCT, monocrotaline; SW, shear wave. 
38 
39 
40 
41 
42 
43 Figure 3 Cardiomyocyte width. (A) Histological findings of right ventricle stained with 
45 
46 
47 hematoxylin and eosin. A digital microscopic image was high-power view. Scale bar indicates 
48 
49 
50 50μm. (B) The cardiomyocyte width was compared between MCT group (n = 10) and control 
51 
52 
53 group (n = 10). 
54 
55 
56 MCT, monocrotaline. 
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5 Figure 4 Myocardial fibrosis. (A) Histological findings of right ventricle stained with picrosirius 
6 
7 
8 

red. Fibrosis was shown as red color. A digital microscopic image was high-power view. Scale 
10 
11 
12 bar indicates 50μm. (B) The fibrosis area was compared between MCT group (n = 10) and 
13 
14 
15 control group (n = 10). 
16 
17 
18 MCT, monocrotaline. 
19 
20 
21 
22 
23 
24 Figure 5 Relationships of SW elasticity and SW dispersion slope with myocardial fibrosis and 
26 
27 

cardiomyocyte width. (A) Relationships of SWE elasticity (left) and SWE dispersion slope 
29 
30 
31 (right) with the fibrosis area in MCT group and control group (n = 20). (B) Relationships of 
32 
33 
34 SWE elasticity (left) and SWE dispersion slope (right) with the width of cardiomyocyte in MCT 
35 
36 
37 group and control group (n = 20). 
38 
39
40 MCT, monocrotaline; SW, shear wave; SWE, shear wave elastography. 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 



Highlights 

Highlights 

• Shear wave elastography (SWE) is a novel technique for assessing tissues.

• Shear wave (SW) elasticity of right ventricle was higher in pulmonary hypertension.

• SW dispersion slope of right ventricle was lower in pulmonary hypertension.

• SW elasticity and dispersion slope were related to myocardial fibrosis.

• SWE has the potential to evaluate myocardial characteristics.
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Table 

Table 1 Baseline Characteristics. 

Variables MCT group Control group 

(n = 10) (n = 10) p 

Body weight (g) 402 ± 27 443 ± 15 < 0.01 

Heart rate (bpm) 291 ± 58 313 ± 25 0.57 

RV weight (g) 0.5 ± 0.1 0.3 ± 0.1 < 0.01 

LV weight (g) 1.1 ± 0.2 1.1 ± 0.1 0.69 

RV weight / LV weight 0.5 ± 0.1 0.2 ± 0.1 < 0.01 

Echocardiography 

RV end-diastolic diameter (mm) 1.6 ± 1.6 0.7 ± 0.4 0.14 

LV end-diastolic diameter (mm) 8.0 ± 0.9 7.3 ± 1.0 0.14 

LV end-systolic diameter (mm) 4.7 ± 0.9 4.2 ± 0.8 0.22 

Fractional shortening (%) 42 ± 8 43 ± 5 0.65 

Catheterization 

RV systolic pressure (mmHg) 55 ± 6 25 ± 3 < 0.01 

Data are presented as mean ± standard deviation. 

MCT, monocrotaline; RV, right ventricular; LV, left ventricular.
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