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1.  Norsk sammendrag 

 
Denne avhandlingen består av tre delstudier hvor vi har studert høyre ventrikkels (RV) 

blodstrøms og energidynamikk hos pediatriske pasienter med hjertesykdom ved bruk av blood 

speckle tracking (BST). Målene var å beskrive RV blodstrøms- og energidynamikk ved ulike typer 
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hjertesykdom hos barn som gir ulike trykk- og volumbelastninger av RV. Vi sammenlignet disse 

pasientgruppene med friske kontroller. 

 

Artikkel 1: I denne pilotstudien brukte vi BST for å avbilde RV strømningsmønstre hos barn med 

store atrieseptum defekter (ASD) og reparert Fallots tetrade (rTOF) med alvorlig gjenværende 

pulmonal insuffisiens (PI). Denne studien inkluderte 57 deltakere: 21 med rTOF, 11 med store 

ASDer og 25 friske individer (CTL). I tillegg ble et strømningsfantom benyttet for å evaluere 

effekten av avbildningsplan og glattingstilpasninger på parameteren energitap (EL). Vi observerte 

at RV diastolisk EL i ASD og rTOF var sammenlignbare, men begge var høyere enn i CTL. Områder 

med høyt EL under systolen var relativt like i alle grupper, og var å se i RV utløpet og nær 

trikuspidalklaffseilene i tidlig diastole. Spesielt ble et ekstra område med tidlig diastolisk EL ved 

apex identifisert hos rTOF-pasienter, relatert til samspillet mellom trikuspidal inflow og PI. 

Strømningsfantomforsøket indikerte at selv om EL varierte med avbildningsplan og 

glattingsteknikker, forble den generelle EL-trenden stabil hvis disse innstillingene var konsekvente. 

 

Artikkel 2: Denne studien brukte vi BST for å studere blodstrømningsdynamikk og mønstre i høyre 

ventrikkel og lungepulsåren hos pediatriske pasienter med pulmonal arteriell hypertensjon (PAH) 

sammenlignet med friske kontroller. Atten barn ble inkludert i hver gruppe. En diastolisk virvel i 

lungepulsårens hovedstamme ble identifisert hos 16 av PAH-pasientene, men ikke hos 

kontrollene. Betydelig høyere systolisk og diastolisk EL, samt økt vektor kompleksitet (VC) og 

diastolisk virveldannelse i lungepulsårens hovedstamme ble observert i PAH sammenlignet med 

kontroller. Denne studien demonstrerte unormale strømningsmønstre i lungepulsårens 
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hovedstamme med diastolisk virveldannelse hos de fleste pasienter med PAH. Denne diastoliske 

virvelen skyldes sannsynligvis reflekterte bølger fra den distale lungekarsengen. Våre data 

indikerer at diastolisk virveldannelse potensielt kan brukes i diagnostisering av PAH. 

 

Artikkel 3: Denne studien inkluderte pasienter med univentrikulære hjerter (UVH) etter Fontan-

palliasjon og sammenlignet deres intrakardiale strømningsmønstre med friske kontroller. UVH-

gruppen inkluderte 29 pasienter og 30 CTL. Kvalitativ virveldannelse var lik mellom gruppene i 

systole og diastole med unntak av undergruppen med dobbelt innløp til venstre ventrikkel som 

hadde mer komplekse blodstrøms-mønstre bestående av kolliderende virvler. Kvantitativt var UVH 

kinetisk energi (KE), energitap (EL) og vortisitet(VO) lavere sammenlignet med friske kontroller. Vi 

demonstrerte også en korrelasjon mellom KE, EL og VO. Vi konkluderte med at selv om lignende 

virveldannelser som vi ser hos friske er bevart i velfungerende UVH etter Fontan, er sistnevnte en 

energifattig sirkulasjon hvor alle mekanismer for energibesparelse er viktige. 

 
Kandidat: Wadi Mawad, MD 

Inshtui: Inshtui for sirkulasjon og bildediagnoshkk (ISB), Fakultet for medisin og 

helsevitenskap, Norges teknisk-naturvitenskapelige universitet (NTNU), Trondheim, Norge 

Veiledere: Hovedveileder Siri Ann Nyrnes (St. Olavs hospital/ISB, NTNU). Biveiledere Lasse 

Løvstakken (ISB, NTNU), Inshtui for sirkulasjon og bildediagnoshkk (ISB), Solveig Fadnes (ISB, 

NTNU) og Luc Mertens (The Hospital for Sick Children, Toronto, Canada)  

Finansiering: CIUS (Centre for Innovahve Ultrasound Soluhons) 
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2. English Abstract  
 

This thesis is composed of three studies of right ventricular (RV) energetics in pediatric 

patients with congenital heart disease (CHD), using blood speckle tracking (BST). The objectives 

were to describe the RV energetics and flow dynamics in the context of various CHD resulting in 

adverse loading of the RV. We compared these patient groups with healthy controls. 

 

Paper 1: In this pilot study, we used BST to image RV flow patterns in children with large atrial 

septal defects (ASD) and those with repaired tetralogy of Fallot (rTOF) with severe residual 

pulmonary insufficiency (PI). This study included 57 participants: 21 with rTOF, 11 with large ASD, 

and 25 healthy individuals (CTL). Additionally, a flow phantom was utilized to evaluate the impact 

of imaging plane and smoothing adjustments on the parameter of energy loss (EL) obtained with 

BST. We observed that RV diastolic EL in ASD and rTOF was comparable, but both were higher than 

in CTL. High EL areas during systole were consistent across all groups, appearing in the RV outflow 

tract and near the tricuspid valve leaflets in early diastole. Notably, an extra area of early diastolic 

EL at the apex was identified in rTOF patients, related to the interaction of tricuspid inflow and PI. 

The flow phantom experiment indicated that while EL varied with imaging plane and smoothing 

settings, the overall EL trend remained stable if these settings were consistent. 

 

Paper 2: This study used BST to study of blood flow dynamics and patterns in the right 

ventricle and main pulmonary artery in pediatric pulmonary hypertension (PAH) compared to 

healthy controls. Eighteen subjects were included in each group. A diastolic vortex in the main 

pulmonary artery (MPA) was identified in 16 of the PAH patients, but not in controls. Significantly 
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higher MPA systolic and diastolic EL, as well as increased vector complexity (VC) and diastolic 

vorticity were noted in PAH compared to controls. This study demonstrated abnormal flow 

patterns in the MPA with diastolic vortex formation in most patients with PAH. This diastolic vortex 

likely results from reflected waves from the distal pulmonary bed. Our data indicate that diastolic 

vortex could potentially be used in the diagnosis of PAH.  

Paper 3: This study included patients with univentricular hearts (UVH) after Fontan palliation and 

compared their intracardiac flow patterns to healthy controls. The UVH included 29 patients and 

30 CTL. Qualitative vortex formation was similar between groups in systole and diastole except for 

double inlet left ventricle which had more complex inflow patterns consisting of colliding vortices. 

Quantitatively, UVH kinetic energy (KE), energy loss (EL) and vorticity (VO) were lower when 

compared to healthy controls. We also demonstrated a correlation between KE, EL and VO. We 

concluded that although similar vortex formation is preserved in well-functioning UVH after 

Fontan, the latter is an energy-deprived circulation where all mechanisms of energy conservation 

are important.  

 
 
Candidate: Wadi Mawad, MD 

Department: Circulahon and medical imaging   

Supervisors: Main supervisor Siri Ann Nyrnes (St. Olav’s hospital/ISB, NTNU). Co-supervisors: Lasse 

Løvstakken (ISB, NTNU), Solveig Fadnes (ISB, NTNU) and Luc Mertens (The Hospital for Sick 

Children, Toronto, Canada)  

 

Funding: CIUS (Centre for Innovahve Ultrasound Soluhons) 
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3. Résumé en français: 
 

Cette thèse se compose de trois études sur la dynamique des flux du ventricule droit (VD) 

chez les patients pédiatriques atteints de cardiopathie congénitale (CHD), en utilisant une nouvelle 

technologie d’imagerie cardiaque, le « speckle-traking » sanguin (BST). Les objectifs étaient de 

décrire la dynamique énergétique et les flux du RV dans le contexte de diverses CHD entraînant 

une charge défavorable sur le VD. Nous avons comparé ces groupes de patients à des témoins 

sains. 

 

Article 1 : Dans cette étude pilote, nous avons utilisé le BST pour imager les motifs de flux du VD 

chez les enfants avec d’un large communication inter auriculaire (CIA) et ceux avec une tétralogie 

de Fallot réparée (rTdF) avec une insuffisance pulmonaire résiduelle sévère (IP). Cette étude 

comprenait 57 participants : 21 avec rTdF, 11 avec de grands CIA et 25 individus sains (CTL). De 

plus, un fantôme de flux a été utilisé pour évaluer l'impact du plan d'imagerie et des ajustements 

de lissage sur le paramètre de perte d'énergie (PE) obtenu avec le BST. Nous avons observé que 

l'EL diastolique du VD dans l'ASD et le rTdF était comparable, mais tous deux étaient plus élevés 

que dans le CTL. Les zones de EL élevé pendant la systole étaient constantes dans tous les groupes, 

apparaissant dans le tractus de sortie du VD et près des feuillets de la valve tricuspide en diastole 

précoce. Notamment, une zone supplémentaire de PE diastolique précoce à l'apex a été identifiée 

chez les patients rTdF, liée à l'interaction de l'entrée tricuspide et de l’ IP. L'expérience du fantôme 
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de flux a indiqué que bien que la PE varie avec le plan d'imagerie et les techniques de lissage, la 

tendance générale de la PE restait stable si ces réglages étaient standard. 

 

Article 2 : Cette étude a utilisé le BST pour l'étude de la dynamique des flux sanguins dans le 

ventricule droit (VD) et l'artère pulmonaire principale (APP) chez les patients pédiatriques atteints 

d'hypertension artérielle pulmonaire (HTAP) par rapport à des patients sains. Dix-huit sujets ont 

été inclus dans chaque groupe. Un vortex diastolique dans l'APP a été identifié chez 16 des patients 

HTAP, mais pas chez les témoins. Une PE systolique et diastolique de l'APP significativement plus 

élevée, ainsi qu'une complexité vectorielle (VC) et une vorticité (VO) diastolique accrues ont été 

notées dans le groupe avec HTAP par rapport aux témoins. Cette étude a démontré des motifs de 

flux anormaux dans l'APP avec la formation de vortex diastolique chez la plupart des patients 

atteints de HTAP. Ce vortex diastolique résulte probablement d'ondes réfléchies provenant du lit 

pulmonaire distal. Nos données indiquent que le vortex diastolique pourrait potentiellement être 

utilisé dans le diagnostic de la HTAP. 

 

Article 3 : Cette étude comprenait des patients avec des cœurs univentriculaires (CUV) après 

palliation de Fontan et comparait leurs motifs de flux intracardiaques à des témoins sains (CTL). 

Le groupe CUV comprenait 29 patients et 30 CTL. La formation qualitative de vortex était similaire 

entre les groupes en systole et en diastole à l'exception du ventricule gauche à double entrée qui 

présentait des flux plus complexes comprenant des vortex en collision. Quantitativement, 

l'énergie cinétique (EC), la perte d'énergie (PE) et la vorticité (VO) dans le groupe CUV étaient 

inférieures par rapport aux témoins sains. Nous avons également démontré une corrélation 
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positive entre EC, PE et VO. Nous avons conclu que bien que la formation de vortex soit préservée 

dans le groupe CUV après une chirurgie de Fontan, cette circulation appauvrie en énergie où tous 

les mécanismes de conservation de l'énergie sont importants. 

 

Financement: CIUS (Centre for Innovahve Ultrasound Soluhons) 

 

(In case of acceptance: This thesis has been found worthy of public defense for the degree of PhD 
in Medicine. The public defense will take place in Trondheim, Norway, May 14th 2024) 
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8. ABBREVIATIONS 
ASD: Atrial septal defect 

BFI: Blood flow imaging 

B-mode: Brightness mode 

BST: blood speckle tracking 

CDI: Color Doppler imaging 

CFD: computational fluid dynamics 

CHD: Congenital heart disease 

CMR: cardiac magnetic resonance imaging 

CW: continuous wave 

DILV: Double inlet left ventricle 

EL: Energy loss 

FPS: Frames per second 

HFRUS: High frame rate ultrasound imaging 

KE: Kinetic energy 

LV: left ventricle 

MI : mechanical index 

M-mode: motion-mode 
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MPA: Main pulmonary artery  

PAH: Pulmonary arterial hypertension 

PI: pulmonary insufficiency  

PIV: particle imaging velocimetry 

PRB: Parallel receive beam 

PRF: Pulse repetition frequency 

PW: pulsed wave 

rTOF: repaired tetralogy of Fallot 

RV: right ventricle 

RV3C: apical right ventricular three chamber view 

RV4C: apical right ventricular four chamber view  

RVEDD: Right ventricular end-diastolic diameter 

SLV: single left ventricle 

SRV: single right ventricle  

STE: Speckle tracking echocardiography 

UVH: univentricular hearts  

TOF: Tetralogy of Fallot 

TI: thermal index 

V4C: apical ventricular four chamber view  

VC: Vector complexity  

VFM: vector flow mapping 

VO: vorticity  

CTL: control  
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BSA: body surface area 

RPA: right pulmonary artery  

 

9. INTRODUCTION 

Congenital heart disease (CHD) is one of the most prevalent congenital malformations, 

affecting around 1% of neonates and standing out as the primary cause of mortality from any 

congenital malformations1. The advancement of surgical and interventional treatments has 

resulted in significantly increased survival of CHD patients and has led to a rapidly growing 

population of both children and adults, living with congenital heart disease2. For the diagnosis and 

management of CHD patients, echocardiography has become the main non-invasive diagnostic 

imaging modality. Currently, especially in newborns and during childhood, echocardiography 

alone can be sufficient to accurately describe congenital heart defects even for complex cases, 

allowing to proceed with surgery based on echocardiography only3. Successful surgical and 

interventional treatment depends on accurate complete morphological and functional 

assessment of intracardiac and extracardiac structures.  For specific cases complementary cardiac 

imaging modalities such as angiography, cardiac magnetic resonance imaging and computer 

assisted tomography may be indicated. Achieving a high level of diagnostic accuracy in 

echocardiographic imaging is imperative for effectively managing patients with CHD4. Diagnostic 

errors declined dramatically with improvements in cardiac ultrasound technology and operator 

expertise since the 1980s5. Long-term survival is influenced by the defect and its treatment with 

effects on cardiac structure and function. Patients with CHD are at long-term risk for heart failure, 
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arrhythmia and need life-long follow-up with monitoring of cardiac function and residual lesions 

related to CHD and its treatment.  

These residual lesions can trigger cardiac remodeling, an adaptation involving molecular, 

cellular, and histological changes which affect cardiac dimensions, geometry, and function. Cardiac 

remodeling can be physiological to improve cardiac performance such as in athletes or pregnancy.  

In the case of residual lesions following congenital heart surgery, these adaptations often become 

pathological resulting in adverse remodeling negatively affecting cardiovascular function. Many 

research efforts aim to identify optimal timing for reinterventions at a stage of disease where this 

adverse cardiac remodelling can potentially be reversed or halted, without intervening too early 

and exposing patients to unnecessary risks6–8. The main indicators used in clinical practice to guide 

management have been dimensional changes such as increased ventricular volumes or wall 

thickness or even more recently deformation imaging using myocardial speckle-tracking 

echocardiography9–12 as well as pressure gradients13–15 . While these have all shown great promise 

and continue to, there remains many challenges.  

A particular challenge is functional imaging of the right ventricle (RV), as the RV is often 

affected in CHD. Compared to the left ventricle, the right ventricle is much less studied. In addition, 

the right ventricle offers a unique imaging challenge by its crescentic shape and retrosternal 

position. Both echocardiography and cardiac magnetic resonance imaging (MRI) are commonly 

employed non-invasive methods for imaging the right ventricle. Among these, cardiac MRI is 

regarded as the gold standard for assessing RV volumetry and function16,17.  



19 
 

In addition to anatomy, hemodynamic assessment of the right ventricle is an integral part 

of any functional assessment18,19. All cardiac electromechanical events have one goal: to propel 

blood forward in the vascular system. Color Doppler Imaging (CDI) and spectral Doppler are 

employed for blood flow visualization and quantification. However, CDI has limitations, such as 

angle dependency, restricting velocity measurement along the ultrasound beam. Additionally, 

aliasing artifacts occur when the Nyquist limit for blood velocity is reached, obscuring true velocity 

and flow direction20,21. Color Doppler also has limited temporal resolution depending on the region 

of interest, around 30-50 frames per second (fps), which is of capital importance in children as 

their heart rates are more elevated.  

In Trondheim's ultrasound research environment, a flow modality called Blood Flow 

Imaging (BFI) was first developed to overcome CDI limitations22,23. The next step of the 

development was Blood Speckle Tracking (BST), a method designed to visualize and quantify blood 

flow velocities (figure 1) with higher temporal resolution.  
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Figure 1: Example of BST in the right ventricle with particle animation  

 

This allows to resolve very short-lived ventricular flow events and quantify blood flow 

velocities of speckles in the blood pool. This offers a novel perspective into the flow dynamics of 

hearts of patients with congenital heart disease.  

The work in this thesis was conducted in collaboration with the engineers who developed 

the novel imaging technology and involved continuous refinement of the acquisitions as well as 

the analysis. This work was also the result of a collaboration between the Hospital for Sick Children 
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(SickKids) in Toronto and the Norwegian University of Science and Technology (NTNU) and St. 

Olavs University Hospital in Trondheim, Norway. 

 

The unique challenges in congenital heart disease 

The volume loaded right ventricle - Repaired tetralogy of Fallot and ASD 

Tetralogy of Fallot (TOF), occurring in approximately 1 in 2,518 births24, necessitates 

surgical repair to achieve a relatively normal lifespan. Relieving right ventricular outflow tract 

obstruction is among the main operative objectives. While efforts are made to preserve 

pulmonary valve function, when possible, severe pulmonary valve regurgitation is a frequent 

residual lesion. In the long term, this leads to right ventricular dilation and dysfunction, 

emphasizing the need for monitoring through various imaging modalities, mainly ultrasound and 

cardiac magnetic resonance imaging (CMR)25–27. 

Right ventricular (RV) failure significantly impacts the clinical condition and outcomes in 

both children and adults with rTOF28. Pulmonary valve replacement (PVR) is the main treatment 

approach to manage chronic RV volume and/or pressure overload in patients with rTOF, aiming to 

prevent RV failure. Nevertheless, in some cases, RV function remains compromised after PVR, 

even with the reduction of this haemodynamic stress. This suggests the possibility of irreversible 

cellular changes, or other factors contributing significantly to RV failure29,30. This highlights the role 

of detecting and preventing excessive adverse RV remodelling to maintain long-term RV function 
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and underscores the importance of exploring more sensitive and earlier biomarkers of RV function 

than the currently used volumetric data obtained for CMR or conventional echocardiography.  

Recent advances in imaging techniques, including four-dimensional-flow CMR and vector 

flow mapping (VFM), have allowed the quantification of flow parameters such as vorticity and 

energy loss, contributing to a better understanding of RV flow dynamics31,32. High-frame-rate 

echocardiography and blood speckle tracking (BST) further enhances the ability to quantify blood 

flow vorticity and energy loss. 

Large atrial septal defect (ASD) or pulmonary insufficiency (PI) after TOF repair results in 

right ventricular (RV) volume loading and dilatation. However, RV function remains preserved in 

ASD compared to progressive RV dysfunction in TOF patients33. Cardiac fluid disturbances are 

regarded as precursors of morphological changes34. The study of RV energetics in these two 

conditions with volume-loading of the RV and different long-term outcomes can help elicit 

differences in intraventricular fluid dynamics which could serve as early markers of adverse 

remodelling in the dilated, volume-loaded RV. 

The pressure loaded right ventricle - Pulmonary arterial hypertension  

In pediatric pulmonary artery hypertension (PAH), elevated pressure in the pulmonary 

artery and increased pulmonary vascular resistance negatively affect the morphology and function 

of the right ventricle (RV) by imposing a higher afterload. The impact of PAH on RV morphologic 

and functional parameters has been widely studied whereas data is scarce on the changes in flow 

dynamics associated with PAH35–37. Four-dimensional-flow CMR has been crucial in assessing flow 

characteristics, but its limitation in temporal resolution, especially in children, makes BST an 
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invaluable tool for studying short-lived flow events in the RV and MPA. The study of vortex 

formation and flow energetics in these patients could be a helpful, non-invasive marker of 

elevated pulmonary arterial pressure.  

The volume underloaded univentricular heart - Fontan circulation 

 Functionally univentricular hearts (UVH) refer to a diverse spectrum of structural heart 

diseases, such as tricuspid atresia, mitral atresia, and double-inlet ventricles. UVH anatomy is 

characterized by insufficient functional and anatomical capacity for biventricular physiology, 

typically due to hypoplastic ventricles or a very large ventricular septal defect. Without surgery, 

some forms of UVH are fatal, contributing to 25% to 40% of neonatal deaths from congenital heart 

disease38–40. Survival rates have significantly improved with staged surgical palliation, 

approximately 88% at 10 years and around 84% at 15 years of age after Fontan palliation.38,39,41–

44. As children transition into adulthood the risk of Fontan circulatory failure increases, affecting 

long-term morbidity and mortality45–47. Ongoing clinical and research efforts48 focus on 

prognostication and longitudinal follow-up to identify determinants of successful palliation and 

transplantation-free survival.  

Despite its success in directing systemic venous return to the pulmonary circulation, the 

Fontan circulation has many disadvantages, the first of which is the lack of ventricular pump to 

deliver pulsatile flow to the pulmonary circulation49. The movement of blood through the 

pulmonary circulation is dependent on systemic venous pressures which require a low trans-

pulmonary gradient. Consequently, maintaining minimal pressure loss in pulmonary arteries and 

optimizing hemodynamic conditions are crucial for optimizing energetic efficiency in the Fontan 
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system50,51. It is typically associated with high central venous pressure and decreased cardiac 

output, particularly during exercise52,53.  

Diastolic ventricular dysfunction and other factors influencing transpulmonary pressure 

gradients are key determinants UVH function post-surgical palliation, with diastolic dysfunction 

being more prevalent than systolic dysfunction after the Fontan procedure54–57. Proposed 

mechanisms for diastolic dysfunction involve inherent myocardial abnormalities, including 

subendocardial fibrosis, conduction disturbances, or elevated ventricular compliance. 

Unfavourable mass-to-volume ratios persist throughout single ventricle palliation, resulting in 

hypertrophic changes to the volume-loaded ventricle after stage I palliation. This hypertrophy aims 

to minimize wall stress but subsequently leads to preload deficiency with gradual volume-

unloading brought on during the Glenn and Fontan operations. The hemodynamic role of vortex 

formation patterns is unclear. The role of vortical flow in maintaining kinetic energy (KE) to 

minimize viscous energy loss (EL) remains theoretical, lacking direct quantitative assessment in 

both healthy subjects and patients with complex heart diseases. In addition, conventional echo-

derived parameters of diastolic function are all load-dependant, limiting their applicability in 

UVH.58 

Several CMR-based investigations have described the in vivo flow characteristics and 

categorize the phasic and temporal flow variations of Fontan circulation48,59–62. However, 

ultrasound is generally more accessible, particularly in younger patients who do not need sedation 

or anaesthesia as compared to CMR.  

The exploration of altered cardiac flow dynamics has emerged as a potential early marker 

for adverse cardiac remodelling in both congenital and acquired heart diseases. In the realm of 
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clinical practice, cardiologists and cardiac imagers use ultrasound to quantify cardiac flow 

dynamics and energetics. However, these techniques, reliant on measuring pressure gradients and 

visualizing blood flow, often miss subtle changes due to their limited imaging speed, particularly 

in neonates and children with higher heart rates. 

Despite being less accessible to non-invasive imaging, studying these subtle cardiac flow 

disturbances is crucial, as they are believed to precede morphological adaptation. This makes the 

study of cardiac flow dynamics a potential early, non-invasive marker of adverse cardiac 

remodeling, which is vital across all ages in congenital and acquired heart diseases. Current 

intervention cut-offs, based on morphological changes derived from echocardiography or CMR, 

may reflect a late stage in disease progression. The optimal timing for intervention could be better 

identified based on flow dynamics. Technological advancement in imaging has allowed for the 

exploration of novel hemodynamic parameters.  

 

10. Non-invasive blood flow imaging  
 

Doppler imaging is the mainstay of cardiac hemodynamic visualization and quantification, 

using Color Doppler and Spectral Doppler modalities. Doppler imaging has multiple limitations 

however such as angle-dependency, aliasing and a limited spatial and temporal resolution.  In the 

last two decades, many novel blood flow imaging techniques have emerged using ultrasound 

imaging and CMR.  

 



26 
 

Echocardiography Particle Image Velocimetry 
 

Echocardiography particle image velocimetry (echo-PIV)63–65 involves injecting a small 

amount of ultrasound contrast agents, known as microbubbles, into the bloodstream. These 

particles are assumed to follow the movement of blood; hence the motion and velocity of these 

microbubbles can be calculated using image pattern matching techniques. This technique has 

been adapted from the PIV technology commonly used in fluid dynamics research. However, the 

use of ultrasound contrast in children has only recently been approved66 in some countries, 

involves intravenous access and is readily accessible in clinical practice.   

 
Vector flow mapping  
 

Vector flow mapping (VFM) and its related technique called echodynamography67 uses 

physics-based optimization to reconstruct the lateral flow velocity component by taking into 

consideration the spatial distribution of velocities obtained by color-Doppler, the endocardial 

border delineation as a boundary condition, and regularizing fluid physics terms. Itatani et al68 and 

Garcia et al69 further refined and improved the accuracy of this technique. Although this technique 

has allowed study of intracardiac dynamics and has had encouraging validation against PIV-echo70, 

it still involves important mathematical assumptions and wall motion information to indirectly 

reconstruct components of blood velocities. One important assumption is that there is no out-of-

plane flow component, which in most cases is not valid.  

More recently, intracardiac flow analysis was made possible using retrospective, 

conventional echocardiographic acquisitions using a Doppler velocity reconstruction algorithm 

(DoVer)71 which relies on both conservation of mass and momentum principles in contrast to VFM. 
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Although an innovative approach, the limited temporal resolution was identified as a major 

limitation in addition to most of the limitations of VFM.  

 

4D-flow CMR 

4D-flow MRI has become a valuable technology, offering in vivo, 4D imaging of complex 

intra cardiac and vascular blood flow patterns associated with congenital heart defects. This 

technology captures velocity fields in all three dimensions across any desired anatomical area, 

allowing for the assessment of new qualitative and quantitative hemodynamic parameters. Its 

main limitations are limited temporal resolution, length of acquisition time and accessibility of 

CMR, particularly in children who generally need sedation or general anaesthesia.  

 
 
Blood speckle tracking  

Conventional 2D ultrasound image reconstruction is based on transmitting focused 

ultrasound pulses through the tissue of interest and subsequent processing of the reflected 

ultrasound signals. Conventional image reconstruction requires multiple transmitted pulses, and 

the number of transmitted pulses required for reconstructing a complete color-Doppler image can 

lead to low image frame rates and limits the accuracy when measuring blood velocities. Plane 

wave imaging is based on sending broad, unfocused waves of ultrasound through the tissue of 

interest. By emitting a broad sound wave, ultrasound echoes are generated from the whole field 

of view, and a complete image can be formed in parallel for the region covered by the emitted 

pulse. This approach can significantly increase temporal resolution. This technological 

advancement is particularly advantageous in pediatric echocardiography, given that children have 



28 
 

higher heart rates compared to adults, necessitating superior temporal resolution to adequately 

resolve short-lived cardiac events. This however comes at the expense of image contrast, 

resolution, and penetration (figure2). Plane wave imaging has been applied for quantitative 

assessment of tissue properties (elastography)72 and for imaging peripheral blood flow and vessel 

characteristics73.  

 

Figure 2: Conventional vs Plane wave ultrasound  

PRB: Parallel receive beam 

 

The engineering group at NTNU in Trondheim, Norway, has harnessed plane wave imaging 

to develop a high frame rate color Doppler technique74. When coupled with speckle-tracking 

analysis, this innovation facilitates the quantification and imaging of intracardiac blood velocities. 

Plane wave imaging enables cardiac imaging at exceptionally high frame rates75 , theoretically 

increasing with a factor equal to the number of parallel receive beams, but lower in practice due 
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to real-time processing limitations of the ultrasound system74. In practice, our group has used 16 

image lines in parallel, and a small number of transmit pulses (three to nine) for every image frame.   

Originally designed to study myocardial motion, speckle tracking technology has been 

extended for the assessment of blood velocities in two-dimensional space. Given the weaker 

echoes coming from the blood pool compared to the adjacent myocardium, filtering stronger echo 

signals is an important process to allow blood speckles to become detectable.  High-frame rate 

imaging, achievable with a plane wave ultrasound allows tracking of blood speckles by utilizing  

pattern-matching techniques (Figure 3) to quantify the movement of the blood speckles76. In this 

way, the velocity and direction of the blood flow can be calculated in an angle independent way 

with no upper aliasing limit.  

 

Figure 3: Blood speckle tracking. Reproduced from Fadnes et al 201477 with permissions. A 
spatial kernel region is defined in a first frame and the best match of this kernel is searched 
for in the next frame, which determines the velocity and direction.  
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Post-processing these high-frame rate images using speckle-tracking technology allows for 

the visualization of blood pool motion and the calculation of blood pool velocity vectors in 2D-

space (Figure 4).  

Initially developed using high-frequency linear transducers, these techniques have more 

recently been adapted to high-frequency phased array transducers74, the standard probes used in 

pediatric echocardiography. This technological breakthrough offers a unique opportunity to 

visualize complex flow patterns in patients with congenital heart disease, shedding light on the 

underlying pathophysiology of the condition.  

 

 

Figure 4: Blood flow imaging signal processing  
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Cardiovascular energetics  
 

The heart is the source of mechanical energy in the cardiovascular system which is 

responsible for moving blood through it. This energy exists in three forms:78,79 

1. Pressure potential energy: This is by the static pressure, measured invasively during cardiac 

catheterisation.  

2. Kinetic energy: This energy of mass in motion, blood in the case of the cardiovascular system 

3. Gravitational potential energy (or Hydrostatic Pressure): This is the energy a mass holds due to 

its position in a gravitational field.  

Bernoulli’s equation, rooted in the conservation of energy principle, dictates that in an 

ideal flow situation (steady and without friction), the energy entering and leaving a blood vessel 

should be equal. Thus, a drop in static pressure (like in blood pressure) should be compensated by 

an equivalent rise in either kinetic energy (dynamic pressure) or gravitational energy. Generally, 

gravitational energy changes have been considered negligible80, leading to a simplified Bernoulli 

equation.  

 In the circulatory system, the primary source of mechanical energy is the work performed 

by the left and right ventricles. Ventricular contraction transfers mechanical energy to blood in the 

form of pressure. Conversion of pressure to kinetic energy leads to movement of a volume of 

blood. Energy losses are unavoidable in the cardiovascular system through friction, dissipating 

some mechanical energy irreversibly to thermal and acoustic energy. The ventricular contraction 

must give enough energy to blood to overcome these unavoidable energy losses within the 

system. Efficiency of the system is determined by how much energy is lost. Energy loss estimation 
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can help reflect global cardiac performance particularly when multiple lesions coexist as is often 

the case in congenital heart disease.   

 

11. Quantitative cardiac flow parameters 
 

The quantitative flow parameters obtained with BST describe different aspects of the flow 

field. Using the velocity information and the equations in Table 1 (page 43), different quantitative 

characteristics can be obtained.  

 
Kinetic energy  
 

                The kinetic energy of blood refers to the energy it holds because of its movement. Given 

the absence of complete volumetric data, we integrate across a two-dimensional area to obtain 

the time trace of kinetic energy in J/m. Throughout various phases of the cardiac cycle, a fraction 

of this kinetic energy is dissipated due to viscous friction. 

 

Energy loss 
 

Mechanical energy, which can transform between pressure, gravitational, and kinetic 

types, also converts into heat due to the friction. The resulting heat cannot be turned back into 

mechanical energy, leading to an obligatory loss of energy. These losses stem from the shear 

interaction between adjacent layers of blood and the blood pool and the solid boundary of the 

cardiovascular structures.   
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Elevated energy loss in the cardiovascular system is thought to trigger genetic and 

biochemical alterations known as ventricular remodelling78. Initially, this process can be beneficial 

as it enhances cardiac performance. However, as mechanical stress and the related energy loss 

intensify or persist, these changes can become deleterious. These adverse effects include 

excessive thickening of the heart muscle (hypertrophy), significant enlargement (dilatation), or 

scarring of the heart tissue (fibrosis). The specific point at which remodelling shifts from being 

beneficial to harmful is not clearly defined in clinical, mechanical, or biochemical terms. Reducing 

mechanical stress and returning energy loss to more normal levels through various interventions 

such as valve repair or replacement, cardiac resynchronisation, can sometimes reverse 

detrimental ventricular remodelling. This is seen in cases such as rTOF and ASD, where pulmonary 

valve replacement or atrial septal defect closure can reverse ventricular dilation if done at the 

optimal moment.  

In our study, viscous energy loss was considered and involved the assumption of only 

planar shear forces. Integration over the area of interest allows the quantification of EL.  

 

 
Vorticity  
 

Vorticity measures the rotation within a fluid around each point in the image at a specific 

time. It is a measure of blood flow complexity but is distinct from turbulence. It is calculated by 

the curl of the blood velocity vector field81. It is a central characteristic of intracardiac vortices. 

Cardiovascular vorticity results from blood-boundary interaction with formation of a shear layer 

resulting from velocity differences between the blood and the boundary.  Vorticity is often present 
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in coherent flow structures, such as helices and ring vortices, and plays a critical role in the 

assessment of ventricular function and its pathophysiological implications82,83. Recently, vorticity 

has been studied by 4D-flow CMR in rTOF showing higher VO in rTOF84 and relations to RV and LV 

dimensions85.  

 

Vector complexity  
 

Vector complexity (VC) reflects the complexity of flow by measuring the angle spread of the 

blood velocity vectors within the flow and is adapted from Saris et al 86 who describe its use in 

carotid artery flow imaging. The resulting measures is a value between 0 and 1. When VC is equal 

to 0, the flow is the simplest with all vectors oriented in the same directions. When the VC value 

is 1, this represents the most complex flow, when none of the vectors are oriented in the same 

direction.   

 

12. SAFETY OF PEDIATRIC ECHOCARDIOGRAPHY  
 

Ultrasound has maintained an excellent safety record even with significant improvements 

in the various components of ultrasound imaging. The energy deposited in tissue by ultrasound 

leads to two primary bio-effects: heating and cavitation. Regulations focus on safety indices 

related to these effects, namely the thermal index (TI) and the mechanical index (MI). 

The thermal index provides insight into tissue temperature rise due to ultrasound 

absorption, with bone and adjacent soft tissues being most susceptible. For neonatal cardiac 
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imaging, limiting exposure time is advised when TI exceeds 1. Manufacturers' declared maximum 

TI values are generally low, with pulsed Doppler mode having the highest values and B-mode 

imaging the least. It is crucial to adhere to recommended exposure times and stay within 

acceptable TI values to mitigate thermal effects. 

The mechanical index assesses the likelihood of cavitation87, the formation and collapse of 

gas bubbles resulting from shear forces. Tissues near gas, such as the lung and intestine surfaces 

and those involving contrast agents, are at risk of mechanical damage. Mechanical effects are best 

predicted by understanding individual pulses, specifically peak negative pressure. The FDA's 

maximum permitted MI is 1.9. Both TI and MI values are accessible on the ultrasound scanner 

screen, and when low values are unattainable, it is advisable to keep examination times short, 

staying within recommended limits. 

Advancements in ultrasound technology have significantly improved image quality but 

have also led to some increases in acoustic output levels. Nonetheless, diagnostic ultrasound 

imaging remains safe when practitioners adhere to recommended limits. The ultrasound energy 

used for plane wave imaging is similar to regular ultrasound techniques. This new modality has 

been safety tested by GE Vingmed Ultrasound, with results provided to the ethical committees in 

Norway and Canada. All patient safety measurements were within the guidelines from the US Food 

and Drug Administration (FDA) and we received approval from Health Canada before enrolling 

patients. During the time period of this PhD, BST has been released for commercial use worldwide 

by GE as “Blood Speckle Imaging”. 
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13. AIMS 

Using BST, we sought to describe the flow energetics and dynamics in the right heart, 

including the RV and MPA.  We first proceeded to investigate and validate the quantitative 

measures using a 3D computer simulation and the describing the influence of smoothing 

parameters as well as imaging plane. We also assessed the interobserver and interobserver 

variability.  After this, we studied the RV in three conditions:  

1) The volume-loaded RV in ASD and rTOF. We hypothesised that both groups would have 

higher energy loss and vorticity compared to controls (CTL) given the increased RV 

stroke volume. However, we expected that EL and vorticity location would be different 

in rTOF compared to ASD and CTL because of the presence of severe pulmonary 

regurgitation.  

2) The pressure-loaded RV and MPA in pulmonary arterial hypertension: We 

hypothesised that flow patterns would be different in the MPA of PAH compared to 

CTL with higher EL, VO and VC. We expected to observe the same differences in the 

RV.   

3) The volume-underloaded ventricle in UVH after Fontan palliation: We hypothesized 

that in this context of lower ventricular preload, KE and EL would be lower in UVH, 

while inflow patterns would differ between the morphological subtypes.  
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Figure 5: schematics of the study groups 

 

14. MATERIALS AND METHODS  

Study overview and design  

The study relied on prospective, non-randomised high frame rate ultrasound (HFRUS) 

acquisitions on a research Vivid E-9 system (GE Ultrasound, Horten, Norway) as well as a Vivid E-
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95/E90 utilizing plane-wave ultrasound images utilizing commercially available ultrasound probes 

(6 /12 MHz phased-array probes).  

The studies were conducted on three sites: St. Olavs University Hospital and Ålesund 

Hospital in Norway and the Hospital for Sick Children in Canada. Under the leadership of Siri Ann 

Nyrnes and Luc Mertens on each site respectively.  

Study participants were included from three sites with normal controls from Trondheim 

(Paper 1 and 2), Ålesund (Paper 3), Norway and cases with ASD, rTOF , PAH and UVH included from 

SickKids, Toronto, Canada.  

Inclusion Criteria for all patient groups  

1. Age ≤ 10 years 

2. Patients scheduled for undergoing a clinically indicated echocardiography at the SickKids 

Echocardiography laboratory, St. Olavs and Ålesund Hospitals (normal controls).  

3. Written informed consent has been obtained.  

Exclusion criteria for all patient groups  

1. Inability to lie still during the image acquisition.  

Specific inclusion/exclusion criteria for subgroups  

Patients with atrial septal defect (ASD) 

1. Atrial septal defect (secundum or sinus venosus defect) with L-R shunt on atrial level 

causing significant RV dilatation (RVEDD z-score> 2.5)  
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Specific exclusion criteria:  

a. Primum defect or atrioventricular septal defect b. Associated congenital heart 

defects. 

Repaired tetralogy of Fallot (rTOF)  

1. Severe pulmonary regurgitation as demonstrated by Doppler echocardiography.  

Specific exclusion criteria:  

1. No significant residual right ventricular outflow tract obstruction (Right ventricular outflow 

tract gradient < 35 mmHg)  

2. No significant pulmonary artery branch stenosis (Peak gradient on branches > 35 mmHg)  

Pulmonary arterial hypertension (PAH) 

1. PAH as defined by an estimated mean pulmonary artery pressure by echocardiography 

above 25 mmHg. 

2. No anatomic lesions causing right ventricular hypertension. 

Functionally single ventricular heart after Fontan palliation 

1. Univentricular hearts following Fontan palliation. 

Specific exclusion criteria:  
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1. More than mild atrioventricular valve regurgitation  

Healthy controls  

1. Healthy children undergoing echocardiography with a normal cardiac structure and 

function.  

Procedures and ethics  

Studies were performed in accordance with national and international laws, regulations 

and conventions for research on humans. Patient representatives contributed to the elaboration 

of the study protocols and consent forms. Studies were conducted after ethics approval from the 

ethics review board in all centers. All data collected was de-identified, and coupling lists were not 

shared between centers. The patient/parent were initially approached by the treating team, who 

are within the patient’s circle of care, to introduce the study. If the patient/parent agrees to learn 

more about the study, a regulated healthcare professional from the research team was introduced 

and explained the study directly to the patient/parent and obtained informed consent and, if 

applicable, assent. 

 

Participants were imaged with the BST during their clinical visit. The participants also 

underwent routine echocardiography as per standard of care the same day. Both regular image 

data and RF (IQ) data were stored offline for analysis. At least 2 cardiac cycles on the E95 system 

and 3 cycles on the E9, were recorded with the 6S and 12S commercially available phased-array 
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probes (GE Healthcare, Milwaukee, WI, USA). In-phase and quadrature (IQ) data were stored and 

used offline for postprocessing and analysis with blood speckle tracking.  

 

Quantitative and qualitative blood flow analysis  

The raw echo data collected from both patients and controls underwent offline analysis 

using specialized in-house software designed for quantitative flow field analysis (PyUSview, NTNU, 

Norway).  

Radial velocity measurements were obtained through color-Doppler, while lateral velocity 

estimates were determined using speckle tracking according to the method outlined by Wigen et 

al. in 201888. To be included for analysis, apical right ventricular four-chamber (RV4C) views 

needed to include the RV inlet and apex, and RV3C views needed to include the inlet, outlet, and 

apex. Acquisitions with important signal dropout were excluded. Two observers (SAN, SF) 

evaluated the quality of acquisitions, with only RV4C and 3C views of good quality being subjected 

to analysis. In study 2, the flow field in the MPA was segmented and analysed.  

Using PyUSview, a single observer (WM) performed segmentation of cardiac cycle and the 

flow field. Systole and diastole phases were identified based on the closure and opening of the 

tricuspid valve using a B-mode image and a timing tool within PyUSview. The start of systole was 

identified by the first frame where the tricuspid valve closed, while the initiation of diastole was 

defined by the first frame where the valve opened. After this timing was defined, the region of 

analysis was delineated using a domain which was drawn between the blood-endocardium border 

to the hinge-points of the atrioventricular valve. Following this, analysis of quantitative and 

qualitative data is possible. The processing steps are detailed in the figure 6. Utilizing the measured 
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velocities, ventricular flow parameters in the two-dimensional plane were calculated from the 

RV4C view according to the definitions and equations in table 1.  

 

 

Figure 6: Summary of post-processing steps in PyUSview  
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Table 1: Quantitative flow parameter definitions and equations 

 

The integration area in this study was defined by the color flow image, signifying integration of 

values wherever a color flow signal was present in each frame. Consistency in analysis was 

maintained through uniform temporal and spatial smoothing parameters (temporal smoothing: 

40 ms; Gaussian spatial smoothing: 5x5 mm²). Energy loss values were ultimately determined by 

calculating the time-integrated values during systole and diastole, expressed in mJ/m. 

Vorticity (VO) serves as a metric for the local rotation rate of blood in a two-dimensional 

flow field. Its computation was performed mathematically using the specified formula derived 

from the RV4C view and expressed in s⁻¹. 

In study 1, localization of areas of high EL or VO was done using a RV3C view because it 

images simultaneously the RV inlet, apex and outlet flows in one acquisiton. 
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All acquisitions were also analysed qualitatively, describing patterns of ventricular and 

arterial vortex formation and dissipation during the cardiac cycle.   

 

Reproducibility evaluation 

To assess inter and intra-observer variability in quantification of flow parameters for the 

apical four chamber view, five subjects randomly selected from each group were included in study 

1. Reproducibility assessment focused solely on energy loss (EL), as VO and VC rely on blood 

velocity measurements obtained through the same method. 

The post-processing analysis steps were replicated after a four-week interval by the same 

observer and independently by a different observer (SAN). These steps encompassed: 

1. Definition of timing points for systole and diastole, as previously outlined. 

2. Segmentation of the flow domain by tracing the endocardial surface of RV 

3. Calculation of EL in the selected cardiac cycle. 

 

For each patient, both observers selected the same heart cycle from the RV4C cine-loop, 

and all data underwent analysis with consistent smoothing settings. This rigorous evaluation aimed 

to gauge the reliability and consistency of EL measurements in the specified context. 
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Validation and analysis of the energy loss measurement 

In the first study, we aimed to verify the accuracy of the EL measurements and assess their 

sensitivity to variations related to imaging plane, data smoothing, and dropouts, a 3D computer 

simulation was conducted, as depicted in Figure 7 (bottom left panel). This simulation replicated 

key flow events (filling, vortex formation, and ejection) using a previously described ventricular 

model89. 

This simulation allowed for a comparison with a known ground truth for both 2D and 3D 

velocity fields, offering the flexibility to obtain standard and non-standard imaging views. The 

impact of small offsets (±5°) from standard cardiac views on 2D EL values was investigated. 

Additionally, the influence of dropouts and smoothing in the color-Doppler and BST data on EL 

was explored. 

Study population characteristics  

Approval from the ethics review boards of the Hospital for Sick Children in Toronto, 

Canada, and The Regional Committee for Medical and Health Research Ethics, REC Central, 

Trondheim, Norway, was obtained, and informed consent was collected before enrolment for all 

studies. 

 
Materials - Study 1  
 

 Children with repaired tetralogy of Fallot (rTOF) and severe pulmonary insufficiency (PI), 

large secundum atrial septal defects (ASD) causing right ventricular (RV) dilatation (RV end-

diastolic dimension Z score > 2.5), along with healthy controls (CTL), were enrolled from the 

Hospital for Sick Children in Toronto, Canada, and St. Olavs Hospital in Trondheim, Norway, 
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spanning December 2015 to January 2018. Parental consent was secured per the ethics review 

boards of both institutions with an upper age limit of 10 years. Conventional echocardiographic 

parameters were obtained before high-frame-rate acquisitions. The baseline characteristics can 

be found in table 2. 

 

 Table 2: Baseline demographic data study 1 
 
ASD: atrial septal defect; BSA: Body surface area; CTL: controls; rTOF: repaired tetralogy of Fallot; 

Values expressed as median, quartiles (Q1-Q3) 

 

RV three-chamber (RV3C) and four-chamber (RV4C) views were acquired using a modified 

Vivid E-9 system (GE Vingmed Ultrasound, Horten, Norway). Three cardiac cycles were recorded 

with commercially available ultrasound probes. The acquired IQ (in-phase and quadrature) data 

were stored for offline postprocessing and analysis with blood speckle tracking. 

 

To validate the energy loss (EL) measurement and assess its sensitivity to imaging plane 

changes, data smoothing, and dropouts, a 2D EL evaluation was conducted in a 3D computer 

simulation mimicking ventricular flow events. The effects of small offsets, dropouts, and 

smoothing in color-Doppler and blood speckle tracking data on EL were investigated. 
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The raw echo data from patients and controls underwent offline analysis using in-house 

software. Radial velocity was derived from color-Doppler, and lateral velocity estimates were 

determined by speckle tracking. Quality assessments were performed, excluding acquisitions with 

significant signal dropout, and only RV4C and 3C views of good quality were analyzed. Flow field 

segmentation was conducted, defining the region of analysis by delineating the endocardial 

border in both views. 

 

Systole and diastole were identified by tricuspid valve closure and opening. EL in the two-

dimensional plane was calculated from the RV4C view using a formula, and vorticity (VO) was 

computed mathematically using the RV4C view. A RV3C view was employed to localize areas of 

high EL. Reproducibility was assessed in five randomly selected subjects from each group, 

evaluating inter and intra-observer variability in EL measurement from an RV4C view, considering 

the timing points of systole and diastole, flow domain segmentation, and EL calculation. 

 
Materials - Study 2  
 

Between December 2015 and December 2020, we enrolled patients under 10 years of age 

with pulmonary arterial hypertension (PAH), defined by echocardiography showing an estimated 

mean pulmonary artery pressure exceeding 25 mmHg. Healthy controls (CTL) matched for age and 

sex were also included. The baseline characteristics can be found in Table 3. 
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Table 3: Baseline characteristics study 2 
 
BSA: Body surface area; CTL: controls; PAH (Pulmonary arterial hypertension); Values expressed 

as median, quartiles (Q1-Q3) 

 

Utilizing a Vivid E9 or E95 system (GE Vingmed Ultrasound, Horten, Norway) with research 

software, we performed image acquisitions with a frame rate equal to the pulse repetition 

frequency, reaching the kHz range, combined with the B-mode modality. Short-axis views of the 

main pulmonary artery and RV-centred apical views were acquired using commercially available 

ultrasound probes. IQ (in-phase and quadrature) data storage enabled full offline postprocessing 

and blood speckle tracking analysis with dedicated in-house software tools (PyUSview, NTNU, 

Norway). Consistent temporal and spatial smoothing parameters (temporal smoothing = 40 ms, 

Gaussian spatial smoothing = 5x5mm2) were maintained for all analyses. 

 

The main pulmonary artery flow field and RV were segmented, and vorticity, energy loss, 

and vector complexity were quantified in the main pulmonary artery (MPA) and the RV. The 

calculation of energy loss and its validation have been previously described, as well as the 
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definition of vorticity based on blood speckle tracking (BST). Vector complexity, indicating flow 

laminarity, was defined as 1-r, with measurements ranging from 0 (uniform flow direction) to 1 

(varying flow directions). Conventional echocardiographic parameters were obtained using 

standard clinical methodology, and right pulmonary artery (RPA) distensibility was measured as 

the percentage difference between maximal and minimal RPA diameters in a parasternal short-

axis view. 

 

Materials - Study 3  
 

Children with functional UVH and healthy controls (CTL) were included from the Hospital 

for Sick Children in Toronto, Canada and Ålesund Hospital, Ålesund, Norway, between December 

2015 and March 2023.  Consent from the parents of each participant was obtained before 

enrolment. Because of penetration limitations related to BST echocardiography, the upper age 

limit for inclusion was 10 years of age.74 Conventional echocardiography was obtained from clinical 

studies done immediately before the high-frame-rate acquisitions.  Ventricular apical four-

chamber (V4C) and apical three-chamber (V3C) views were acquired using a modified Vivid E9 and 

E90/E95 systems (GE Vingmed Ultrasound, Horten, Norway) with research software. Flow data 

were acquired with a frame rate equal to the pulse repetition frequency, i.e. in the kHz range, and 

combined with the B-mode modality.74 At least 2 cardiac cycles were recorded with commercially 

available 6S phased-array ultrasound probe (GE Healthcare, Milwaukee, WI, USA). Storage of IQ 

(in-phase and quadrature) data were required for the offline postprocessing. Quantitative flow 

parameters were obtained from the V4C, while both the V4C and V3C views were used to 

qualitatively describe both the inflow and outflow.   
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Table 4: Baseline characteristics study 3 
 
 BSA: Body surface area; CTL: controls; UVH: Univentricular heart; SRV: single right ventricle; SLV: single left ventricle; 

DILV: Double inlet left ventricle; NYHA: New York Heart Association; VFAC: ventricular fractional area change; HR: 

heart rate; RV: right ventricle; TAPSE; tricuspid annular plane systolic excursion; KEs: systolic kinetic energy; KED: 

Diastolic kinetic energy VCS: Systolic vector complexity; VCD: Diastolic vector complexity; ELS: Systolic energy loss; ELD: 

Diastolic energy loss; VOS: Systolic vorticity; VOD: Diastolic vorticity. * When p value < 0.05; Values expressed as 

median, quartiles (Q1-Q3) 

 
 
 
 

Statistical Methods 

The statistical analyses were conducted using GraphPad Prism 8 (GraphPad Software, La 

Jolla, CA). 



51 
 

 

Study 1 
 

Inter-and intra-observer analyses of energy loss (EL) was assessed using Bland-Altman 

plots. Demographic and echocardiographic data were expressed as median with quartiles (Q1-Q3). 

Kruskal-Wallis test was used to test the differences between the energy losses in three groups 

(CTL, rTOF and ASD).  Comparison between two groups was done using the Mann-Whitney U test 

where a p-value < 0.05 was considered statistically significant. Spearman’s rank test  was used to 

test for correlations.  

Study 2 
 

Comparison between PAH and CTL groups was done using the Mann-Whitney U test with 

a p-value < 0.05 was considered statistically significant. Correlations were tested using 

Spearman’s rank test.  

Study 3 
 

Data were expressed as median with quartiles (Q1-Q3).  Comparison between two groups 

was done using the Mann-Whitney U test where a p-value < 0.05 was considered statistically 

significant. Correlations were tested using Spearman’s rank test. Strength of correlations were 

classified depending on r values (>0.95: excellent, 0.85-0.95: strong, 0.70-0.85: good, 0.50-0.70: 

moderate and <0.5: poor) 
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15. SUMMARY OF RESULTS 

Results - Study 1 

 
Validation of EL using computational fluid dynamics  
 

The validation and analysis of EL calculations using computational fluid dynamics (CFD) are 

summarized in Figure 7. Our primary objective was to assess the alignment of 2D EL for standard 

views with the true 3D EL and to explore how deviations from these imaging planes impact the 2D 

EL measurement.  
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Figure 7: An analysis of the energy loss metric in a computer simulation model mimicking 3D 

ventricular flow.  

The 3D EL curve indicated that most of the energy loss in the model occurs during diastole, 

characterized by the filling jet leading to vortex formation and associated shearing fluid losses. For 

the standard 2D views, specifically the apical long-axis view (ALAX) and apical four-chamber view 

(A4C), both provided a relatively accurate representation of diastolic 3D EL (with a relative error 

of ±5% and ±4%, respectively). These 2D views exhibited similar integrated EL values, 

demonstrating limited sensitivity to imaging view misalignment (Figure 7, upper right panel, 

shaded color regions around the curves). In contrast, the apical two-chamber view (A2C) showed 

the highest error (±9%) during diastole. For systole, both the EL traces and integrated values 

exhibited substantial variation between imaging planes (relative error ALAX ±19%; A4C ±13%; A2C 
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±17%). These findings supported the preference for A4C views in diastole for our patient 

population. 

Our secondary objective was to analyze the impact of post-processing changes on the 

estimated 2D EL, illustrated for the ALAX view in Figure 7 (lower right plot). Notably, spatial 

smoothing reduced the EL magnitude while preserving the curve shape, and the wall filter had 

minimal influence in systole but could lead to some underestimation of EL in mid-to-late diastole. 

In summary, the computational simulation of EL analysis revealed that, firstly, 2D diastolic 

EL measures from A4C and ALAX views closely matched the 3D EL shape, while the 2D systolic EL 

measure from the ALAX view demonstrated good agreement with the 3D EL shape. Secondly, the 

effect of post-processing primarily resulted in a change in EL magnitude, facilitating the 

comparison of relative changes. Consistency in post-processing parameters is crucial and providing 

clear baseline values is essential. 

 

Energy Loss in the volume-loaded RV of repaired Tetralogy of Fallot (rTOF) and 
Atrial Septal Defect (ASD)  
 

The study included a total of 21 repaired TOF (rTOF) patients (16 with a transannular patch 

repair and 5 with an RV-to-pulmonary artery conduit), 11 ASD patients, and 25 control subjects, 

all possessing a suitable RV4C view for analysis. All rTOF subjects exhibited severe pulmonary 

insufficiency (PI) without residual right ventricular outflow tract obstruction. The RV3C view, 

defined as a loop with high-quality Blood Speckle Tracking (BST) measurements in the inflow, 

outflow, and apex, was suitable in 11/25 controls, 9/11 ASD, and 15/21 rTOF patients. 
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Baseline demographic characteristics were comparable across the three groups (Table 2). 

The rTOF group had a longer QRS duration compared to the other groups. Echocardiographic 

parameters of RV size and function indicated enlarged RVs in ASD and rTOF patients compared to 

controls. While RV fractional area change (FAC) showed no notable differences among the three 

groups, tricuspid annular plane systolic excursion (TAPSE) was reduced in patients with rTOF 

compared to both groups, while it was highest in ASD (Table 5). Tricuspid early diastolic inflow 

velocity (TV E) did not differ between the groups. Left ventricular (LV) systolic function parameters 

were similar in all three groups. 

 

 

Table 5: Right ventricular energy loss and vorticity in the four-chamber view 
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ASD: atrial septal defect; CTL: controls; rTOF: repaired tetralogy of Fallot; EDd: end-diastolic 

dimension; EF: ejection fraction; FAC: fractional area change; HR: heart rate; LV: Left ventricle; 

RV: right ventricle; SF: shortening fraction; TAPSE; tricuspid annular plane systolic excursion; TV 

E: tricuspid valve E wave velocity ELS: Systolic energy loss; ELD: Diastolic energy loss; VOS: Systolic 

vorticity; VOD: Diastolic vorticity; p-value < 0.05: * ASD or rTOF vs CTL; Values expressed as 

median, quartiles (Q1-Q3) 

 

 

Quantitative Results from Right Ventricular Four-Chamber Views 
 

Table 5 and Figure 8 provide a comparison of flow characteristics among the three groups 

based on blood speckle tracking. Both ASD and rTOF patients exhibited significantly higher diastolic 

EL compared to controls. Systolic EL, however, was similar across all groups. Diastolic vorticity was 

also higher in ASD and rTOF patients compared to controls, while maximal systolic vorticity was 

similar across all groups. Heart rate, body surface area (BSA), or QRS duration did not correlate 

with EL or vorticity in any group. Weak statistically significant correlations of systolic and diastolic 

EL with age were noted in rTOF and controls, but not in ASD, with a wide spread of values as age 

increased. Energy loss and vorticity did not correlate with any conventional RV functional 

parameters. 
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Figure 8: Scatter plot of right ventricular flow energetics in the four-chamber view 

Scatter plot of energy loss and vorticity with median (thick line) and quartiles (Q1-Q3, thin line); 

ASD: atrial septal defect; CTL: controls; EL: energy loss; rTOF: repaired tetralogy of Fallot; p-value 

< 0.05:* ASD or rTOF vs CTL, † rTOF vs ASD  
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Figure 9A: Typical examples of right ventricular intracardiac velocities, energy-loss and vorticity 

mapping in diastole and systole in controls  
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Figure 9B: Typical examples of right ventricular intracardiac velocities, energy-loss and vorticity 

mapping in diastole and systole in ASD   
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Figure 9C: Typical examples of right ventricular intracardiac velocities, energy-loss and vorticity 

mapping in diastole and systole in rTOF 

The systolic and diastolic flow patterns were similar in CTL and ASD, with diastolic vortices forming 

around the tricuspid valve leaflets in early diastole (9A-B , A and B,) with corresponding areas of 

high energy loss and vorticity (9A-B , C -E). In rTOF, systolic flow patterns were also similar to those 
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of the other groups (9C, B, D, F), but in diastole, regurgitant pulmonary flow collides with the 

tricuspid inflow, resulting in disorganized apical vortices (9C, A, indicated by white arrow) with an 

additional area apical energy loss and vorticity (9C, C and D, indicated by white arrow). The 

schematic in the upper left of each panel illustrates the imaging plane and areas of high EL in 

orange. 

 
 
Qualitative Results from Right Ventricular Three-Chamber Views 
 

When identifying regions of highest EL from the RV3C, all groups exhibited a similar region 

of high systolic EL and vorticity in the right ventricular outflow tract. In diastole, all groups 

demonstrated high EL and vorticity around the tricuspid valve leaflets, corresponding to vortex 

formation at the edge of the tricuspid valve leaflets (Figure 9A-C). However, in rTOF, an additional 

region of high EL and vorticity was present in the RV apex (Figure 9C, panels C-E) in most cases 

(11/15), corresponding to colliding pulmonary insufficiency and tricuspid inflow. The cardiac blood 

speckle tracking findings are summarized schematically in Figure 10 and illustrated in typical 

examples in figures 9A-C.  
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Figure 10: Schematic of energy loss regions in right ventricular three-chamber views 
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Figure 11A: Beat to beat variation of energy loss patterns 
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Figure 11B: Beat to beat variation of energy loss  
 

Systolic and diastolic flow patterns were similar in controls and ASD, with diastolic vortices 

forming around the tricuspid valve leaflets in early diastole, accentuating with atrial systole, 

followed by streaming towards the right ventricular outflow tract. In rTOF, systolic flow patterns 

were also similar to the other groups, but in diastole, regurgitant pulmonary flow collided with 

tricuspid inflow, resulting in disorganized apical vortices. The pattern of EL could also vary from 

beat to beat, as illustrated in Figure 11A. This figure shows varying regions of high EL from one 

beat to the next. This is likely due to translational motion, respiration and motion of the probe on 
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the chest. We illustrated this by also analyzing the EL curves over the cardiac cycle (Figure 11B), 

showing that variation from one cycle to another.  

 

Inter- and Interobserver Variability 

Excellent intraobserver reproducibility was demonstrated for both diastolic and systolic EL 

measurements, with an average systematic measurement error of -0.1% and 0.0%, respectively, 

and narrow limits of agreement within a 5% variation. Interobserver variability was also good for 

both diastolic and systolic EL, with an average systematic error of 0.0% for both parameters and 

narrow limits of agreement within a 5% variation from the RV4C view (Figure 12). Inter- and 

intraobserver variability was not conducted for the RV3C, as it served to provide a qualitative 

measure, although findings were reviewed by co-authors (WM, SAN, LL, SF). 
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Figure 12: Bland-Altman plots showing intraobserver (A and B) and interobserver (C and D) 

agreement 

Intraobserver (A and B) and interobserver (C and D) variability diastolic and systolic energy loss. In 

these Bland Altman plots, the solid line represents the average measurement error in percentage. 

The calculated mean bias and the limits of agreement are displayed in the lower left corner of 

each graph. The average error in measurement in all cases is well below 5%.  
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Results - Study 2 

Demographic and Hemodynamic Characteristics 

Table 6 provides a summary of demographic and hemodynamic characteristics for a total 

of 36 subjects, comprising 18 patients with pulmonary arterial hypertension (PAH) and 18 controls. 

All cases had idiopathic PAH and no history of cardiac surgery. The majority (13/18) of PAH patients 

were undergoing anti pulmonary hypertensive therapy, including sildenafil (4), sildenafil with 

oxygen (8), and a combination of sildenafil, bosentan, macitentan, and selexipag (1). Baseline 

characteristics were similar between the two groups. However, the PAH group exhibited a larger 

main pulmonary artery (MPA) size and lower tricuspid annular systolic excursion (TAPSE) and right 

ventricular fractional area change (RVFAC). 

 

Qualitatively, laminar flow in the main pulmonary artery during systole was observed in 

both groups. Notably, a diastolic vortex in the MPA was observed in 16 out of 18 PAH patients, 

whereas it was absent in all controls. The diastolic vortex initially appeared in the right pulmonary 

artery (RPA) origin in 6 out of 16 PAH patients and in the MPA in the remaining 10. All vortices 

exhibited a clockwise rotation and dissipated as they migrated toward the pulmonary valve. In 

contrast, diastolic flow in controls remained laminar without detectable rotation. Figure 13 

illustrates typical examples from each group, showcasing the distinct flow patterns. 
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Table 6: Demographic and echocardiographic data  

BSA: Body surface area; CTL: controls; FAC: fractional area change; HR: heart rate; RV: right 

ventricle; TAPSE; tricuspid annular plane systolic excursion; MPA: Main pulmonary artery; VCS: 

Systolic vector complexity; VCD: Diastolic vector complexity; ELS: Systolic energy loss; ELD: Diastolic 

energy loss; VOS: Systolic vorticity; VOD: Diastolic vorticity. * When p value < 0.05; Values expressed 

as median, quartiles (Q1-Q3) 

 

 PAH (n=18) CTL (n=18) 
Male (%) 50 44 
Age (years) 2.8 (0.5-4.2) 3.2 (0.5-4.8) 
Height (m) 110 (89-125) 99 (80-122) 
Weight (Kg) 18.9 (15.4-32.3) 15.8 (10.9-25.6) 
BSA (m2) 0.75 (0.65-0.81) 0.66 (0.50-0.94) 
HR (BPM) 86 (75-108) 97 (81-110) 
MPA Zscore 2.77 (1.62-3.26) -0.20 (-1.74-1.01) * 
RPA distensibility (%) 23.9 (12.7-31.7) 24.5 (17.2-30.4) 
RV systolic pressure (mmHg) 82 (42-105)  
RV systolic pressure (% of systemic) 79 (46-104)  
TAPSE Zscore -1.30 (-3.83-6.80) 0.02 (-1.18-4.71) * 
RVFAC (%) 33.5 (30-38) 37 (36-40) * 

M
PA

 
 

Diastolic MPA vortex 16/18 0/18 
MPA diastolic vortex duration (ms) 150 (121-171)  
Avg. VCS 0.21 (0.08-0.42) 0.04 (0.02-0.06)* 
Avg. VCD 0.13 (0.06-0.30) 0.05 (0.02-0.16)* 
Avg ELS (mW/m) 4.84 (2.16-11.67) 2.42 (1.11-3.86)* 
Avg ELD (mW/m) 0.69 (0.28-2.17) 0.14 (0.03-0.39)* 
Avg VOS (Hz) 17.1 (15.8-21.6) 27.7 (20.6-35.1) 
Avg VOD (Hz) 15.2 (11.1-20.9) 4.4 (0.2-8.4)* 

RV
 

Avg. VCS 0.27 (0.12-0.42) 0.13 (0.09-0.28)* 
Avg. VCD 0.27 (0.15-0.34) 0.12 (0.09-0.16)* 
Avg ELS (mW/m) 1.54 (0.32-2.67) 0.68 (0.25-1.12) 
Avg ELD (mW/m) 4.08 (2.19-7.20) 2.87 (1.44-4.86) 
Avg VOS (Hz) 22.8 (17.9-27.3) 22.1 (18.3-27.5) 
Avg VOD (Hz) 25.1 (18.5-31.3) 24.2 (17.8-28.2) 
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Figure 13: Typical main pulmonary artery flow patterns as shown by high frame rate 

ultrasound imaging and blood speckle tracking. The vorticity map is seen in the background. 

CTL; Control, PAH; Pulmonary arterial hypertension 
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Quantitative Flow Parameters in the hypertensive RV and MPA  

Quantitative flow parameters, as shown in Figure 14, revealed higher rates of energy loss 

in the main pulmonary artery for PAH in both systole (4.84 vs 2.42 mW/m) and diastole (0.69 vs 

0.14 mW/m) compared to controls. Vector complexity was also elevated in both systole (0.21 vs 

0.04) and diastole (0.13 vs 0.05) in PAH compared to controls. However, vector complexity did not 

correlate with MPA z-score (r=0.37, p=0.15). Diastolic vorticity was significantly higher in PAH 

compared to controls (15.2 vs 4.4 Hz). In the right ventricle (RV), diastolic vector complexity was 

higher in PAH compared to controls, but RV energy loss and RV vortex output were not statistically 

significant between the groups. 

 

The duration of vortex time did not exhibit significant correlations with RV functional 

parameters (TAPSE: r=0.22, p=0.40; RVFAC: r=-0.45, p=0.11), right ventricular systolic pressure 

(RVSP: r=-0.01, p=0.11), or pulmonary artery dimensions (RPAd: r=0.17, p=0.51; MPA z-score: r=-

0.21, p=0.41). Main pulmonary artery energy loss did not correlate with any RV functional 

parameters or RV flow parameters (RV energy loss, vortex output, and vector complexity). 

Quantitative flow parameters in the MPA and RV did not exhibit significant correlations with RVSP. 
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Figure 14: Quantitative flow parameters in the main pulmonary artery and right ventricle 

RV: right ventricle; MPA: Main pulmonary artery; VC: vector complexity; EL: energy loss; VO: 

vorticity; Values expressed as median, quartiles (Q1-Q3) 

 

Right Pulmonary Artery Distensibility Index (RPAD) and Correlations 

When comparing the right pulmonary artery distensibility index (RPAD, Figure 15), no 

significant differences were observed between the control and PAH groups (CTL 23.9% vs PAH 

24.5%). In PAH patients, diastolic MPA energy loss negatively correlated with RPAD (r=-0.48; 

p=0.04) and positively correlated with MPA z-score (r=0.68; p=0.03) (Figure 16). 
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Figure 15: Right pulmonary artery distensibility index (RPAD) measurement in a parasternal 

short axis view of the pulmonary arteries. 

max: maximal measurement; min: minimum measurement; RPA: Right pulmonary artery 

 

Figure 16: Correlation of main pulmonary artery diastolic energy loss with right pulmonary 

artery distensibility index and main pulmonary artery Z-score 

MPA: Main pulmonary artery; ELD: Diastolic energy loss; CTL: controls; PAH: Pulmonary arterial 

hypertension; RPAD: right pulmonary artery distensibility index 
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Results - Study 3 

The univentricular heart group (UVH) included 29 patients after exclusion of 2 patients with 

insufficient image quality. Nine patients had a dominant left ventricle (SLV), 14 had a dominant 

right ventricle (SRV) and six had double inlet left ventricles (DILV). Although the systemic ventricle 

is a morphological LV, we considered DILV separately as these patients have two separate 

atrioventricular valves connecting to a single LV contrary to the other UVH in this study.  They were 

compared to 30 healthy controls of similar age, height, weight and sex distribution. Heart rate 

(DILV 112 [111-113] vs CTL 82 [71-91] bpm; p= 0.05) and QRS duration (DILV 114 [86-147] vs CTL 

84 [80-95] bpm; p= 0.002) were statistically higher in the DILV group compared to CTL. These 

parameters did not differ between the other subgroups.  Most UVH patients (23/29) were 

asymptomatic with NYHA class I status, while a smaller proportion (6/29) reported NYHA class 2 

status. These patients did not differ for KE, EL, VO or VC from the rest of the UVH. Only one patient 

in the UVH group was paced in a dual chamber mode with atrioventricular synchrony and six 

patients had a Fontan fenestration shunting left to right. None of the patients had more than mild 

atrioventricular valve regurgitation, and all had qualitatively normal systolic function.  E wave 

velocity (CTL 92 [86-100] vs UVH 81 [67-97] bpm; p= 0.001) and E/A ratio (CTL 1.92 [1.71-2.17] vs 

UVH 1.44 [1.10-2.21] bpm; p= 0.001) were higher in CTL compared to UVH, while E/e’ was higher 

in UVH (CTL 6.8 [5.9-7.2] vs UVH 8.3 [6.5-12.2] bpm; p= 0.01).   

 

Qualitative intracardiac flow analysis   

Examples of typical flow patterns in the V4C and V3C views are shown in figure 17. The 

systolic flow patterns from the V3C views were similar between UVH and controls, consisting of 
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laminar flow towards the ventricular outflow tract and through the semilunar valve. In diastole, 

SLV had similar flow patterns compared to LV in controls. Vortices form around the leaflets of the 

atrioventricular valve in early diastole and rotate away from the inflow. The single RV group had 

similar diastolic vortex formation along the leaflets of the tricuspid valve curling away from the 

tricuspid valve opening and migrating to the apex or outflow tract. These flow patterns were also 

similar to those observed in the RV of CTL. The most complex diastolic flow patterns were observed 

in the DILV group, with multiple diastolic vortices forming in early diastole, some colliding together 

before migrating towards the apex and outflow tract.  
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Figure 17: Typical examples of ventricular intracardiac velocities and vortex formation 

 

Quantitative intracardiac flow analysis  

Quantitative flow parameters were obtained from V4C views and are summarized in table 

7.  Systolic (KES) and diastolic KE (KED), systolic (ELS)  and diastolic EL (ELD)  and systolic (VOS) and 

diastolic VO (VOD)were significantly higher in controls versus UVH (KES CTL 55.6 [45.0-68.7] vs UVH 
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29.2 [16.8-53.8] mJ/m; p= 0.0001, KED CTL 134 [105.2-154.4] vs UVH 83.2 [49.5-111.0]; p<0.0001), 

ELS CTL 2.55 [1.64-3.45] vs UVH 1.32 [0.68 -2.53] mW/m; p<0.0001,  ELD CTL 10.46 [7.79-12.48]  vs 

UVH 5.11 [2.14-8.44]; p<0.0001), VOS CTL 5.43 [3.91-6.64] vs UVH 3.40 [2.30-6.07]  Hz; p=0.006,  

VOD  CTL 16.99 [14.25-19.81]  vs UVH 10.64  [8.20-13.72]; p<0.0001) (figure 18).  The subgroup 

analysis comparing these parameters between SRV, SLV and DILV did not show significant 

differences. When inspecting the location of highest diastolic KE, we observed similar patterns 

around the atrioventricular valve leaflets where vortex formation was observed and where 

maximal EL is observed SRV, SLV and CTL. In contrast to the other subgroups, where maximal EL 

and VO tended to be aligned with the ventricular inflow, in DILV these regions were more 

dispersed within the ventricle. They also coincided with regions of colliding inflows in early filling. 

Figure 19 summarizes typical patterns of maximal KE, EL and VO. The parameter of VC did not 

differ significantly between the groups during the cardiac cycle but tended to be higher in diastole 

for SRV compared to other subgroups (Figure 18).   
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Figure 18: Scatter plot of ventricular flow energetics in the four-chamber view  

KEs: systolic kinetic energy; KED: Diastolic kinetic energy VCS: Systolic vector complexity; VCD: Diastolic vector 

complexity; ELS: Systolic energy loss; ELD: Diastolic energy loss; VOS: Systolic vorticity; VOD: Diastolic; CTL: controls; 

UVH: Univentricular heart; SRV: single right ventricle; SLV: single left ventricle; DILV: Double inlet left ventricle 
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Figure 19: Typical examples of highest kinetic energy, energy loss and vorticity 

KE: kinetic energy; EL: Energy loss; VO: Vorticity; CTL: controls; UVH: Univentricular heart; SRV: single right ventricle; 

SLV: single left ventricle; DILV: Double inlet left ventricle 
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Table 7: Intraventricular flow energetics  

CTL: controls; UVH: Univentricular heart; SRV: single right ventricle; SLV: single left ventricle; DILV: Double inlet left 

ventricle; KEs: systolic kinetic energy; KED: Diastolic kinetic energy VCS: Systolic vector complexity; VCD: Diastolic vector 

complexity; ELS: Systolic energy loss; ELD: Diastolic energy loss; VOS: Systolic vorticity; VOD: Diastolic vorticity; Values 

expressed as median, quartiles (Q1-Q3); * When p value < 0.05 CTL vs UVH 

 

Interactions of blood flow energetic 

There were significant positive correlations between KE, EL and VO in both systole and 

diastole. These correlations were noted in the CTL (KES vs VOs: r=0.45 , p <0.001; KED vs VOD: r=0.74 

, p=0.001; ELS vs VOs: r=0.72 , p <0.001; ELD vs VOD: r=0.55 , p=0.001) and in UVH (KES vs VOs: r=0.87 

, p <0.001; KED vs VOD: r=0.58 , p<0.001; ELS vs VOs: r=0.86 , p <0.001; ELD vs VOD: r=0.69 , p<0.001). 

VC did not correlate significantly with the other flow parameters. We also did not observe a 

significant correlation between, HR, QRS duration and any of the blood flow energetic parameters. 

The details for this analysis can be found in figure 20.  
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Figure 20: Correlation between vorticity and kinetic energy and energy loss 

KE: kinetic energy; EL: Energy loss; VO: Vorticity; CTL: controls; UVH: Univentricular heart 

 

 

16. DISCUSSION  

In this work, we used BST to describe right ventricular flow dynamics in various 

hemodynamic conditions.  We studied the right ventricle in groups with increased right ventricular 

volume loading, namely ASD and rTOF (Study 1), then the pressure-loaded RV and MPA due to 

increased afterload in PAH (Study 2) and finally the UVH with the unique Fontan circulation leading 

to reduced preload (Study 3). 

 

 Our findings in all studies demonstrated an added value of blood visualization and 

quantification compared to conventional echocardiography. We showed that both qualitative and 

quantitative assessment of blood flow are valuable in characterizing intraventricular flow 
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dynamics.  When quantitative energetics were similar between groups, we demonstrated 

differences in intracardiac flow patterns and location of high energy losses and vorticity (Study 1). 

Conversely, we showed that the opposite is possible, where qualitative assessment between 

controls and patients is similar, such as it was our UVH patients, the quantitative blood flow 

parameters differed (Study 3).  We also demonstrated that these novel imaging tools can be 

applied to vessels and that vascular quantitative and qualitative characteristics can help 

differentiate patents from controls, as on our PAH patients (Study 2)  

 

During the study period, significant improvements were made to image optimization, 

postprocessing and analysis thanks to a close collaboration between the clinical and engineering 

team members.  The quantitative measurements obtained from the velocity field were validated 

both in vivo and in silico.  Perhaps even more important than the demonstration of the advantages 

and unique capabilities of this novel imaging technology, we also explored and described many 

limitations and factors which can influence the data obtained. We found that image acquisition 

was the most impactful on data quality compared to post-processing, which demonstrated very 

low inter and intra-observer variability.  The effect of imaging planes and beat-to-beat variations 

on such quantitative flow parameters was explored and described (study 1 and 2). The smoothing 

parameters were also kept standard across all analysis to avoid potential effects.  Some patients 

(Study 3) were included from the E95, a scanner which offered blood speckle imaging and direct 

visualization at the time of acquisition, which was a major improvement for optimization of these 

acquisitions.   
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 Qualitative blood flow dynamics  

 The qualitative description of intracardiac and vascular flow phenomena demonstrates 

unique hemodynamics in our studies. Vortex formation in the RV of patients with ASDs, rTOF, PAH 

and UVH were all similar and in keeping with descriptions founds in the literature using other 

imaging modalities and computational flow modeling90–92: Similar diastolic filling and systolic flow 

patterns within the ventricles were also observed in SRV and SLV and PAH. Diastolic vortex 

formation started at the tips of the atrioventricular valve leaflets in early diastole and curled away 

from the inflow, with the greater component towards the outflow tract. In diastasis this vortex 

persisted before being progressing further in the outlet in atrial systole and finally dissipating 

through the semilunar valve in systole.  These similarities were surprisingly also present in the UVH 

group compared to CTL. The similarities in intracardiac flow dynamics seen between SRV, SLV and 

CTL are in keeping with recent findings pointing to preserved ventricular mechanics in UVH, 

regardless of the ventricular morphology93–95.  Pathological findings have shown adverse SRV 

remodelling including hypertrophy and myocyte disarray. Although these changes ultimately 

become deleterious, they produce a shift from a longitudinal pattern of contraction to and LV-like 

circumferential pattern96 97. This is perhaps an explanation to the similar qualitative flow 

energetics we’ve observed in this study.  Another explanation is that in the Fontan circulation with 

low atrial pressure, as is likely the case in our groups, the atrioventricular axis of early filling does 

not change significantly compared to CTL. There is laminar flow with low pressure gradients across 

the valve with preserved vortex formation around the atrioventricular valve at that stage.  
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There were two groups where diastolic flow patterns were disturbed, namely rTOF and 

DILV with Fontan circulation.  Both these groups had abnormal areas of colliding flows, which 

corresponded to distinct regions of maximal EL which differed from the other groups. In rTOF this 

corresponded tricuspid inflow and severe pulmonary insufficiency jets colliding at the RV apex. 

This also corresponded to the maximal region of energy loss, not seen in the ASD or CTL groups. 

Abnormal flow patterns and energetics within the RV apex of rTOF could affect remodeling and 

function.  Apical dysfunction has been shown to preferentially affect rTOF when compared to 

equally volume loaded ASD and healthy controls33. In DILV, the collision was related to the two 

inflows with maximal area of energy loss corresponding to collision points of these vortices.  

We also demonstrated the value of qualitative blood flow assessment in the vascular 

compartment. The non-invasive quantification of PAH relies on quantification of RV-RA gradient 

measurement. However, this is limited when the spectral Doppler is incomplete because of 

insufficient degree of tricuspid valve regurgitation.  This work focused on the MPA vortex 

formation in PAH, but our group also studied this in the ascending aorta of children with bicuspid 

aortic valve98.  In study 2, we demonstrated that despite having similar ventricular quantitative 

flow parameters between CTL and PAH, the latter group had a distinct diastolic vortex in the MPA 

as well as higher EL and VC in the MPA, even for milder forms of PAH (less than 50% systemic 

pulmonary artery pressure). Diastolic vortex duration in CMR studies was though to correlate with 

pulmonary artery pressure11, this could not be demonstrated in our study. A possible explanation 

of this is the two-dimensional nature of our echocardiographic acquisitions which may not capture 

through-plane motion of the vortices and therefore leading to an underestimation of their 

duration compared to a three-dimensional imaging modality such as CMR. Although this study 
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could not validate the value of vortex duration as a non-invasive marker of PAH severity, vortex 

detection as a diagnostic sign for PAH requires further validation.  

 

Quantitative blood flow parameters  

 Quantification of blood flow parameters also provided new insights into the cardiac flow 

dynamics of these groups. In the volume-loaded RV of ASD and rTOF, as expected diastolic EL and 

VO was higher compared to CTL, while not significantly different from each other.  From a fluid 

mechanics standpoint, this phenomenon can be explained by mechanical energy loss (EL) due to 

abrupt flow expansion, a concept believed to be applicable to EL in the ascending aorta of 

individuals with aortic stenosis99. In our study, this sudden flow expansion happens during early 

diastole via the tricuspid valve, and it would be amplified in cases where the right ventricle (RV) is 

dilated. These observations suggest that dilated RVs are less efficient compared to non-dilated 

ones, as more kinetic energy is dissipated during diastole. 

 

The lack of difference between ASD and rTOF could be related to the small sample size but 

also reveals the additional value of qualitative visualization tools in addition to quantitative 

parameter. One without the other would not permit the differentiation of flow dynamics between 

these two groups of volume-loaded right ventricles. 

 

 These results align with previous findings from a canine study on volume-loaded right 

ventricles, which indicated diminished diastolic vortex strength and extent, quantitative measures 

believed to correlate with kinetic energy100. 
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In systole, there were no discernible differences in energy loss between the groups. This 

finding was surprising as more energy losses would be expected in rTOF and ASD with increased 

RV stroke volume compared to controls. The absence of a difference could be attributed to the 

mostly out of plane direction of blood flow in systole when the RV is imaged from the RV4C.    

 

In PAH, MPA diastolic EL, VC and VO were higher than in CTL. Higher energy loss could 

potentially be explained by higher friction forces related to more complex flow patterns in the 

MPA. Our findings indicate that MPA flow exhibited more complexity with wider distribution of 

vector directions, suggested by higher vector complexity. Vortices in the MPA may differ from an 

energetic perspective from the ones observed in the ventricles where they can serve as conservers 

of kinetic energy from diastole to systole. We speculate that the diastolic vortex observed in most 

PAH contributes to increased energy loss and to inefficiencies in the pulmonary arterial circulation 

compared to controls.  

 

  In PAH, diastolic EL correlated negatively with RPAD and positively with MPA Z-score while 

no such correlations were found in CTL. These findings could point to increased vascular stiffness 

as a more dilated and less distensible pulmonary arterial system in PAH offers diminished elastic 

recoil to continue propelling blood forward in diastole and predisposes it to more complex flow 

patterns with higher energy losses.  Although the literature is scant, the role of such a 

measurement has been shown to be valuable in humans and dogs17,18 with PAH as an additional 

non-invasive marker of pulmonary arterial stiffness.  
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In the third study we demonstrated that despite the similar intracardiac vortex formation, 

UVH groups had significantly lower energetics, including EL, KE and VO in both systole and diastole. 

This is in keeping with published CMR studies61,103,104 and with the pathophysiology of a 

univentricular circulation, characterized by the absence of a sub-pulmonary ventricle to transfer 

energy to the blood pool to propel in into the pulmonary circulation.  This elevates the central 

venous pressure (CVP) chronically and results in a state of chronic preload deficiency in the UVH105. 

This adverse loading affects cardiac performance which is limits myocardial energy transfer to the 

blood pool. Although not the design of our study, we suspect this difference to become greater 

during exercise compared to CTL106 as healthy controls are able to increase ventricular preload 

significantly compared to UVH. Although our study did not have large numbers of DILV, this is 

where quantitative flow parameters tended to be lowest. This is also congruent with the 

qualitative flow assessment of vortex formation and localisation of highest KE and EL in this group. 

These findings also highlight the added value of quantitative flow analysis as UVH are energetically 

different from CTL while have similar ventricular mechanics.  

We also observed a positive correlation between VO and KE and EL in both CTL and UVH.  

These correlations were strongest in the UVH compared to CTL.  Elevated diastolic VO has been 

thought of as hemodynamic diastolic-to-systolic coupling mechanism 61. By maintaining elevated 

diastolic VO, diastolic KE is stored in the blood pool to allow necessary EL to be compensated and 

thus facilitating systolic ejection107. This mechanism becomes more important in an energy-

deprived circulation such as the Fontan. In the UVH patient, VO with VC is in favour of an energy 

conserving function of diastolic vortices seen, as opposed to the ones seen in the MPA of PAH, 
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which are accompanied by higher VC, indicating less laminarity and higher energy loss in the 

pulmonary arterial circulation.  

 

The influence of blood flow patterns on cardiac morphology and function is intricate108,109. 

Increased fluid shear stress is believed to modulate endocardial signalling pathways implicated in 

cardiac remodelling and function110,111. Disturbances in flow dynamics are thought to precede 

morphological and functional changes112. Advancements in CMR and ultrasound technologies are 

enabling the study of energy-based imaging biomarkers84,113. This could provide novel insights in 

the relationship between flow dynamics and RV remodelling. Our work demonstrates that the use 

of BST for cardiac flow dynamics is feasible, reproducible and provides novel, early insights into 

adverse intracardiac and vascular hemodynamics. These flow dynamics could help detect adverse 

RV hemodynamic at an earlier, more adaptive stage of disease which would otherwise have been 

missed using the current imaging biomarkers used. 

 

17. LIMITATIONS  

There were several limitations in this work. The relatively small sample sizes limit the 

generalisability of results.  Analysis of subgroup, particularly in the univentricular heart group was 

limited because of the small numbers of DILV. The image acquisitions were planned amidst clinical 

visits to better suit the participants and their families as per our institutions ethics boards. The 

consequence of this is that we lacked contemporaneous invasive hemodynamic data from cardiac 
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catheterisation or consistent complementary imaging such as CMR, of relevance in PAH, rTOF and 

UVH after Fontan.  

The very significant increase in temporal resolution made possible by plane wave imaging 

comes with the trade-off of lower contrast and lateral resolution, particularly in B-mode. 

Thankfully, as our focus is the blood pool, lower B-mode quality was acceptable.  The availability 

of BST only using higher frequency probes limited inclusion of older and bigger children. Indeed, 

beyond 10 cm of depth, significantly affected the quality of the blood flow imaging. This affected 

particularly our UVH group as the Fontan pathway was often at or beyond this depth limit.  

Capturing a three-chamber view of the right ventricle (RV3C) was especially difficult in 

subjects without ventricular enlargement. However, the RV4C view was more feasible. Reliable EL 

and vorticity measurements depends on similar imaging planes. Therefore, we chose to exclude 

22/57 RV3C views with differences in imaging planes in the first study.  The absence of real-time 

BST visualization on the modified research scanner used for this study further aggravated this 

limitation. Quality control was only possible off-line, precluding any optimization. As with other 

Doppler-based techniques, multiple acquisitions are analysed to optimize alignment with the 

blood flow direction. Similarly, velocities obtained with BST benefit from real-time visualization 

and analysis. This technology has now become commercially available on the E95 GE scanners.  

Another limitation is the two-dimensional nature of the imaging technique, thus not 

accounting for through-plane blood flow. This is highlighted in the systolic EL scatter plots with 

many values near zero when assessed in the RV4C view (figure 8). Because of the crescentic shape 

of the RV, the imaging plane of the RV4C view is nearly perpendicular to the direction of systolic 
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flow towards the outflow tract so that the through-plane component of systolic RV flow is lost as 

illustrated in the following schematic (figure 21).  

 

Figure 21: Schematic demonstrating through plane flow 

Smoothing parameters influence EL calculations. The same smoothing parameters were used 

across our analysis to avoid this source of error. Awareness of this limitation is important for 

longitudinal studies and for group comparisons in future studies.  

 Data analysis is currently done on PyUSview, an in-house software which is not 

commercially available. Although done manually, the postprocessing resulted in low intra and 

interobserver variability.  

 

18. FUTURE PERSPECTIVES AND INNOVATIONS 

Continued technological improvements addressing some of the current limitations are 

already underway. Adapting the image acquisition process to make this imaging modality available 
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on lower frequency probes with improved signal at lower depth would open many possibilities, 

namely the study of Fontan pathways more reliably in older patients as well as other vessels, such 

as the aortic arch, where flow dynamics are being studied using 4D-flow CMR.  

A major limitation of BST is it’s 2D nature missing important flow characteristics which can 

only be demonstrated in 3D data sets. Work is already underway showing promising results when 

compared to 4D-flow CMR74.  Further work is required to assess this imaging technology in 

congenital heart disease and children as well as compare its blood flow quantification to that of 

4D-flow CMR.  

During the course of this work, links with industry lead to important exchanges which 

helped in the commercialization of BST into GE scanners, with continued improvements allowing 

real-time visualization of blood speckle tracking. Our group contributed to this advancement 

through a multidisciplinary, international collaboration, which is becoming ever stronger with 

many collaborators in Norway and Canada continuing to utilize and perfect this novel imaging tool 

to study cardiac flow dynamics in the setting of congenital heart disease.  We foresee that the 

trajectory will follow with regards to flow quantification parameters becoming commercially 

available. As we’ve demonstrated, both qualitative and quantitative flow dynamics are important 

to precisely describe cardiac hemodynamics.  

Improvements in automation of postprocessing, which is quite time-consuming and 

currently not commercially available are required. We believe this is an area uniquely suited to 

workflow optimization through the integration of machine-learning pathways, to allow real-time 

quantification of blood flow parameters. The study of other quantitative flow parameters is also 

an exciting next step. Our group has already published data on IVPG estimations using BST with 
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excellent validation data. This is a potential major breakthrough in non-invasive diastolic function 

assessment, particularly univentricular hearts 114.   

The continued study of current quantitative flow data is necessary to better understand 

their physiological implications and more importantly their potential roles in clinical decision 

making for challenging patient populations. This will require larger, prospective cohorts studied 

before and after interventions to assess clinical utility of these parameters. The integration of 

multiple flow parameters is also suited to the application of artificial intelligence to propose, early, 

sensitive and personalized cardiac energetics for an individual patient.  

 

19. CONCLUSIONS  

Blood speckle tracking enables the visualisation and description of flow dynamics in the 

right ventricle and main pulmonary arteries of children with congenital heart disease. Quantitative 

flow parameters are measurable, validated and highly reproducible. There are important 

limitations and technical aspects to be considered when acquiring and analysing BST data.  Both 

quantitative and qualitative flow analysis are complementary and can demonstrate differences in 

flow energetics between groups of healthy controls and patient with abnormal right ventricular 

loading.    

Even though the clinical significance of our findings is not yet clear, the study of cardiac 

flow disturbances using ultrasound at the bedside is a novel tool which can provide novel, sensitive 

and personalized biomarkers of adverse cardiovascular function in congenital cardiology and 
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beyond, allowing earlier more timely interventions. Ongoing technological advancements will 

hopefully address some of the current limitations and help development of new frameworks for 

improved clinical management.  

 

20. REFLECTIONS  
 

At the close of these projects, I have come to many realizations regarding medical 

technologies and practice. We are truly living in an era of unpreceded technological abundance 

with excessive amounts of information and advances which often far outpace our ability to see a 

useful purpose for them. I have come to realize the vast workload that precedes introduction and 

use of new technologies in clinical practice. More importantly, the value of strong collaborations 

between the clinical and technical world to bring about the best and most useful tools. The 

development and improvement of the PyUSview analysis tool is a great example of this type of 

collaboration. The clinician and technical sides of the team collaborated intensely to constantly 

improve this tool. In addition, collaboration between centres, in this case between NTNU, SickKids, 

St Olavs Hospital and Ålesund Hospital enriched everyone and brought forward the best in 

everyone. I believe that this model of collaboration over competition is the best way forward for 

innovation in medical technology, particularly in the realm of pediatric and congenital heart 

disease.   

Seeing something in a new light is exciting in so far as it opens a pathway of deeper 

understating of a phenomenon. After working on this project, I must admit to standing over the 
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Nidelva river at the “Gate to Happiness” and wondering what the energetics were in the different 

areas of the river.  

In this work, we studied the right ventricle of patients with challenging physiologies not fully 

described with conventional parameters. Repaired TOF, UVH and PAH, are all conditions with 

insufficient non-invasive markers of early adverse cardiac function.  We described promising 

results for this novel visualization and quantification tool of ventricular flow dynamics as well as 

important shortcomings and limitations.  

 It is an immense privilege to be in this position and we therefore have the responsibility to 

push our understanding of these novel technologies to ultimately benefit the center of all our 

efforts, our patients’ lives. I believe this work has been fruitful in expanding the boundaries of our 

knowledge slightly, but the journey continues.   
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Abstract—Using blood speckle tracking (BST) based on high-frame-rate echocardiography (HFRE), we compared
right ventricle (RV) flow dynamics in children with atrial septal defects (ASDs) and repaired tetralogy of Fallot
(rTOF). Fifty-seven children with rTOF with severe pulmonary insufficiency (PI) (n = 21), large ASDs (n = 11) and
healthy controls (CTL, n = 25) were included. Using a flow phantom, we studied the effects of imaging plane and
smoothing parameters on 2-D energy loss (EL). RV diastolic EL was similar in ASD and rTOF, but both were
greater than in CTL. Locations of high EL were similar in all groups in systole, occurring in the RV outflow tract
and around the tricuspid valve leaflets in early diastole. An additional apical early diastolic area of EL was noted in
rTOF, corresponding to colliding tricuspid inflow and PI. The flow phantom revealed that EL varied with imaging
plane and smoothing settings but that the EL trend was preserved if kept consistent. (E-mail: wadi.mawad@mcgill.
ca) © 2021 The Author(s). Published by Elsevier Inc. on behalf of World Federation for Ultrasound in Medicine
& Biology. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

Key Words: Blood flow imaging, Energy loss, Flow dynamics, Blood speckle tracking, High-frame-rate imaging.

INTRODUCTION

Volume loading caused by a large atrial septal defect
(ASD) or pulmonary insufficiency (PI) after tetralogy of
Fallot repair (rTOF) results in right ventricle (RV) dila-
tion. Although the RV is dilated in these two conditions,
RV function generally remains preserved in ASD
patients whereas progressive RV dysfunction can occur
in rTOF patients (van der Ven et al. 2019). When RV
longitudinal function is studied using strain imaging, RV
longitudinal strain is typically reduced in rTOF patients
but preserved or even increased in ASD patients (Dragu-
lescu et al. 2013). Our group also reported that reduction
in RV longitudinal function preferentially affects the RV
apex in rTOF (Dragulescu et al. 2014). Right ventricular
function is an important prognostic factor in patients
with rTOF, and an early imaging biomarker anticipating

later failure is still lacking. Disturbances in cardiac fluid
dynamics and energetics are thought to precede morpho-
logic changes (Pedrizzetti et al. 2015). Flow patterns
within the left ventricle have been studied, mainly by
cardiac magnetic resonance imaging (MRI) or particle
imaging velocimetry echocardiography (echo-PIV) and,
more recently, vector flow mapping (VFM) (Zhong et al.
2016; Nakashima et al. 2017). RV flow dynamics, how-
ever, have not been well characterized in humans. Four-
dimensional-flow MRI has revealed increased RV vortic-
ity in rTOF patients, compared with healthy controls
(Hirtler et al. 2016). Energy-based descriptions of RV
flow dynamics in rTOF have been proposed but have
until recently relied on MRI and invasive pressure meas-
urements (Fogel et al. 2012). With the use of VFM,
energy loss (EL) was found to be predictive of RV func-
tion after tetralogy of Fallot repair (Shibata et al. 2018).

Recent advances in ultrasound technologies allow
the study of cardiac fluid dynamics with a temporal reso-
lution higher than ever before. A combination of high-
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frame-rate echocardiography (HFRE), obtained by plane
wave imaging, with blood speckle tracking (BST) allows
quantification of blood speckle velocities (Fadnes et al.
2017; Nyrnes et al. 2020), ultimately enabling direct
quantification and visualization of blood flow vorticity
and EL. The aim of this pilot study was to use blood
speckle tracking to compare cardiac flow dynamics
between patients with dilated RVs secondary to large
ASD or PI after rTOF. To this end, we aimed to compare
RV vorticity and to quantify and localize EL in both
groups of volume-loaded RVs. To provide more insight
into the practical use of the energy loss parameter, we
further analyzed its sensitivity to positioning of the
imaging plane and the effects of post-processing
(smoothing) in a computer simulation model, as well as
inter and intraobserver variability in vivo.

METHODS

Children with rTOF and severe PI, children with a
large secundum ASD causing RV dilation (RV end-dia-
stolic dimension Z score > 2.5) and healthy controls
(CTL) from the Hospital for Sick Children in Toronto,
Canada, and St. Olavs Hospital in Trondheim, Norway,
between December 2015 and January 2018, were
included. Consent from the parents of each participant
was obtained before enrollment, as specified by the
ethics review boards of both institutions (Toronto Hospi-
tal for Sick Children No. 1000050095; St. Olav’s No.
2010/499). The upper age limit for inclusion was 10 y.
Conventional echocardiographic parameters were
obtained from clinical studies done immediately before
the high-frame-rate acquisitions. RV three-chamber
(RV3C) and four-chamber (RV4C) views were acquired
using a modified Vivid E-9 system (GE Vingmed Ultra-
sound, Horten, Norway) with research software enabling
high-frame-rate acquisitions using plane (unfocused)
transmit beams and parallel receive beamforming
(Nyrnes et al. 2020). The principle underlying our image
acquisition is illustrated in Figure 1. At least three car-
diac cycles were recorded with commercially available
ultrasound probes, including the 6 S and 12 S phased-
array probes (GE Healthcare, Milwaukee, WI, USA).
Storage of IQ (in-phase and quadrature) data was
required for the offline postprocessing and analysis with
blood speckle tracking.

Validation and analysis of the energy loss measurement
To validate the EL measurement and analyze its

sensitivity to changes related to imaging plane, as well
as for data smoothing and dropouts, the 2-D EL was
evaluated in a 3-D computer simulation as illustrated in
Figure 2 (bottom left), mimicking the main flow events

(filling, vortex formation and ejection) in a previously
described ventricular model (Van Cauwenberge et al.
2016). This allowed for comparison with a known
ground truth for both 2-D and 3-D velocity fields, with
the flexibility to obtain standard and non-standard imag-
ing views. We investigated the effect of small offsets
(§ 5B) from the standard cardiac views on the 2-D EL
values. Furthermore, we investigated the influence of
dropouts and smoothing in the color Doppler and BST
data on EL.

Energy-loss calculations and localization
The raw echo data obtained in patients and controls

were transferred for offline analysis using in-house soft-
ware developed for quantitative flow field analysis. The
radial velocity measurement was derived from color
Doppler, and the lateral velocity estimate was deter-
mined by speckle tracking (Wigen et al. 2018). For fur-
ther analysis, the RV4C views needed to include the RV
inlet and apex; the RV3C views needed to include the
inlet, outlet and apex. Acquisitions with significant sig-
nal dropout were excluded. Quality of the acquisitions
was assessed by two observers (SAN, SF), and only
RV4C and RV3C views of good quality were analyzed.
Segmentation of the flow field was performed by a single
observer (WM). This was done to define the region of
analysis and was achieved by delineating the endocardial
border in both views. Systole and diastole were identified
by closure and opening of the tricuspid valve. The first
frame in which the tricuspid valve closed defined the
start of systole, and the first frame in which the valve
was open defined the start of diastole. By use of the mea-
sured velocities, EL in the 2-D plane was calculated
from the RV4C view using the formula (Akiyama et al.
2017)

EL ¼ m

Z
2

@vx

@x

! "2

þ 2
@vy

@y

! "2

þ @vx

@y
þ @vy

@x

! "2

dA ð1Þ

where v ¼ ½vx, vy& is the blood velocity vector,
m ¼ 0:004 Pa ¢ s is the blood viscosity, and dA indicates
that the values are integrated over an area. The area of
integration was in this work determined by the color
flow image; that is, values were integrated where there is
color flow signal for each frame. Temporal and spatial
smoothing parameters were kept identical for all analy-
ses (temporal smoothing = 40 ms, Gaussian spatial
smoothing = 5£ 5 mm2). The final energy loss values
were calculated as the time-integrated values in systole
and diastole, expressed in millijoules per meter. Vortic-
ity (VO) quantifies the local rotation rate of blood in a
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2-D flow field. It was computed mathematically using
the formula from the RV4C view and expressed in recip-
rocal seconds:

VO ¼ j~vj ¼
!!!!
@vy

@x
" @vx

@y

!!!! ð2Þ

An RV3C view was used to localize the areas of
high EL because it provided simultaneous visualization
of the RV inlet, apex and outlet flows in one 2-D cine
loop. Only views including all three RV components
were analyzed.

Reproducibility
A total of five randomly selected patients from each

group were used to assess inter- and intra-observer vari-
ability in EL measurement from an RV4C view. We
assessed this for EL only because both EL and VO rely
on blood velocity measurements obtained with the same
method. All the postprocessing analysis steps were

repeated at an interval of 4 wk for the same observer and
by a different observer (SAN). These were (i) definition
of the timing points of systole and diastole as defined
above; (ii) segmentation of a flow domain by tracing the
endocardial surface of the RV; and (iii) calculation of
EL in the selected cycle. For each patient, the same heart
cycle in the RV4C cine loop was chosen by both observ-
ers, and all data were analyzed with the same smoothing
settings.

Statistical analysis
Inter- and intra-observer analyses were assessed

using Bland"Altman plots. Demographic and echocar-
diographic data were expressed as medians with quar-
tiles (Q1"Q3). The Kruskal"Wallis test was used to test
the differences in energy losses in three groups (CTL,
rTOF and ASD). Comparison between two groups was
done using the Mann"Whitney U-test, where a p value
< 0.05 was considered to indicate statistical significance.

Fig. 1. Plane wave imaging and parallel receive beam forming. In this study, we used three to nine plane wave directions
to cover the Doppler sector width. For each plane wave transmitted, multiple image lines (16 in our setup) were received
simultaneously. Tracking can be done within the region covered by the 16 receive lines, where the frame rate equals the

pulse repetition frequency.
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Correlations were tested using Spearman’s rank test. The
analyses were conducted using GraphPad Prism 8
(GraphPad Software, San Diego, CA, USA).

RESULTS

Validation and analysis of EL calculations using CFD
The computer-simulated validation and analysis of

the EL measure are summarized in Figure 2. Our first
aim was to evaluate how closely the 2-D EL for standard
views compares with the true 3-D EL and to investigate
how deviations from these imaging planes influence the
2-D EL measurement.

The 3-D EL curve indicates that most energy loss in
the model occurs in diastole, where the filling jet leads to
vortex formation with added shearing fluid losses. For
the standard 2-D views, both the apical long-axis

(ALAX) and apical four-chamber (A4C) views provided
a fair representation of the diastolic 3-D EL (relative
error: §5% and §4%, respectively). These 2-D views
had similar integrated EL values with limited sensitivity
to imaging view alignment (Fig. 2, upper right panel,
shaded color regions around the curves). The apical
two-chamber view (A2C), however, had the highest error
(§9%). For systole, both the EL traces and integrated
values varied substantially among imaging planes (rela-
tive error ALAX: §19%, A4C: §13%, A2C: §17%).
These findings supported the use of A4C views in our
patients in diastole.

Our second aim was to analyze the influence of
changes in postprocessing on the estimated 2-D EL and is
shown for the ALAX view in Figure 2 (lower right plot).
It can be observed that (i) spatial smoothing reduces EL
magnitude but retains the curve shape, and (ii) the wall

Fig. 2. Analysis of the energy loss metric in a computer simulation model mimicking 3-D ventricular flow. Bottom left:
Snapshot of the flow pattern in the model in late diastole. In the Upper left: Bull’s-eye view marking the mitral valve
and outflow tract of the phantom along with the imaging plane/position of the selected standard examination views. Top
right: The energy losses for standard views are traced along with variation resulting from the §5˚ change in angle in the
shaded lines. Little variation is noted in diastole, with some more important variations in systole from the ALAX view.
Bottom right: The influence of the estimated values after postprocessing operations is plotted for the ALAX view with
varying degrees of smoothing parameters. This indicates that increasing spatial smoothing reduces the EL magnitude but
retains the curve shape (red dotted line). Wall filtering (yellow line) has little effect on EL magnitude and curve shape.
ALAX = apical long axis; A2C = apical two-chamber; A4C = apical four-chamber; DIA = diastolic; EL = energy loss;

IVRT = isovolumic relaxation time; LVOT = left ventricle outflow tract; MV =mitral valve; SYS = systole.
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filter has little influence in systole but may lead to some
underestimation of EL in mid-to-late diastole.

To summarize, the computer simulation EL analysis
revealed that, first, 2-D diastolic EL measures from A4C
and ALAX views agree well with the 3-D EL shape, and
the 2-D systolic EL measure from the ALAX view
agrees well with the 3-D EL shape. Second, the effect of
postprocessing is mainly a change in EL magnitude and
can be used to compare relative changes. Consistent
postprocessing parameters should be used, and clear
baseline values should be provided.

RV energy loss calculations in TOF and ASD patients
In total, 21 rTOF (16 had received a transannular

patch repair, 5 with an RV-to-pulmonary artery conduit),
11 ASD and 25 control patients were included, all with a
suitable RV4C view for analysis. All rTOF patients had
severe PI and no residual right ventricular outflow tract
obstruction. The RV3C view was suitable (defined as a
loop including high-quality BST measurements in the
inflow, outflow and apex) only in 11 of 25 controls, 9 of
11 patients with ASD and 15 of 21 patients with rTOF.

Baseline demographic characteristics were similar
among the three groups (Table 1). QRS duration was
longer in the rTOF group compared with the other
groups. When echocardiographic parameters of RV size
and function were compared, the RVs were enlarged in
ASD and rTOF patients compared with controls.
Although RV fractional area change (FAC) was similar
among the three groups, tricuspid annular plane systolic
excursion (TAPSE) was significantly lower in the rTOF
group compared with the other groups, whereas it was

higher in the ASD patients compared with the other
groups (Table 2). Tricuspid early diastolic inflow veloc-
ity (TVE) did not significantly differ among the groups.
Left ventricular (LV) systolic function parameters did
not significantly differ among the three groups.

Quantitative results from RV four-chamber views
Table 2 and Figure 3 compare the flow characteris-

tics among the three groups as derived from blood
speckle tracking. Compared with the CTL group, both
the ASD and rTOF groups had significantly higher dia-
stolic EL. Systolic EL, on the other hand, was similar in
all groups. Diastolic vorticity was also significantly
higher in ASD and rTOF as compared with CTL,
whereas maximal systolic vorticity was similar in all
groups. No significant correlation of heart rate, BSA or
QRS duration with EL or vorticity was noted in any
group. There were weak statistically significant correla-
tions of systolic and diastolic EL with age in rTOF and
CTL but not in ASD, with a wide spread of values as age
increased. Energy loss and vorticity did not correlate
with any conventional RV functional parameter.

Qualitative results from RV three-chamber views
When localizing regions of highest EL from the

RV3C, all groups had a similar region of high systolic
EL (Supplementary Videos S1, S2 and S3 [online only]
for CTL, ASD and rTOF, respectively) and VO (Supple-
mentary Videos S4, S5 and S6 [online only] for CTL,
ASD and rTOF, respectively) in the right ventricular out-
flow tract. In diastole, all groups had high EL and VO
around the tricuspid valve leaflets, corresponding to

Table 1. Demographic and echocardiographic data

CTL (n = 25) rTOF (n = 21) ASD (n = 11)

Age (mo) 42 (26!76) 41 (21!74) 66 (33!99)
Male (%) 48% 52% 54%
Height (cm) 100 (85!124) 95 (82!109) 104 (88!134)
Weight (kg) 15.8 (12.3!23.6) 12.2 (10.0!19.5) 17.9 (10.5!27.3)
BSAHaycock (m

2) 0.94 (54!1.2) 0.84 (0.69!1.03) 0.74 (0.50!1.00)
Heart rate (bpm) 97 (85!108) 93 (85!100) 97 (89!101)
QRS duration (ms) 81 (77!93) 114 (80!128)* 82 (72!92)y

RV EDd (mm) 13 (10!16) 19 (17!23) 25 (21!32)
RV EDd Z-score !0.4 (!1.4 to 0.9) 3.3 (2.7!3.5)* 4.6 (2.8!5.1)*
TAPSE (mm) 20 (18!23) 11 (10!13)* 23 (17!27)*,y

RV diastolic area (cm2) 9.0 (7.6!13.3) 15.2 (8.8!17.6)* 18.2 (14.2!20.3)*,y

RV systolic area (cm2) 5.6 (4.0!7.7) 8.7 (5.9!10.7)* 14.1 (10.5!20.3)*
RV FAC (%) 40 (37!46) 37 (33!42) 45 (37!48)
TV E (cm/s) 84 (72!126) 84 (71!100) 80 (70!101)
LV ejection fraction (%) 69 (64!74) 64 (61!68) 66 (61!70)
LV shortening fraction (%) 36 (32!39) 34 (32!37) 35 (31!38)

ASD = atrial septal defect; BSA = body surface area; CTL = controls; EDd = end-diastolic dimension; FAC = fractional area change; LV = left ven-
tricle; RV = right ventricle; rTOF = repaired tetralogy of Fallot; TAPSE = tricuspid annular plane systolic excursion; TV E = tricuspid valve E-wave
velocity.

Values are expressed as the median (quartiles Q1!Q3).
* p value < 0.05 versus CTL.
y p value < 0.05 versus rTOF.
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vortex formation at the edge of the tricuspid valve leaf-
lets. In rTOF, however, an additional region of high EL
and VO was present in most cases (11/15) in the RV
apex, corresponding to colliding PI and tricuspid inflow.
Cardiac blood speckle tracking findings are summarized
in schematic form in Figure 4 and in typical examples in
Figure 5. The systolic and diastolic flow patterns were

similar in CTL (Supplementary Video S7, online only)
and ASD (Supplementary Video S8, online only), with
diastolic vortices forming around the tricuspid valve
leaflets in early diastole and accentuated with atrial sys-
tole followed by streaming toward the right ventricular
outflow tract. In rTOF, systolic flow patterns were also
similar to those of the other groups, but in diastole,

Table 2. Right ventricular energy loss and vorticity in the four-chamber view

CTL (n = 25) rTOF (n = 21) ASD (n = 11)

Systolic energy loss (mJ/m) 0.17 (0.10!0.48) 0.29 (0.07!0.51) 0.44 (0.29!0.68)
Diastolic energy loss (mJ/m) 1.34 (0.55!2.06) 1.93 (1.46!2.74)* 2.86 (1.47!3.65)*
Maximal systolic vorticity (1/s) 3.66 (2.02!5.98) 6.57 (1.52!11.19) 13.90 (6.13!18.41)
Maximal diastolic vorticity (1/s) 14.09 (8.36!17.61) 23.01 (17.73!28.52)* 28.74 (21.55!33.80)*

ASD = atrial septal defect; CTL = controls; rTOF = repaired tetralogy of Fallot.
Values are expressed as the median (quartiles Q1!Q3).
p-value < 0.05: *ASD or rTOF versus CTL.

Fig. 3. Scatterplot of right ventricular flow energetics in the four-chamber view. Scatterplots of energy loss and vorticity
with median (thick line) and quartiles (Q1!Q3, thin line). ASD = atrial septal defect; CTL = controls; EL = energy loss;
rTOF = repaired tetralogy of Fallot; VO = vorticity. *p Value < 0.05, ASD or rTOF versus CTL. yp Value < 0.05, rTOF

versus ASD.
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Fig. 4. Schematic of regions of high energy loss (yellow shadowed areas) as seen in the right ventricular three-chamber
view. ASD = atrial septal defect; CTL = controls; rTOF = repaired tetralogy of Fallot.
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Fig. 5. Typical examples of right ventricle intracardiac velocities, energy loss and vorticity mapping in diastole and sys-
tole in controls (5A), patients with atrial septal defect (ASD) (5B) and patients with repaired tetralogy of Fallot (rTOF)
(5C). The systolic and diastolic flow patterns were similar in CTL and ASD, with diastolic vortices forming around the
tricuspid valve leaflets in early diastole (A and B, panel A) with corresponding areas of high energy loss and vorticity
(A and B, panels C!E). In rTOF, systolic flow patterns were also similar to those of the other groups (A! C, panel B),
but in diastole, regurgitant pulmonary flow collides with the tricuspid inflow, resulting in disorganized apical vortices
(C, panel A, indicated by white arrow) with an additional area apical energy loss and vorticity (C, panels C and D, indi-
cated by white arrow). The schematic in the upper left of each panel illustrates the imaging plane and areas of high EL

in orange.
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regurgitant pulmonary flow collides with the tricuspid
inflow, resulting in disorganized apical vortices (Supple-
mentary Video S9, online only). The pattern of EL could
also vary from beat to beat, as illustrated in Figure 6.

Inter- and intra-observer variability
Analysis of intra-observer variability revealed very

good reproducibility for both diastolic and systolic EL
measurements, with average systematic measurement

Fig. 5. Continued
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errors of !0.1% and 0.0%, respectively, and very narrow
limits of agreement, well within 5% variation. Analysis of
inter-observer variability also revealed good reproducibil-
ity for both diastolic and systolic EL, with an average sys-
tematic error of 0.0% for both parameters and a narrow

limit of agreement within 5% variation from the RV4C
view (Fig. 7). The inter- and intra-observer variability
was not determined for the RV3C view because this
served to supply a qualitative measure, although findings
were reviewed by co-authors (WM, SAN, LL, SF).

Fig. 5. Continued
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DISCUSSION

In this study we compared cardiac blood flow
energy losses between two groups with volume-loaded
RVs and controls using high-frame-rate ultrasound imag-
ing and blood speckle tracking. We studied the feasibil-
ity and reproducibility of blood speckle tracking and

validated energy loss measurements. We described dif-
ferent blood flow dynamics and energetics in volume-
loaded RVs compared with controls.

Although the EL parameter varied for different
patient groups, it could also vary substantially because
of changes in image plane and postprocessing (smooth-
ing). Beat-to-beat variation in EL patterns could also be

Fig. 6. Beat-to-beat variation of energy loss patterns. Energy loss mapping from a right ventricle three-chamber view
revealing different patterns of energy loss from beat to beat in an example of a patient with ASD. RV3C = right ventricu-

lar three-chamber view; ASD = atrial septal defect.

Fig. 7. Bland!Altman plots of intra-observer (A,B) and inter-observer (C, D) agreement. Intra-observer (A,B) and inter-
observer (C,D) variability in diastolic and systolic energy loss. In these Bland!Altman plots, the solid line represents the
average measurement error as a percentage. The calculated mean bias and limits of agreement are displayed in the lower

left corner of each graph. The average error in measurement in all cases is well below 5%. SD = standard deviation.
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seen and could stem from translational motion of the
heart or slight variation of imaging planes (Fig. 6). Com-
puter simulation analysis of the velocity and EL meas-
urements in a ventricular model highlighted some
determinants of measurement errors, among which the
most important is the alignment with blood flow, but
also post-processing settings (e.g., smoothing). Because
the postprocessing steps are not major sources of vari-
ability, as highlighted by excellent inter- and intra-
observer variability, careful and consistent imaging tech-
nique become a very important prerequisite for useful
and accurate quantitative measures such as energy loss
and vorticity in 2-D views. The computer simulation
analysis also revealed that diastolic EL was reliable
when assessed from a 4CV, as we did here.

Our data indicate that volume-loaded RVs in both
rTOF and ASD patients have higher energy losses in
diastole compared with those in controls, without being
different from each other. In diastole, energy loss
occurred at the tricuspid valve leaflets for all groups.
This can be understood from a fluid mechanics perspec-
tive by the mechanical EL as a result of sudden flow
expansion, as it is thought to apply to EL in the ascend-
ing aorta of patients with aortic stenosis (Binter et al.
2017). In our study, this sudden flow expansion occurs in
early diastole through the tricuspid valve and would be
accentuated when the RV is dilated. These findings
would support the notion that dilated RVs are less effi-
cient than non-dilated RVs because more kinetic energy
is lost during diastole. These findings are in keeping
with earlier observations in volume-loaded RVs in a
canine study finding reduced diastolic vortex strength
and extent, which are quantitative vortical measures
thought to correlate with kinetic energy (Pasipoularides
et al. 2003).

Even though total diastolic EL was similar in both
ASD and rTOF, the two groups exhibited different dia-
stolic flow patterns. In all groups, the tricuspid leaflets
were regions of disturbed flow and higher EL. In rTOF,
however, an additional region of high EL is present in
most cases at the RV apex, associated with colliding
flow from the inflow and the PI. These abnormal flow
patterns and energetics within the RV apex of rTOF may
have effects on remodeling and function. Apical dys-
function has been found to preferentially affect rTOF
compared with equally volume-loaded ASD and healthy
controls (van der Ven et al. 2019).

In systole, EL did not differ between the groups. This
finding was surprising because more energy loss would be
expected in rTOF and ASD as the RV stroke volume is
increased in these patients compared with controls. The
absence of a difference could be attributed to the mostly
out-of-plane direction of blood flow in systole when the
RV is imaged from the RV4C view. This stems from a

well-known and important limitation of 2-D echocardiog-
raphy in imaging the RV (Haddad et al. 2008).

Contrary to previous studies on flow characteristics
and energy loss in children, we could not find a signifi-
cant correlation between EL and BSA (Hayashi et al.
2015). This explains why EL is expressed as an unin-
dexed measurement in our results. Although systolic EL
and diastolic EL did significantly correlate with age in
rTOF and CTL, the distribution of EL, especially in
older patients, is very wide, and this relationship was not
observed in the ASD group. A generalizable conclusion
with such data would require more patients.

In addition, the velocity measurements we pre-
sented were obtained by blood speckle tracking based on
high-frame-rate echocardiography without flow regulari-
zation and thus are free of any regularizing assumptions
(e.g., without out-of-plane flow). As opposed to techni-
ques such as VFM, wall velocities are not needed to
derive any component of the velocity of the blood. The
trade-off is dealing with regions of signal dropout as in
color Doppler. Two-dimensional energy loss measure-
ments change for physiologic reasons, but also because
of variations in the imaging plane and postprocessing
settings. As seen from the computer simulation analysis,
the wall filter had an overall dampening effect leading to
some underestimation of EL, but also changed the curve
shape in mid-to-late diastole. The latter could potentially
be masking contributing secondary flow patterns and
requires further elucidation.

The effect of flow patterns on cardiac morphology
and function is complex (Pasipoularides 2012, 2013).
Increased fluid shear stress is thought to affect endocar-
dial signaling pathways involved in cardiac remodeling
and function (Tseng et al. 1995; Ueba et al. 1997). Dis-
turbances in flow dynamics have been proposed to pre-
cede morphologic and functional changes (Pedrizzetti
et al. 2015). To study this in the repaired tetralogy of Fal-
lot population, longitudinal changes in flow dynamics
and their relationship to RV wall mechanics could be
studied. This could provide novel insights into the rela-
tionship between flow dynamics and RV remodeling.
Energy-based imaging biomarkers are increasingly
becoming available based on advancements in MRI and
ultrasound technologies (Hirtler et al. 2016; Azarine
et al. 2019). Their clinical utility will have to be deter-
mined based on longitudinal studies and outcome data.
These flow dynamics could reflect RV dysfunction at an
earlier, adaptive stage after tetralogy of Fallot repair that
would otherwise have been missed using the current
imaging biomarkers used. The lack of difference
between ASD and rTOF could be related to the small
sample size but also reveals the additional value of not
only quantitative data of EL and VO, but also qualitative
visualization tools allowing differentiation of flow

RV flow dynamics in dilated right ventricles !W. MAWAD et al. 1525



125 
 

dynamics between these two groups of volume-loaded
RVs. The lack of difference in systolic EL between the
groups was a surprising finding. This could again be
related to the small sample volume but is more likely
explained by the fact the measurements were obtained
from a RV4C view, in which systolic flows from the
apex to the outlet are largely out of plane. This further
indicates the importance of 3-D methods, especially in
the setting of complex geometry of the RV.

LIMITATIONS

There were several limitations to this study. The
first is the small sample size. The availability of the
blood speckle tracking imaging technique only for
higher-frequency probes precluded inclusion of older
and larger children. This study is to be considered a pilot
study hinging on feasibility, validation and potential
clinical application of this novel imaging technology.

Acquisition of an RV3C view proved challenging,
particularly in healthy controls, in whom the RV is not
dilated. However, the RV4C view was more feasible, and
we excluded no images in this view. On the basis of
results from the validation, we found that it was important
to compare images with the same imaging plane to obtain
reliable EL and vorticity measurements. Therefore, we
chose to exclude 22 of 57 RV3C views with slight differ-
ences in angulation. This limitation was compounded by
the absence of real-time EL visualization on the modified
research scanner used for this study. This meant that qual-
ity control was performed offline with no possibility of
optimization. As with other Doppler-based techniques of
blood flow measurements, multiple acquisitions are ana-
lyzed to optimize alignment with the blood flow direction.
Similarly, velocities obtained by blood speckle tracking
based on high-frame-rate echocardiography will benefit
from real-time visualization and analysis.

Another limitation is the 2-D nature of the imaging
technique, thus not accounting for through-plane variations.
This is highlighted in the systolic EL scatterplots with
many values near zero when assessed in the RV4C view
(Fig. 2). Because of the crescent shape of the RV, the imag-
ing plane of the RV4C view is nearly perpendicular to the
direction of systolic flow toward the outflow tract so that
the through-plane component of systolic RV flow is lost.

Calculations of EL are dependent on smoothing
parameters. We used the same parameters across our anal-
ysis to avoid this potential source of error. However,
awareness of this limitation is important for longitudinal
studies and for comparison of patient groups in the future.

CONCLUSIONS

Diastolic energy losses in the dilated RVs of patients
with ASD and rTOF were similar but significantly higher

than in healthy controls, whereas losses were similar in
systole. This may support the notion that the dilated RV is
less efficient as more energy is lost in diastole (Jeong et al.
2015). In addition, we have found a unique pattern of dia-
stolic energy loss in rTOF within the RV apex, which was
not present in the other groups. Colliding jets of pulmo-
nary regurgitation and tricuspid inflow at the RV apex in
rTOF are at the origin of this specific pattern. Even though
the clinical significance of our findings is not yet clear, the
study of disturbances in RV flow and energy loss patterns
may provide additional insights into the origin of apical
dysfunction seen in the dilated RV of rTOF patients but
not ASD. Because no relationship between RV flow
dynamics and RV function or mechanics was determined,
the link between the two is speculative.

The use of blood speckle tracking for blood flow EL
and vorticity quantification proved feasible, with low
inter- and intra-observer variability. However, computer
simulation validation in this study highlights important
aspects related to image acquisition and postprocessing,
which can affect the accuracy of the measured blood
speckle velocities and EL. Awareness of these limita-
tions is important for future studies and will likely be
minimized by the availability of real-time visualization
and analysis. High-frame-rate ultrasound and blood
speckle tracking are promising new tools in gaining a
further understanding of flow dynamics and energetics
and their effect on cardiac remodeling and function.
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Original Article
Pulmonary Hypertension in Children is Associated With
Abnormal Flow Patterns in the Main Pulmonary Artery as

Demonstrated by Blood Speckle Tracking
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ABSTRACT
Background: Paediatric pulmonary arterial hypertension (PAH) is
characterized by increased pulmonary vascular resistance resulting in
increased pulmonary artery (PA) and right ventricular pressure (RV).
This is associated with disturbed flow dynamics in the PA and RV that
are not well characterized. We aimed to compare flow dynamics in
children with PAH compared with healthy controls using blood speckle
tracking echocardiography.
Methods: Patients <10 years of age with PAH and healthy controls
were included. We examined flow dynamics in the main PA (MPA) and
right ventricle based on acquisition blood speckle tracking images
obtained from the RV and PA. Qualitative and quantitative analyses
were performed.
Results: Eighteen subjects were included in each group. A diastolic
vortex in the MPA was identified in 16 of the patients with PAH, but not
in controls. Significantly higher MPA systolic (4.84 vs 2.42 mW/m; P ¼
0.01) and diastolic (0.69 vs 0.14 mW/m; P ¼ 0.01) energy loss, as
well as increased vector complexity (systole: 0.21 vs 0.04, P ¼ 0.003;
diastole: 0.13 vs 0.05, P ¼ 0.04) and diastolic vorticity (15.2 vs 4.4 Hz;
P ¼ 0.001), were noted in PAH compared with controls.
Conclusion: This study demonstrates the presence of abnormal flow
patterns in the MPA with diastolic vortex formation in most patients
with PAH. This diastolic vortex likely results from reflected waves from
the distal pulmonary bed. Our data indicate that the diastolic vortex
could potentially be used in the diagnosis of PAH. The clinical signifi-
cance of the energy loss findings warrants further investigation in a
larger cohort of patients with PAH.

R!ESUM!E
Contexte : L’hypertension art!erielle pulmonaire (HTAP) p!ediatrique est
caract!eris!ee par une r!esistance vasculaire pulmonaire accrue qui
donne lieu à une augmentation de la pression dans l’artère pulmonaire
(AP) et dans le ventricule droit (VD). Ce ph!enomène s’accompagne de
perturbations de la dynamique des d!ebits dans l’AP et le VD, qui n’ont
pas encore !et!e bien caract!eris!ees. Nous avons cherch!e à comparer la
dynamique des d!ebits chez des enfants atteints d’HTAP avec celle de
t!emoins en bonne sant!e en utilisant l’!echocardiographie de suivi des
marqueurs acoustiques du sang.
M!ethodologie : Des patients de moins de 10 ans atteints d’HTAP et
des t!emoins en bonne sant!e ont particip!e à l’!etude. La dynamique des
d!ebits du tronc pulmonaire (TP) et du ventricule droit a !et!e examin!ee à
partir d’images de suivi des marqueurs acoustiques du sang de l’AP et
du VD. Des analyses qualitatives et quantitatives ont aussi !et!e
r!ealis!ees.
R!esultats : Dix-huit sujets ont !et!e inclus dans chacun des groupes. Un
vortex diastolique du TP a !et!e observ!e chez 16 des patients atteints
d’HTAP, mais n’!etait pr!esent chez aucun des t!emoins. Une perte
d’!energie significativement plus !elev!ee dans le TP a !et!e not!ee pour la
systole (4,84 vs 2,42 mW/m; P ¼ 0,01) et la diastole (0,69 vs 0,14
mW/m; P ¼ 0,01) des patients atteints d’HTAP; de plus, une com-
plexit!e vectorielle accrue (systole : 0,21 vs 0,04, P ¼ 0,003; diastole :
0,13 vs 0,05, P ¼ 0,04) et une vorticit!e diastolique accrue (15,2 vs 4,4
Hz; P ¼ 0,001) ont !et!e not!ees chez les patients atteints d’HTAP
comparativement aux t!emoins.
Conclusion : Notre !etude fait !etat d’un profil circulatoire anormal
caract!eris!e par la formation d’un vortex diastolique dans le TP chez la
plupart des patients atteints d’HTAP. Ce vortex d!ecoule probablement
d’ondes r!efl!echies du lit pulmonaire distal. Les donn!ees que nous
avons obtenues indiquent que le vortex diastolique pourrait possible-
ment être utilis!e dans le diagnostic de l’HTAP. Par contre, la signifi-
cation clinique des r!esultats concernant la perte d’!energie n!ecessite
d’autres !etudes auprès d’une cohorte plus importante de patients
atteints d’HTAP.
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Paediatric pulmonary artery hypertension (PAH) is defined by
increased pulmonary artery pressure and pulmonary vascular
resistance (PVR) resulting in increased right ventricular pressure
loading. The impact of PAH on right ventricular (RV)
morphologic and functional parameters has been extensively
studied, whereas there is limited data available on the changes
in flow dynamics associated with PAH.1-3 Four-dimensional
flow magnetic resonance imaging (4D-flow MRI) has been
used for qualitative and quantitative flow assessment in PAH.
Flow characteristics were shown to differ significantly between
patients with PAH and healthy controls (CTL).4 A decrease in
peak systolic vorticity (VO) in the main (MPA) and right
pulmonary artery (RPA) was associated with increased PVR
and was used in a model to noninvasively predict PVR.5

Although 3-dimensional assessment of flow is a major advan-
tage of 4D-flow MRI, it comes at the expense of low temporal
resolution. This limitation is more significant in children as
they have higher heart rates. Blood speckle tracking (BST)
echocardiography is a 2-dimensional technique that allows
blood flow visualization at high temporal resolution.6 This al-
lows the study of more short-lived flow events such as early
diastolic vortex formation in the MPA. The aim of the current
study was to use BST to (1) qualitatively describe MPA flow
patterns in patients with PAH compared with healthy CTL and
(2) compare quantitative flow parameters including energy loss
(EL), VO, and vector complexity (VC) in the MPA and RV
between patients with PAH and CTL. The relationship be-
tween flow parameters, RV functional parameters, and RPA
distensibility (RPAD) will be evaluated.

Materials and Methods
Between December 2015 and December 2020, we included

patients from the Hospital for Sick Children in Toronto,
Canada, and St. Olav’s Hospital in Trondheim, Norway, who
were <10 years of age and who had PAH as defined by an
estimated mean pulmonary artery pressure measured by echo-
cardiography exceeding 25 mm Hg as well as healthy CTL
matched for age and sex. The study was approved by both

institutions’ ethics review boards, and informed consent was
obtained before enrolment. A Vivid E9 or E95 system (GE
Vingmed Ultrasound, Horten, Norway) with research software
enabling image acquisitions with a frame rate equal to the pulse
repetition frequency, that is, in the kHz range, was combined
with the B-mode modality. We acquired a short-axis view of
the MPA and RV centred apical views. At least 2 cardiac cycles
were recorded with commercially available ultrasound probes
including the 6S and 12S phased-array probes (GE Healthcare,
Milwaukee, WI). Storage of IQ (in-phase and quadrature) data
was done to enable full offline postprocessing and BST analysis.
Dedicated in-house software analysis tools were used
(PyUSview; NTNU, Trondheim, Norway). Temporal and
spatial smoothing parameters were kept identical for all analyses
(temporal smoothing ¼ 40 milliseconds, Gaussian spatial
smoothing ¼ 5 " 5 mm2). The MPA flow field and RV were
segmented, and VO, EL, and vector complexity were quanti-
fied in the MPA and RV. The calculation of EL and its vali-
dation and variability have been previously described by our
group.7,8 The definition of VO as calculated based on BST has
been previously published.7 Vector complexity has been
described using other methods.9 This parameter describes the
flow complexity by quantifying the spread of the velocity vec-
tors. It is defined as 1# r, where r is the vector concentration as
defined by Pedersen et al.10 The measurements range from 0,
where all velocity vectors are in the same direction, to 1,
indicating vectors in multiple different directions. It can be
thought of as a measure of flow laminarity, with laminar flow
having vector complexity approaching 0 and turbulent flow
approaching 1. Conventional echocardiographic parameters
were obtained based on standard clinical methodology. RPA
distensibility was measured as the percentage difference be-
tween the maximal and minimal RPA diameters in a parasternal
short-axis view (Fig. 1).

Statistical analysis

Comparison between 2 groups was done using the Mann-
Whitney U test with a P value of <0.05, which was

Figure 1. Right pulmonary artery distensibility (RPAD) index measurement in a parasternal short-axis view of the pulmonary arteries. max, maximal
measurement; min, minimum measurement.
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considered statistically significant. Correlations were tested
using Spearman’s rank test. The analyses were conducted
using GraphPad Prism 8 (GraphPad Software, La Jolla, CA).

Results
Demographic and hemodynamic characteristics are sum-

marized in Table 1. In total 36 subjects were included, 18
patients with PAH and 18 CTL. All patients with PAH had
idiopathic PAH and no history of previous cardiac surgery.
The majority (13 of 18) were receiving antipulmonary hy-
pertensive therapy (sildenafil: 4; sildenafil þ oxygen: 8;
sildenafil þ bosentan þ macitentan þ selexipag: 1). There
were no significant differences in baseline characteristics be-
tween the groups. The PAH group had a larger MPA size and
lower tricuspid annular systolic excursion and right ventricular
fractional area change.

Qualitatively, both groups had laminar flow in the MPA in
systole. A diastolic vortex in the MPA was observed in 16 of
18 patients with PAH, whereas it was not present in any of
the CTL. The diastolic vortex was first observed in the RPA
origin in 6 of 16 patients with PAH and in the MPA in 10 of
16 patients. All vortices had a clockwise rotation and dissi-
pated as they migrated from their origin towards the pulmo-
nary valve. In CTL diastolic flow remains laminar without any
detectable rotation. Figure 2 shows typical examples from each
group illustrating the flow patterns.

Quantitative flow parameters are shown in Figure 3. The
rate of EL in the MPA was higher in PAH in systole (4.84 vs
2.42 mW/m) and diastole (0.69 vs 0.14 mW/m). Vector
complexity was also higher in systole (0.21 vs 0.04) and
diastole (0.13 vs 0.05) in PAH compared with CTL. Vector
complexity did not correlate with MPA z-score (r ¼ 0.37, P ¼
0.15). Diastolic VO was higher in PAH compared with CTL
(15.2 vs 4.4 Hz). In the RV, diastolic VC was higher in PAH
compared with CTL, but RV EL and RV VO were not sta-
tistically significant between the groups.

The vortex duration did not correlate significantly with
RV functional parameters (tricuspid annular systolic excur-
sion: r ¼ 0.22, P ¼ 0.40; right ventricular fractional area
change: r ¼ #0.45, P ¼ 0.11), with right ventricular systolic
pressure (r ¼ #0.01, P ¼ 0.11) or pulmonary artery di-
mensions (RPAD: r ¼ 0.17, P ¼ 0.51; MPA z-score:
r ¼ #0.21, P ¼ 0.41). MPA EL did not correlate with any
RV functional parameters or any RV flow parameters (RV
EL, VO, and VC). The quantitative flow parameters in the
MPA and RV did not correlate significantly with right ven-
tricular systolic pressure.

When comparing the RPAD index (Fig. 1), no significant
differences were noted between the groups (CTL: 23.9% vs
PAH: 24.15%). In patients with PAH, diastolic MPA EL
negatively correlated with RPAD (r ¼ #0.48; P ¼ 0.04) and
positively correlated with MPA z-score (r ¼ 0.68; P ¼ 0.03)
(Fig. 4).

Discussion
Using high-frame-rate BST echocardiography, our data

demonstrate important qualitative and quantitative differences
in flow dynamics, particularly in the MPA in children with
PAH compared with CTL. Interestingly, in the RV, the only
difference noted was vector complexity in diastole, with no
differences in systole.

The most important finding of our study was the presence
of an MPA diastolic vortex in most patients with PAH, which
is a distinguishing flow feature in patients with PAH.
Abnormal diastolic flow in the MPA and in the pulmonary
branches can often be observed using conventional color
Doppler and is thought to represent reflection of pulmonary
artery flow related to high distal resistance. The advantage of
BST technology is that it allows better visualization of the
vortices and it allows quantification of flow parameters. In
cardiac MRI studies, it was previously suggested that diastolic
vortex duration correlated with pulmonary artery pressures,11

but this could not be demonstrated in our study. A possible
explanation is the higher temporal resolution of BST
compared with MRI with the echocardiographic data likely to
be more physiological. Alternatively, the difference could

Table 1. Demographic and echocardiographic data

PAH (n ¼ 18) CTL (n ¼ 18)

Male (%) 50 44
Age (y) 2.8 (0.5-4.2) 3.2 (0.5-4.8)
Height (m) 110 (89-125) 99 (80-122)
Weight (kg) 18.9 (15.4-32.3) 15.8 (10.9-25.6)
BSA (m2) 0.75 (0.65-0.81) 0.66 (0.50-0.94)
HR (BPM) 86 (75-108) 97 (81-110)
MPA z-score 2.77 (1.62-3.26) #0.20 (#1.74 to 1.01)*
RPA distensibility

(%)
23.9 (12.7-31.7) 24.5 (17.2-30.4)

RV systolic
pressure (mm
Hg)

82 (42-105)

RV systolic
pressure (% of
systemic)

79 (46-104)

TAPSE z-score #1.30 (#3.83 to 6.80) 0.02 (#1.18 to 4.71)*
RVFAC (%) 33.5 (30-38) 37 (36-40)*
MPA

Diastolic MPA
vortex

16/18 0/18

MPA diastolic
vortex duration
(ms)

150 (121-171)

Avg. VCS 0.21 (0.08-0.42) 0.04 (0.02-0.06)*
Avg. VCD 0.13 (0.06-0.30) 0.05 (0.02-0.16)*
Avg. ELS (mW/
m)

4.84 (2.16-11.67) 2.42 (1.11-3.86)*

Avg. ELD (mW/
m)

0.69 (0.28-2.17) 0.14 (0.03-0.39)*

Avg. VOS (Hz) 17.1 (15.8-21.6) 27.7 (20.6-35.1)
Avg. VOD (Hz) 15.2 (11.1-20.9) 4.4 (0.2-8.4)*

RV
Avg. VCS 0.27 (0.12-0.42) 0.13 (0.09-0.28)*
Avg. VCD 0.27 (0.15-0.34) 0.12 (0.09-0.16)*
Avg. ELS (mW/
m)

1.54 (0.32-2.67) 0.68 (0.25-1.12)

Avg. ELD (mW/
m)

4.08 (2.19-7.20) 2.87 (1.44-4.86)

Avg. VOS (Hz) 22.8 (17.9-27.3) 22.1 (18.3-27.5)
Avg. VOD (Hz) 25.1 (18.5-31.3) 24.2 (17.8-28.2)

BSA, body surface area; BPM, beats per minute; CTL, controls; ELD,
diastolic energy loss; ELS, systolic energy loss; FAC, fractional area change;
HR, heart rate; MPA, main pulmonary artery; PAH, pulmonary arterial hy-
pertension; RPA, right pulmonary artery; RV, right ventricle; RVFAC, right
ventricular fractional area change; TAPSE; tricuspid annular plane systolic
excursion; VCD, diastolic vector complexity; VCS, systolic vector complexity;
VOD, diastolic vorticity; VOS, systolic vorticity.

*When P value <0.05; values expressed as median, quartiles (Q1-Q3).
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potentially be explained by the 2-dimensional nature of our
echocardiographic acquisitions, which may not capture
through-plane motion of the vortices, thus leading to an
underestimation of their duration compared with a 3-
dimensional imaging modality such as MRI. It was inter-
esting to observe that, even in patients’ milder PAH with RV
systolic pressure less than half-systemic, a diastolic MPA
vortex could be observed. Although this study could not
validate the value of vortex duration as a noninvasive marker
of PAH severity, the use of vortex detection as a diagnostic
sign for PAH requires further validation. Some ventricular
flow disturbances have been shown to precede geometric
remodelling.12 If this also applies to MPA flow, the value of
these novel flow parameters is promising although this study is
not geared to demonstrate this.

When quantifying flow parameters, we could find impor-
tant differences between the groups, especially in the MPA
with higher MPA EL and higher VC in patients with PAH vs
CTL. The higher EL difference could potentially be explained
by a loss of kinetic energy in the blood flow in the form of

thermal energy because of friction forces related to the more
complex flow patterns in the MPA. Our data demonstrate that
the MPA flow was more complex with wider spread of vector
directions, suggested by the higher vector complexity. The
vortices in the MPA differ from an energetic perspective from
the ones observed in the ventricles where they often serve as
conservers of kinetic energy from the diastolic to systolic
phase. The diastolic vortex observed in most PAH contributes
to increased EL contributing to inefficiencies in the pulmo-
nary arterial circulation.

Vector complexity, which is a flow parameter reflecting the
spread of the direction of the velocity vector fields,9 shows
significantly higher values in the MPA and RV of the PAH
group compared with CTL. This reflects the less laminar flow
occurring in PAH both in systole and diastole. Although we
did not observe decreased VO in systole as reported previ-
ously,3 VC did show differences between the groups. This is
perhaps because the VC parameter is more reflective of the
nonlaminarity of flow and less depended on velocities as
would EL and VO. This flow metric could also illustrate the

Figure 2. Typical main pulmonary artery (MPA) flow patterns as shown by high-frame-rate ultrasound imaging and blood speckle tracking. The
vorticity map is seen in the background. CTL, control; PAH, pulmonary arterial hypertension.
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systolic-diastolic coupling of flow parameters, where a less
laminar, rotating diastolic vortex in the MPA will lead to less
laminar flow in systole as well.

In PAH, MPA diastolic EL correlated negatively with
RPAD and positively with MPA z-score, whereas no such
correlations were found in CTL. These findings are in favour
of increased vascular stiffness as a more dilated and less
distensible pulmonary arterial system in PAH provides less
elastic recoil to continue propelling blood forward in diastole
and predisposes it to circular, more complex flow patterns
with higher energy losses. Although the literature is sparse,
the role of such a measurement has been shown to be
valuable in humans13-16 and dogs17,18 with PAH as an
additional noninvasive marker of pulmonary arterial stiff-
ness. The combination of blood flow quantification with
noninvasive markers of pulmonary arterial stiffness gives

more insights into the particularities of the RV-PA unit
function in PAH.

Study limitations

There are several limitations to this study. The first is the
small sample size. The availability of the BST imaging tech-
nique only for higher frequency probes precluded inclusion of
older and bigger children, which limited recruitment. The
study also suffers from the lack of contemporaneous invasive
measurements of PVR, MPA pressures to relate the flow pa-
rameters to. In addition, this study is not designed to test
clinical uses of qualitative and quantitative flow parameters but
rather to use this technology to describe flow disturbances in
PAH compared with CTL. This study should be considered a
pilot, hypothesis generating and feasibility study using a novel

Figure 3. Quantitative flow parameters in the main pulmonary artery (MPA) and right ventricle (RV). Values expressed as median, quartiles (Q1-Q3).
CTL, control; EL, energy loss; N.S., not significant; PAH, pulmonary arterial hypertension; VC, vector complexity; VO, vorticity.

Figure 4. Correlation of main pulmonary artery (MPA) diastolic energy loss (ELD) with right pulmonary artery distensibility (RPAD) index and MPA
z-score. CTL, controls; PAH, pulmonary arterial hypertension.
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imaging technology. Another limitation is the 2-dimensional
nature of the imaging technique, thus not accounting for
through-plane variations. EL calculations are dependent on
smoothing parameters.8 We used the same parameters across
our analysis to avoid this potential source of error.

Conclusion
The use of high-frame-rate ultrasound imaging allows us to

demonstrate abnormal flow characteristics in the MPA and
RV in patients with pulmonary hypertension compared with
CTL. An abnormal MPA diastolic vortex can be identified in
most patients with PAH, even in those with milder disease
severity compared with CTL. Even as right ventricular EL and
VO did not differ significantly, VC was higher in PAH
compared with CTL. Higher energy losses and vector
complexity in the MPA can result from increased right ven-
tricular afterload due to increased PVR as well as increased
MPA stiffness. These novel flow parameters are promising
noninvasive markers of disease severity, and further investi-
gation is warranted.
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