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CHAPTER 1 

General introduction and outline of the thesis 

Since its introduction in clinical practice, Echocardiography has been an 

extremely useful tool for clinicians. In the past few decades Echocardiography 

went from providing few limited morphological information to full anatomical 

and functional details of the heart. During the evolution of Echocardiography 

several important improvements were provided by technical upgrades such 

as the introduction of B-Mode and Color-Doppler.  

One of the latest major innovations is represented by Three-dimensional (3D) 

echocardiographic imaging. Initially requiring an offline analysis of the 3D 

datasets acquired during a standard study, nowadays advancements in 

computer and transducer technologies allow real-time 3D echocardiographic 

acquisition and analysis of cardiac structures from any spatial point of view.  

3D Echocardiography can have different applications: 

1. Evaluation of cardiac chamber volumes and masses, avoiding 

geometric assumptions and allowing a measurement that is closer to 

gold standards as Magnetic Resonance (MR) (1-6);  

2. Assessment of regional left ventricular (LV) and right ventricular (RV) 

wall motion (7, 8);  

3. High definition of the cardiac valves associated with diagnostic images 

that can also help surgical planning (9);  



6 
 

4. By using 3D color-Doppler it allows volumetric evaluation of regurgitant 

jets of native and prosthetic valves and also shunts.  

3D Echocardiography has been successfully applied to both Transthoracic 

and Transoesophageal studies. 3D Transthoracic Echocardiography (TTE) 

can be routinely used to assess LV and RV systolic function and valve 

anatomy. In particular, 3D TTE echocardiography is a useful tool for the LV 

assessment allowing a precise definition of the volumes of the LV (10). The 

limitation of intra-operator variability may be overcome through the definition 

of standardized parameters for the execution of the echocardiograms (10). 

3D Transoesophageal Echocardiography allows to acquire images with 

higher frame rate with a better definition of the cardiac structures especially 

cardiac valves. This feature has had great impact in the development of the 

structural cardiac intervention and has been successfully used during 

procedures that now are part of the routine structural heart intervention such 

as Transcatheter Aortic Valve Implantation (TAVI) (11), Mitraclip (12), 

paravalvular leak closure.  3D Echocardiography is also becoming part of the 

standard approach to new structural heart intervention that are being 

developed such as multiple techniques of tricuspid valve repair o mitral valve 

repair (13, 14). The multiple advantages offered by 3D Transoesophageal 

Echocardiography supports its use in several clinical applications were 

previously 2D Echocardiography has been considered the gold standard.  
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Echocardiography is in general a fast and low-cost method that can offer 

important information in different disease settings. In the recent pandemic 

COVID-19 outbreak echocardiography played a pivotal role in characterizing 

the myocardial involvement in SARS-CoV2 infection. Italy was one of the first 

European countries to be reached by the SARS-CoV-2 pandemic outbreak 

starting from the end of February 2020.  

SARS-CoV2 virus has a binding domain for ACE receptor expressed on 

human cells. Alveolar epithelial type II cells represent 83% of all ACE2-

expressing cells but ACE2 receptor is present in a variety of human cells 

including the myocardial and endothelial cells (15). SARS-CoV2 induces lung 

damage through its cytopathic effect, but it is also able to downregulate ACE2 

expression. ACE2 regulates renin-angiotensin system, whose dysfunction 

results in impaired blood pressure and fluid/electrolyte balance, enhanced 

airways inflammation and vascular permeability. 

The main clinical feature of COVID-19 is a severe interstitial pneumonia that 

may quickly degenerate in acute respiratory distress syndrome (ARDS) 

requiring Intensive Care admission. Mortality related to SARS-CoV-2 infection 

is still debated, however is reported around 2-3% (16). Severity of clinical 

manifestations of this disease is very variable across the ages, ranging from 

completely asymptomatic patients to ARDS. Comorbidities including 

hypertension, diabetes and coronary artery disease also seem to play a role 

in defining the severity of the onset and progression of the disease. Lung is 
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the mainly affected organ, however the progression of the disease other 

organs maybe involved, culminating in a multi-organ failure in the most 

severe cases. ICU patients have different clinical characteristics from other 

hospitalized patients. 

Myocardial involvement has been suspected due to the finding of increased 

levels of the high sensitivity cardiac Troponine I that are even higher in non-

survivors (16). However, it remains unknown whether the increase Troponine 

I levels are associated with alteration of imaging findings of myocardial 

damage. Cardiac characteristics of the COVID-19 disease are currently being 

evaluated and their impact on mortality is still not completely understood. 

This thesis is divided in 3 main parts. The leitmotiv of this research project is 

the application of 2D and 3D Echocardiography to different disease settings 

and the comparison between the two techniques in the definition of different 

cardiac structures. In particular, the first part is focused on the comparison 

between 3D and 2D echocardiography in the definition of the diameter of the 

dilatation of the ascending aorta, during the sizing of Watchman device for left 

atrial appendage closure and in the evaluation of myocardial scar. The 

second part is focused on the characterization of the Echocardiographic 

features of COVID-19. Finally, the third part shows few specific cases where 

the association of 2D and 3D Echocardiography was important for the 

identification and characterization of peculiar and unusual cardiac masses. 
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CHAPTER 2 

Definition of the role of 3D Transthoracic Echocardiography (TTE) in the 

evaluation of the diameter of the ascending aorta in comparison with 2D 

TTE  

Gianpiero Pagnano, Micheal Papitsas, Konstantinos Theodoropoulos, 

Alexandros Papachristidis, Mark Monaghan 

 

Background  

Multiple non-invasive tests can be used to evaluate the diameter of the 

ascending aorta (17). The most accurate tests are the Computed 

Tomography (CT) and the Magnetic Resonance (MR) thanks to their 

capability of acquiring a 3D dataset of the aorta (17). However, CT and MR 

are not routinely used for the evaluation of the ascending aorta because of 

the costs, the limited availability, and the exposure to ionizing radiations. The 

Transthoracic Echocardiogram (TTE) is routinely used for the evaluation of 

the ascending aorta because is fast, low cost and safe (17). 3D 

Echocardiography could be a more reliable technique than 2D 

Echocardiography for the measurement of the aorta, thanks to its ability to 

acquire 3D datasets of the vessel (18, 19).  The role of 3D Echocardiography 

in the evaluation of the ascending aorta is not yet defined. The aim of the 

study is to define the role of 3D TTE in the evaluation of the diameter of the 
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ascending aorta by comparing it with 2D TTE. The study also aims to 

demonstrate that the 3D TTE can be used routinely for monitoring of patients 

with dilatation of the ascending aorta. 

 

Methods 

Inclusion Criteria: 

This is a perspective monocentric study. We enrolled patients with dilatation 

of the ascending aorta defined in presence, at the 2D standard TTE, of a 

diameter > 37 mm, in agreement with "American Society of 

Echocardiography" and "European Association of Cardiovascular Imaging" 

guidelines (17). Clinical information, including age, sex, comorbidities and 

reason for performing the Echo was collected for all patients from clinical 

records. 

 

Definition of the sample size: 

Sample size was calculated using the statistics program SPSS. A sample 

size of 24 was calculated based on a standard deviation of the value of the 

difference between 2D and 3D of 1.49, and effect size of 0.95, an α error of 

0.050 and a β error of 0.20. 
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Study protocol and analysis of the images: 

Patients underwent a standard complete 2D Echocardiography followed by 

the acquisition of 3D images of the ascending aorta. All the echocardiograms 

were performed using Vivid E95 (GE) or Epiq 7 (Philips Ultrasound System). 

The acquisition of the ascending aorta images was performed by expert 

sonographers. 2D images were acquired in long axis parasternal projection, 

using standardized protocols to obtain the largest and most accurate 

visualization of the ascending aorta. 3D datasets were acquired from the 

parasternal long axis view of the ascending aorta with probes having a  

frequency between 1 MHz and 4 MHz. Real-time 3D-zoom volume rendered 

images or Full-volume gated acquisition volume rendered images were used 

to obtain the highest frame rate. 3D images have been analysed and 

processed offline (Figure 1) to best visualize the edges of the ascending aorta 

using EchoPaC (GE healthcare; QLAB Philips Medical Systems). Evaluation 

of the anteroposterior (AP) diameter of the ascending aorta in the 2D and of 

the largest diameter in the 3D images was performed by two blind operators. 

All the evaluations were performed by the 2 blind operators using the same 

images. The operators performed an offline measurement of the telediastolic 

diameters of the aorta using the “inner edge to inner edge” technique. This 

technique was chosen since it is commonly used for the analysis of the 

multiplanar images (CT and MRI). 
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Figure 1: Offline analysis of aortic 3D dataset. 

 

 

Statistical analysis 

The measures of the diameters are shown as mean ± standard deviation 

(SD). The means were compared using Paired T Test using the statistical 

software Graph Pad. Values of p < 0.05 were considered statistically 

significant. Bland-Altman and scatter plot were used to compare 2D and 3D 

data and were created using the statistical software GraphPad Prism. In 

Bland-Altman plot data are expressed as mean ± 95% confidence interval 

(CI). Alpha Cronbach coefficient was used to calculate the interobserver 

agreement and the analysis was performed using the statistical software 

SPSS. Cronbach’s alpha coefficient was interpreted as follows: 
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Results 

Demographic features  

Thirty patients in follow up at the Department of non-invasive cardiology at 

London King's College Hospital were included into the study. Mean age was 

68.1 ± 11.2 years. Male to female ratio was 2.7:1 (Table 1). 
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Table 1. Demographic features and measures of the diameters evaluated 

with 2D and 3D Echocardiography.  

Age 
(years) 

Sex 2D 
diameter 

(mm) 

3D 
diameter 

(mm) 
79 M 43 44 
65 M 38 39 
62 F 43 44 
43 F 37 38 
61 M 36 37 
45 F 46 45 
70 F 43 44 
70 M 37 40 
79 F 40 41 
59 M 52 53 
77 M 37 41 
81 F 51 52 
81 M 40 41 
57 M 44 46 
51 M 40 42 
75 M 40 40 
81 M 43 43 
66 M 41 42 
71 F 45 48 
85 M 51 53 
70 M 41 41 
56 M 55 54 
66 F 42 42 
69 F 43 43 
84 M 41 41 
64 M 38 40 
72 M 45 46 
70 F 39 39 
56 M 37 38 
78 F 46 45 
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Comparison between 2D and 3D diameters 

The mean of the 3D anteroposterior diameters was higher compared to the 

2D diameters. Table 2 summarizes mean values of the 2D and 3D 

diameters, differences between 2D and 3D diameter, confidence intervals, 

Pearson’s and Cronbach’s alpha coefficient for the interobserver agreement. 

 

 

Table 2: Synoptic table of the comparison between 2D and 3D diameters and 

of the interobserver agreement. 

                                                   AP diameter (mm)  
3D Ecocardiography  42.47 ± 4.84  
2D Ecocardiography 43.4 ± 4.62  
Mean of the differences  0.93 ± 1.17  
95% CI  -1.36 a 3.23  
Pearson’s coefficient 0.94  
Cronbach’s α coefficient 2D  0.98  
Cronbach’s α coefficient 3D  0.97  

    AP, anteroposterior; CI, confidence interval 

 

In particular, the diameters obtained with 3D Echocardiography were 0.93 ± 

1.17 mm higher than those obtained with 2D Echocardiography (p=0.0001). 

Figure 2 shows the Bland-Altman plot comparing the anteroposterior 

diameters obtained with 2D and 3D Echocardiography. In particular, Bland-

Altman plot shows a confidence interval that ranges from -1.36 to 3.23. 
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Figure 2: Bland-Altman plot comparing the AP ascending aorta diameters 

obtained with 2D and 3D Echocardiography.

 

In figure 3 the scatterplot shows a high degree of correlation between the 

diameters measured with 3D and 2D Ecocardiography (r2=0.94). 
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Figure 3: Scatterplot showing the correlation between 2D and 3D diameters.

 

Interobserver agreement 

Interobserver agreement was measured for both the 2D and 3D 

Echocardiography and showed in 21 out of 30 patients, showing an excellent 

degree of correlation for both the techniques (Cronbach’s alpha coefficient 

0.98 and 0.96, respectively). 

 

Evaluation of the maximum diameter with 3D Echocardiography 

The evaluation of the maximum 3D diameter of the ascending aorta in 

transversal section of the 3D datasets was not possible in all the cases since, 

as shown in figure 3 the measurement of the transversal diameter in the short 

axis may be affected by the loss of resolution of the edge of the aorta. For 
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this reason, during the 3D datasets analysis the measurements of the 

diameters and comparisons between them were performed using the 

anteroposterior diameter of the ascending aorta (Figure 4). 

 

Figure 4: Left panel shows a schematic representation of the transversal 

section of the aorta and some of the possible measurable diameters. The 

right panel shows an example of the transvers section obtained from the 

analysis of the 3D datasets where there is a loss of the ascending aorta edge 

resolution corresponding to the latero-lateral diameter. 
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Discussion  

The present study shows that the AP diameter measured with 3D 

Echocardiography is higher when compared to the one measured with 2D 

Echocardiography. The reason for this difference is that, similarly to MR and 

CT, 3D Echocardiography can offer multiplanar views of the ascending aorta, 

allowing a better definition of the AP diameter. In particular, this is possible 

since 3D analysis allows the perpendicularly alignment the 3 spatial planes. 

In the traditional 2D analysis the measurement of the ascending aorta 

diameter in the long axis parasternal projection may be underestimated since 

the section used to calculate the diameter may be oblique (19). For this 

reason, even though currently 3D Echocardiography is not a standardized 

technique for the evaluation of the diameters of the ascending aorta, it should 

be performed, when possible, together with the 2D Echocardiography, in 

order to promptly identify dilatations or aneurisms of the vessel. Moreover, 

when compared with the other multiplanar techniques, 3D Echocardiography 

is more largely available, has limited costs, is easy to perform and does not 

expose the patient to ionizing radiations. Recent evidences suggest that 3D 

Echocardiography has several advantages compared with 2D in the study of 

the aortic root, especially in the pre-surgical evaluation of the aortic 

transcatheter valve replacement (20). However, differently from the 

evaluation of the aortic root, this study shows  how the measurement of the 

diameter of the ascending aorta in adult patients may be affected by the non-
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complete visualization in the short axis of the latero-lateral diameter in some 

patients. This may also be explained by the conformation of the ascending 

aorta that can lead to a loss of resolution in the 3D dataset.  

As previously shown, the dilatations of the aortic root and of the ascending 

aorta may be asymmetric (21-23) and thus might be missed when the 

diameter obtained from the 2D images is not the real maximum diameter of 

the vessel. 

The 3D evaluation is a useful tool in the diagnosis of asymmetric dilatations of 

the aorta since it allows a better definition of the maximum diameter among 

those visible in 3D short axis. This feature prevents the underestimation of 

the diameter that may derive from a complex geometry of the dilatation.  
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CHAPTER 3 

Sizing of Wachman device: 2D vs 3D Transesophageal 

Echocardiography 

Background 

 
Atrial fibrillation (AF) is the most common arrhythmia whose incidence is 

increasing worldwide due to aging of the population and longer survival of 

patients with chronic heart disease. Other risk factors for AF include smoking 

habit, sedentary lifestyle, salt intake, excess calorie consumption, and high 

blood pressure. One of the most serious complication of AF is cardiac 

embolism (24). Cardioembolic thrombi in non-valvular AF (NVAF) mainly 

originate from the left atrial appendage (LAA) (25). The standard prophylaxis 

to reduce stroke risk patients with NVAF is based on the use of oral 

anticoagulants (OACs). However, the use of OACs may be limited in a 

substantial number of patients with relative or absolute contraindications to 

OACs, mainly due to concerns of major bleeding risk and other adverse 

events while using OACs. LAA closure (LAAC) represents an alternative to 

reduce the risk of stroke in patients with contraindication to long-term OACs. 

Exclusion of the LAA for this reason has become part of cardiothoracic 

procedures such a valvular surgery or MAZE surgery. Watchman device has 

been demonstrated to be efficacious for transcatheter LAA occlusion (LAAO). 

Studies have shown that the use of Watchman device is able to reduce the 
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stroke risk in patients with atrial fibrillation who are not suitable for long-term 

OACs. The Watchman device consists of three main components: the 

WATCHMAN LAAC device, the WATCHMAN delivery system, and the 

WATCHMAN access system and is available in five sizes: 21, 24, 27, 30, and 

33 mm. Different imaging modalities can be used for the periprocedural 

assessment of LAA including magnetic resonance imaging (MRI), computed 

tomography (CT), and Echocardiography (26, 27). A precise assessment of 

the LAA morphology is crucial in order to prevent intra-procedural device 

changes, recapture manoeuvres and to reduce procedure time.  

The size of the device is usually predicted using 2D Echocardiography. 3D 

Echocardiography being a multi-planar technique presents a number of 

advantages when compared to 2D analysis (28). For example, 3D Echo 

allows within a single acquisition to obtain all the 4 views (0, 45, 90 and 135 

degrees) required to measures the LAA orifice and to predict the device size. 

Moreover, the measurement of the maximum diameter could be more 

accurate and less operator dependent, potentially leading to smaller risk of 

residual leaks after implantation and complications. Residual leaks are 

frequently encountered following LAAO procedures and their clinical 

implications and optimal management remain controversial. 

This is prospective study to evaluate the efficacy of the 3D vs 2D evaluation 

of the dimensions of the left atrial appendage before Watchman Device 

implantation. 
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Methods 

Study population 

Patients in follow-up at King’s College Hospital Cardiology Department for AF 

and contraindication to OACs were enrolled into the study after informed 

consent. A history of major bleeding (e.g. gastrointestinal or intracranial 

bleeding) was considered as contraindication for OACs. The study was 

approved by the institution Ethical board. All the patient underwent 

implantation of a Watchman device. At the time of the enrolment information 

was collected from the clinical records regarding Age, Sex and past medical 

history. In particular we collected information regarding cardiovascular risk 

factors including history of hypertension, Diabetes Mellitus, Hyperlipidemia 

and smoking habit. Thromboembolic risk was assessed through CHA2DS2-

VASc score while bleeding risk was assessed through HAS-BLED score. 

Only patients with CHA2DS2-VASc ≥ 2 were included in the study. 

  

Watchman device implantation manufacturer’s protocol 

Following the manufacturer indications, watchman device implant procedure 

consists of several different steps. Before starting the procedure, it is 

necessary to assess LAA anatomy by measuring the ostium size and 

determining the shape of the LAA using Transoesophageal 

Echocardiography. After the femoral venous puncture, the operator needs to 

cross the interatrial septum and bring the device to the LAA. Then, the correct 
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device for the patient’s LAA size is deployed if all the following criteria are 

met: device is at the ostium of the LAA, fixation anchors are engaged and the 

device is stable, the device is compressed by 8-20% of the original size and 

the device covers completely the ostium and all the lobes of the appendage 

are covered. All discharged patients were prescribed 100 mg aspirin and 

warfarin therapy for 45 days. A follow-up Transoesophageal Echocardiogram 

(TOE) 45 days after the procedure was performed to assess if there is any 

residual flow through and/or around the WATCHMAN device. Anticoagulation 

therapy was stopped if there was a peri-device flow ≤ 5mm. 

 

Table 1: Watchman device sizing and after implantation compression range 

according to manufacturer protocol. 

Maximum 

LAA 

Ostium 

Device Size 

(uncompressed 

diameter) 

Maximum (20%) 

Compression 

Measured 

Diameter 

Minimum (8%) 

Compression 

Measured 

Diameter 

17-19 mm 21 mm 16.8 mm 19.3 mm 

20-22 mm 24 mm 19.2 mm 22.1 mm 

23-25 mm 27 mm 21.6 mm 24.8 mm 

26-28 mm 30 mm 24.0 mm 27.6 mm 

29-31 mm 33 mm 26.4 mm 30.4 mm 
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Study protocol and analysis of the images: 

Patients enrolled underwent a periprocedural TOE aimed at establishing the 

device size. To this scope LAA orifice diameter and LAA depth were 

measured through 2D images acquired at standard 0, 45, 90 and 135 

degrees mid-oesophageal views, following manufacturer’s protocol for 

acquisition. In parallel 3D datasets of LAA were acquired to perform a 

measurement of 3D derived area, perimeter, maximum and minimum 

diameter and depth of LAA. Different shapes of the LAA appendage were 

evaluated and divided in 4 categories: 1) Windsock, 2) Broccoli, 3) Chicken 

Wing, 4) Cactus. After the deployment of the Watchman device compression 

was calculated both with 2D and 3D measurements and the presence of a 

residual peri-device leak was evaluated. A TOE was performed 6 weeks after 

the successful implantation of the device. Device compression, residual leak, 

and the development of complications at the time of the procedure and after 6 

weeks, were evaluated to determine the outcome of the procedure. As per 

manufacturer indications normal compression of the device in the LAA has 

been considered between 8 and 20% of the device size. Successful 

implantation of the device was defined according to the EHRA/EAPCI expert 

consensus demonstrating the stability of the Watchman device in the LAA 

after the release and the absence of a significant peri-device leak (29). 
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Statistical analysis  

The measures of the diameters are shown as mean ± standard deviation 

(SD). The means were compared using Paired T Test using the statistical 

software Graph Pad. Values of p < 0.05 were considered statistically 

significant. Bland-Altman and scatter plot were used to compare 2D and 3D 

data and were created using the statistical software GraphPad Prism. In 

Bland-Altman plot data are expressed as mean ± 95% CI. Alpha Cronbach 

coefficient was used to calculate the interobserver agreement and the 

analysis was performed using the statistical software SPSS. 

 

Results 

Clinical features 

40 patients were initially selected for the study matching the 

Echocardiographic criteria. 2 patients were excluded because the procedure 

was not successful, and 1 patient was excluded because the ostium of LAA 

could not accommodate the size of the largest device. 37 patients were 

included into the study. Mean age was 73.7 ± 7.6 years. Male to female ratio 

was 2.46:1. Mean CHA2DS2-VASc score was 3.6 ± 1.4; HAS-BLED score 

was 3.4 ± 1.0. 51.4% of the patients had a previous history of stroke. The 

most common contraindication for OACs was previous intracranial bleeding, 

observed in 56.8% of the patients. The most common risk factors were 

hypertension and hyperlipidemia, observed in 73% and 51.4% of the patients 
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respectively. Table 2 summarizes the clinical features of the patients enrolled 

in the study. 

 

Table 2. Clinical features of the patients enrolled in the study 

Clinical feature  
Age (years) 73.7 ± 7.6 
M:F 2.46:1 
CHA2DS2-VASc score 3.6 ± 1.4 
HAS-BLED score 3.4 ± 1.0 
Stroke 19 (51.4%) 
Gastrointestinal bleeding 8 (21.6%) 
Intracranial bleeding 21 (56.8%) 
Other serious bleeding 1 (2.7%) 
Coronary artery disease 9 (24.3%) 
Percutaneous coronary 
intervention 6 (16.2%) 
Previous cardiac surgery 0 
Hypertension 27 (73.0%) 
Diabetes mellitus 8 (21.6%) 
Hyperlipidemia 19 (51.4%) 
Smoke 4 (10.8%) 
On anticoagulation before 
procedure 5 (13.5%) 

 

 

 

LAA characteristics: 

The most common shape of the LAA observed was windsock in 54% of the 

patients, followed by broccoli and chicken wing in 16% and cactus in 14% of 

patients. 
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Figure 1. Distribution of the different shapes of the left atrial appendage 
among the enrolled patients 

 

 

 

 

Comparison of 2D vs 3D measurements 

The device size was predicted using 2D and 3D Echo. There was a strong 

correlation between 2D and 3D predicted Watchman size (Pearson’s 

Correlation coefficient r = 0.74) and a moderate inter agreement between the 

2 techniques (Weighted Cohen's Kappa = 0.49; 95% CI 0.27 to 0,71) (Figure 

2).  
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Figure 2: Correlation between 2D and 3D predicted measurements. 

 

 

The predicted device size calculated from 2D and 3D echo was then 

compared with the final device size obtained after multiples evaluations. 

There was a strong correlation (r = 0.77) and a moderate agreement 

(Weighted Cohen's Kappa = 0.48; 95% CI 0.27 to 0.70) between the 2D 

measurements and the final size of the device (Figure 3).  
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Figure 3: Correlation between 2D predicted measurements and final device 

size. 

 

A moderate correlation (r = 0.59) and a fair agreement (Weighted Cohen's 

Kappa = 0.40; 95% CI 0.14 to 0.65) between the 3D measurements and the 

final size of the device (Figure 4).  

 

Figure 4: Correlation between 3D predicted measurements and final device 

size. 
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The mean of the 2D predicted device size was significantly lower than the 

final size of the device (23 ± 2.87 vs 24.5 ± 3.00; p< 0.0001) and of the mean 

of the 3D predicted size (23 ± 2.87 vs 24.4 ± 3.60; p = 0.013) (Figure 5). On 

the contrary, no statically significant difference was observed between the 

mean of the 3D predicted size and the final size of the device (24.4 ± 3.60 vs 

24.5 ± 3.00; p= 0.87) (Figure 5). This evidence suggests that 2D 

Echocardiography systematically underestimates the real diameter of the LAA 

as confirmed by the fact that in 17 out of 37 cases it was necessary to choose 

a larger device for the definitive implant. On the contrary the size was 

underestimated in only 7 cases using 3D measurements, resulting in an 

higher accuracy in the prediction of the final size of the device for 3D vs 2D 

even though the difference was not statistically significant (70% vs 54% p= 

0.23). In 10 cases 3D Echocardiography overestimated the final size of the 

device. 

An average diameter was calculated using 3D derived area and 3D derived 

perimeter of the LAA orifice. The area and perimeter derived diameters were 

significantly smaller than the final size with no statistically significant 

difference from the 2D measurements, leading to the same systematic 

underestimation of the final size of the device (Figure 5). This may be due to 

the fact that these measurements are based on the geometrical assumption 

that the orifice of the LAA is circular. 
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Figure 5: Mean diameter of the LAA measured with 2D maximum diameter, 

3D maximum diameter, 3D area derived diameter and 3D perimeter derived 

diameter compared with final device size. 

 

 

Outcome of the procedure 

Device compression, residual leak, and the development of complications at 

the time of the procedure and after 6 weeks, were evaluated to determine the 

outcome of the procedure. Final device compression was lower than 8% in 

5/37 cases. In 2 of these 5 cases this was associated with a residual leak <5 

mm. In 2 cases there was evidence of peri-device leak <5 mm post-implant. 

In 13 cases there a leak <5 mm was detected at the 6 weeks TOE follow-up. 

We then evaluated if the occurrence of a residual leak was associated with an 

underestimation of predicted size at the 2D Echocardiography compared with 
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the 3D Echocardiography. In 6 out of 13 of these patients, the 2D predicted 

size of the device was lower than the 3D predicted size. Moreover, we 

evaluated if the overestimation of 3D predicted device size was associated 

with the presence of a residual leak. In 4 out 10 patients (40%) in whom 3D 

predicted a larger device size, a <5 mm leak around the device was detected 

at the 6 weeks post implant TOE. Furthermore, in 1 of these 10 patients the 

final device compression was suboptimal despite the absence of a detectable 

leak.  

One patient out of 37 had a stroke 69 days after the device implantation and 

a thrombus was found adjacent to the LAA occluder. In this patient a <5mm 

leak had been identified during the 6 weeks post-procedure TOE. 

 

Table 3. Short term outcomes and rate of complications after Watchman 
implantation 

Outcomes and complications 
Peri-
procedural 

6 weeks 
after the 
procedure 

Leak (< 5mm) 2 (5.4%) 13 (35%) 
Leak (> 5mm) 0 0 
Any complications 5 (13.5%) - 
Effusion 3 (8.1%) - 
Tamponade percutaneous 
drainage 0 

- 

Tamponade surgical drainage 1 (2.7%) - 
Embolization 0 1 (2.7%) 
Clot 1 (2.7%) 1 (2.7%) 
LAA rupture 0 0 
Great vessel injury 2 (5.4%) - 
Death 1 (2.7%) 1 (2.7%)* 
Hospitalization 1 (2.7%) 1 (2.7%) 

     * Died of acute liver failure 
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We reported 2 death during the study. One patient died after surgical 

drainage of pericardial tamponade. 1 patient died during follow up for acute 

liver failure not related to the Watchman implantation. 

 

Discussion 

The results of our study confirm our hypothesis that using 3D 

Echocardiography to assess the LAA characteristics has a better accuracy 

compared to the 2D measurements preventing the development of residual 

peri-device leak. This is due to the fact that as previously reported 2D 

Echocardiography measurements systematically tend to underestimate the 

final size of the device (30). One of the potential reasons for this, is this that 

the complex anatomy of the appendage cannot be completely analysed by 

single plane interrogations as also previously described for the sizing aortic 

annulus in Transcatheter Aortic Valve Implantation (11). This hypothesis was 

also confirmed by the fact that the sizing of the device was also 

underestimated when using a diameter of the LAA orifice calculated from 

perimeter and area measured from the 3D datasets. In fact, these 

calculations are based on the assumption that the shape of the LAA orifice is 

circular. However, this evidence is in contrast with a previous study showing 

that 3D area-derived diameter and perimeter-derived diameter may help with 

reducing intraprocedural recapture maneuvers, device size changes, and 
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peridevice leakage (31). Volumetric data obtained with 3D Echocardiography 

can overcome this limitation by allowing the measurement of the maximum 

and minimum diameter. Apart from the individualized anatomy, other factors 

can contribute to define the complexity of the anatomy of the LAA including 

different loading conditions and appendage contractile cycle (32-35).   

The fact that the correlation and the agreement between the 2D 

measurement versus the final device size were higher than the one for 3D 

measurements versus the final device size can be explained by the fact that 

in case of discrepancies between 2D and 3D, the operators followed the 

manufacturer guidelines and used the 2D measurements. 

The correct sizing is pivotal in order to improve the success rate of the 

procedure. In fact in this study where the choice of the device was based on 

the instruction for use of the manufacturer, the underestimation of the 2D 

compared to the 3D was associated with the development of a leak in 6 out of 

13 cases. Moreover, the presence of a <5mm leak in 4 out of 10 cases where 

3D overestimated the final device size suggests that in these cases patient 

could have benefitted from a larger device implantation. 

Multi-planar assessment of the LAA could also be achieved by using other 

imaging techniques such as CT scan. However, the use of 3D 

Echocardiography offers the advantage of limiting the exposure of patients to 

ionizing radiations. 
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The use of a more accurate imaging modality for the sizing also offers other 

advantages including less need of resizing allowing to reduce the waste of 

devices and shortening of the procedure time, further reducing the exposure 

ionizing radiations. 

In conclusion this study provides evidence that 3D transesophageal 

Echocardiography is more accurate than two-dimensional transesophageal 

Echocardiography in supporting LAA percutaneous closure procedure. Other 

multi-planar techniques have been shown to give an accurate assessment of 

LAA shape, however, 3D transesophageal Echocardiography should be 

preferred since it can provide accurate measurements without requiring 

exposure to ionizing radiation or contrast administration (26, 27). 

 

LIMITATIONS 

Limitation of this study could be the small sample size, the lack of a second 

cohort where 3D was used as a preferred method to determine the size of the 

device and determine the outcome of the procedure in these cases. More 

data is necessary in order to compare all multi-planar modalities with a larger 

sample size. 
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Abstract 

Objective  

Myocardial scar appears brighter compared to normal myocardium in 

echocardiography due to differences in tissue characteristics. We tested how 

different ultrasound pulse characteristics impact on the brightness contrast 

(i.e. contrast ratio, CR) between tissues of different acoustic properties, as 

well as the accuracy of assessing tissue volume. 

Methods-Results 

An experimental in-vitro “scar” model was created using overheated 

and raw pieces of commercially available bovine muscle. 2D and 3D 

ultrasound scanning of the model was performed using combinations of 

ultrasound pulse characteristics: ultrasound frequency, harmonics, pulse 

amplitude, power modulation (PM), and pulse inversion modalities.  

In both 2D and 3D imaging, the CR between the “scar” and its adjacent 

tissue was higher when PM was used. PM, as well as steady pulse 

ultrasound imaging, provided good “scar” volume quantification. When tested 

on 10 “scars” of different size and shape, PM resulted in lower bias (-

9.7mm3vs.54.2mm3) and narrower limits of agreement (LOA:-168.6mm3- 

149.2mm3 vs.-296.0mm3-404.4mm3;p=0.03). The interobserver variability for 
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“scar” volume was better with PM (ICC:0.901 vs 0.815). 2D and 3D 

echocardiography in PM and SP emission modalities was performed on 15 

individuals with a myocardial scar secondary to infarction. The CR was higher 

in PM imaging. Using cardiac magnetic resonance (CMR) as reference, 

quantification of myocardial scar volume showed better agreement when PM 

was used (bias:-645mm3, LOA:-3,158-1,868mm3) as opposed to steady pulse 

(bias:-1,138mm3, LOA:-5,510-3,233mm3).  

Conclusion 

The PM modality increased the CR between tissues with different 

acoustic properties in an experimental in-vitro “scar” model, while allowing 

accurate quantification of “scar” volume. By applying the in-vitro findings to 

humans, PM resulted in higher CR between scarred and healthy myocardium, 

providing better scar volume quantification than SP compared to CMR. 
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Highlights 

1. Ultrasound imaging can provide accurate volume quantification of scar-

like tissue. 

2. Power modulation increases the contrast ratio between “scar” and 

normal tissue. 

3. Power modulation provides more accurate scar volume quantification. 

4. Power modulation increases the contrast ratio between infarct scar and 

normal myocardium in humans. 

5.  A higher contrast ratio improves agreement between modalities and 

operators. 

 

Keywords 

ultrasound beam forming; power modulation; contrast ratio; myocardial scar  
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Abbreviations 

2D: two-dimensional 

3D: three-dimensional 

AE: Manufacturer specific pre-set (Philips Healthcare, Andover, MA) named 

“Adult Echo”. CR: Contrast ratio 

CMR: Cardiovascular magnetic resonance 

LOA: Limits of agreement 

LVO: Manufacturer specific pre-set (Philips Healthcare, Andover, MA) named 

“Left Ventricle Opacification”. 

ICC: Intraclass Correlation Coefficient 

MI: Mechanical Index 

PI: Pulse inversion 

PM: Power modulation 

SP: Steady pulse 

VI: Volume Index 

  



44 
 

1. Introduction 

The presence of myocardial scar in the context of coronary artery 

disease or other inflammatory or infiltrative diseases is an important 

prognostic factor, as it has been associated with mortality, arrhythmic burden, 

and prognosis after myocardial infarction (36-39). The size of the infarcted 

area has been proven to be a stronger predictor of outcome (death, recurrent 

myocardial infarction and heart failure) after ST elevation myocardial 

infarction, compared to left ventricular ejection fraction (LVEF) (36). In 

addition, the presence and extent of the infarct surface and mass have been 

shown to better identify the patients who have a substrate for ventricular 

arrhythmias, when compared to LVEF (37).  

Currently, cardiac magnetic resonance (CMR) imaging is the gold 

standard to diagnose and quantify myocardial scar (36-39). Nevertheless, the 

role of echocardiography has been investigated since 1978 (40), and more 

recently published data suggest that echo can be useful in identifying 

myocardial scar related to a previous myocardial infarction (41, 42). Clinical 

experience and previous studies have demonstrated that the infarcted 

myocardium appears brighter on echocardiography compared to adjacent 

healthy tissue (40-42). In addition, the fibrotic and disarrayed scarred 

myocardium has a non-linear ultrasound response as opposed to normal 

myocardium which responds in a more linear fashion (42).  Nonlinearity is a 
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medium property by which the amplitude and shape of an ultrasound signal is 

not proportional to the input excitation (43). In recent years, there has been a 

lot of interest in ultrasound non-linear imaging methods which have been 

reported to provide improved contrast resolution (44-48), hence may have an 

impact on myocardial scar visualization in echocardiography.  

We hypothesized that ultrasound pulse characteristics and beam 

forming techniques, as available in commercial ultrasound systems, may 

impact on the contrast ratio (CR) between scarred and normal tissue. Based 

on previous published data in humans (41, 42), we sought to identify if the 

power modulation (PM) modality and other pulse characteristics can increase 

the CR. Our hypothesis was tested on an experimental in-vitro model, using 

commercially available ultrasound equipment, and the results were 

extrapolated and selectively tested in humans. 

2. Methods  

2. 1 Experimental in-vitro model 

2.1.1 Scar Model 

An in-vitro experimental model was created to allow prolonged 

ultrasound scanning with several combinations of pulse characteristics and 

techniques. An in-vitro model was considered necessary for testing a very 

large number of variables that could be narrowed down for studies in 
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humans. For that purpose, a rectangular cuboid piece of commercially 

available bovine muscle was overheated in a conventional oven. This served 

as a tissue of high acoustic impedance and it is described as “scar” in the 

manuscript. A larger piece of commercially available raw bovine muscle was 

used to accommodate the “scar”. An incision was performed in the middle of 

the raw muscle, where the “scar” was embedded to form the model. The 

“scar” is expected to have different acoustic properties from the raw muscle 

due to moisture loss and histopathological changes in the tissue, such as 

unfolding and aggregation of proteins, associated with heating (49). These 

changes are expected to result in different interaction with the ultrasound 

waves compared to the normal architecture of the raw muscle fibers. Our 

model was designed to mimic human tissues of different acoustic impedance 

and in particular the disarrayed scarred tissue after myocardial infarction, 

where myo-fibers have been replaced by collagen (50). 

The “scar” dimensions were measured with an accurate digital calliper, 

before being inserted in the raw muscle, and the volume was calculated as 

6,500mm3. The dimensions of the raw muscle were 7 x 10 x 15 cm 

approximately. To allow ultrasound imaging, the model was immersed in a 

water tank, which was lined with a towel to reduce reverberation artefacts. 

The water was left in the tank for more than 16 hours, before scanning, to 

allow degassing. The tip of an ultrasound transducer was immersed a couple 

of millimetres into the water to allow good transmission of the ultrasound 
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waves. The distance between the transducer tip and the surface of the model 

was approximately 2 cm, whereas the distance between the transducer and 

the “scar” was 5 cm. No special consideration was taken to keep the 

ultrasound beam vertical (at 90 degrees) to the long axis of the “scar”, hence 

the intercept angle was roughly around 80 degrees. 

2.1.2 Image acquisition 

Two and three-dimensional images were acquired using a Philips Epiq 

7 ultrasound system with an X5-1 x-MATRIX array transducer (Philips 

Healthcare, Andover, MA). The depth of the image was adjusted to 9-10 cm 

to allow good visualization of the “scar” and the focus was placed at the level 

of the “scar”. The total gain was adjusted by the operator as necessary, 

ranging from 65% to 95%, with lower gain at high mechanical indices (MI) 

and higher gain at lower MI to compensate for signal attenuation. The pre-

processing transmitting and receiving techniques that were tested were the 

following:  

- Frequency of the emitted ultrasound pulse (fundamental mode) 

- Harmonic frequencies 

- Pulse inversion (PI) technique 

- Power modulation modality 
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The frequency information that we deliver in this study represents the 

central frequency of the bandwidth and has been provided by the relevant 

vendor. 

Two manufacturer-specific pre-sets were used. One is referred by the 

manufacturer as “Non-contrast” pre-set, implementing either “steady pulse 

sequence (SP)” or PI technique, and is named “Adult Echo” (AE). The other 

pre-set, referred as “Contrast” pre-set, is utilizing either PM modality or PI 

technique, and is named “Left Ventricular Opacification” (LVO). We have 

taken the liberty to use the term “steady pulse sequence” to describe the 

default ultrasound beam modality, where all pulses of the emitted ultrasound 

beam are identical to each other. This is the default and most-commonly used 

pre-set in all ultrasound machines. In PM a full-amplitude pulse is alternating 

with a half-amplitude pulse and in PI modality the pulses are of alternating 

polarity (i.e. every other pulse has inverted waveform). The dynamic range of 

the images and the compression was at the default setting for all image 

acquisitions. In total, 12 combinations of different ultrasound characteristics 

and techniques were used in 2D imaging (Table 1) and 8 in 3D imaging 

(Table 2). These combinations were tested over several MI‘s (51), resulting in 

138 2D images and 95 3D data sets.  

2.1.3. Image Analysis 
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The 2D images were converted to an appropriate externally readable 8-

bit format (.srd format) and were processed with a custom non-commercial 

software, named “SPEQLE 3D” (Software Package for Echocardiographic 

Quantification LEuven), developed at the University of Leuven and 

customised (by S.Q.) for the needs of the study (52).  The area of the “scar” 

was traced manually along with an adjacent area of normal tissue (Figure 1). 

The average videointensity of each area was provided by the application and 

the CR of the “scar” and normal tissue was calculated, based on the following 

formula (41): 

𝐶𝑅 =
𝑀𝑒𝑎𝑛 "𝑆𝑐𝑎𝑟" 𝑉𝑖𝑑𝑒𝑜𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 − 𝑀𝑒𝑎𝑛 𝑀𝑢𝑠𝑐𝑙𝑒 𝑉𝑖𝑑𝑒𝑜𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦

256
 ×  100 

where 256 is the dynamic range of the image, i.e. 256 grey scale levels, 

implying that CR values are ranging between -100 and 100%. All images 

were acquired above noise floor and not above saturation level, which allows 

the application of 256 as the dynamic range. 

The 3D datasets were converted to an appropriate externally readable 

format (.srd format) and were processed with a non-commercial software, 

named MITK Workbench 2016.3.0 (ITK 4.7.1 VTK 6.2.0 Qt 5.4.2), developed 

by the Division of Medical and Biological Informatics of the German Cancer 

Research Center (DKFZ; Heidelberg, Germany) (53). Using multiplanar 

reconstruction (MPR), the “scar” area was traced in transverse (short axis) 
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slices and a three-dimensional model of the “scar” was then produced with 

3D interpolation (Figure 1). An adjacent volume of normal tissue was also 

manually traced. The CR was calculated as above. The volume of the “scar” 

was calculated by the application and the “Volume Index” (VI) was then 

derived based on the following formula, to express the relationship between 

the measured ultrasound and the actual “scar” volume: 

𝑉𝐼 =  
𝑈𝑙𝑡𝑟𝑎𝑠𝑜𝑢𝑛𝑑 "𝑠𝑐𝑎𝑟" 𝑣𝑜𝑙𝑢𝑚𝑒

𝐴𝑐𝑡𝑢𝑎𝑙 "𝑠𝑐𝑎𝑟" 𝑣𝑜𝑙𝑢𝑚𝑒
 

 

2.1.4 Accuracy and reproducibility analysis 

To test the effect of the CR on “scar” volume quantification, 10 new 

“scars” of different shape and size were created using the same method 

(overheated commercially available bovine muscle embedded in the previous 

raw muscle). These model “scars” were smaller in size compared to the initial 

one and their volume was measured using a volumetric cylinder filled with 

water. The smallest “scar” volume was 2,000mm3, and the largest 4,500mm3 

(average: 3,300 ± 857 mm3) (Appendix, Figure A1). The 10 model “scars” 

were scanned using two different combinations (modalities) of the 

aforementioned pulse characteristics (AE pre-set for SP and LVO pre-set for 

PM), which had provided good volumetric quantification, but different CR of 

the initial “scar” (44.81% vs 52.82%). Again, no special consideration was 
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taken to keep the ultrasound beam vertical (at 90 degrees) to the long axis of 

the “scar”, hence the intercept angle was randomly ranging between 70-90 

degrees. The volumes derived by the two modalities were compared to the 

actual “scar” volumes using the Bland-Altman method (54), and the bias and 

limits of agreement were calculated. The variability of differences was 

assessed with a two-tailed F-test. P value < 0.05 was considered statistically 

significant. To test the interobserver variability, the 10 “scars” were traced by 

a second operator, who was blinded to the initial tracings. The agreement 

between operators was compared with the intra-class correlation coefficient 

(ICC) for single measures in a two-way mixed model, using SPSS version 

20.0.0 (IBM, Somers, NY).  

2.2 Application of findings in humans 

Following the in-vitro experimental model, we prospectively recruited 

fifteen individuals with a history of a clinically documented myocardial 

infarction (55) more than 2 months old, who had undergone an invasive 

coronary angiography and CMR imaging, as clinically indicated. Following the 

CMR scan, a transthoracic echocardiogram was performed within 0 to 33 

days (median 12 days) according to the protocol described below. The study 

was reviewed and approved by the West of Scotland Research Ethics 

Committee 4 (REC reference number: 15/WS/0186). 

2.2.1 Cardiovascular Magnetic Resonance Imaging 



52 
 

The CMR was performed with a 1.5-T magnet (Siemens® Aera with the 

“Body 18” coil, 18-channel design with 18 integrated preamplifiers and the 

Siemens® Avanto with the “Body Matrix Coil”, 6-element design with 6 

integrated preamplifiers, Siemens Healthcare Limited, Surrey, UK). The full 

scanning protocol is described in detail in the Appendix. 

The CMR images were post processed with the “cmr42” software 

(Figure 2) [v. 5.5.1 (559), Circle Cardiovascular Imaging Inc., Alberta, 

Canada]. Using the “Tissue Characterization” application and applying the 

“full width at half maximum” method (56), the enhanced myocardium was 

identified and traced automatically in all short axis slices. The contours were 

adjusted manually by the operator according to their discretion. The total scar 

volume was calculated by the application. The operator who performed the 

CMR image analyses had an experience of more than 200 CMR reports and 

was Level 2 CMR accredited physician (K.C.T.). 

2.2.2. 2D and 3D Echocardiography 

Given that it was technically impossible to test on a single individual all 

ultrasound parameters that were studied in the in-vitro model, two different 

modalities which had provided high contrast ratio and good “scar” volume 

quantification were selectively tested: a) Steady Pulse (“Adult Echo” pre-set) 

at fundamental imaging (2.2MHz), and b) Power Modulation (“Contrast LVO” 

pre-set) at second harmonic (1.3/2.6MHz). All echocardiograms were 
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performed with a Philips Epiq 7 ultrasound machine and an X5-1 xMATRIX 

array transducer (Philips Healthcare, Andover, MA) as in the in-vitro study. 

2D and 3D data sets were acquired at several MI’s, ranging from 0.1 to 1.0 

with increments of 0.1. Given that the PM modality has been developed in 

clinical ultrasound to enhance the signal of intravenous contrast agents and 

suppress the myocardial signal, we aimed to explore whether the non-linear 

signal from the scar would be affected by the presence of microbubbles. 

Hence, with power modulation the images were obtained with and without 

use of intravenous ultrasound contrast agent (SonoVue sulphur hexafluoride 

microbubbles, Bracco UK Ltd, Buckinghamshire, UK). The contrast agent was 

administered with a continuous infusion rate of 1ml/min. The acquisition 

protocol is described in the Appendix. Overall, 26 2D images and 26 3D data 

sets were acquired on each patient (10 images/data sets with SP technique, 

8 with unenhanced and 8 with contrast-enhanced PM modality at incremental 

MI’s). 

The 2D and 3D datasets were converted to an appropriate format and 

processed with the same custom non-commercial software as the in-vitro 

data sets (section 2.1.3). The scarred area was manually traced (Figure 2) as 

was an adjacent area and the CR and the VI were calculated as described in 

section 2.1.3. The operator who performed the echocardiograms and the 

echocardiography analyses (A.P.) had an experience of more than 400 3D 

echo LV analyses.  
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A second operator (K.C.T.) traced fully manually the myocardial scar in 

3D echocardiograms of 10 randomly selected patients in both SP and PM 

modalities. The operator was blind to first operator’s tracings and to his own 

CMR tracings. The time window between the echocardiography and CMR 

image analysis was more than 2 months. 

Descriptive statistics are presented as mean values plus-minus 

standard deviation. The agreement between echocardiography and CMR in 

scar volume quantification was tested with the Bland – Altman method (54) 

for each one of the 26 combinations of ultrasound pulse characteristics in 3D 

echocardiography. The interobserver variability between operators was tested 

with the ICC for absolute agreement in a two-way mixed model, using SPSS, 

version 20.0.0.1 (IBM Somers, NY). 

3. Results 

3.1. In-Vitro model  

3.1.1. 2D Imaging 

Initially, we tested the SP technique (AE pre-set) in fundamental 

frequencies (Figure 3). Lower frequency (2.2MHz) provided consistently 

higher CR. The same trend was observed using harmonics with the lower-

range frequency (1.3/2.6MHz) providing higher CR (Figure 3).  
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Subsequently, we examined whether PI (AE pre-set) impacts on the CR 

compared to SP. At low frequency (1.3/2.6MHz), PI results in lower CR for all 

power outputs (Figure 4). At mid- and high-range frequencies (1.6/3.2MHz 

and 1.9/3.8MHz), PI results in higher CR at higher power output (MI > 0.6) 

(Figure 4). 

The PM modality (LVO pre-set), operating at the low harmonic 

frequency 1.3/2.6MHz, resulted in the highest CR between all tested 

modalities (Figures 5 and 6), going well above 50% for MI > 0.6. The PI 

modality (in the LVO pre-set) is available by the manufacturer only at mid-

range harmonic frequency (1.6/3.2MHz) and it was found to improve the CR 

compared to PM at the same frequency (Figure 5). 

3.1.2. 3D Imaging 

We initially explored the SP mode. As in 2D imaging, a lower frequency 

resulted in higher CR, both in fundamentals and harmonics, apart from very 

low MI (0.1-0.2) in fundamentals (Figure 7).  

The power modulation modality in 3D imaging provided the highest CR 

compared to all tested parameters, as in 2D images, with a significant drop in 

CR with decreasing MI (Figure 8 and Appendix Figure A2). Lower frequencies 

resulted in higher CR (Figure 8). 
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3.1.3. In-vitro “Scar” volume quantification 

The VI was plotted versus MI for all tested combinations of ultrasound 

pulse characteristics. SP provides more constant “scar” volume quantification 

with VI’s close to 1.0 at a wide range of MI’s (Figure 9, left), whereas PM 

resulted in significant signal drop in lower MI’s, leading to volume 

underestimation (Figure 9, right; Appendix Figure A3). With SP, many 

combinations provided good volume quantification of the “scar”, but using 

PM, it was only the lower harmonic frequency (1.3/2.6MHz) that provided a VI 

close to 1.0 at mid-range MI (0.6 – 1.0).  

Based on the above results, two combinations of ultrasound pulse 

characteristics, i.e. one with SP emission (AE pre-set, fundamental frequency 

2.2MHz at intermediate MI – 0.6) and one with PM (LVO pre-set, harmonics 

1.3/2.6MHz at high MI – 1.0), which had provided good “scar” volume 

quantification and high, but different CR, were selected to scan the 10 

experimental in-vitro “scars”. Bias was lower (-9.7mm3 vs 54.2mm3) and limits 

of agreement (LOA) were narrower with PM modality, which had a higher CR, 

compared to SP (LOA: -168.6mm3 to 149.2mm3 vs. -296.0mm3 to 404.4mm3, 

p=0.03) (Appendix – Figure A4). The interobserver variability between two 

independent operators was also better with PM (ICC: 0.901; 95% CI: 0.651-

0.975 vs 0.815, 95% CI: 0.408-0.951). The mean coefficient of variation was 

0.04 for the PM data sets and 0.09 for the SP data sets. 
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3.2. Results in humans 

All fifteen patients’ echocardiograms were included in the analysis. 

Baseline characteristics are shown in Table 3. The mean age of our 

population was 67 ± 16 years and 80% were male.  The median time from 

myocardial infarction to CMR scan was 2,278 days, ranging from 77 days to 

29 years.  All patients were in sinus rhythm, except one who was in atrial 

fibrillation at the time of both CMR and echocardiography scans. 

3.2.1. 2D echocardiography 

In 2D echocardiography, PM with no contrast enhancement provided 

the highest CR at mid and high range of MI’s, followed by the contrast-

enhanced Power Modulation (PM-CE) and the SP (Figure 10). As in the in-

vitro model, there was a gradual drop in CR at lower MI’s. 

3.2.2. 3D echocardiography 

In 3D data sets, the same pattern of CR was observed between 

modalities (Figure 11, left), with PM providing higher CR at mid-range MI, 

followed by the PM-CE and the SP. The SP provided higher CR compared to 

unenhanced and enhanced PM at MI’s lower than 0.5. The CR in SP and PM 

versus MI follows the same pattern as in the in-vitro imaging. 
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SP provided good scar volume quantification in the whole range of MI’s 

(VI ranging from 0.92 to 0.97) (Figure 11, right). PM provided VI between 0.92 

and 0.98 at MI 0.5-0.8, but the calculated VI dropped significantly at lower 

MI’s similarly to the in-vitro model. PM-CE provided consistently lower 

volumes compared to the other two modalities, with the highest VI observed 

at MI 0.7 and 0.8, and a significant drop in lower MI’s. Comparing the 

absolute scar volumes between CMR and echocardiography with the Bland-

Altman method, the PM modality showed best agreement with CMR at MI 0.8 

(bias: -645mm3, LOA: -3,158 to 1,868 mm3) (Appendix Figure A5). The SP 

had best agreement with CMR at MI 0.8 (bias: -1,138mm3, LOA: -5,510 to 

3,233 mm3) and the PM-CE at MI 0.8 (bias: -2,472mm3, LOA: -7.786 to 

2,842mm3) (Appendix Figure A5). The bias was higher and LOA wider in 

lower MI, for all modalities.  

3.3.3. Interobserver variability 

Both SP and PM provided good scar volume quantification compared to 

CMR. However, PM results in higher CR, which allows better delineation of 

scar borders (Figure 12). A second operator (K. C. T.), with an experience of 

more than 100 3D LV data set analyses, traced the SP and PM 3D data sets 

of ten randomly selected cases. The agreement between the two operators 

was tested with the ICC and was higher for the PM data sets (0.967, 95% CI: 

0.882-0.992) compared to SP (0.832, 95% CI: 0.467-0.955).  
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4. Discussion 

The main findings of our study are: a) in an in-vitro experimental model,  

three-dimensional ultrasound imaging can provide accurate volume 

quantification of a disarrayed tissue with acoustic properties different to that 

of the surrounding normal tissue; b) the power modulation modality resulted 

in higher contrast ratio between “scarred” and normal tissue in 2D and 3D 

ultrasound imaging, c) lower frequencies seem better to distinguish scarred 

from normal tissue, d) when tested in humans, power modulation modality 

provided higher contrast ratio between myocardial scar and healthy 

myocardium similarly to in-vitro testing, e) the addition of intravenous 

ultrasound contrast agent reduced the contrast ratio in power modulation 

echocardiography, f) 3D echocardiography provided volume quantification of 

myocardial infarct scar with good agreement to CMR, g) a higher contrast 

ratio facilitated delineation of myocardial scar and improved agreement 

between imaging modalities and between operators. 

A constant observation in our study is that lower frequencies result in 

higher CR in both 2D and 3D echocardiography. This observation may be 

attributable to the fact that frequency dependency of the scattering process 

may be different between scar and non-scar tissue. That means that in lower 

frequencies, the difference in scattering process between the two tissues may 
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be larger, resulting in higher contrast ratio. However, this is just an 

assumption.  

In both two-dimensional and three-dimensional ultrasound imaging, PM 

provided the highest CR. This is consistent in both in vitro and in vivo testing. 

PM has been developed for contrast echocardiography (57-60) and is based 

on the principle that the tissue and the contrast micro-bubbles have a 

different acoustic response to ultrasound waves. Tissue demonstrates a 

linear behaviour whereas the micro-bubbles a non-linear response at several 

energy levels (57). By using multiple transmitted pulses of different amplitude 

(e.g. the second pulse amplitude is half of first’s, etc.), the reflected echo 

waves from the tissue are of full and half amplitude in alternate fashion (i.e. 

full, half, full, half, etc.). Every second pulse is scaled (multiplied by 2) and 

subtracted from the previous one resulting in zero signal. On the contrary, the 

non-linear reflection from bubbles is producing pulses which differ 

significantly in amplitude and shape, therefore by scaling and subtracting 

every other pulse the signal will not be cancelled out allowing micro-bubble 

detection.  

The matured myocardial infarct tissue is consisted of disarranged type I 

and III collagen fibers, myofibroblasts and pigmented mononuclear cells (50, 

61) and the scar’s response to ultrasound is non-linear, similar to micro-

bubbles. Therefore, with a pulse cancellation technique it is possible to 
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suppress the linear signal from the normal myocardium by scaling and 

subtracting the backscattered ultrasound waves as described above.  On the 

other hand, the non-linear signal from the scarred tissue can be enhanced 

similarly to the microbubbles signal. In our study the PM provided higher CR 

and better VI in high MI, though this technique has been developed to 

produce higher CR at low MI when used with intravenous contrast agents. 

This discrepancy can be attributed to the physical differences between the 

solid scar tissue and the gas microbubbles as the latter implode at high MI’s, 

whereas the tissue needs a higher amount of delivered energy to resonate as 

shown in our study where the backscattered signal was significantly 

attenuated at low MI.  

Another multi-pulse technique that we tested was the PI modality, which 

consists of multiple pulses of alternating polarity and it is again used in 

contrast echocardiography (62-64). The principle is similar to power 

modulation, though in PI the pulses alternate in polarity, i.e normal, inverted, 

normal, inverted, etc. The returning pulses from tissues with linear response 

are alternating in the same fashion and by summing the pulses the signal is 

cancelled. On the other hand, the returning pulses from the non-linear 

microbubble oscillation are again of alternating polarity by they also differ in 

amplitude and shape. Therefore, by summation the signal is not cancelled 

out. Traditionally, the PI technique is used in very low MI modes (MI < 0.2) to 

allow visualization of the wall thickening and contrast enhancement at the 
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same time, whilst ensuring the CR remains very high (65).  In our study, the 

PI technique in 2D imaging improved the CR at mid- and high-range 

harmonic frequencies and high MI compared to SP. This is probably due to 

different behaviour of the “scarred” tissue and the microbubbles at very low 

output and, similarly to PM, the tissue signal is significantly attenuated at very 

low MI, whereas the microbubbles oscillate without being destroyed and they 

produce a high intensity signal and high CR. On the contrary at high MI the 

microbubbles are destroyed by the delivered energy, whereas the scar tissue 

is responding non-linearly and the high energy pulse ensures little signal 

attenuation.  

Gaibazzi et al. (42) have used the principle of pulse-cancellation 2D 

echocardiography, to detect the myocardial scar in 20 patients post ST-

elevation myocardial infarction. We tested the same hypothesis using both 2D 

and 3D echo, and we also compared the PM modality to SP emission and 

contrast enhanced PM. Montant et al. (41) tested the PM technique using 3D 

echocardiography only, and they found that it does not change significantly 

the CR compared to SP mode.  However, they calculated CR using the 

average videointensity only in a region of interest positioned onto the scar, 

whereas in our study the average videointensity of the whole scar volume 

was calculated in a 3D fashion. When they added a contrast agent the CR 

dropped, which is consistent with the findings in our study in both 2D and 3D. 

Additionally, we noticed that the calculated scar volume was consistently 
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lower when contrast agent was used. The signal attenuation from the 

contrast-filled left ventricle may account for the lower scar volumes. It may 

also contribute to lower scar videointensity, which in combination with the 

high videointensity of the contrast-enhanced perfused myocardium, reduces 

the CR compared to unenhanced PM. 

In our study the highest CR was achieved with PM modality in both in-

vitro and in-vivo testing, but a VI close to 1 was achieved with other 

ultrasound pulse modalities as well. This is because a high CR does not 

necessarily correspond to more accurate volume quantification. A high CR is 

a result of enhanced signal from the deranged histologically tissue (scar) 

along with suppression of linear signal from normal tissue. This process may 

lead to loss or gain of scattered signals that may make 3D volume 

quantification inaccurate. Adjusting the ultrasound beam characteristics and 

processing parameters to make structures look “crisper”, does not necessarily 

depict them more accurate size-wise. Hence, in our study, we aimed to select 

as optimal ultrasound characteristics those which combine high CR and good 

volume quantification. High CR is desirable in imaging and as shown in our 

study, a higher CR can improve consistency in measurements and 

agreement between operators, when a tissue of different grey scale intensity 

from the surrounding medium is traced manually. A higher CR is also 

expected to be useful in semi-automated or automated detection and tracing 

algorithms. 
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Study Limitations: 

The in-vitro model allowed testing of hundreds of different combinations 

of ultrasound pulse characteristics, which would not be feasible in humans. 

However, this carries the limitation of applicability of the results in humans 

given the histological differences between the overheated “scar” model and 

the human myocardial scar along with the surrounding tissues. Besides, the 

scar in the myocardium is not always discrete as was the “scar” in our model. 

Imaging in a water tank allowed optimal imaging of the model, however it 

does not mimic the attenuation or the non-linear propagation that occurs 

when imaging humans. In clinical practice the scar is not necessarily at 

optimal depth and orientation, and this might influence some of the findings, 

and is a rationale for the second part of the study in humans. In addition, our 

model was still as opposed to the contracting myocardium. The 3D datasets 

were all fully manually traced. Hence, some differences observed in CR and 

VI may just reflect the systematic error of the method. The performed incision 

in the raw muscle to accommodate the “scar” caused a strong reflector, 

producing a high videointensity signal, and this does not mimic the 

characteristics of the human scars. Despite extra caution being taken to 

recognize this “artefact” (Appendix Figure A2), some differences in VI 

between the tested pulse characteristics may just reflect artefact’s 

misinterpretation. 
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By exploring in humans the usefulness of the in-vitro study findings we 

diminished many of the above-mentioned limitations. However, this remains a 

single center study with the inherent limitations and bias. The acquisition and 

interpretation of 3D echo data sets were performed in a center with high 

expertise in 3D echocardiography, hence the results may not apply to a wider 

range of Cardiology centers.  The operators who traced the 3D echo data 

sets were not fully blinded, given that the recruited population was known to 

have a myocardial infarction as per inclusion criteria. Whether 

echocardiography can perform as well when the operators are fully blinded in 

respect to the presence or absence of myocardial scar needs to be tested. No 

patients were excluded from the study because of poor acoustic windows. 

However, in a larger population, echocardiography is expected to not be 

interpretable in some patients with poor imaging. All our patients had a 

myocardial infarction older than 2 months, hence the results may not apply in 

the early phase of myocardial infarction. 

In addition, all the imaging was performed on a vendor specific 

ultrasound system and therefore the results cannot be automatically 

translated to other systems.  However, all vendors have similar contrast 

specific imaging modalities (PM and PI) designed to improve CR of contrast 

studies, therefore it is likely, but not proven, that the results may be similar. 

Non-commercial software tools were used to analyse the echo data sets and 

permit video intensity and volume measurements.  However, these software 
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tools were simply used to provide objective validation of the impact of system 

settings on scar visualisation.  They would not be necessary for scar imaging 

in conventional echocardiography. 

 

5. Conclusions 

Ultrasound imaging can provide accurate volume quantification of a 

tissue with different acoustic properties compared to the surrounding tissue, 

and power modulation echocardiography increases the contrast ratio between 

an experimental in-vitro “scar” model and normal muscle providing more 

accurate “scar” volume quantification. The same applies to myocardial 

infarction scar in human hearts, where unenhanced power modulation 

modality provides higher contrast ratio. Power modulation on unenhanced 

echocardiographic images improves agreement in scar volume assessment 

between echocardiography and CMR and between independent operators. 
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Figures 

 

Figure 1. Left: Processing a 2D image of the in-vitro experimental “scar”, using the 

SPEQLE 3D application. Manual tracing of the “scar” and an adjacent muscle segment. 

Right: Processing a 3D dataset of the same “scar” with the Research-MITK Workbench 

software. Manual tracing of the “scar” and 3D interpolation to create the 3D mesh of the 

“scar”. 
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Figure 2. Cardiac magnetic resonance (CMR) image (short axis) with late gadolinium 

enhancement (LGE) (arrow) of a patient with previous myocardial infarction. Left: Short 

axis view of 3D echocardiography in power modulation technique of the same patient with 

manual tracing (green contour) of the bright area (scar). Asterisk denotes the enhanced 

backscattered signal from the pericardium. 

  

Figure 3. In-vitro experimental “scar”. Contrast ratio (CR) vs mechanical index for Adult 

Echo (AE) pre-set using 2D steady pulse technique in both fundamental (left) and 

harmonic (right) frequencies. 2D: two-dimensional, numbers indicate frequency; single 

numbers indicate fundamental frequency (i.e. sending and receiving frequency – in MHz) 

and dual numbers indicate harmonic frequency (i.e. sending/receiving frequency – in 

MHz), SP: steady pulse mode.  
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Figure 4.  In-vitro experimental “scar”. Contrast ratio (CR) vs mechanical index for Adult 

Echo (AE) pre-set using 2D harmonic imaging, with steady pulse (continuous lines) and 

pulse inversion (dotted lines) techniques. Abbreviations as in Figure 3, PI: Pulse inversion. 

 

Figure 5.  In-vitro experimental “scar”. Contrast ratio (CR) vs mechanical index for LVO 

pre-set. 2D fundamental and harmonic imaging using power modulation (continuous lines) 

and pulse inversion (dotted line) techniques. Abbreviations as in Figure 3, LVO: LVO pre-

set, 3P and 4P: three and four pulses in power modulation modality respectively, PI: pulse 

inversion. 

0

10

20

30

40

50

1,31,21,11,00,90,80,70,60,50,40,30,20,1

Co
nt

ra
st

 R
at

io
 %

Mechanical Index

2D Steady Pulse and Pulse Inversion

2DAE_1.3/2.6 SP 2DAE_1.3/2.6 PI
2DAE_1.6/3.2 SP 2DAE_1.6/3.2 PI
2DAE_1.9/3.8 SP 2DAE_1.9/3.8 PI

0

10

20

30

40

50

60

1,31,21,11,00,90,80,70,60,50,40,30,20,1

Co
nt

ra
st

 R
at

io
 %

Mechanical Index

2D Power Modulation - Pulse Inversion

2DLVO_1.6 4P PM 2DLVO_1.3/2.6 3P PM

2DLVO_1.6/3.2 3P PM 2DLVO_1.6/3.2 2P PI



70 
 

 

Figure 6. In-vitro experimental “scar”. Left: Power modulation modality with enhancement 

of the “scar” tissue and complete suppression of the surrounding tissue, resulting in high 

contrast ratio. Right: Steady pulse emission with less bright “scar” area but also detectable 

signals from the surrounding tissue.  

 

 

  

Figure 7. In-vitro experimental “scar”. Contrast ratio (CR) vs mechanical index for Adult 

Echo (AE) pre-set using 3D steady pulse technique in both fundamental (left) and 

harmonic (right) frequencies. Abbreviations as in Figure 3. 
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Figure 8. In-vitro experimental “scar”. Contrast ratio (CR) vs mechanical index for LVO 

pre-set. 3D fundamental and harmonic imaging using power modulation (PM) modality. 

Abbreviations as in Figure 3, 2P and 4P: two and four pulses in power modulation modality 

respectively.  

 

  

Figure 9. In-vitro experimental “scar”. Volume Index (VI) vs mechanical index (MI) for 3D 

“Adult Echo” (AE) pre-set with steady pulse (left), and “LVO” (LVO) pre-set with power 

modulation. Abbreviations as in Figure 3, 2P and 4P: two pulses and four pulses 

respectively in power modulation (PM) modality. 
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Figure 10. Contrast ratio vs mechanical index in human 2D echocardiograms. Blue line: 

steady pulse emission at 2.2MHz. Red dotted line: unenhanced power modulation 

modality at 1.3/2.6MHz. Orange dotted line: contrast-enhanced (CE) power modulation 

modality at 1.3/2.6MHz.  

 

Figure 11. Contrast ratio vs mechanical index (left) and volume index vs mechanical index 

(right) in human 3D echocardiograms. Blue line: steady pulse emission at 2.2MHz. Red 

dotted line: unenhanced power modulation modality at 1.3/2.6MHz. Orange dotted line: 

contrast-enhanced (CE) power modulation modality at 1.3/2.6MHz. 
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Figure 12. Upper panel: LGE CMR of a patient with lateral myocardial infarction. Four-

chamber view with subendocardial scar seen in the lateral wall (arrows). Lower panel: 2D 

echocardiography four-chamber view of the same patient using steady pulse emission 

technique (left), power modulation (middle) and power modulation with contrast 

enhancement (right) with a scar seen in the lateral wall (arrows). Asterisk denotes the 

enhanced backscattered signal from the pericardium. 
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Tables 

Table 1.  Manufacturer specific pre-sets and beam forming techniques in two-dimensional 

(2D) echocardiography for the Philips Epiq7 ultrasound system. 

2D – Philips Epiq7 manufacturer specific pre-sets  

Code Pre-set 
Frequency 

(MHz) 
DRS Function 

Steady 
Pulse 

Pulse 
Inversion 

Power 
Modulation 

Dynamic 
Range 

2DAE_2.2 SP Adult Echo 2.2 RS 
High Pulse Repetition Frequency. 

(High Frame Rate) 
Yes - - 45 

2DAE_3.2 SP Adult Echo 3.2 RS 
High Pulse Repetition Frequency. 

(High Frame Rate) 
Yes - - 43 

2DAE_1.3/2.6 PI Adult Echo 1.3/2.6 RS Pulse Inversion - Yes - 45 

2DAE_1.3/2.6 SP Adult Echo 1.3/2.6 S1 Non-Pulse Inversion Yes - - 45 

2DAE_1.6/3.2 PI Adult Echo 1.6/3.2 RS Pulse Inversion - Yes - 46 

2DAE_1.6/3.2 SP Adult Echo 1.6/3.2 S1 Non-Pulse Inversion Yes - - 46 

2DAE_1.9/3.8 PI Adult Echo 1.9/3.8 RS Pulse Inversion - Yes - 41 

2DAE_1.9/3.8 SP Adult Echo 1.9/3.8 S1 Non-Pulse Inversion Yes - - 41 

2DLVO_1.6 4P PM LVO  1.6 R2 
4 Pulses. Multi-transmit plane 

elevation compound 
- - Yes 32 

2DLVO_1.3/2.6 3P PM LVO  1.3/2.6 R2 
3 Pulses. Multi-transmit plane 

elevation compound 
- - Yes 38 

2DLVO_1.6/3.2 3P PM LVO  1.6/3.2 R2 3 Pulses. Multi-transmit plane 
elevation compound 

- - Yes 38 

2DLVO_1.6/3.2 2P PI LVO  1.6/3.2 S2 
2 Pulses. Pulse Inversion. Single-

Transmit Plane Elevation - Yes - 40 

 

Adult Echo (ΑΕ) and Left Ventricle Opacification (LVO) are manufacturer specific pre-sets 

for the Philips Epiq 7 ultrasound system. DRS: Manufacturer specific selector with five 

options/positions (R2, R1, RS, S1 and S2), with different allocated ultrasound beam 

characteristics for each pre-set and frequency. SP: Steady Pulse, PI: Pulse Inversion, PM: 

Power Modulation, 4P: four pulses, 3P: three pulses, 2P: two pulses. 
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Table 2. Manufacturer specific pre-sets and beam forming techniques in three-dimensional 

(3D) echocardiography for the Philips Epiq7 ultrasound system. 

3D – Philips Epiq7 manufacturer specific pre-sets 

Code Pre-set 
Frequency  

(MHz) 
DRS Function 

Steady 
Pulse 

Pulse 
Inversion 

Power 
Modulation 

Dynamic 
Range 

3DAE_2.2 SP Adult Echo 2.2 RS High line density Yes - - 45 

3DAE_3.2 SP Adult Echo 3.2 RS High line density Yes - - 43 

3DAE_1.3/2.6 SP Adult Echo 1.3/2.6 RS High line density Yes - - 45 

3DAE_1.6/3.2 SP Adult Echo 1.6/3.2 RS High line density Yes - - 46 

3DAE_1.9/3.8 SP Adult Echo 1.9/3.8 RS High line density Yes - - 41 

3DLVO_1.6 4P PM LVO 1.6 R2 4 pulses. High line density - - Yes 32 

3DLVO_1.3/2.6 2P PM LVO 1.3/2.6 R1 2 pulses. High line density - - Yes 38 

3DLVO_1.6/3.2 2P PM LVO 1.6/3.2 RS 2 pulses. Medium line density - - Yes 38 

 

Abbreviations as in Table 1. 
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Table 3. Baseline characteristics of the 15 patients with myocardial infarction.  

Baseline Characteristics 
 

Age (years) 67 ± 16 
Sex (male) 12 (80%) 
Height (cm) 174 ± 9 
Weight (kg) 85 ± 16 
Body Surface Area 2.0 ± 0.2 
LV EDV (ml) 205 ± 61 
LV ESV (ml)  116 ± 53 
Scar volume (mm3) 19,535 ± 11,406 
Scar transmurality  

<50% 1 (6.7%) 
50-75% 3 (20%) 

>75% 11 (73.3%) 
Scar territory  

LAD only 4 (26.7%) 
LCx only 3 (20%) 

RCA only 4 (26.7%) 
Multi-vessel 4 (26.7%) 

EF (%) 46 ± 14 
Hypertension 7 (47%) 
Diabetes 5 (33%) 
Hyperlipidaemia 5 (33%) 
Smoking  1 (7%) 
Lung Disease 3 (20%) 
Atrial Fibrillation 2 (13%) 

Continuous variables are presented as mean ± standard deviation and 

categorical variables as number and percentages 
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Part II 

 

Echocardiographic and other cardiac findings in COVID-19 
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CHAPTER 5                                                                                                       

Right Ventricular-Arterial Uncoupling Independently Predicts Survival in 

COVID-19 ARDS 

Michele D'Alto, Alberto Marra, Sergio Severino, Andrea Salzano, Emanuele 

Romeo, Rosanna C De Rosa, Francesca Stagnaro, Gianpiero Pagnano, 

Raffaele Verde, Patrizia Murino, Andrea Farro, Giovanni Ciccarelli, Maria 

Vargas, Giuseppe Fiorentino, Giuseppe Servillo, Ivan Gentile, Antonio 

Corcione, Antonio Cittadini, Robert Naeije, Paolo Golino 

 

Background 

Severe Acute Respiratory Syndrome-CoronaVirus-2 (SARS-CoV-2) infection, 

or Corona Virus Infectious Disease 2019 (COVID-19), may be complicated by 

the acute respiratory distress syndrome (ARDS) with reported high mortality 

rates between 26% and 61% (66, 67). There are data suggesting that 

COVID-19 ARDS differs from "typical" ARDS by several aspects, including 

preserved respiratory system compliance (68), good tolerance to hypoxemia 

("happy hypoxemia") (69), and prominent micro and macrovascular 

thrombotic changes in relation with extensive endothelial injury (70, 71). On 

the cardiac side, COVID-19 has also been associated with myocardial injury 

(72) and altered right ventricle (RV) strain as an independent predictor of poor 

prognosis (73). There is data suggesting that COVID-19 may predominantly 
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affect the RV and that is clinically relevant (74).Right heart failure ("acute cor 

pulmonale") is a long-recognized complication of ARDS, in relation to severity 

of the disease and ventilatory strategies associated with hyper-inflated lungs 

and permissive hypercapnia (75). We hypothesized that myocardial injury and 

inflammatory changes in COVID-19 could be an additional cause of ARDS-

related acute right heart failure. We therefore assessed the coupling of RV 

function to the pulmonary circulation in COVID-19 ARDS patients. To this 

purpose, we used bedside trans-thoracic Echocardiography with focus on the 

tricuspid annular plane systolic excursion (TAPSE)/pulmonary artery systolic 

pressure (PASP) ratio, previously shown to be a valid surrogate of the gold 

standard ratio of end-systolic to arterial elastance (Ees/Ea) for the 

assessment of RV-arterial coupling (76) and an independent predictor of 

outcome in heart failure and pulmonary arterial hypertension (77). 

 

Methods 

Study design 

This was a prospective study from two Italian centres, Ospedale dei Colli 

(Monaldi-Cotugno) and Federico II Hospital, Naples, Italy, which are teaching 

hospitals authorized for COVID-19 patients. All patients were enrolled from 8 

March to 8 May 2020. The diagnosis of COVID-19 was confirmed according 
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to the interim guidance of World Health Organization (78). The study was 

approved by local Ethics Committees (#AOC/0015171/2020). 

Data collection 

Patients’ demographics, clinical status, disease duration from the symptoms 

onset, medical history, comorbidities, laboratory examinations, concomitant 

treatment, type of ventilation, eventual complications, treatment, and 

outcomes were recorded. The diagnosis of ARDS rested on the Berlin 

consensus criteria and PaO2/FIO2 ratios discriminating mild, moderate, and 

severe forms of the disease (79). Treatment was in keeping with current 

expert recommendations, with high-flow nasal O2 as needed to restore 

arterial oxygenation, and ventilation with positive end-expiratory pressure by 

facial mask or tracheal intubation following current expert recommendations 

(80). Thus, tidal volume was kept as low as possible, on average to 6 ml/kg, 

positive end-expiratory pressure titrated by 2 to 3 cmH2O increments to a 

maximum of 10–15 cmH2O and a plateau pressure < 30 cmH2O. Non-

invasive ventilation was applied when endotracheal intubation was not 

considered necessary. 

 

Transthoracic Echocardiography 

Bedside transthoracic echocardiographic examinations were performed with 

the Vivid E9 ultrasound system (General Electrics Medical Systems, Andover, 
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MA, USA), according to the American Society of Echocardiography guidelines 

(8). Images were stored and analysed offline by three independent trained 

observers (MD, SS and AM). 

Statistical analysis 

Kolmogorov-Smirnov test was applied to test the variable distribution. 

Normally distributed continuous variables were expressed as mean ± 

standard deviation (SD); skewed distributed continuous data were expressed 

as median and interquartile range [IQR]; categorical variables were 

expressed as counts and percentages. Two-tailed t test for paired and 

unpaired data was used to assess changes between groups. Linear 

regression analyses and partial correlation test by Pearson’s method were 

used to assess univariate relations. The association between analyzed 

variables and outcome (i.e. mortality) was established by using Cox 

proportional hazard regression analyses. Univariate and multivariable linear 

models were used to assess potential predictors of outcome. The following 

variables, selected according to their potential clinical relevance, were 

included in the analysis: age, sex, disease duration, previous lung disease, 

previous coronary artery disease, cardiovascular risk factors (hypertension, 

diabetes, obesity, smoke), therapy for COVID, type of ventilation, PaO2/FiO2 

ratio, creatinine, cardiac troponin I, C-reactive protein, activated partial 

thromboplastin time, N-terminal pro brain natriuretic peptide, Interleukine-6, 

left ventricle (LV) end-diastolic diameter, LV end-systolic diameter, left atrium 
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diameter, LV ejection fraction, mitral and aortic valve diseases, tricuspid 

regurgitation, TAPSE, PASP, TAPSE/PASP ratio, inferior vena cava 

dimension and ratio of RV to LV surface areas on an apical 4-chamber view. 

Results were expressed as hazard ratios with 95% confidence intervals. 

Outcome prediction accuracies were tested by calculating the area under the 

curve (AUC) for the receiver operator characteristics (ROC) curve analysis for 

TAPSE/PASP and PaO2/FiO2 across the endpoint. Kaplan-Meier curves for 

cumulative survival were constructed for the endpoint to assess the impact of 

TAPSE/PASP and PaO2/FiO2 on survival, categorizing patients using optimal 

cut-off points for TAPSE/PASP and PaO2/FiO2 derived from Youden’s Index 

from the ROC curve. Further, ROC curve analyses using the same 

multivariable model, with and without TAPSE/PASP and PaO2/FiO2, were 

used to investigate the gain in C-statistic for associations with outcome when 

compared to the same model without these parameters. Statistical analyses 

were performed using SPSS version 25.0 (SPSS Inc, Chicago, Illinois, USA). 

A value of p < 0.05 was considered statistically significant. 

 

Results 

Ninety-four patients were included in the study; they presented with fever 

(94/94, 100%), dyspnea (87/94, 93%), fatigue (94/94, 100%), and cough 

(58/94, 62%). All patients had a computed tomography scan diagnostic for 
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diffuse or localized pneumonia. The echocardiographic assessment was 

performed on average 3 days after hospital admission (range 1–7 days) after 

the patients had been stabilized with either high flow supplemental O2 or 

invasive/noninvasive ventilation. The clinical data of the survivor and non-

survivor patients are shown in Table 1. 
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The patient population was globally relatively old, predominantly male, and 

presented with pulmonary comorbidities and cardiovascular risk factors. Non-

survivors were older by an average of 6 years and were more frequently 

smokers and overweight. The majority of the patients were anti-coagulated 

and treated with hydroxychloroquine. A proportion of the patients also 

received anti-viral drugs, monoclonal antibodies, and corticosteroids. Non-

survivors received more frequently anti-viral drugs and invasive mechanical 

ventilation. Serum creatinine, Cardiac troponin I, C-reactive protein, 

Interleukine-6, N-terminal pro brain natriuretic peptide, activated partial 

thromboplastin time, and pro-calcitonin were higher and 

PaO2/FIO2 lower in non-survivors. Echocardiographic findings shown in 

Table 2 disclosed a significant increase in PASP, inferior vena cava 

dimensions and a decrease in TAPSE/PASP in non-survivors, as compared 

to survivors. 
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A typical right heart phenotype echocardiographic examination is shown in 

Fig. 1 (Panel A and B). The results of univariate and multivariable analyses 

are shown respectively in Table 3 and Table 4.  
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While at univariate analysis most of the biological and echocardiographic 

differences between survivors and non-survivors were significantly associated 

with survival (Table 3), only PaO2/FIO2 and TAPSE/PASP emerged as 

independent predictors after adjustment at multivariable analysis [hazard ratio 
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(95% confidence interval); p value: 0.988 (0.977–0.998); p = 0.018 and 0.026 

(0.01–0.579); p = 0.019, respectively] (Table 4). 

Individual values for TAPSE/PASP and PaO2/FIO2 in survivors and non-

survivors are presented in Fig. 2. 

ROC curves to predict outcome of these two variables are shown in the Fig. 

3. When patients were dichotomised according to the Youden’s Index for 

optimal cut-off point from the ROC curve (159 mmHg and 0.635 mm/mmHg, 

PaO2/FIO2 and TAPSE/PASP respectively), Kaplan-Meyer curves of % 

survival as a function of time in patients showed that patients with 

TAPSE/PASP or PaO2/FIO2 below ROC-derived cut-off values have reduced 

survival (chi square; log rank test p: 26.43;<0.001 and 42.83;<0.001 

respectively) (Fig. 4). Furthermore, when patients were categorized according 

to value of both parameters, patients with reduction of both parameters 

showed the lowest survival (chi square: 45.87; log rank test p: <0.001), 

significantly different to those with normal levels (chi square: 50.32, p < 

0.001) or only one 

parameter impaired (chi square: 9.56, p = 0.001). A combination of high 

TAPSE/PASP or PaO2/FIO2 allowed for a very high likelihood of survival. 
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Discussion 

The present results show that COVID 19-induced ARDS is associated with 

early and pronounced uncoupling of right ventricular function from the 

pulmonary circulation, and that its non-invasive echocardiographic 

assessment by the TAPSE/PASP ratio adds significantly and independently 

to the prognostic relevance of the PaO2/FIO2 ratio in these patients. 

The reported COVID-19 patients were diagnosed with pneumonia 

complicated by ARDS based on clinical presentation of severe dyspnea, 

cough and fatigue, compatible chest computed tomography findings, and the 

PaO2/FIO2 ratio. At the moment of echocardiographic evaluation, the 

PaO2/FIO2 ratio had been corrected in a proportion of the survivors (Fig. 2). 

The patients were treated empirically with drugs expected to be of benefit, 

such as hydroxychloroquine and were anticoagulated. Their ventilatory 

management included proning, application of positive end-expiratory pressure 

and so-called "protective ventilation" with a low as possible tidal volumes 

(80). This resulted in a 26% mortality at the lower range of currently reported 

(81). 

Pulmonary hypertension in the present study was mild to moderate as based 

on echocardiographic estimates of PASP. A PASP of 40 mmHg in the non-

survivors would indeed be at the upper limit of normal taken into account age, 

sex, and body weight (82). On the other hand, the TAPSE was decreased but 
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still above the lower limit of normal in the non-survivors (83). Accordingly, the 

TAPSE/PASP at 0.89 ± 0.29 in survivors was mildly decreased compared to 

the value of 1.11 ± 0.03 previously reported in 209 subjects older than 60 

years (83). However, it was markedly decreased to 0.51 ± 0.22 mm/mmHg in 

non-survivors, approaching values below 0.50 mm/mmHg previously shown 

to be of poor prognosis in heart failure and severe pulmonary hypertension 

(77). 

In a recent report of 200 hospitalized with COVID-19 in non-ICU departments, 

PASP was > 35 mmHg in 12% and the TAPSE < 17 mm in 14.5%, but 

increased PASP and not decreased TAPSE was found to predict a poor 

outcome (84). Mild pulmonary hypertensions along with moderate decrease 

in TAPSE in that study are in keeping with the present findings in more 

severely ill patients with respiratory insufficiency. 

The TAPSE/PASP ratio was initially proposed as an estimate of RV 

myocardial length-tension relationship, and as such showed to be of 

prognostic relevance in heart failure (84). Subsequent studies confirmed its 

prognostic capability, not only in heart failure (85) but also in pulmonary 

arterial hypertension (86) and in patients with chronic lung diseases (87). In 

these studies, the TAPSE/PASP was assumed to inform about RV-PA 

coupling, with TAPSE considered as a load-dependent surrogate of Ees and 

PASP as an indirect estimate of Ea (85-87). The TAPSE/PASP has been 

shown to be superior to other composite echocardiographic indices in the 
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assessment of RV-PA and correlated to gold standard invasive (76) or 

indirectly assessed Ees/Ea ratios (85). As in the present study the 

TAPSE/PASP ratio was mostly decreased in invasively ventilated patients, 

one could wonder if the application of positive end-expiratory pressure could 

have contributed to increased PAP and RV-PA uncoupling (88). COVID-19 

ARDS patients could have presented with increased transmission of alveolar 

pressures to pulmonary resistive vessels because of preserved lung 

compliance (68). Mechanics of the respiratory system were not assessed in 

the present study. However, the notion of preserved compliance in COVID-19 

ARDS may not be confirmed in most of these patients (89), and the 

"protective ventilation" approach in the present study would be expected to 

avoid to high volumes and alveolar pressures as a cause of excessive RV 

afterload (75). This was confirmed by only mild increases in PASP disclosed 

by the echocardiographic examinations. The reason for RV-PA uncoupling in 

the presence of only mildly increased PAP is not immediately apparent. The 

basic response of RV function to increased afterload is homeometric, with 

increased Ees (contractility) to match Ea (afterload), and uncoupling expected 

but only in severe or rapidly evolving pulmonary hypertension (90). However, 

early RV-PA uncoupling may be observed in severe inflammatory conditions 

such as sepsis (91) or also in left heart failure because of negative ventricular 

interactions (92). Both may occur in COVID-19 patients (72). Therefore, the 
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right heart in COVID-19 patients may fail even in the presence of only modest 

increase in afterload. 

The present results are in keeping with a recent echocardiographic study in 

patients with COVID-19 ARDS, in which non-survivors had a PASP at the 

upper limit of normal, decreased indices of RV systolic function and 

longitudinal strain identified as an independent predictor of outcome (73). The 

TAPSE/PASP is easier to assess, can be part of standard bedside 

echocardiographic assessments as it does not require off-line analysis of 

images and specific software, and may be a more sensitive assessment of 

RV-PA coupling. 

The high prevalence of RV dilatation and dysfunction in the range of 40–50% 

recently reported in patients with COVID-19 (74, 93) underscore the exquisite 

sensitivity of the RV to this newly appeared viral infection. 

The most potent predictor of outcome in ARDS is the PaO2/FIO2 ratio, which 

as such is part of the definition of the syndrome (78). In the present study, the 

TAPSE/PASP emerged with equally potent prognostic capability, suggesting 

a major component of acute cor pulmonale in COVID-19 ARDS 

pathophysiology. Whether this is entirely particular to COVID-19 ARDS is 

uncertain as there have been no systematic evaluations of RV-PA coupling in 

more "typical" ARDS or other viral pneumonia ARDS controls. 
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Approximately 4 decades ago, Zapol and Snider called attention to the 

pulmonary circulation and the right heart in severe ARDS (94). Pulmonary 

hypertension in these patients is nowadays uncommon along with progress in 

management, but "acute cor pulmonale" continues to be reported, albeit 

generally in the context of ventilatory settings associated with excessive 

increase in alveolar pressure and permissive hypercapnia (75). The present 

investigation shows that acute uncoupling of the right heart from the quasi-

normotensive pulmonary circulation may also occur in the context of severe 

systemic inflammation and vasculitis. 

 

Conclusions 

COVID 19-induced ARDS is associated with early and pronounced right 

ventricular-arterial uncoupling, and its non-invasive echocardiographic 

assessment by the TAPSE/PASP ratio adds significantly and independently 

to the prognostic relevance of the PaO2/FIO2 ratio in these patients.  

 

Limitations 

The present study is limited by relatively small sample size, absence of 

respiratory system compliance measurements, absence of non-COVID-19 

viral pneumonia controls, and exclusively non-invasive evaluations of the right 

heart and the pulmonary circulation. However, the results call attention to cor 
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pulmonale as an important component of COVID-19 ARDS and plea for 

systematic bedside echocardiographic assessments added to blood gases 

and lung mechanics in the management of these patients. 
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Part III 

 

Unusual echocardiographic findings 
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CHAPTER 7
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CHAPTER 8 

Unexpected Thrombus in a previously closed left atrial appendage  

Michael Papitsas, Gianpiero Pagnano, Mark J Monaghan 

 

A 64-year-old female was referred to cardiology for progressive dyspnea on 

exertion. Her previous medical history included a tissue mitral valve 

replacement (tMVR) for rheumatic mitral stenosis 8 years ago. At the same 

time left atrial appendage (LAA) ligation was performed, due to permanent 

atrial fibrillation (AF) and intolerance to vitamin K antagonists and low 

molecular weight heparin. Recently, she was diagnosed with an acute left 

leg arterial thrombosis with spontaneous resolution of thrombus. On 

physical examination a low frequency diastolic murmur was identified, and 

transthoracic Echocardiography (TTE) demonstrated increased pressure 

gradient across the mitral bioprosthesis (mean gradient 13mmHg). A 

transoesophageal echocardiogram (TOE) was performed to further assess 

the prosthetic valve. It showed a degenerated bioprosthesis with thickened 

and restricted valve leaflets (Panel E, 2D TOE Colour Doppler & D, 3D 

TOE† valve in open position) (see also Supplementary data online, Movies 

S1), and surprisingly a large thrombus in the LAA, which had free 

communication with the left atrium (LA) despite previous ligation. (Panel A, 

2D TΟE, arrow & C, 3D TOE†, asterisk shows tMVR) The thrombus was 

measured 30mm x 25mm x 19mm in 3D multi-planar reconstruction. (Panel 



108 
 

B, 3D TOE† multi-planar reconstruction, arrows showing ruptured sutures) 

(see also Supplementary data online, Movies S2, S3) Anticoagulation was 

commenced and three months later, a repeat TOE demonstrated complete 

resolution of the LAA clot. The degenerated valve was treated with 

transapical valve-in-valve implantation, resulting in dramatic improvement 

of patient’s breathlessness. A follow-up echocardiogram confirmed normal 

functioning prosthetic valve. 

(†) All 3D processed with TrueVue visualization technique, Philips®, 

Andover, MA 
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CHAPTER 9 

Differential diagnosis of a mass attached to mechanical mitral valve. 

Michael Papitsas, Gianpiero Pagnano, Mark J Monaghan, Alexandros 

Papachristidis  

 

A 47-year-old male transferred to our hospital for assessment by the 

cardiothoracic surgeons due to a mobile mass on his mechanical aortic valve 

that was found to be increasing in size. The patient was admitted in his local 

hospital after a routine transthoracic echocardiogram (TTE) that revealed a 

mobile structure on the aortic side of a well-functioning aortic prosthesis. 

There was no clinical or biochemical evidence of infective endocarditis, so on 

the grounds of low INR level it was considered to be likely a thrombus. The 

oral anticoagulation dose was increased, and intravenous heparin was added 

till the target INR level was achieved. Despite that, in repeated 

transoesophageal echocardiograms (TOE) the mass appeared to grow in size 

from 7 to 9mm within ten days. During a multidisciplinary team meeting in our 

hospital, decision was made to continue anticoagulation and repeat a TOE for 

further assessment of the mass. A very focused and meticulous study 

unveiled that what appeared as a mass was actually a cluster of 

microbubbles that subsequently disperse away from the valve to smaller 

particles (Panel A, 2D-TOE, arrows). It appears after the closing of the valve 

(Panel B, 3D-TOE, arrow) (see also Supplementary data online, Videos S1), 
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it is not attached anywhere and the aortic prosthesis function is not affected. 

Microbubble formation has been associated with mechanical prosthetic 

valves but usually appear as multiple small, less than 1mm, highly mobile 

echoes. This is a rare case where they imitate a much bigger mass and can 

easily deceive even experienced operators and lead to misdiagnosis.  The 

patient was discharged with the recommendation for better control of his 

anticoagulation treatment. 

 

Panel A            Panel B 
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Part IV 

 

Discussion and Conclusions 
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Discussion and Conclusions: 

In addition to the known advantages offered by 3D Echocardiography on the 

assessment of the cardiac structures, our data support the hypothesis that 3D 

Echocardiography allows a better evaluation of the ascending aorta 

compared to the 2D Echocardiography (Chapter 2). In fact, 3D 

Echocardiography also allows the evaluation of other diameters apart from 

the anteroposterior. Moreover, it allows to avoid the underestimation of the 

diameter due to a non-correct alignment of a 2D plane on an oblique section 

of the aorta. A few studies in the recent past have tried to study the 

application of 3D Echocardiography to the aorta mainly in paediatric 

populations that are easier to assess (19). However, it should be noted that 

differently from other multiplanar techniques, 3D Echocardiography does not 

allow the visualization of the entire ascending aorta due to acoustic 

impedance of the chest wall. Akdogan et al. have tried to overcome the 

difficulties in the assessment of the whole ascending aorta by using the right 

parasternal approach which has given better results but was possible only in 

67% of their study population (95). A limitation of our study is that we did not 

compare Echocardiography to “gold standard” techniques, such as angio-CT 

scan. This limitation does not allow to draw conclusions about the diagnostic 

accuracy of the 3D measurements. For this reason, it would be useful in the 

future to compare 3D Echocardiography with the other multiplanar techniques 

(CT and MR) in the assessment of aortic dilatation.  
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3D Echocardiography has had an important impact in the development of 

transcatheter structural heart intervention. 3D Echocardiography is 

fundamental during Percutaneous Transcatheter Edge-to-Edge MitraClip 

implantation and it is used also to assess TAVI implantation and follow-up 

(12). Another application for 3D Echo can be the LAA closure in patients with 

chronic atrial fibrillation and contraindication to oral anticoagulation. In the 

most recent guidelines for management of atrial fibrillation is suggested that 

due to the large introduction in clinical practise of the Direct Oral 

Anticoagulants, it may be necessary to compare the outcome of low dose 

anticoagulation in these patients with the implant of a LAA closure device. 

Shah et al. have published an initial study in 2008 demonstrating the 

accuracy of 3D echocardiography in the assessment of the LAA anatomy 

(96). A few studies since then have explored the accuracy of 3D echo 

measurements for LAA anatomy and after that for the guidance of the first 

LAA closure devices. 

This study (Chapter 3) provides evidence that 3D transesophageal 

Echocardiography is more accurate than two-dimensional transesophageal 

Echocardiography in supporting LAA percutaneous closure procedure. Other 

multi-planar techniques have been shown to give an accurate assessment of 

LAA shape, however, 3D transesophageal Echocardiography should be 

preferred since it can provide accurate measurements without requiring 

exposure to ionizing radiation or contrast administration (26, 27).  
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Limitation of this study could be the small sample size, the lack of a second 

cohort where 3D was used as a preferred method to determine the size of the 

device and determine the outcome of the procedure in these cases. More 

data is necessary in order to compare all multi-planar modalities with a larger 

sample size. 

The rapid technological advancement of the ultrasound machines and the 

software for analysis of the datasets will improve the quality of the analysis 

and acquisition of the images, increasing the diagnostic accuracy of the 3D 

measurements further increasing the already wide applications of 3D 

Echocardiography.  

The study of the ascending aorta is an example of how 3D Echocardiography 

technological progress can lead to reduction of the costs and amount of 

ionizing radiations necessary to follow-up patients with cardiac pathologies. 

This progress is also opening new prospective on the transcatheter structural 

heart intervention alongside making the current ones more accurate and 

reducing the intraoperative complications. 

In the study in chapter 4 we showed how the use of 3D echocardiography can 

also be applied to myocardial scars allowing an assessment of the volume of 

the scar using an optimal image setting for a high contrast ratio. Even if this 

study was mainly performed with in vitro models, an initial evaluation on a 

selected small population shows how this can also be applied to patients with 

optimal acoustic windows. More studies and larger populations are required 
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to further investigate the accuracy of 3D echocardiography in the evaluation 

of myocardial scar when compared to the “gold standard” cardiac magnetic 

resonance. 

The second part of this thesis was focused on the definition of the cardiac 

involvement in Covid-19 patients. None of the patients, including those with 

increased troponin, showed signs of left systolic impairment. It should be 

noted that myocardial involvement cannot be completely ruled out with 

echocardiogram. Other techniques, including magnetic resonance, could help 

better defining myocardial involvement in SARS-CoV-2. Covid 19-induced 

ARDS was associated with early and pronounced right ventricular-arterial 

uncoupling (Chapter 4), and its non-invasive echocardiographic assessment 

by the TAPSE/PASP ratio added significantly and independently to the 

prognostic relevance of the PaO2/FIO2 ratio in enrolled patients. In a 

multicenter study (Chapter 5) the analysis of cardiac involvement of Covid-19 

patients was focused on the tachyarrhythmias. The most represented 

arrhythmias in these patients were atrial fibrillation and ventricular 

tachycardia. Only ventricular tachycardia showed statistically significant 

relationship with mortality. 

These studies show that cardiac involvement in Covid-19 patients is present 

but still under definition with myocardial injury suggested by increased 

Troponin I levels without clear left ventricular involvement. Right side 

involvement is present with TAPSE/PASP ratio being a potential prognostic 
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factor for the follow-up of these patients. Despite being frequent atrial 

fibrillation has not a negative prognostic value while ventricular tachycardia in 

a minority of patients predict a worse outcome. 

The last part of the thesis shows how 3D Echocardiography can be applied to 

single interesting cases allowing a better definition of the cardiac structures 

and thus improving the diagnostic process in those patients where standard 

cardiac imaging does not give enough information. Even though case reports 

are of limited scientific value, these articles confirm the importance of 3D 

Echocardiography in different clinical settings. 
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