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Abstract 
Current published reference values for right ventricular (RV) echocardiographic 

assessment do not adequately account for the reported changes in size and 

function that can occur due to gender, age and body size. In addition, the 

potential effects on RV dimensions of ethnic variation within healthy volunteers 

are relatively unknown. The aim of this study was to better understand the 

potential differences in RV size that may result from gender, body size, ethnicity 

or age in a healthy volunteer group. 

 

255 healthy volunteers (mean age 41+11 years 53% male) from five ethnic 

groups (Indian, Chinese, Malay, European, Afro-Caribbean) were recruited. 

Assessment of RV size was conducted using 2D calliper measurements, 3D 

volume, ejection fraction (EF) and RV deformation characteristics (peak systolic 

strain (PSS) and strain rate (PSSR)). Intraobserver, interobserver and test-retest 

scenarios were performed to assess measurement variability and reliability. 

 

Regression analysis identified gender, age, body size and ethnicity as significant 

coefficients of 2D RV size and 3D volume. European and Afro-Caribbean 2D 

and 3D measurements were on average larger than the remaining ethnic groups 

whilst males exceeded females. Allometric scaling of the raw 2D data to body 

surface area (BSA) resulted in gender and body size independent measurements 

whilst measurements between ethnic groups displayed varying significance on 

both RV size and volume. Increasing age resulted in a number of significant 

interactions with size and volume.   

 

Gender differences were apparent for both 3D ejection fraction (EF) and strain 

measurements. Females displayed both higher 3D EF and PSS using an RV 

freewall approach. The reproducibility of the RV measurements varied 

depending on the method used and the scenario undertaken. 

 

Gender, age and body size are important determinants of 2D linear deformation, 

and 3D acquired RV measurements. These results highlight the need for 
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appropriate allometric scaling of RV measurements to BSA, whilst highlighting 

the importance of documenting ethnicity.  
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This report represented a significant contribution, in both methodology and 

quantification, from two of the largest societies in the world. Nonetheless the 

focus of this paper remained predominately on assessment of the LV with some 

detail pertaining to the RV. Despite acknowledging in the text and prescribed 

guidelines, differences in LV chamber size for men and women, and the potential 

for simple linear scaling of results to BSA, there remained a reduced array of 

tools dedicated to the quantification of RV size and function. In 2010 the 

American Society of Echocardiography (ASE) published guidelines for the 

assessment of the RV, based on meta-analysis data. This will be discussed later 

in the chapter, alongside other key papers in the chronology of RV assessment. 

 

In spite of this disparity in chamber assessment, there is compelling evidence that 

differences in both the structure, and function of the heart can be found not only 

between men and women, but also different ethnic groups, and with increasing 

age (Willis et al., 2012, Fernandes et al., 2011, Kawut et al., 2011, Maceira et al., 

2006b, Tamborini et al., 2010, Maffessanti et al., 2013). In the face of advances 

in imaging techniques, such as cardiac magnetic resonance imaging (cMRI) and 

computed tomography (CT), echocardiography remains one of the most 

commonly used, non-invasive, imaging techniques available and thus these well 

recognised changes should be accounted for when utilising this technique.  

 

There is a growing body of evidence surrounding the echocardiographic 

assessment of conditions such as PH or Arrhythmogenic right ventricular 

cardiomyopathy (ARVC). This utilises both traditional and new techniques 

which have embraced developments in imaging technology. In spite of the 

renewed interest in the structure, size and function of the RV, there are currently 

only limited normative studies that provide up-to-date and comprehensive 

assessments of not only the technique but also outcomes in a robust population 

sample. Major criteria for the confirmation of ARVC include (amongst other 

tests) RVOT-1 measurements >36mm and RVOT-3 measurements >32mm 

(Marcus et al., 2010). These guidelines also include both minor criteria and 

measurements indexed to BSA to account for the often large BSA readings 

derived from certain groups of athletes.  
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Despite the focus of research concerning the LV, the effect of differences in 

gender, ethnicity, and with age on the equally important RV are less well 

understood. The knowledge base surrounding echocardiographic differences in 

healthy groups of differing ethnicity is limited. It is limited to both the standard 

two-dimensional (2D) level, using recognised methodology, and at a more 

advanced level with both myocardial deformation and volume analysis.  

 

Given the fact that there is less research into both normal and abnormal RV 

function, there is a clear need to ensure that the echocardiographic indices of 

normality for the RV are relevant, robust and up-to-date. In spite of this, 

prominent articles from some 30 years ago still remain as regular reference 

(Foale et al., 1986). 

 

1.2. Speckle Tracking Echocardiography. 
 
New methods of cardiac assessment such as speckle tracking echocardiography 

(STE) have been studied in a number of varying pathological conditions often 

compared to a small matched control group (Teske et al., 2009b, Fukuda et al., 

2011).  Whilst it is imperative to advance the understanding of how disease states 

such as PH and ARVC changes the myocardial interaction, we must also 

appreciate that these techniques come with limitations. It is only with larger 

studies examining the normal population that we can appreciate the often subtle 

differences that can occur with disease.  

 

STE within a healthy population has been reported in larger epidemiological 

studies where the focus has been on the LV (Dalen et al., 2010). One such study 

conducted in 2006 by a Danish group, The Nord-Trøndelag health study (The 

HUNT study), described the benefits and technical limitations of STE within 

their normal population study (Dalen et al., 2010).  

 

The same group also delivered a second paper based on their experience 

conducting the study, detailing the interobserver reproducibility of several STE 

based techniques (Thorstensen et al., 2010). The same level of detail in the use of 
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STE is yet to be fully described for the RV, however, whether in terms of its 

positive attributes or its possible limitations as a technique.  

 

1.3. Three dimensional imaging  
 

3D volumetric analysis has made rapid advances, even within the timeframe of 

this thesis. Newer analysis software now exists which is designed to remove 

some degree of human bias; as well as systems that are more integrated, allowing 

better imaging at the point of interest, rather than post-acquisition analysis. 

Despite these improvements in the technology available, traditional RV 

assessment remains hampered both because of lack of access to dedicated RV 

analysis software and imaging capabilities, and because of the complex anatomy 

and reduced endocardial definition, secondary to imaging difficulties, which 

limit assessment of the RV. This remains a challenge within this field that must 

be acknowledged and accounted for when making clinical assessments.  

 

A better understanding of both the techniques currently available, and the normal 

reference ranges for each, will allow for increased knowledge development 

surrounding RV assessment in various pathological conditions.  

 

This investigation into the normal RV represents one of the most robust studies 

to date, both in terms of sample populations and methodology. By clarifying and 

establishing normal criteria within this group of healthy volunteers, it is hoped 

that future work will be able to detect ethnic, gender or age associated 

differences across various imaging modalities. 
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1.4. Study Aims and Hypothesis 
 

This study has been designed to bring together several methods of 

echocardiographic assessment and present these techniques and their limitations 

whilst assessing the right heart. These techniques will assess in detail the size 

and function of the RV within a diverse, multi-ethnic group of healthy 

volunteers. The inclusion of ethnicity as a variable within the study design will 

allow for its assessment as a potential influence on RV size and function 

alongside recognised influential parameters such as body size, age and gender. A 

primary hypothesis to be tested in this thesis is therefore that ethnicity will 

influence RV measurements. Several sub hypotheses will also be tested,  namely 

that: 1) When accounting for body size, gender differences in 2D RV 

measurements are no longer significant. 2) When accounting for body size, 

gender differences in 3D RV volumes are no longer significant. 3) Increasing age 

will lead to changes in both RV size and volume and 4) Allometric scaling is 

more effective at producing body size independent RV measurements compared 

to ratio-metric scaling. 

 

In order to test these hypotheses it will be necessary to establish normal 2D, 3D 

and deformation characteristics for RV echocardiographic parameters in a large 

heterogeneous population. In addition it is essential to establish the effect body 

size can have on RV measurements, determine the extent of any gender 

differences, ascertain how age may effect these measurements and establish the 

variability, reliability and agreement of these measurements between users.  

 

The discussion of the more common variables and their influence on RV 

dimensions will be further assessed with the use of ratio-metric and allometric 

scaling. By utilising these linear and non-linear techniques to remove variables 

such as body size from predicted RV dimensions, it is anticipated that this may 

further help understand how influential ethnicity is on body size independent RV 

measurements and the determination of reference values.  

 

Equally, functional assessment of the RV remains imperative and in addition to 

RV size, this study will investigate the effects of ethnicity, age, gender and body 
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size on measures for RV deformation, calculated using STE, and RV volumes 

derived from 3D acquisitions. A detailed examination of the echocardiographic 

assessment is discussed in later sections of the literature review to place in 

context the comparison to other methods, and in addition, how more modern 

technologies provide alternative assessment methods. These techniques will be 

further scrutinised regarding their measurement variability, reliability and 

subsequent agreement between users and acquisition.  

 

The thesis provides an extensive assessment of the RV that will provide 

reference ranges for many of the common techniques used to assess the right 

heart, from a diverse healthy population. The issues surrounding this ethnic 

diversity however are complex and challenging.  

 

To ensure that the study demographic was truly diverse, a multi-centre approach 

was utilised, which involved recruitment from centres in both the United 

Kingdom and Pennang, Malaysia. To make certain that the results could be 

applied in a logical manner should it be required, recruitment was then focused 

on five ethnic groups: Indian, Chinese, Malay, European and Afro-Caribbean. 

These five groups were identified because of their relative size as a demographic 

within the three recruitment centres and census data. 

 

Details regarding volunteer selection are discussed later within both the literature 

review and methodology, where the method and limitations of other studies are 

discussed. It is important to recognize that the assessment of ethnicity is a 

complicated and sometimes controversial subject. Within the scope of this 

project, a broad representation of both sample size and ethnicities was not 

possible and therefore any recommended guidelines for size and function must 

also be interpreted within the clinical context of the patient.  
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alongside the number of years spent as a resident in certain countries, while, to a 

lesser extent, people may define their ethnicity based solely upon their religion. 

1.6. Ethnicity and the Heart: Echocardiographic Evidence 
 

Differences in the baseline physiology of healthy people from different ethnic 

groups are well established; with independent schools of population research 

such as the London Life Sciences Prospective Population (LOLIPOP) dedicated 

to the long-term assessment within this field (Chahal et al., 2010). Specifically, 

cardiac research into ethnic based differences has largely focused on the 

assessment of the LV, the LV in the presence of hypertension and RV studies 

with athletes. This is pertinent given that the incidence of hypertension amongst 

South Asians, and people of Caribbean and West African ancestry has been 

found to be raised by two- to threefold compared to the incidence in the native 

population in the UK alone (Cappuccio et al., 1997).  

 

Cardiac size and function has been shown to differ between healthy members of 

various ethnic groups (Natori, 2006, Park et al., 2013, Fernandes et al., 2011) and 

in particular in the assessment of athletes (D'Andrea et al., 2012, Zaidi et al., 

2013, Basavarajaiah et al., 2008, Baggish et al., 2008). These findings have been 

used to help distinguish pathological conditions such as hypertrophic 

cardiomyopathy from normal physiological adaptation to exercise (Chandra et 

al., 2012, Zaidi et al., 2013).  

 

Studies have found that the extent to which these differences occur varies 

depending not only on ethnicity, but also on the type of sport undertaken 

(Rawlins et al., 2010). Importantly, recent research has also highlighted the effect 

of both 2D and 3D LV mass calculations on reporting ethnic differences, with a 

suggested over-estimation caused by 2-D geometric assumptions (Park et al., 

2013).  

 

In a recent study into the adaptation of the RV in elite athletes, regression results 

of RV dimension, found that within the group of elite athletes, a predictor of 
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1.7. Multi-Ethnic Study of Atherosclerosis (MESA) 
 

Several large, observational based studies have dominated research into cardiac 

based ethnic differences. The Multi-Ethnic Study of Atherosclerosis (MESA) is a 

multicentre prospective cohort study. The study, initiated in 2000, initially aimed 

to stratify cardiovascular disease (CVD) over a seven-year period in different 

ethnic groups. 6,500 men and women, aged 45-84 years were recruited to this 

study.  

 

The ethnic groups consisted of Whites, African Americans, Hispanics and Asian 

Americans (Chinese descent). Volunteers recruited to the study were 

asymptomatic and free from any known CVD. Baseline demographics, a CT scan 

and cMRI were performed in all subjects. At two-year periods, subjects returned 

and were asked to detail their medical history, demographics were measured, and 

in 50%, a further CT and cMRI were performed.  

 

Since conception, the MESA study has produced a considerable volume of work 

detailing some of the functional and structural differences found in the left and 

right heart, between ethnic and gender groups both at baseline, with increasing 

age and in cases of obesity (Ventetuolo et al., 2011, Kawut et al., 2011, Chahal et 

al., 2012a, Aaron et al., 2011).  

 

One such study, using cMRI to assess subclinical myocardial function by peak 

systolic strain (%) (PSS) and strain rate (1/s) (PSR) (for the LV) is discussed 

(Fernandes et al., 2011). In a group of 1099 individuals from the aforementioned 

populations, cMRI results demonstrated that African-Americans had lower PSS 

across more regions of the LV compared to other groups, whilst Chinese-

Americans (the Asian-American group) demonstrated the highest PSS and PSR. 

Multiple regression modelling using an extensive list of confounders was 

performed in an effort to control for additional extrinsic influences. This 

demonstrated significant differences in the anterior, lateral and inferior walls of 

the African-American group compared to the referent Chinese-American group. 
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The majority of the work published by the MESA group focuses on LV function 

and uses both cMRI and CT as the method of assessment. A sub branch, the 

MESA Right Ventricle Study, has resulted in a number of key publications 

which have identified variation in RV size or function associated with obesity 

(Chahal et al., 2012a), exercise capacity (Aaron et al., 2011) and sex hormones 

(Ventetuolo et al., 2011).  

 

Overall, the MESA study provides a basis from which this thesis can report and 

compare any associated changes found with echocardiography, from a different 

sample group. The use of echocardiography in different ethnic groups, for the 

purpose of cardiac assessment appears to vary between the LV and RV. Despite 

ethnic differences being discovered in the LV (Galasko et al., 2005) (Kizer et al., 

2004) (Sharp et al., 2008) outside of the MESA group, studies focused on RV 

assessment appear to be limited.  

 

(Chahal et al., 2010) performed echocardiograms on 458 healthy subjects, 

randomly selected from the LOLIPOP study in an effort to better understand the 

effects that ethnic based demographic factors have on LV measurements. 

Recruiting both UK based Indian and European healthy subjects the results 

suggest that European volunteers demonstrated larger LV volumes, LV mass and 

left atrial (LA) volumes even after indexing to body size (Chahal et al., 2010) 

 

Differences in LV myocardial thickness and LV chamber size have been shown 

to exist between white and non-white athletes of similar training (Basavarajaiah 

et al., 2008, Kizer et al., 2004). However a recent study into the adaptation of the 

RV during endurance exercise demonstrated only minimal differences in size 

between both black and white athletes with both groups showing increased levels 

of RV hypertrophy compared to the control group. These changes suggested a 

physiological adaptation to high-level exercise, rather than a genetic adaptation, 

previously unreported in this particular group (Zaidi et al., 2013). In contrast, 

subjects from a non-athletic group within the MESA study did demonstrate 

changes in RV mass, volumes and RVEF, assessed using cMRI.  
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Importantly, these findings were independent of LV size and of adjustment for 

body size, using allometrically scaled processes (Kawut et al., 2011). The 

information regarding the ethnic based differences in the LV is unclear. Both 

method of assessment and the potential for athletic conditioning appear to 

influence results. What is clear is that limited normative data on the assessment 

of the RV exists within a healthy group of volunteers without the confounding 

influences of athletic performance or hypertension.  

 

1.8. Age Related Changes in Cardiac Size & Function 
 

Age related changes in cardiac size and function have been well documented and 

extensively studied. Changes can occur with pre-clinical disease, but also in its 

absence, as an adaptive process to changes in normal homeostasis within the 

human body (Oxenham and Sharpe, 2003). Several key cardiovascular changes 

associated with cardiomyocyte apoptosis (Centurione et al., 2002) are found to 

occur within the myocardium and arterial walls with increasing age, (Oxenham 

and Sharpe, 2003).  

 

Increasing arterial wall stiffness subsequently results in a reduction in 

compliance, the effect of which is increased systolic blood pressure and afterload 

resulting in a myocardial adaptive process (Oxenham and Sharpe, 2003). 

Reductions in the rate of systolic distension, assessed via cMRI, showed this not 

only decreased with age but also varied between male and females typically 

decreasing per decade, from 30 years old in males (Aquaro et al., 2013). The 

effects are also evident with advanced age, and increasing ascending aorta 

diameters (Mirea et al., 2013).  

 

The results of advanced age typically can affect the LV in a number of ways due 

to the loss of myocytes and an increase in the chamber to wall thickness ratio. 

Cellular apoptosis is considered a necessary process for the removal of damaged 

or unnecessary cells. Cardiomyocytes, however are considered to be long lasting, 

sharing, on average, the same lifespan as the organism, but without the same 





 30 

 

Results suggested that, with an increase in age, both absolute and normalised RV 

volumes reduced whilst the RV ejection fraction increased, similar to that found 

within the LV. Age related diastolic variables displayed a similar trend to that of 

the LV. With increasing age, the early diastolic peak filling rate decreased whilst 

late peak filling rate increased (Maceira et al., 2006b).  

 

1.10. Gender Related Changes 
 

The allocation of cardiac myocytes at birth, between men and women, has been 

described as one potential cause for gender-based differences with increased LV 

mass seen to develop in men from puberty to adulthood (de Simone et al., 1995). 

Little is known about the development of the RV with regards to increasing 

gender disparity, however, women still tend to display a higher RV ejection 

fraction (RVEF) (Kawut et al., 2009). The echocardiographical assessment of the 

RV within this group, therefore, may be determined by both dimensional and 

functional parameters such as strain and strain rate. 

 

Oestrogen levels in pre-menopausal women are known to provide protective 

therapy against LV heart failure and systemic vascular disease (Ventetuolo et al., 

2011). Despite this, women have an increased risk of developing idiopathic PAH 

compared to men, with results from one study showing a 4.1:1 ratio of women to 

men with idiopathic PH (Badesch et al., 2010).  

 

Gender differences in cardiac size (D'Oronzio et al., 2012, Willis et al., 2012, 

Maceira et al., 2006b) and in function (Kawut et al., 2011, Ventetuolo et al., 

2011) have been demonstrated using a range of echo based assessment methods, 

within the RV. 

 

A recent retrospective study demonstrated gender based differences in the right 

atrium (RA), across the long and short axis, and in the RV short axis dimension 

(D'Oronzio et al., 2012). RV end systolic area (RVESA) and RV end diastolic 
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area (RVEDA) were also measured and used to calculate RV fractional area 

change (RVFAC). In addition, TAPSE was assessed as a second measure of 

systolic function. Results demonstrated smaller chamber dimensions for women. 

After simple ratio metric scaling to BSA, using an y= a/x approach, where y 

equals the ratio-scaled interval, a equals the respective RV measurement and x 

equals the indexing variable, for example BSA; gender differences remained, 

advocating the use of indexed and non-indexed results, stratified by gender.  

 

In agreement with the above study, work recently conducted by this group, found 

similar gender based differences, in a prospective study carried out to assess RV 

dimensions (Willis et al., 2012). Because this study was prospective in design, a 

detailed assessment of the RV was conducted at the acquisition stage, enabling a 

more thorough assessment of both cardiac size and function using ASE 

recommended methods and providing data that are more reproducible in future 

studies. Inclusion and acknowledgement of gender based differences remains a 

clinically important factor when attempting better to understand cardiac chamber 

evaluation. 
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pulling in the RV freewall. Conversely, in diastole, the hollow structure is 

hypothesised to assist in the opening of the RV by pushing out the freewall. 

 

The attachment of the CSV to the septum allows it to act as a connection to the 

LV and thus enhance the integrated actions of both ventricles (James, 1985) 

described as ventricular interdependence. The CSV is the only attachment from 

the central upper portion of the RV freewall, and may help to synchronise the 

timing of the freewall to the septum and subsequently the LV (James, 1985). 

This association can account for 20% to 40% of the pressure generated within the 

RV through the systolic forces of the LV (Santamore and Dell'Italia, 1998).  

 

This interaction between the ventricles could help to explain how the RV is able 

to maintain adequate pressures levels (through the assisted pull of the LV). 

Canine models have demonstrated that even in the event of a severely damaged 

RV free wall through techniques such as electrical cautery (producing on average 

over 75% RV necrosis) adequate RV pressures were maintained. When the LV 

function was moderately damaged in a similar fashion, however, the animals 

quickly succumbed to shock (Bakos, 1950).  

 

Ventricular contraction cannot be assessed as if both ventricles were a single 

unit. Typically RV contraction is characterized by a reduction in length, due to 

the predominance of longitudinal fibres, with the width at the mid-point varying 

only slightly, while the LV displays a change in both length and width with an 

oblique movement toward the apex and towards the interventricular septum 

(Rushmer et al., 1953). (Rushmer et al., 1953) also demonstrated differences in 

the displacement of the epicardial and endocardial surface with endocardial 

displacement greater than epicardial and more pronounced at the base of the RV. 

This may have implications on techniques such as STE which rely on tracking 

myocardial movement between both these surfaces and on a segmental level.  
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1.11.3. Myofibre Architecture  
 

Both the left and right ventricle are composed of complex layers of fibres 

designed to aid both the systolic and diastolic function of the chamber. This 

complex network of fibres has been described in various levels of detail for over 

300 years (Greenbaum et al., 1981). The myocardium is comprised of this three 

dimensional array of fibres consisting of myocytes. Each of the myocytes that 

make up this complex array are joined at either end but also at the side branches.  

 

It is now known that the orientation of these fibres differs between the left and 

right ventricle (Ho and Nihoyannopoulos, 2006). The LV architecture is 

comprised of radial, circumferential, and longitudinal fibres with the 

circumferential components present particularly in the mid-wall and the base of 

the LV (Henein and Gibson, 1999).  

 

The longitudinal component of the LV is found in the deeper subendocardial 

fibres and subepicardial fibres of the freewall and alongside the papillary muscle 

(Greenbaum et al., 1981). The subepicardial fibres of the RV are predominantly 

arranged in a circumferential fashion, parallel to the atrioventricular groove and 

encircling the subpulmonary infundibulum. These superficial fibres are linked 

across into the LV forming part of the bond that joins the LV and RV together 

(Ho and Nihoyannopoulos, 2006).  

 

The RV muscular wall is only 3-5mm thick (Foale et al., 1986) and within this 

there is room for subepicardial and subendocardial layers comprising of  

circumferential and longitudinal fibres only. Studies which have compared both 

normal RV architecture and congenital abnormalities such as tetralogy of Fallot, 

however, have discovered that, in cases of RV hypertrophy, which is common to 

tetralogy of Fallot, a third layer was present between the subepicardial and 

subendocardial layers, composed of circular fibres giving a similar structure to 

that of the LV (Sanchez-Quintana et al., 1996).  

 

Other examples of the musculature adaptation of the RV can be seen in 

congenital patients in whom complete transposition of the great arteries results in 
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a switch of the great vessels at either atria or great arterial level (Davlouros et al., 

2006). This results in the RV supporting the systemic circulation, leading to 

long-term concerns regarding the onset of RV failure, arrhythmias and 

compromised long term quality of life (Davlouros et al., 2006)  
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1.12. Echocardiographic assessment of the RV 
 

1.12.1. Imaging History 
 

In order to understand the newer techniques that have been developed and to 

appreciate the importance of 2D measurements, it is imperative that the benefits 

and limitations of several common techniques are discussed. 

 

Edler and Hertz are credited with being the first to use ultrasound for the purpose 

of cardiac examination (Fraser, 2001). The technique used was called A-mode 

(amplitude-mode) and displayed reflected signals at representative depths within 

the cardiac chamber. Rapid send and receive signals were created which aided in 

the identification of fast moving structures such as valves based on the timing 

and amplitude of the signal. With the application of time shown on the horizontal 

axis and with each amplitude signal converted into a grey-scale level this 

technique developed into M-mode (motion mode) that is more commonly used 

today (Otto, 2004).  

 

The M-mode technique encompassed very high sampling rates giving added 

benefit to the sampling of valves and fast moving structures. Further validation 

of this technique using autopsy samples quantified M-Mode as an accurate 

method for the assessment of chamber size within a symmetrical ventricle 

(Devereux and Reichek, 1977, Devereux et al., 1986).  

 

Due to the single plane nature of the measurement, however, regional distortion 

of the ventricle due to infarction or other conditions could result in inaccurate 

measurements (Lang et al., 2005). The continued use of M-mode imaging lead to 

the development of mathematical assumptions based on LV chamber size for the 

calculation of LV volume (Teichholz et al., 1976).  
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Calculated intraobserver and interobserver variability was reported in order to 

confirm the accuracy of each measurement. Results were expressed both as a 

range of absolute differences but also as a percentage difference between the two 

(Foale et al., 1986).  

 

The aim of this paper remained simply to quantify RV size within the pre-

selected normal group. No reference to gender or age stratification was made 

within the aims and objectives, or within the results and the indexed 

measurements provided by Foale et al. were never fully adopted into mainstream 

routine assessment with the exception of some surgical application. 

 

For example, assessment of the TV annulus in the work-up for a TV replacement 

or annuloplasty will involve annular measurements indexed to body size 

(Dreyfus et al., 2005). The tissue that comprises the annular ring could determine 

the ability of this area to dilate and change with respect to alteration in body 

geometry. Unlike many of the other RV measurements however, the annular 

diameter encompasses rigid structures that carry both structural and functional 

consequences should they dilate, such as valvular prolapse or pathological 

regurgitation.  

 

1.13.2. Recommendations for chamber quantification. 
 

Despite the small sample size used in Foale's paper, its use in guidelines, 

published in 2005 suggested that for almost twenty years there had been a lack of 

research interest in-to developing and expanding the assessment of the normal 

RV.  

 

This was compounded by a disparity between LV and RV assessment as a whole. 

Nevertheless, the importance of standard RV linear dimensions was stressed 

within this document as forming a key part of the chamber assessment (Lang et 

al., 2005), and that still remains the case today (Rudski et al., 2010). 
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between cMRI derived volumes and RV 2D calliper measurements made in the 

apical views, RVOT and Pulmonary Artery (PA).  

 

The suggestion regarding echocardiographic assessment is that these areas 

should be treated as three separate components (Ho, 2006, Foale et al., 1986, 

Haddad et al., 2008) and hence the orientation of the inflow and outflow may not 

lend itself to comparison with the RV body.  

 

The methodology employed by Lang et al (2005) to calculate the reference 

ranges and subsequent grading of mild moderate and severe, was based on the 

use of standard deviations derived from the original study source (Lang et al., 

2005). The reference ranges for the normal study sample were calculated and 

then according to a set number of standard deviations, increased appropriately to 

encompass one (mild); two (moderate) and three (severe) reference ranges.Lang 

and colleagues noted the limitations to their method based on the assumption of 

sample normality and the subsequent effect this will have on standard deviations. 

As a review paper, they were unlikely to have access to the raw study data.  

 

Sample size remains critical to the calculation of reference ranges with several 

small samples made from within the same healthy population resulting in varying 

95% reference intervals (Altman, 1991). With this potential source of error, and 

the fact that the sampling was derived from different populations of healthy 

individuals, the calculation of varying degrees of RV dilation within this study 

has been removed from the 2010 guidelines to be replaced with a simple RV 

maximum dimension. Based on this rationale it was felt that, despite the larger 

sample size, it was not best practice to recalculate these pathological ranges with 

the study results. 

 

1.13.3. ASE guidelines for RV assessment. 
 

In 2010 a meta-analysis, published by the American Society of 

Echocardiography (ASE), undertook a systematic review of right ventricular size 
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Despite the apparent lack of indexed results, BSA has been documented to 

influence both RV and LV measurements (Maceira et al., 2006a, Greutmann et 

al., 2010, Maceira et al., 2006b) (Willis et al., 2012), is often helpful in 

quantifying measurements that fall outside upper reference limits (Lang et al., 

2005) and in reducing gender differences (D'Oronzio et al., 2012). 

 

Within this model it is assumed (by virtue of the technique) that the relationship 

between the physiological variable (in this case RV dimensions) and the body 

variable (for example, height), takes the form y=a/x with the line of best fit 

passing through the origin (Neilan et al., 2009). Cardiac dimensions and volumes 

have demonstrated a strong relationship to body size (Neilan et al.). However, 

this assumes a size independent relationship between y and x. 

 

This simple ratiometric scaling method uses a measure of body size (in this case 

BSA) and divides it by a given dimension. The result, using the following 

formula, is a linear relationship between the two assigned parameters y=a/x 

where y is the resultant parameter, a is the absolute dimension and x is the 

calculated BSA (Hoit, 2012). 2005 guidelines provided jointly by the ASE and 

EAE (now renamed the European Association of Cardiovascular Imaging 

(EACVI)) provide normative ranges for all chamber measurements in addition to 

LV indexed measurements (Lang et al., 2005).  

 

The ability to calculate measurements that are size independent is essential when 

distinguishing potential physiology from pathology (Oxborough et al., 2012b). 

The calculation of BSA itself is not without problems. The commonly used Du 

Bois formula (Du Bois D Fau - Du Bois and Du Bois, 1916) has been shown to 

underestimate BSA in clinically obese people (Livingston and Lee, 2001).  

 

Calculated BSA ratio scaled measurements of cardiac dimensions assume a 

direct linear relationship. As BSA, (a component of height and weight) increases 

so will cardiac dimensions. As a simple method of assessment, this may be 

applicable to a large number of people who are of average height and weight and 

for whom, absolute measurements may suffice. Oxborough et al (2012) recently 







 49 

scaled data can be obtained does suggest that there is still a place for the use of 

BSA linked measurements. It is also pertinent, however to discuss the 

possibilities of measurements that are ratio linked via the process of allometric 

scaling in groups of healthy volunteers from varying ethnic backgrounds.  

 

1.15. Functional Assessment 
 

Functional assessment of the RV has improved over the last two decades due in 

part to the improvements in cMRI as a reference source and in the development 

of newer techniques that allow functional capacity to be assessed. A number of 

these are discussed within this section with a more detailed assessment of both 

STE and 3D volume assessment in sections 1.16 and 1.17. 

 

Given the musculature of the RV, a recent review of cMRI tagging studies 

confirmed that shortening of the RV is greater longitudinally than radial 

(Petitjean et al., 2005). As a result, appropriate functional assessment techniques 

must be selected. Qualitative assessment via 2D echocardiography is adequate in 

the clinically normal patient, but if more quantitative assessment is required, in 

particular regional assessment as opposed to just surrogate global markers, then 

conventional echocardiography can prove limited (Bleeker et al., 2007). 

 

Both invasive and non-invasive techniques exist to assess systolic and diastolic 

function of both the left and right ventricles. Each method has its own inherent 

limitations. Assessment of cardiac function can take place at a global level or 

segmentally, depending on the chamber assessed and the information required. 

Typically, a 16 segment with an alternative 17 segment model is used from 

which regional (or segmental) assessment can be made (Schiller et al., 1989, 

Cerqueira et al., 2002).  

 

Adequate function of the RV is imperative to ensure good pulmonary perfusion 

and low systemic venous pressure, preventing tissue damage and organ 

congestion (Bleeker et al.). RV contraction does not occur in the same way as the 
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LV. This combined with the asymmetric shape, variation in myocardial structure 

and limited views ensure that the RV cannot be assessed using many of the 

traditional LV functional markers.  

1.15.1. RV Fractional Area of Change 
 

Ejection fraction (EF) is one of the commonly used measures of systolic 

function. Calculated as the stroke volume expressed as a percentage of the end 

diastolic volume (Bleeker et al., 2007) this method has in the past been 

calculated via M-mode measurements but this is no longer recommended due to 

the restricted anatomical assumptions made regarding chamber dimensions and 

shape (Lang et al., 2005).  

 

There is some suggestion that with experience EF can be estimated by eye alone 

(Hope et al., 2003). Because of the risk of interobserver variability and the 

experience required to make such an assessment, visual assessment must be used 

in conjunction with other methods (Lang et al., 2005). Importantly, however, 

systolic performance can be affected by factors such as preload, afterload, 

contractile state, dyssynchrony and heart rate (Mahler et al., 1975). For the RV, 

ventricular interdependence is also a factor resulting from any adverse systolic or 

diastolic interactions via the ventricular septum and pericardium (Santamore and 

Dell'Italia, 1998).  

 

Unlike the LV which can be assumed to be an ellipsoid shape and can be traced 

in a number of views, the RV presents more of a challenge. Conventional biplane 

methods of calculating EF are more difficult to apply to the RV owing to its 

complex shape (Lindqvist et al., 2008). Surrogate markers of RV EF such as RV 

fractional area of change (RVFAC) have been compared with cMRI with 

(Schenk et al., 2000) (Anavekar et al., 2007) with favourable results. RVFAC, 

measured in the apical four-chamber view, expresses the change in RV area from 

end-diastole to end-systole as a percentage. The limitation to this and any other 

2D based method is the requirement for good endocardial border definition.  
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1.15.2. Tricuspid Annular Systolic Plane Excursion 
 

TAPSE remains the required minimum for RV assessment. Utilising M-mode, a 

cursor can be placed in the lateral tricuspid annulus within the apical four 

chamber. Acknowledging the longitudinal motion of the tricuspid annulus 

towards the apex, a calliper measurement can be made from the base of the M-

mode trace to the peak.  

 

This represents a shortening of the longitudinal fibres found within the RV. As a 

result, this is used as a surrogate marker of global RV function. As with other 

regional methods it assumes that displacement of the basal segments is a true 

representation of global RV function despite only being measured in the inlet 

portion (Rudski et al., 2010).  

 

Validation studies of TAPSE with radionuclide angiographic derived RVEF 

showed a strong (r=0.92 p<0.001) correlation (Kaul et al., 1984). When 

compared to RV EF derived by Simpsons method, however, a weaker, but still 

significant (r=0.48 p = <0.001) correlation was observed (Miller et al., 2004). 

This is most likely due to the previously described limitations of calculating 

RVEF. Despite this positive correlation, some studies have found there was no 

correlation of cMRI derived RVEF and TAPSE (r = 0.17 p = 0.30) (Anavekar et 

al., 2007). 

 

RV guidelines (2010) pooled together more than 40 studies totalling over 2000 

patients. One study in particular examined 900 patients, 150 normal aged 

matched controls and 750 with various conditions. This study identified a 

TAPSE cut-off value of 17mm and despite a low sensitivity a high specificity 

was noted though not reported (Tamborini et al., 2007).  Lower reference values 

for TAPSE were given as <17mm (Rudski et al., 2010). 

 

Despite the comparable results to cMRI there remains a need for additional 

assessment methods that will remain load independent and able to tackle the 

complex geometry of the RV. 
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diseased segments (Geyer et al., 2010). As a results it requires a high temporal 

resolution (>100Hz) so as to avoid underestimation due to under sampling 

(Geyer et al., 2010). 

 

Strain indicates the amount of deformation, whilst strain rate, displays the speed 

at which it is taking place. So, despite two objects displaying the same 

percentage of deformation, the speed at which this occurs can vary. This 

relationship is similar to that derived from velocity and displacement (Heimdal, 

2007). 

 

How this deformation relationship is described can also vary depending on how 

the calculation of SR is made. Most commonly used is Langarian strain which 

describes motion around a specific (tethered) point, in this case the myocardium, 

as it moves through both time and space. This technique is also applied to tagged 

cMRI studies where end diastolic tissue dimensions represent the unstressed 

(0%) material length. From here any positive (lengthening) or negative 

(shortening) can be calculated throughout the cardiac cycle (Kowalski et al., 

2001). 
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The myocardial border is traditionally divided into six regions of interest for the 

RV and six for the LV. Throughout the cardiac cycle, a calculation of the global 

longitudinal strain and global longitudinal strain rate is displayed (Reisner et al., 

2004). Because of the complex anatomy and the manner in which the RV 

contracts, measurement of RV deformation typically assesses the longitudinal 

function of the RV. 

 

Conventionally utilised for assessment of the LV, STE has more recently been 

applied to the RV with promising results. Although cMRI is currently considered 

the gold standard and has been shown to correlate well with STE (Helle-Valle et 

al., 2005); (Amundsen et al., 2009) limitations due to portability and availability 

and restrictions due to metallic implantable devices and valves given the strong 

magnetic fields, means that there is a requirement for alternative imaging 

techniques with which to assess deformation characteristics (Horton et al., 2009). 

 

At present functional assessment of the RV is almost exclusively limited to a 

visual assessment of wall thickening and area tracing, or measurements made at 

the basal position of the myocardium, used as a surrogate indicator of global 

function. To obtain accurate measurements in this fashion has been shown to 

require extensive training (Picano et al., 1991) but, even so these measurements 

remain subjective (Hoffmann et al., 1996) 

 

Although both TAPSE, and pulse wave TDI measurements continue to be in 

common use, there remains a need for a functional tool that can account for 

changes in both the segmental and the global function of the RV. Similar to TDI, 

STE provides offline segmental analysis of myocardial velocities and 

deformation parameters whilst remaining angle independent, an important factor 

considering the complex nature of imaging the RV.  

 

Studies that have calculated longitudinal RV strain data have previously used a 

combination of single (lateral RV freewall) wall tracking and dual (lateral and 

septal) to calculate longitudinal segmental strain data in a number of different 

patient groups (Tong et al., 2008, Meris et al., 2010, Fukuda et al., 2011, Teske 

C 
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et al., 2009a). The prognostic efficacy of this single wall approach has shown a 

significant correlation with improved 6-minute walk tests in patients with PH and 

a reduced mean value prior to treatment compared to control volunteers (Fukuda 

et al., 2011). 

 

This variation in acquisition technique could lead to alterations in normal 

segmental parameters given the effects of tagging between segments. The 

musculature of the shared septum is believed to be essential to the function of the 

RV freewall given the attachment via the moderator band and fibre orientation, 

(Buckberg, 2006) however the association between the LV and RV musculature 

is still unclear within the septum when assessed via ultrasound. 

 

Despite the advantage of using STE to describe both LV and RV function, there 

still remains a lack of acknowledgement regarding its use in standard practice, 

with regards to normal values and the methods used for acquisition of results. In 

addition, assessment of both LV and RV diastolic function using STE remains 

limited due to a lack of normative data. 

 

Changes in RV deformation characteristics have been identified with a number 

of different pathologies (Teske et al., 2009a) (Sachdev et al., 2011, Fukuda et al., 

2011). Relatively little is known, however about what physiological parameters 

could influence both strain and strain rate, within the normal population.  

 

A recent cMRI study into subclinical changes in LV function, conducted by the 

MESA group, found significant differences between ethnic groups. STE presents 

a new opportunity to assess early stage pathology where previous techniques for 

quantification have failed to identify significant changes. Ethnic variation in 

diastolic function has been identified with Hispanics and blacks showing worse 

diastolic indices than whites (Russo et al., 2010).  

 

Spectral Doppler tricuspid forward flow is one method used to assess diastolic 

function with changes in E/A waves similar to that seen with the mitral valve 

with reduced compliance of RA filling. The use of RV diastolic functional 

assessment has been advocated within recent RV guidelines as a subclinical 
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marker of overall function with noticeable changes in diastolic function apparent 

before detectable systolic function (Rudski et al., 2010). The use of STE in the 

assessment of diastolic function not only reduces the load dependency issues 

faced by Doppler measurements and, to a lesser extent, TDI but provides the 

opportunity to assess the diastolic components of both regional and global areas 

of myocardium. This has the potential to further enhance the knowledge 

surrounding the development of diastolic heart failure with increasing age, whilst 

assessing the myocardial mechanics directly.  

 

The notion that early and late diastolic phases change with age is well established 

using standard pulsed wave data, in particular for the LV (Nagueh et al., 2009). 

The assessment of RV diastolic function however, is limited (Rudski et al., 

2010). STE provides a simple method of obtaining diastolic parameters with the 

addition of both regional and global function. As more work is undertaken to 

ascertain early subclinical changes in RV function, the use of speckle tracking 

derived diastolic parameters may help in identifying change in the pathological 

cascade of conditions such as pulmonary hypertension. 

 

A recent study into the feasibility and reproducibility of RV strain 

measurements, using premature infants, was able to achieve good images in 84% 

of the study population after optimising the RV window (Levy et al., 2013). 

Despite the technical challenges faced with imaging infants and lack of 

compliance, this feasibility of 84% is unlikely to reflect an accurate 

representation of the adult population given the obvious anatomical limitations, 

increase in adipose tissue and the possibility of chronic lung conditions.  
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1.17. Right ventricular three dimensional assessment 

 
Figure 1.1 Transthoracic 3D assessment view acquired in the apical four chamber view 
using the 3D probe. The quad slice view allows assessment of each component of the RV in 
an alternative fashion to the standard 2D probe to allow the user to maximise endocardial 
definition. See section 1.17 for detailed explanation. 
 

Accurate assessment of both RV size, via linear, area or volume measurements 

and RV functional assessment, is pivotal in the management of disease states 

known to directly or indirectly affect the RV. Real time 3D echocardiography 

opens up a new method of chamber and valvular assessment not traditionally 

possible due to geometric limitations with traditional echocardiography 

(Maffessanti et al., 2013). 

 

Detailed analysis of both chamber size and function has advanced in recent years 

due to the ability to acquire three-dimensional data from both the left and right 

ventricle. Whilst early research was focused on the assessment of the LV, the 

opportunity to overcome many of the geometric and imaging limitations imposed 

by the RV, has seen a surge in 3D studies (Rudski et al., 2010) (Valsangiacomo 

Buechel and Mertens, 2012, Shimada et al., 2010).  

 

Septum Lateral 

Anterior 

RVOT 

Inferior 

Anterior 

Lateral 

Posterior leaflet 

Anterior leaflet 

Anterior 
leaflet 

Septal 
leaflet 





 63 

compared to cMRI images in both groups (correlation coefficients r = 0.99 and r 

= 0.98 respectively). 

 

This is due in part to the acquisition of the same cardiac cycle throughout the 3D 

measurement. Multiple views are displayed simultaneously; and a trace made of 

the endocardial border in one view that is then applied to each of the subsequent 

views. Unlike previous studies that have noted limitations to their work due to 

anatomical difficulties, in particular identifying the trabeculations and the RV 

moderator band, recent studies (Niemann et al., 2007) found these to be 

challenging but not statistically significant with reassuring measurements for 

both intraobserver and interobserver variability.  

 

They conclude, by suggesting that a set of reference values should be obtained 

for RV volume and function in the normal population (Niemann et al., 2007), a 

need that was also highlighted in the ASE 2010 guidelines (Rudski et al., 2010).  

 

Studies have shown that gender, age (Tamborini et al., 2010), and ethnic 

differences have been found whilst studying 3D data within healthy populations, 

using both 3D echocardiography (Chahal et al., 2012b) and cMRI (Natori, 2006). 

Gender differences have since been investigated in a recent study that imaged 

507 healthy volunteers across many age ranges in an attempt to derive normal 

3DRV models (Maffessanti et al., 2013).  

 

The results of this study demonstrated that much like standard two dimensional 

measurements (Willis et al., 2012), 3D RV volumes also demonstrated gender, 

age and body size differences within this homogenic group of healthy volunteers 

(Maffessanti et al., 2013).  

 

Interestingly the volunteers within this group contained a number (n 245) who 

had been previously reported under another study (Tamborini et al, 2010) three 

years previously, also investigating healthy volunteers and showing a similar 

trend with gender age and body size (Tamborini et al., 2010). This well-designed 

study, which utilises the collective experience of several large centres, 
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acknowledges the homogeneity of the study sample which therefore fails to 

account for ethnic variation.  

 

Despite the lack of cMRI within this study, there is sufficient evidence to suggest 

that the two techniques differ enough that they should be considered as two 

separate diagnostics tests with a consistent underestimation of RV volumes when 

compared to cMRI (Shimada et al., Maffessanti et al., 2013) resulting in two sets 

of reference values.  

 

In addition to defining simple and ratiometric measurements of RV volumes, 

(Maffessanti et al., 2013) also utilised allometric scaling of RV volumes to 

effectively remove the influence of BSA giving true size independent 

measurements. They demonstrated a positive correlation with body size for EDV 

(r=0.55) ESV (r=0.45) and SV (r=0.50) (p<0.01 respectively) but a reduction 

with aging (EDV r=-0.36; ESV r=-0.37; and SV r=-0.25; p<0.01). Maffessanti 

and colleagues systematically assessed each variable within their analysis 

however the application of these modelled formula poses a greater challenge 

within typical clinical settings given their complex nature.  

 

1.17.1. TomTec 
 

The use of 3D volume analysis requires considerable post-processing of the 

acquired dataset. This has been available on a number of manufacturer platforms, 

based on the LV. However, the introduction of a dedicated RV software program 

(TomTec 4D-RV Analysis, Unterschleissheim, Germany) has allowed less 

reliance on geometric assumptions and modelling. The forth dimension (4D) 

referred to in the software title, refers to the ability of the software to display the 

movement of the 3D dataset throughout time i.e. the systolic and diastolic 

components of the cardiac cycle. 

 

The TomTec program involves semiautomatic quantitative analysis of the 3D 

dataset throughout the cardiac cycle. The result is the calculation of end diastolic 
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the RV. In addition, the use of 3D assessment requires suitable experience to 

ensure that the images are being acquired in a suitable plane across all 

dimensions.  

 

Bland and Altman identified the need for assessing measurement variation 

between methods of similar assessment, in their case, in peak flow meter 

readings (Bland and Altman, 1999) but the notion of agreement remains within 

studies aiming to define reference ranges for a clinical group. Often quoted are 

several different measurements. These include the LOA, coefficient of variation 

(COV), and intra class correlation coefficient (ICC).  

 

Bland and Altman correctly identified that a simple bivariate correlation between 

two techniques measuring the same property should result in a close correlation, 

however this itself does not promote agreement between the techniques (Bland 

and Altman, 1999). Therefore as noted above, additional testing is required to 

establish the agreement but also the repeatability and the reliability of the 

measurements. LOA, COV and ICC scores have all been used within RV studies, 

across linear calliper, area, STE and 3D volumes measurements (van der Zwaan 

et al., 2011b, Oxborough et al., 2012a, Maffessanti et al., 2013, Willis et al., 

2012).  

 

Individually these techniques are designed to assess how comprehensive 

measurements are when tested across a number of scenarios, which typically 

include comparisons between users, and across separate acquisitions.  
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As specified by the ethics committee, any volunteers who were found to have 

undiagnosed cardiac conditions prior to or during the investigations were either 

referred to their General Practitioner or placed under the care of the respective 

cardiac consultant. Exclusion criteria can be seen in Table 2.0. In addition, where 

any structural functional abnormalities were diagnosed on the Echocardiogram, 

the volunteer would be excluded from taking any further part in the study. High 

level athletic activity was defined as >8 hours per week of endurance type 

activity (Teske et al., 2009b). 

 
Table 2.0 Study exclusion criteria 
     

  Hypertension  

 Diabetes  

 History of thromboembolic disease  

 High level athletic competition >8 hrs/ week  

 Asthma /Chronic Obstructive Pulmonary Disease (COPD) 
 

 

 Obstructive Sleep Apnoea  

 Collagen Vascular disease  

 LV systolic dysfunction  

 Aortic/Mitral valve disease  

 Congenital Heart Disease  

 Human Immunodeficiency Virus  

 Portal Hypertension,   

 History of anorexigen usage  

      

 

2.2. Sample Size Calculation 
 

Sample size calculation was based on data provided by previous research within 

each of the three fields investigated. The sample size required was determined 

using the following formula.  
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respective national census data (Dobbs et al., 2006, Department of Statistics, 

2000) which identified European, Malay, Chinese and Indian groups.  

 

With the inclusion of Chinese volunteers from the Malaysian cohort, and given 

the extensive prior research demonstrating ethnic differences featuring this 

particular group, Afro-Caribbean volunteers were also recruited from a UK site.  

 

The European sample was recruited via the Royal United Hospital, Bath UK. 

Chinese, Malay and Indian volunteers were recruited via the Gleneagles Medical 

Centre, Pennang, whilst Afro-Caribbean volunteers were recruited via the Royal 

Free Hospital in London.  

 

The recruitment process was conducted using a number of sources. 

Advertisements were placed around the respective local area, within the 

hospitals, with universities, councils and community groups. Volunteers were 

initially asked to contact via email or face-to-face, where they would receive a 

pre-study information pack. Once contact had been made, face-to-face or phone 

interviews were conducted to ascertain any potential exclusion criteria to the 

study prior to being consented. This delay ensured that all participants had 

sufficient time to read and make an informed decision about their involvement.  

 

In order to allow a free expression of ethnicity and ethnic heritage, information 

pertaining to subject ethnicity was discussed with volunteers through a 

combination of both self-assignment and examination regarding their maternal 

and paternal heritage during consent and selection. This hybrid method was 

believed to address some of the issues raised in section 1.5 regarding a more 

single-handed approach to the use of ethnic groups. Importantly, the participants 

felt appropriately represented and consented to their involvement. 
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2.5. Image Acquisition 
 

Echocardiograms were performed in the left lateral position. All scans were 

conducted using a standardised protocol devised for this study in conjunction 

with both ASE guidelines (Lang et al., 2005) (Rudski et al., 2010) and previous 

work (Foale et al., 1986). This protocol is available in the appendix section 7.4. 

 

All images were digitally stored for offline analysis using specific post analysis 

software (EchoPAC Version 8.0, GE, + TomTec, Germany). 2D images were 

acquired using harmonic imaging. All images were optimised within the device 

parameters to maximise spatial and temporal resolution. Each was assessed for 

optimal image quality and adjusted as required using gain, dynamic range, depth, 

angle width, frame rate and frequency. Specific techniques required adjustment 

to the frame rate. This was achieved by narrowing the sector width and manually 

increasing the frame rate. 

 

Volunteers began the scan in the left decubitus positions with the bed angled to 

approximately 45° and the left arm raised to enhance the inter-thoracic space. 

Example images recorded from each of the windows used can be seen in figures 

2.0 to 2.12 with additional anatomical descriptions.  

 

In each window, foreshortening of the image was avoided (Lang et al., 2005). To 

ensure adequate orientation and level of the RV, in addition to anatomical 

markers such as the moderator band and delineation of the apex, the left and right 

atria were used.  

 

In the instance of a suboptimal image, a second sonographer would attempt to 

acquire the image. In addition to moving the position of the volunteer, respiration 

was controlled so that minimal lung field would influence the image. Studies that 

resulted in no measureable data due to poor image quality were removed from 

the analysis. 
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2.7.    2D Linear measurements  
 
Measurements were made using those suggested by Foale et al (1986) and 

ASE/EAE guidelines for both reference and comparison (Lang et al., 2005, Foale 

et al., 1986). Table 2.2 lists the location of each measurement shown in Figure 

2.0. Volunteers received a full quantitative assessment of LV size and function to 

ensure that no LV systolic dysfunction, significant diastolic dysfunction or 

valvular abnormalities existed.  

 

Comparisons were made between several major papers in the assessment of RV 

size using 2D calliper measurements. Using the then current guidelines from 

both the ASE and EAE devised by Lang et al (2005) the location and description 

of each measurement of the RV was scrutinized (Lang et al., 2005). 

 

Ten measurements were identified for the assessment of RV size. These were 

conducted in the parasternal long axis to assess RVOT (RV Outflow Tract) width 

and wall thickness (RV WT), parasternal short axis (at aortic valve level) to 

assess the RVOT and apical four chamber view to measure the RV inflow and 

apex. Images were angled to maintain a consistent view of both the RV lateral 

wall and septum with optimization of the apex to give clear delineation.  

 

Measurements were made at end diastole, identified using the widest tricuspid 

valve (TV) leaflet excursion prior to the onset of the ventricular depolarisation 

represented by the QRS complex (Lang et al., 2005). All cavity measurements 

were made inside edge to inside edge.  

 

Measurement of the minor axis (RVD-1) was made within the basal third of the 

RV below the tricuspid valve at the widest portion with RVD-2 measured at the 

mid cavity level (Foale et al., 1986). In addition, an annular measurement, RVD-

AN (see Table 2.2) was also taken and used as a reference point for the 

calculation of RVD-3.  
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RV function was assessed using Tricuspid Annular Systolic Plane Excursion 

(normal TAPSE >1.6cm,), RV fractional area of change (FAC) (normal >35%) 

and pulsed Doppler peak velocity at the annulus (normal RV TDI >10 cm/sec) as 

defined within (Rudski et al., 2010). Images were optimised using both sector 

width and focus position. Images were all taken at end expiration to minimise 

translational movement and lung artefact.  

 

Images were initially considered of adequate quality if each of the associated 

valves could be visualised throughout the parasternal and apical views, and the 

major parts of the cavities could be seen (Foale et al., 1986). Each picture was 

optimized to ensure that the relevant anatomy was available for measurement and 

at the best available orientation while maintaining the appropriate plane in which 

to measure the widest dimension. 

 
Table 2.2 Location of RV 2D linear and area measurements 

Measurement    Location of measurement 

RVD-AN The hinge point attachment of septal leaflet to septal wall and anterior leaflet to 
lateral wall. (Anwar et al., 2007, Foale et al., 1986) 

RVD-1 Taken within one third of the distance below the tricuspid valve annulus 
towards the RV apex. (Foale et al., 1986) 

RVD-2 Mid right ventricular diameter measured at the mid cavity level as described by 
Foale et al (1986) 

RVD-3 Mid point of RVD-AN in the major axis to the endocardial boarder of the RV 
apex(Foale et al., 1986) 

RVOT-1 
Perpendicular to the central point of Aortic Valve closure line to the 
endocardial border. Measurement made at peak of the R wave (Foale et al., 
1986) 

RVOT-2 Measurement made just below the Pulmonary Valve annulus, inner border to 
inner border. (Foale et al., 1986) 

RVOT-3 Proximal region of the RVOT in PLAX view. Interventricular septum to 
anterior RV free wall (Foale et al., 1986) 

RV WT M-Mode of the RV free wall in the PLAX view (Foale et al., 1986). 

RVESA Endocardial border traced from apical four chamber view at the time of the 
smallest RV cavity(Lang et al., 2005) 

RVEDA Endocardial border traced from the apical 4 chamber view at end diastole(Lang 
et al., 2005). 

Measurements adapted from the work of Foale et al (1986), Anwar et al (2007) and Lang et al 
(2005). 
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Figure 2.0 Sample images showing measurements of the RV at end diastole. (A) Sample 
images representing views and measurements from the parasternal short axis view at the 
aortic valve level showing RVOT-1 and RVOT-2. (B) Parasternal long axis view showing 
RVOT-3 and RV WT. (C) Apical four chamber view. Within this view, assessment in the 
major and minor axis is possible. RVESA and RVEDA are also made from this view.  
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2.8. Standard 2D Echocardiography 
 

The following are standard echocardiographic views with anatomical 

descriptions. These have been referenced from the anatomical examination of the 

normal right heart undertaken by Ho and Nihoyannopoulos (2006). Figure 2.0 

displays the location of each of the linear measurements with the RV and RVOT. 

Full descriptions of these measurements can be found in Table 2.2.  

 
Figure 2.1 Parasternal long axis plane displaying both RVOT-3 and RV wall thickness 
measurements 
 

Taken adjacent to the left of the sternum, within the intercostal space, the PLAX 

view (figure 2.1) displays both the RVOT and RV freewall. Posteriorly to the RV 

freewall, the interventricular septum (IVS) is seen which, via the moderator band 

links the IVS and RV freewall. RVOT-3 and RV-WT measurements are made in 

this view (Ho and Nihoyannopoulos, 2006). 

 

 

 

 

RVOT 

RV Freewall 

IVS 
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Figure 2.2 Right ventricular inflow tract displaying the antero-superior and mural leaflets 
of the TV. 
 

With the transducer beam angled towards the xiphoid from the parasternal long 

axis view, the beam traverses the inflow of the RV (shown in figure 2.2), 

displaying the tricuspid valve and annulus. The RV is featured displaying more 

of a spade shape. Here the Eustachian valve can be seen. Colour flow is used to 

assess the TV for any regurgitation. If apparent, a TR envelope can be acquired 

and measured using continuous wave (CW) Doppler (Ho and Nihoyannopoulos, 

2006)  

Right Atrium 

RV TV 

Eustachian valve 
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Figure 2.3 Right ventricular outflow tract displaying the PV.  
 

From the same horizontal plane the transducer beam can be angled towards the 

left shoulder to display the proximal outflow portion of the RV (see Figure 2.3). 

Here two of the three pulmonary valve leaflets can be seen and assessed. Using 

figures 2.2 and 2.3 both the inlet and outflow tract, or infundibulum, have been 

imaged (Ho and Nihoyannopoulos, 2006). 

 

RVOT PV 
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Figure 2.4 Parasternal short axis view assessed at the aortic valve level  
 

Figure 2.4 displays the parasternal short axis view (PSAX), which demonstrates 

the crescent shape of the RV as it curves around the LV allowing visualisation of 

both the inflow and outflow valves (Ho and Nihoyannopoulos, 2006). The aortic 

valve provides a convenient anatomical marker from which reference 

measurements can be made. 

 

AOV 

RVOT-2 

RVOT-1 
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Figure 2.5 Pulmonary valve bifurcation view, optimised from a modified parasternal short 
axis view.  
 

 
Figure 2.6 Apical four chamber view taken from the apical window that lies in a more 
lateral position  
 

Here calliper measurements perpendicular to the aortic valve and at the level of 

the pulmonary valve can be acquired. A clearer view of the pulmonary valve can 

be obtained by optimising the sector width and tilt of the image to allow 

LA 

LV 

RV 

RA 
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visualisation of the pulmonary artery and bifurcation of the pulmonary trunk as 

seen in Figure 2.5. 

 

The apical four chamber view shown in Figure 2.6, provides the most complete 

view from which to assess the all four chambers. Here morphological assessment 

can be made as well as measurements of the tricuspid valve annulus in 

conjunction with other RV dimensions (Ho and Nihoyannopoulos, 2006). 

Optimisation of this view remains important to ensure measurement of the 

maximum RV dimension (Rudski et al., 2010).  

 

This view is, however hampered by the dense trabeculations that can often be 

seen limiting the near field apex. Careful optimisation of the focus point and gain 

settings can help to minimise this. Identification of the moderator band, made 

within this view, remains a defining characteristic of the right ventricle (Ho and 

Nihoyannopoulos, 2006).  

 

Using a focused RV view, shown in Figure 2.7 from the apical orientation, 

measurements of the major (RVD-3) and minor axis (RVD-AN, RVD 1-2) can 

be made at end diastole defined by the last frame prior to tricuspid valve closure 

(Willis et al., 2012). Functional measures of RV contractility and area can also 

be made within this view. Right ventricular fractional area of change (RVFAC) 

is obtained by tracing the endocardial border in both end diastole and in end 

systole as previously defined (see figure 2.8).  



 84 

 
Figure 2.7 Focused RV view optimised for RV assessment from the apical four chamber 
view and the inflow components. 
 

 

 

 
Figure 2.8 (A) RV end diastolic area trace and (B) RV end systolic area trace demonstrating 
the endocardial border tracing. 
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