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Terms and definitions

Establishing (or determining) a reference interval — the process used in
creating a reference interval de novo, encompassing all of the steps from
selection of reference individuals, through exact details of the analytical

methods, and concluding with data collection and analysis.[1]
International Federation of Clinical Chemistry definitions:

The following terms permit relatively unambiguous description and discussion
of the subject of reference values. These definitions represent what is
becoming accepted universal terminology.[1]

Reference distribution — the distribution assumed by the reference values;
NOTE: Hypotheses regarding the distribution of the reference population may
be tested using the reference distribution of the reference sample group and
adequate statistical methods.[1]

Reference individual or participant — a person selected for testing on the
basis of well-defined criteria. NOTE: It is usually important to define the
person’s state of health.[1]

Reference interval — the interval between, and including, two reference
limits; NOTE: It is designated as the interval of values from the lower
reference limit to the upper reference limit.[1]

Reference limit — a value derived from the reference distribution and used
for descriptive purposes.[1]

Reference population — a group consisting of all the reference
individuals.[1]

Reference sample group — an adequate number of persons selected to
represent the reference population.[1]

Reference value — the value (test result) obtained by the observation or
measurement of a particular type of quantity on a reference individual.

NOTE: Reference values are obtained from a reference sample group.[1]

Right heart — All chambers, valves, and great vessels that form part of the
anatomical right side of the heart, including the superior- and inferior- vena
cava, the right atrium, the tricuspid valve, the right ventricle and the

pulmonary artery.
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Abstract

Background

Echocardiography is the primary imaging modality for the diagnosis and
management of right ventricular (RV) failure.[2-5] Besides aiding in the
diagnosis and management of conditions such as arrhythmogenic right
ventricular cardiomyopathy, pulmonary embolism, and RV infarction, the
echocardiographic evaluation of the right heart plays a critical role in the
diagnosis and management of congenital heart diseases where the RV often
serves as the main pumping chamber.[6-10]

The absence of reference intervals for cardiac structures in children
continues to be an important problem.[7] Publications dedicated to the
echocardiographic study of the right heart, the reference values of the
structure and function of the right heart, and their clinical interpretation are
rare.[11] Many of the previous studies had limited sample sizes, and were
conducted predominantly in North American and European populations.
Thus there is potential for interpretation errors when assessing African
children, given that environmental, social, economic and racial factors may

influence the anthropometric standards of a population.[12]
Objectives

1. To collate, from published studies, normative data for
echocardiographic evaluation of the right heart in children, in order to
identify gaps in knowledge in this field.

2. To establish reference intervals for the echocardiographic evaluation
of the right heart in a random sample of South African school-going
children and young adults.

3. To compare the measurements in the South African cohort with the
recommended variables of the American Society of Echocardiography.

4. To design a tool for the calculation and reporting of echocardiographic
right heart measurements in children.

Methods

A systematic literature search was performed to identify studies of reference
intervals for right heart measurements as determined by transthoracic
echocardiography in healthy children of school-going age. Articles were

retrieved from Pubmed and ISI Web of Knowledge databases with a
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combination of the following terms: ECHOCARDIOGRA, NORMAL VALUES,
NORMAL RANGES, REFERENCE VALUES, REFERENCE RANGES,
REFERENCE INTERVALS from the earliest date available until August 2010.

Secondly, a detailed echocardiographic assessment of the right-sided
cardiac structures and their function were performed on 213 healthy
volunteers between the ages of 5 and 21 years who were selected from the
schools in the Vanguard Communities of Cape Town, South Africa. These
participants were used to establish reference intervals for various
echocardiographic measurements of the right heart. The newly established
reference intervals then were compared with existing reference data.

Finally, using Microsoft Excel®, a right heart calculator and report generator
was designed and programmed to reduce post-processing time as
compared with the manual calculations and report compilation.

Results

Reference data were available for a broad range of variables. Fourty studies
from 2207 publications were included. The sample sizes of the reference
populations ranged from 13 to 2036 with ages ranging from birth to 23 years.
Based on the guidelines from the American Society of Echocardiography[2,
8] and our finding from the systematic review, we identified areas lacking
sufficient reference data.These include reference data for determining right
atrial size, tricuspid valve area, RV dimensions and areas, the RV %
fractional area change , RV ejection fraction using the area-length method,
pulmonary artery pressure gradients, and the right-sided haemodynamics,
including the inferior vena cava dimensions and collapsibility.

We established reference intervals for multiple parametes. RV dimensions,-
areas and volumes demonstrated increases in parameters of cardiac growth
with advancing age and body surface area (BSA). Measures of RV function
showed little or no change with increasing age or BSA. Estimated systolic
pulmonary artery pressure values increased with advancing age and BSA.
The pulmonary artery end-diastolic velocity and pulmonary artery end-
diastolic pressure values increased after age 10 and BSA category 3 (1.40-
1.60 m?), with no significant increase thereafter. A decrease in collapsibility
of the inferior vena cava (IVC) at age 10 and BSA category 3 was observed,

with no significant change thereafter.
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Compared with available literature, the values obtained in this study are
similar to those previously reported: right atrial width and RV length
compared well with existing values (p = 0.11 and p = 0.09, respectively).[13],
[14] However, in other instances, there were significant differences between
our data and the values reported by other authors: Larger, were RV width
and RV length[13] (p < 0.001) and RV outflow tractvalues[14, 15] (p < 0.001).
RV width measurements were smaller[14] (p < 0.001) as were RV end-
diastolic and end-systolic areas[14, 16] (p < 0.001). Furthermore, mean
values for tricuspid annulus peak systolic excursion were lower[13, 17], while
peak systolic Doppler tissue imaging velocities measured at the tricuspid

annulus and myocardial performance index values were irresolute.

Our RV end-diastolic volumes were similar to, or lower than, the values
presented, suggesting a much higher stroke volume (and RV ejection
fraction) in our African population.[18] Similarly, our calculated RV ejection
fraction were significantly higher (p < 0.001)[16],[14] The RV-to-right atrial
peak velocities were higher when compared with values in the literature[19]
(p < 0.001) as were our inferior vena cava values (p < 0.001). The
percentage inferior vena cava collapse was significantly lower than

previously presented (p < 0.001).[13]

The purpose-designed right heart calculator based on the Microsoft Excel®
platform performed all calculations efficiently. Furthermore, the calculator
places measured values into context of normal values, flagging outliers

according to the patient’'s age and BSA.
Conclusions

There are insufficient reference data available for determining right heart
size, function and haemodynamics in children and adolescents.This study
establishes reference intervals derived from a large population of healthy
school children in a methodical manner using accepted methods and
employing modern echocardiographic equipment. In summary, RV
dimensions and —volumes of African children are smaller, while RV outflow
tract diameter is larger as compared with existing literature. Currently, no
such work has been done in Africa using representative samples of African
children free of cardiovascular disease. In addition, this is the first
community-based study of its kind in the world.
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Finally, this research informed the design of a useful algorithm forright heart
computations. A useful adjunct to echocardiography, it reduces post-
processing time involved in the right heart assessment and serves as a guide
and example as to how the right heart measurements could be included in an

echocardiographic report.

e ]
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1 Introduction

The accurate measurement of cardiac structure and function is a crucial
aspect of the evaluation and management of children with various types of
congenital and acquired cardiac disease. Decisions on the type and timing of
interventions to a large extent, often relyon the changes in these

measurements with respect to what is considered to be the normal range.[20]

The assessment of the right heart has been neglected in the field of
echocardiography for many years. Reasons for the neglect include the
technical difficulty to image the right side of the heart by echocardiography,
limitations in ultrasound technology and a widely-held belief that the right
heart was clinically “less important”.[6] However, there has been a recent
resurgence of interest in the echocardiographic evaluation of the right side of
the heart.[6, 7, 11]

A comprehensive evaluation of the RV can be a highly informative
component of the overall cardiac examination. Besides aiding in the
diagnosis and management of conditions such as arrhythmogenic right
ventricular cardiomyopathy, pulmonary embolism, and RV infarction, the
evaluation of the right heart plays a critical role in the diagnosis, management
and treatment of many congenital heart diseases where the RV often serves
as the main pumping chamber.[6]

The absence of a comprehensive set of reference intervals for cardiac
structures in children continues to be a crucial problem.[7] Publications
dedicated to the protocol of the echocardiographic study of the right heart,
the reference values of the structure and function of the right heart, and their
clinical interpretation are rare.[11] All published reference values of older
indices (2-Dimensional & M-mode echocardiography) date back to the start
of routine echocardiography (mid 1970s to 1980s). Published reference
values of newer indices such as tissue myocardial velocity, strain and strain
rate and the global myocardial performance index (MPI) are based on small
and heterogeneous samples of healthy infants, children and young
adults.[21] It is also important to emphasize that the choice of reference
individuals, who may be free of detectable cardiovascular disease

determined by echocardiography, may not represent the normal population.

To the best of our knowledge, no such study has been done in Africa using

representative samples of African children who are free of cardiovascular
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disease. Many of the existing studies, not only comprised cohorts of limited
sample size, but were also conducted in predominantly North American and
European populations. Thus,there is a potential for interpretation errors
when assessing African children against these values, given that
environmental, social, economic and racial factors can influence the
anthropometric standards of a population.[12]

X000 0000000000000V
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2 Literature review

21  Reference data: guidelines and terminology

When diagnostic classifications are being developed, reference intervals are
used as yardsticks to discern specific disease from general disability or
physiological variations. The best reference value for an individual is derived
from his or her own prior data; however, because these are often not

available, population-based reference values are widely used.[22]

Usually, reference intervals are established from a population of healthy,
nonpregnant, nonobese individuals, who have neither ingested any drugs nor
smoked prior to sample collection[22]; however, the concept of health
oftendiffers between cultures and countries. The World Health Organization
defines health as ‘a state of complete physical, mental and social wellbeing
and not merely absence of disease or infirmity, which is not always a realistic
starting point.[23] Consequently, a more pragmatic approach in choosing a
reference population may be needed with health being judged objectively as

the absence of signs of disease specifically related to the measurement.[23]

Previously, reference intervals were usually named ‘normal values’ or ‘normal
ranges’ without a clear definition of the term.[24] The use of the term
‘normal’ has, however, been discouraged, because it has different meanings.
It may be subjective and ambiguous. Moreover, it implies that everything
outside the reference range is ‘abnormal’; however, due to the way the so-
called normal range is calculated, this may not be true. For these reasons,
the International Federation of Clinical Chemistry introduced the term
‘reference values’. Usually these values are health-associated, but they can
also reflect specific physiological conditions like pregnancy, or refer to
specific population groups, such as professional athletes.[23] The
International Federation of Clinical Chemistry expert panel published the first
official document on the theory of reference values.[23] Through the 1980s,
they continued developing and refining the theories on reference values and
reference intervals and published a series of recommendations in a series of
papers.[25] More than 20 years later, the International Federation of Clinical
Chemistry recommendations have universally become the gold standard for
establishing reference intervals for chemical and non-chemical parameters,

as are relevant echocardiographic measurements of the heart.

Reference Intervals for the Echocardiographic measurements of the Right Heart in African Children
C. Lemmer 15



These recommendations however, have not been widely adopted when
establishing reference intervals for echocardiography in the younger
population. Authors often fail to explore the fundamental reference value
concepts. Studies are not population-based and questions often arise as to
the health of the participants and the normality of the sample. The lack of
detail about statistical methods often makes it impossible to assign scientific
weight to the published result. Furthermore, categorization of the sample for
age and/or body size differs markedly between studies, making it difficult to
pool or compare data resulting in a less likelihood of data being applied in
clinical practice.

2.2  The right heart: The role of echocardiography

Echocardiography is often the first test used in the evaluation of patients-
presenting with cardiovascular symptoms.[2] As a result, potentially life-
altering decisions are constantly made on the basis of quantitative
echocardiographic measurements.[3]

Echocardiographic quantification is crucial in the diagnosis and management
of patients with acquired and congenital heart disease.[8] Assessment of RV
volume and function is needed during the decision-making process and
repair of pathologies such as tetralogy of Fallot, corrected transposition of the
great arteries, and atrial switch procedures or for demonstration of volume
load in cardiac defects with left-to-right shunting.[7] In the clinical
management of patients with cardiopulmonary disorders and congenital heart
disease, the evaluation of the global RV function is of major importance.[9]
Certain conditions have the RV supporting the systemic circulations or it
becomes the sole pumping chamber following surgical repair.[10]

Although echocardiographic criteria for the evaluation of the right heart are
still being refined and their application requires familiarity with the
echocardiographic variants of the right heart, in clinical practice,
echocardiography is already the mainstay of evaluation of RV structure and
function.[4]

Echocardiography is considered a cornerstone in the diagnosis and
management of RV failure.[5] Moreover, it is a leading technology, is less
costly, is non-invasive and offers the advantages of wide applicability and

availability when compared with other imaging modalities.[4]
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2.3  Principles and methods for adjusting measurements of

cardiovascular structures for the effects of body size

The size of cardiovascular structures is influenced not only by
haemodynamics of disease states and their treatments, but also by growth,
age, genes, gender, race, body composition, basal metabolic rate,
hematocrit, exercise, and altitude. Aside from abnormal haemodynamics,
body size is the most powerful determinant of the size of cardiovascular
structures: all cardiovascular structures increase in size relative to somatic

growth, a phenomenon known as cardiovascular allometry.[8]

Expressing measurements relative to body size allows for a meaningful
distinction between normal and abnormal values in children. It requires the
collection of quantitative data from a normal paediatric population to function

as the standard against which all measurements are compared.[8]

In normal children, BSA appears to be a more accurate parameter of somatic
growth than height or weight alone. “Indexing” the size of structures relative
to the BSA has become a common practice because of the linear relationship
between cardiac output and BSA and the mostly linear relationship between

cardiac output and the size of cardiovascular structures.[8]

Calculation of z scores has become a popular approach in paediatric
cardiology to account for the effects of body size and age.[26] Z-scores
serve to indicate the extent to which a calculated or measured value deviates
from a mean value for that particular point for say, BSA. The use of z scores
has the advantage of eliminatingany reliance on predetermined relationships
between the size of a structure and BSA. However, the utility of published z
score approaches has been limited by the fact that the studies do not always
account for confounders such as gender and race and that the methods for
performing measurements and calculating BSA are often inconsistent across
the entire population being evaluated. Also, there can be no assumption that
a constant variance exists across the range of body sizes within the
paediatric population.[8] Calculation of z scores assumes a uvniformity of
measurement and biological variability.[27] It is for this reason that we chose
to not use the z score in this study.

e ]
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3 Reference values for echocardiographic measurement

of the right heart in children: a systematic review

3.1 Introduction

Systematic reviews provide rigorous, objective evidence to assess the
literature relating to a particular topic. This rigour is gained through the use
of a pre-specified protocol incorporating an extensive literature search using
a variety of database search engines. A purpose-designed form is used to
capture extracted data described in pre-determined objectives. The use of
explicit, systematic methods in reviews limits bias (systematic errors) and
reduces chance of effects, thus providing more reliable results upon which to
draw conclusions and make decisions. Systematic reviews are generally

regarded as being superior to traditional non-systematic reviews.[28]

An extensive systematic literature search was performed to identify all
studies reporting reference intervals for right heart measurements as
determined by transthoracic echocardiography in healthy school children.
Search results encompassed studies reporting reference values or reports
ofright heart size and function in patients with specific disease states versus
normal healthy controls. In the latter, only the control group was used in the
determination of reference values. For each study, the measureable
parameters presented were extracted, ensuring that the technique used to
obtain the measurement was comparable with available literature.

We present the latest summary of published data of the right

heart echocardiographic reference values in children. We believe that this
information will assist clinicians in diagnosis of structural and functional
cardiac conditions. For more background on reference intervals and the role
of echocardiography in the evaluation of the right heart, we refer the reader
to section 2 of this thesis (Literature review, Chapter 2). ’

3.2 Aim

The aim of this systematic review was to collate, from published studies,
normative data for echocardiographic evaluation of the right heart in children,
in order to identify gaps in knowledge in this field.
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3.3  Criteria for considering studies for this review

3.3.1 Types of studies

This review considered all publications reporting reference values for the

right heart in healthy children determined by echocardiographic evaluation.

3.3.2 Types of reference individuals

Participants included school children with no history or echocardiographic
evidence of heart disease. No exclusion was set on sample sizes of the |
studies.

3.3.3 Inclusion and exclusion criteria
Inclusion criteria:

o Age range from 5 to 21 years.

o Documentation of age and/or an indicator body size for every
reference individual. Indicators of body size included height and/or
weight and/or body mass index (BMI) and/or BSA.

o Presentation of results as one reference value and/or -interval for the
whole sample or, in relation to age and/or body size.

o Availability of English version of paper in the case of foreign-language

articles.

Exclusion criteria:

o Preterm infants.

o Deceased participants (autopsy studies).

. Children with known cardiovascular disease.

o Measurements taken at high altitude 22400 metres above sea level).
o Age groups including adults (without subgroups for participants

younger than 22 years).
. Presentation of reference values that had already been included in a

previously published article.

3.4 Search strategy and selection of studies

Figure 1 details the process by which articles were selected for inclusion.
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The scope of search aimed to include all published work dating back to the
start of routine echocardiography. We searched the Pubmed and ISI Web of
Knowledge databases with a combination of the following search terms:
ECHOCARDIOGRA* [Title/Abstract] AND ("NORMAL
VALUES[Title/Abstract]) OR ("NORMAL RANGES"[Title/Abstract]) OR
("REFERENCE VALUES"[Title/Abstract]) OR ("REFERENCE
RANGES"[Title/Abstract]) OR ("REFERENCE INTERVALS"[Title/Abstract])
from the earliest date available until August 2010. This process was
complemented by reviewing citations, searching with Google Scholar, expert
referrals, hand-searching and scanning reference lists of articles. Additional

articles were included as they became available.

We combined the outputs from the databases Pubmed and IS/ Web of
Knowledge using a Referencing program, Endnote®. After duplicate entries
were removed, titles of citations were screened for possible inclusion. The
abstracts of potentially relevant studies were reviewed, after which the fulltext
articles were examined for possible inclusion. We attempted to find an
English copy of the fulltext article for all of the selected abstracts. Articles
were graded as eligible, potentially eligible, or not eligible based on the

inclusion and exclusion criteria.

3.5 Data extraction and analysis

Data on the year of study, participants’ characteristics including age range,
number, sex and race, study setting, sample selection, measurements and
methods of measurements were extracted onto the pre-specified data
extraction form. For each age-group, the sample size with reported summary
statistics (i.e., mean, median, centiles, standard deviation, confidence

intervals, or standard error) for measurements were also documented.

In 2010, the American Society of Echocardiography published
recommendations for performing echocardiography examination in the
paediatric population.[8] The recommendations emphasized 24 key
measurements of the right heart and documented strengths and weaknesses
of each. For each quantification method, the availability of little or no normal
paediatric data was identified as a weakness, while the availability of normal
paediatric data was recognized as a strength. Included studies were

evaluated against these 24 criteria.
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3.6 Data management and quality control

The systematic review was conducted along the methods of the Cochrane
Collaboration.[29]

In an attempt to minimise publication bias, we included all available published
reference values of echocardiographic evaluation of the right heart in children
and young adults.

3.7 Results

| identified 40 studies for inclusion in this study from the 2207 publications
retrieved from the databases. Two thousand and nineteen articles were
excluded on the basis of title alone, while a further 87 abstracts and 43
articles failed to meet the inclusion criteria. Eighteen of the 19 foreign
language articles were excluded because no English translation was
available; on inspection, none of these were affiliated to an African
institution. We were able to include data from the remaining foreign
language article as the sub-headings of the tables containing reference data,
were English.

Figure 1 depicts the study selection process.

]
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Figure 1: Flowchart of systematic search

Databases Searched:

ISI Web of Knowledge
Medline (Pubmed)

l

Combine (Endnote)
Remove duplicates

!

2207
Potentially relevant studies

1— 2019 excluded

188
Potentially relevant abstracts

{— 87 excluded

101
Potentially relevant full texts

| — 43 excluded
— 18foreign language

40 Included studies

included in systematic review
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3.7.1 Description of studies

The majority of included studies were done in clinical settings (e.g., hospitals,
clinics, or medical centres), and research laboratories. Some studies did not
specify the setting. Fifteen of the included 40 studies were published before
the year 2000, while 25 were published during or after 2000. The oldest
publication dates back to 1977.[30] Seventeen studies were from reference
populations in North or South America, 13 from European countries, 8 from
Asia, 1 from the Middle East and 1 from Australia.

The sample size of the reference populations ranged from 13 [31] to 2036

[32]. The ages of the reference populations ranged from 5 to 21 years.

In 19 studies, the reference population consisted of individuals that were
referred for echocardiography to exclude cardiac disease, while in 10, the
reference population comprised volunteers. There were 2 studies sampling
reference participants from wards, 1 study sampled participants from a
database and 1 study reported reference values of a normal control group.
Thirteen studies were unclear as to the method of sample selection. None of
the included studies had a population-based design.

Table 1 summarizes the sample characteristics of all 40 included studies.
Table 2 summarizes the measurements recorded in each of the 40 included
studies.

A ——
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Table 1. Sample characteristics of included studies.

Sampling | Sample Age- Sample size
No Author Year | method size Age-range categories per age-category
1 Ayabakan 2003 REF 72 03days-16y <02y 18
\% 02-07y 18
o 07-11y 18
>11y 18
2 Boettler 2005 U 129 01day-16.9y 1 129
01 mnth - 144 (Data presented acc to BSA)
3 Bonatto 2006 REF 595 mnths
4 Cui 2008 REF 593 01day-18y 1 593
01 mnth - 207
5 Daubeney 1999 REF 125 mnths (Regression equations and Nomograms)
U
6 Eidem 1998 \' 152 03y-18y 1 152
7 Eidem 2004 REF 325 01day-18y <01y 63
01-05y 68
06-09y 55
10-13y 58
14-18y 81
8 Frommelt 2002 REF 141 03 days-18y <12 mnths 27
>12 mnths 114
9 Goebel 2006 \' 45 05y-23y 1 45
10 Gutgesell 1991 u 70 01day-18y (Data presented acc to BSA)
1 Hanseus 1988 u 120 03 days ~15.5y (Regression equations and Nomograms)
12 Harada 2000 REF 48 07 days - 18y 1 48
13 Ichida 1987 (0] 173 Odays-—15y <12 hrs 10
\ 12-24 hrs 10
03 — 06 days 15
01 — 04 weeks 8
01 — 03 mnths 21
03 — 06 mnths 17
06 — 12 mnths 12
14 Innelli 2009 REF 40 10y-19y 1 40
\'
15 Ishii 2000 REF 150 30days-18y 1 150
16 Jin 1997 REF 108 07 days-17y 0-1y 12
01-04y 24
04-08y 29
08-12y 23
>12y 20
17 Kampmann 2000 REF 2036 01day-18y (Data presented acc to BSA / weight)
\'
18 Kapusta 2000 \ 160 04y-179y 1 160
19 King 1985 REF 103 O01day-15y (Data presented acc to BSA)
20 | Koestenberger | 2009 REF 640 01day-18y 0 - 30 days 141
01 - 03 mnths 45
04 — 06 mnths 20
07 — 12 mnths 22
o1y 25
02y 39
03y 27
04y 47

W
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Table 2. Variables of included studies.

Sample

Author

Year

size

Age-range

Echocardiography measurement

1 Ayabakan

2003

72

03 days-16y

SVC: A_praf

VTI: A_praf

SVC: S

VTI: §

SVC:D

VTI: D

A_praf-R

R-D

D-A_praf

2 Boettler

2005

129

01day-16.9y

RVAd

RVAs

S duration

E duration

A duration

Ss

Se

Sa

SRs

SRe

SRa

RVEF

3 Bonatto

2006

595

01 mnth - 144 mnths

RVID (RV mid)

RVOT

4 Cui

2008

593

01day-18y

RV MPI

RV IVCT

RV IVRT

St

Dt

St/Dt ratio

PV EP

5 Daubeney

1999

125

01 mnth - 207 mnths

PV ann

PAd

"RV inflow" (RVILd)

TVann

RVAd

RV outflow length

6 Eidem

1998

152

03y-18y

RV MP!

IVCT

IVRT

RV PEP

RV EP

RV PEP/ET

7 Eidem

2004

325

01day-18y

RV MPI

Sa RV free wall

Ea RV free wall

Aa RV free wal

E/Ea

TV E velocity

TV A velocity

E:A ratio

IVCT

IVRT
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8 Frommelt

2002

141

03 days-18y

Sa RV free wall

Ea RV free wall

Aa RV free wal

Ea/Aa

Ac

DT

IVCT prior to Sa

IVRT prior to Ea

9 Goebel

2006

05y-23y

Sa RV free wall

Ea RV free wall

Aa RV free wal

SRs

SRe

SRa

% Strain

Tissue displacement

10 Gutgesell

1991

01 day-18y

RVOT

RVOT velocity

PA vel

PVA

11 Hanseus

1988

120

03 days - 155y

RVOT

PAd (valvular level)

RVID (RV base)

RVILd

RVAd

Raw

Ral

RAAd

MV-TV distance

12 Harada

2000

07 days - 18y

Sa RV free wall

Ea RV free wall

Aa RV free wal

Ea/Aa

13 Ichida

1987

173

Bith—15y

PAd (valvular level)

14 Jin

1997

108

07 days - 17y

RV EDV

RV ESV

RV MV

MVI (ratio: MV to EDV)

RV SV

RV EF

15 Innelli

2009

10y-19y

RVID (RV base)

RVID (RV mid)

RVILd

Raw

RV TAPSE

PV EP

Sa RV free wall

Ea RV free wall

AaRYV free wal

E'A

E/E’

TV E velocity

TV A velocity

EA

RVOT velocity

PV PEP

IVCID
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IVC % collapse

16 Ishii

2000

150

30days-18y

RV MPI

EA

PV EP

IVCT + IVRT

TR

17 Kampmann

2000

2036

01 day-18y

RVID (RV mid)

Pad

RVAWd

18 Kapusta

2000

160

04y-179y

PV vel

RVAWd

RVAWSs

TV E velocity

TV A velocity

E:A

Sa RV free wall

Ea RV free wall

Aa RV free wal

Ea/Aa

Ea/Sa ratio

19 King

1985

103

01 day-15y

TV ann

20 | Koestenberger

2009

640

01day-18y

RV TAPSE

21 Lange

1983

185

Bith- 15y

RVID (RV mid)

22 Lester

1987

202

25days-23y

RVID (RV mid)

RVAWd

23 Matsui

2007

22

016-108y

Strain: RV inflow, -outflow and pulm annulus

Table: 01.7-11y

Time-to-peak strain: RV inflow, -outflow and pulm annulus

PV ann

24 McQuillan

2001

856

<20y

RV-RA gradient

PASP

25 Moiduddin

2010

13

57y+18y

RV %FAC

RV MPI

Strain: RV free wall

Tissue Displacement: RV free wall

Strain Rate: RV free wall

Time to peak strain (RV dyssynchrony)

26 Mori

2004

396

Birth- 19y

Sa RV free wall

Ea RV free wall

Aa RV free wal

Aa/Ea

TV E velocity

TV A velocity

AE

E/Ea

27 Norgard

1992

15

06y-16y

RVID (RV mid)

RVID (RV mid)

RVOT

RVID (RV mid)

RVILd

RVAd

RVAs

RV EDV

RV ESV

RV 8V

RV EF

28 Pettersen

2008

782

01day-18y

RVID (RV mid)

]
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PV ann

Pad

TVann

29 Rafeiyian

2005

100

1mnth-15y

Sa RV free wall

Ea RV free wall

Aa RV free wal

Ea/Aa

IVRT

IVCT

DT (deceleration time)

30 Roberson

2007

634

01day-18y

Sa RV free wall

Ea RV free wall

Aa RV free wal

31 Roberson

2007

308

01day-18y

IVRT + IVCT

ET

IVRT + IVCT + ET

RV MPI

32 Sarnari

2009

179

0.02 mnths -19y

RV systolic duration

RV diastolic duration

S/D Ratio (Systolic-to-diastolic ratio)

33 | Suleymanoglu

2007

213

15days-15y

RV EDV

RV ESV

34 Singh

1994

78

02 mnths - 50 y

RVOT

RVOT vti (one group)

TV vti (one group)

TV area

35 Vignola

1977

17

03y-17y

RVID (RV mid)

36 Weidemann

2002

33

04-16y

Ss RV free wall

Se RV free wall

Sa RV free wall

SRs RV free wall

SRe RV free wall

SRa RV free wall

Ss RV inferior wall

Se RV inferior wall

Sa RV inferior wall

SRs RV inferior wall

SRe RV inferior wall

SRa RV inferior wall

37 Wessel

1985

30

Age-range unclear

RV geometry

38 Yusuoka

1999

99

07 days - 22y

Ea RV free wall

30(7DI)

Aa RV free wal

Ea:Aa

TV E velocity

TV A velocity

EA

39 Zhendong

1998

88

03y-12y

TV E velocity

TV A velocity

EA

APE

DPE

FVI: E area

FVI: A area

Total area: (E and A)

TDFT

TAPE
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TDPE

40 Zilberman 2005 748 Birth - 18y PV ann

TV ann

SVC, Superior Vena Cava, A_praf, peak reverse atrial flow;VTI, velocity time integral; S,
peak systolic flow; D, peak diastolic flow;R, R-wave on ECG,;ECG, Electrocardiography;
RVAGQ, right Ventricular Area in diastole; RVAs, right Ventricular Area in systole; S duration,
duration of the tissue velocity peak systolic wave; E duration, duration of the tissue velocity
early diastolic E wave; A duration, duration of the tissue velocity late diastolic A wave; Ss,
peak systolic strain; Se, early diastolic strain; Sa, late diastolic strain, SRs, peak systolic
strain rate; SRe, early diastolic strain rate; SRa, late diastolic strain rate; RVEF, right
ventricle ejection fraction;, RVID, right ventricle internal diameter; RVOT, right ventricle
outflow tract;, RV EDV, right ventricle end-diastolic volume; RV ESV, right ventricle end-
systolic volume; RV SV, right ventricle stroke volume; RV EF, right ventricle ejection
fraction; RV, right ventricle; MPI, myocardial performance index; IVCT, isovolumic
contraction time; IVRT, isovolumic relaxation time; St, systolic time; Dt, diastolic time; PV,
pulmonary valve; EP, gjection period; ann, annulus; PAd, pulmonary artery diameter;
RVILd, right ventricle internal length in diastole; TVann, tricuspid valve annulus; PEP, pre-
gjection period; ET, ejection time; Sa, tissue velocity peak systolic velocity; Ea, tissue
velocity early diastolic wave; Aa, tissue velocity late diastolic wave; TV, tricuspid valve; E,
early diastolic; A, late diastolic; Ac, systolic annular acceleration;DT, early diastolic annular
deceleration time; PA, pulmonary artery; Vel, velocity; PVA, pulmonary valve area; RAw,
right atrium width; RAI, right atrium length; RAAd, right atrium area in diastole; MV, mitral
valve, TV, tricuspid valve; MV, muscle volume; MVI, muscle volume index; EDV, End-
diastolic volume; TAPSE, tricuspid annulus peak systolic excursion; E’, tissue Doppler early
diastolic myocardial velocity; A’ tissue Doppler late diastolic myocardial velocity; E, early
diastolic wave; A, late diastolic wave; IVCID, inferior vena cava internal diameter; IVC,
inferior vena cava, TR, tricuspid regurgitation; RVAWUJ, right ventricle anterior wall in
diastole; RVAWS, right ventricle anterior wall in systole; vti, velocity time integral; RA, right
atrium; PASP, pulmonary artery systolic pressure; E, early diastolic velocity;, EDV, end-
diastolic volume; ESV, end-systolic volume;APE, acceleration time to peak E velocity, DPE,
deceleration time from peak E velocity; FVI, flow velocity integrals; TDFT, total diastolic
filling time; TAPE, time of acceleration to peak E velocity;, TDPE, time of deceleration from
peak E velocity.

There were insufficient published data for the following measurements: right
atrial size (width, length and area) for children younger than 10 yrs, tricuspid
valve area, right ventricular dimensions (base, mid and length) and areas
(diastolic and systolic), the right ventricular fractional area change and the RV-
to-right atrialpeak pressure gradient. There were no published reference data
for the right ventricular mid-cavity dimensions presented as a sub-group for
children younger than 10 years; pulmonary artery peak pressure gradient for
children older than 12 years; inferior vena cava diameter and percentage
collapse for children younger than 10 years. None of the studies estimated
pulmonary artery systolic pressure using an estimate of right atrial pressure
that was based on the dimension and percentage collapse of the inferior vena
cava. Lastly, there were no published data for right ventricular volumes and

ejection fraction using the area-length method.
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3.7.2 Categorized summary of publications

The right heart examination should include a measure of right atrial (RA) size
and right ventricular (RV) size, RV systolic function and pulmonary artery
(PA) pressure.[2] Our findings are presented in Table 3 (measurements
ofright heartsize/volume), Table 4 (measurements of RV
morphology/structure), Table 5 (measurementss of RV- and valve

function),and Table 6 (measurements of right heart haemodynamics).
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Table 3. Measurements of right heart size/volume.
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Variable View Method @
RV Diameters and Area
Mid RV RVID (mid RV) PLAX M-mode X X X X
RVID (mid RV} Unspecified M-mode X
RVID (mid RV) PLAX 2D x
RVID (mid RV) A4C 2D X X
RV Base RVID (RV base) A4C 2D X X
RVID (RV base) S4ac 2D X
RV Length RVIL A4C 2D X X X X
RVIL S4aC 2D X
RV Area RVAd A4C 2D Trace X X X X
RVAs A4C 2D Trace | x X
RVA S4C 2D Trace X
Right Ventricle Volume
RV EDV A4C Simpson's single-plane X
RV EDV A4C Simpson'’s single-plane(30 discs) X
RV EDV SCC Simpson's single-plane X
Mv A4C Simpson's rule X
MvI ratio: MV to volume X
RV geometry Algorithm of sphere volumes X

RV, right ventricle; RVID, right ventricle internal dimension; PLAX, parasternal long-axis; A4C, apical four-chamber; 2D, two-dimensional;
S4C, subcostal four-chamber; RVIL, right ventricle internal length; RVAd, right ventricle area in diastole; RVAs, right ventricle area in systole;
RVA, right ventricle area; EDV, end-diastolic volume; MV, muscle volume; MVI, muscle volume index.
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Table 3 continued. Measurements of right heart size/volume.

Bonatto 2006

Daubeney 1999

Gutgesell 1991

Hanseus 1988

Innelli 2009

Norgard 1992

Pettersen 2008

Singh 1993

Variable View Method
RV Outflow Tract
RVOT(supraAo) PSAX 2D X X X
RVOT(supraAo) PSAX M-mode X X
PLAX /
RVOT SX 2D X
RVOL SP 2D X
Right Atrium
Width Raw A4C 2D X X
Raw S4C 2D X
Length | Ral A4C 2D X
Ral S4C 2D b
Area RAA A4C 2D Trace X
RAA S4C 2D Trace X

RVOT, right ventricle outflow tract, supraAo, supra aortic; PSAX, parasternal short-axis;
2D, two-dimensional;, PLAX, parasternal long-axis; SX, short-axis; RVOL, right ventricle

outflow length; SP, subcostal parasagiftal;, RAw, right atrium width;, A4C, apical four-

chamber; S4C, subcostal four-chamber; RAI, right atrium length; RAA, right atrium area.
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Table 3 continued. Measurements of right heart size/volume.
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Variable View Method
Area TVA X
Annulus | TVann A4C 2D X X X X
MV-TV
distance A4C / S4C 2D X
Area PVA X
Annulus PVann PLAX 2D X
PVann PSAX 2D X X X
PAd PSAX 2D X
PAd Unspecified M-mode X

TVA, tricuspid valve area; TVann, tricuspid valve annulus;A4C, apical four-chamber;

2D, two-dimensional;S4C, subcostal four-chamber;MV, mitral valve; TV, tricuspid valve;
PVA, pulmonary valve area; PVann, pulmonary valve annulus; PLAX, parasternal long-axis;
PSAX, parasternal short-axis; PAd, pulmonary artery diameter; SVC, superior vena cava;

max, maximum, min, minimum; ave, average.

Table 4. Measurements of right heart morphology.

Hanseus 1988

Kampmann 2000

Kapusta 2000

Lester 1987

Wessel 1985

Variable View Method
Right Ventricle Anterior Wall
RVAWd PLAX M-mode X X
RVAWs PLAX M-mode
MV-TV distance | A4C/S4C 2D | x
RV geometry Algorithm of sphere volumes X

RVAWA, right ventricle anterior wall in diastole; PLAX, parasternal long-axis;
RVAWsS, right ventricle anterior wall in systole; MV, mitral valve; TV, tricuspid valve;

A4C, apical four-chamber; S4C, subcostal four-chamber; 2D, two-dimensional;
RV, right ventricle.
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Table 5. Measurements of right heart chamber and valve function.
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Variable View Method
RV EDV Ellipsoid
RV ESV Ellipsoid
RV EDV A4C Simpson's single-plane (30 discs)
RV ESV A4C Simpson's single-plane (30 discs)
RV EDV A4C Simpson's single-plane
RV ESV A4C Simpson's single-plane
RV EDV SCP Simpson's single-plane
RV ESV SCP Simpson's single-plane
RV 8V Ellipsoid X
RV SV Simpson's single plane (30 discs) X
RV SV Simpson's single-plane X
%FAC X
EF Ellipsoid X
EF A4C Simpson's single-plane (30 discs) X
EF A4C Simpson's single-plane X X
RV Output Ellipsoid X

RV, right ventricle; EDV, end-diastolic volume; ESV,

A4C, apical four-chamber; SCP, subcostal coronal plane; SV, stroke volume,. FAC,
fractional area change; EF, ejection fraction.

end-systolic volume;
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Table 5 continued. Measurements of right heart chamber and valve function.
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Variable View Method x
TAPSE X X
Ac
DT X
RV MPI| Pulsed Doppler X X X X
RV MPI Tissue Doppler | x X X
E velocity X X X X X X
A velocity X X X X X X
E:A ratio X X X X X X
AE ratio X
VTI X
FVILE E area PWD X
FVI: A A area PWD X
Inflow Area Total area: (E and A) PWD X
TR N/ % of total sample X
E/Ea X X X

TAPSE, tricuspid annular plane systolic excursion; Ac, systolic annular acceleration, DT, deceleration time;
RV, right ventricle;MPI, myocardial performance index; E, early diastole; A, late diastole; VTI, velocity time integral;
FVI, flow velocity integral; PWD, pulsed wave Doppler; TR, tricuspid regurgitation; N, sample size;

Ea, tissue Doppler early diastolic myocardial velocity.
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Table 5 continued. Measurements of right heart chamber and valve function.
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Variable View Method
RVO velocity | PLAX/SX X
RVO velocity | PSAX X
VTI Lower left parasternal X
Peak velocity X

Peak velocity

A

AVTI

S

S VTl

D

D VTI

A-R

R (R-wave on ECG)

R-D

R (R wave on ECG)

X

D-A

Diastolic Time interval

X

RVO, right ventricle outflow; PLAX, parasternal long-axis; SX, short-axis;

PSAX, parasternal short-axis;VTI, velocity time integral; SVC,

superior vena cava;, SC, subcostal; A, peak reverse atrial flow;
S, peak systolic flow; D, peak diastolic flow; R, R-wave on ECG;
ECG, electrocardiography.
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Table 5 continued. Measurements of right heart chamber and valve function.
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Variable View Method
Pulsed TDI tracing:
Sa A4C TV annulus X X X X X X X X X
Ea A4C TV annulus X X X X X X X X X X
Aa A4C TV annulus X X X X X X X X X X
Ea:Aa A4C TV annulus X X X X X X
AaEa A4C TV annulus X
RV anterior
Sa PLAX wall X
RV anterior
Ea PLAX wall X
RV anterior
Aa PLAX wall X
RV anterior
Ea:Aa PLAX wall X
RV anterior
Ea:Sa PLAX wall X
RV anterior
Sa PLAX wall X
RV anterior
Ea PLAX wall X
RV anterior
Aa PLAX wall X
RV anterior
Ea:Aa PLAX wall X
RV anterior
Ea:Sa PLAX wall X
St X X X
Dt X
St/Dt X

TDI, tissue Doppler imaging, Sa, tissue Doppler peak systolic myocardial velocity;, A4C,
apical four-chamber; TV, tricuspid valve, Ea, tissue Doppler early diastolic myocardial
velocily; Aa, tissue Doppler late diastolic myocardial velocity; PLAX, parasternal long-axis;

RV, right ventricle; St, systolic time; Dt, diastolic time.
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Table 5 continued. Measurements of right heart chamber and valve function.
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Variable View Method =

Ss A4C RV free wall 3 segments X X X

Se A4C RV free wall 3 segments X

Sa A4C RV free wall 3 segments X X

RV inflow SC RAO X

RV outflow SC RAO

Pulm Ann SC RAO

Ss A2C RV inferior wall 3 segments

Se A2C RV inferior wall 3 segments

Sa A2C RV inferior wall 3 segments

Se duration X

Sa duration X

RV inflow SC RAO X

RV outflow SC RAO X

Pulm Ann SCRAO X

SRs A4C RV free wall 3 segments X X X X

SRe A4C RV free wall 3 segments | x X X X

SRa A4C RV free wall 3 segments X X X X

SRs A2C RV inferior wall 3 segments X

SRe A2C RV inferior wall 3 segments X

SRa A2C RV inferior wail 3 segments X

Ss, tissue Doppler peak systolic strain, A4C, apical four-chamber;

RV, right ventricle; Se, tissue Doppler early diastolic strain;

Sa, tissue Doppler late diastolic strain; SC, subcostal;
RAQ, right anterior oblique; Pulm, pulmonary; Ann, annulus;
A2C, apical two-chamber; SRS, tissue Doppler peak systolic strain rate;
SRe, tissue Doppler early diastolic strain;

SRa, tissue Doppler late diastolic strain rate.
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Table 5 continued. Measurements of right heart chamber and valve function.
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Variable View Method
Time to peak strain 3 seg RV free wall A4C X
%Strain X
Tissue displacement X X
Time intervals Pulsed / Continuous Wave Doppler
RV IVCT X
RV IVCT + IVRT calculation X X X
RV SD RV systolic duration (S)
RV diastolic duration
RV DD (D)
SD/DD ratio
Time intervals Tissue Doppler TV Annulus
RV VCT X X X X X
RV IVCT ECG and Sa x X
RV IVRT X X x X X X X x
RV IVCT + IVRT X X
IVRT + IVCT + ET a component X X
DT X X

RV, right ventricle; A4C, apical four-chamber; IVCT, isovolumic contraction time; IVRT, isovolumic relaxation time;
SD, systolic duration;, DD, diastolic duration;, ECG, electrocardiography; ET, ejection time; DT, deceleration time.
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Table 6. Haemodynamic measurements of the right heart.
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Variable View Method a X
Time Intervals
PV EP CW /PW Doppler trace X X X X
PV PEP CW / PW Doppler trace X
RV PEP/ET CW / PW Doppler trace X
PV EP TDl trace | X
Pulmonary Artery Diameter
PAd PSAX X X
PAd Unspecified X
Right Atrial Pressures
| exa | | IR
RV Systolic Pressures
| RV-Ra gradient | | LI [
Pulmonary Arterial Systolic Pressures (PASP)
T PASP l ’ RAPassumed10mmHg| | I l l L | | b ’ | |
Inferior Vena Cava
IVC % collapse X
IVC diameter X

PV, pulmonary valve; EP, ejection period; CW, continuous wave; PW, pulsed wave; PEP, pre-ejection period; RV, right ventricle; TDI, tissue Doppler imaging;
PAd, pulmonary artery diameter; PSAX, parasternal short-axis; E, early diastolic velocity; Ea, tissue Doppler early diastolic myocardial velocity; TR, tricuspid
regurgitation; vel, velocity; RA, right atrium; PASP, pulmonary artery systolic pressure; RAP, right atrium pressure; IVC, inferior vena cava.
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The studies that were excluded are summarized in Table 7.

Table 7. Excluded studies.

Author Year Reason
1 Aessopos 2000 | One age-category (ages: 14-55 y), including participants aged >21y.
2 Alam 1999 | Sample contains participants aged >21y.
3 Arce 2002 | Sample contains participants aged >21y.
4 Bussadori 2009 | No right heart parameters
5 Carlhall 2004 | Sample contains participants aged >21y.
6 Clark 2002 | Participants aged <5y.
7 Conca 2009 ffmglreigﬁnr::gl:. participants aged >21y; Measured parameters do not include that
8 Daimon 2008 | Sample contains participants aged >21y.
9 Dalen 2010 | Sample contains participants aged >21y.
10 | Davidson 1990 gxl;/glr:?:n(t;ealﬁu'ated but not presented as reference values, only correlation with
11 | Dib 1997 | Sample contains participants aged >21y.
12 | Duzenii 2009 ffa{:glﬁg%tin;:ian: participants aged >21y; Measured parameters do not include that
13 | Emilsson 2004 | Sample contains participants aged >21y.
14 | Emilsson 2005 | Sample contains participants aged >21y.
15 | Friedman 1985 | One age-category (ages: 19-43 y), including participants aged >21 y.
16 | Galderisi 2002 | Study objectives did not include obtaining and presenting of new reference data.
17 | Gondi 2007 | Study objectives did not include obtaining and presenting of new reference data.
18 | Gopal 2006 | Sample contains participants aged >21y.
19 | Gournay 1998 [ Reference values on a great artery (LPA), not connected directly to the right heart.
20 | Hanseus 1994 | Measured parameters do not include that of the right heart.
21 | Hirsimaki 1988 | Measured parameters do not include that of the right heart.
22 | Huicho 2005 | Reference data on a sample of children living at high altitude.
23 | Jercil 2001 ?fa{:glreig%c:n;:r:. participants aged >21y; Measured parameters do not include that
24 | Kjaergaard 2006 | In vivo study on a sample that contains participants aged >21y.
25 | Klein 1999 | Sample contains participants aged >21y.
26 | Kluckow 2000 | Participants aged <5y.
27 | Knutsen 1989 | Sample contains participants aged >21y.
28 | Kovalova 2005 | Sample contains participants aged >21y.
29 | Kukulski 2000 | Sample contains participants aged >21y.
30 | Latson 1981 | No reference data presented.
31 | Lee 2009 | Participants aged <5y.
32 | Lindqvist 2009 | Sample contains participants aged >21y.
33 | Lindqvist 2009 | Sample contains participants aged >21y.
34 | Malakan 2004 | Participants aged <5y.
35 | Mikkola 2007 | Study objectives did not include obtaining and presenting of new reference data.
36 | Morner 2008 | Sample of interest was a control group, but it contained participants aged >21y.
37 | O'Learly 1998 | Measured parameters do not include that of the right heart.
38 | Overbeek 2006 | Measured parameters do not include that of the right heart.
39 | Oyer 2003 | Participants were not alive when the data was obtained.
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40 | Pena 2009 | Participants aged <5y.

41 | Poutanen 2003 | Measured parameters do not include that of the right heart.

42 | Pye 1991 | Sample contains participants aged >21y.

43 | Raczek 2010 | Measured parameters do not include that of the right heart.

44 | Rein 2003 | Sample contains participants aged >21y.

45 | Schvartzman 2000 | Sample contains participants aged >21y.

46 | Snider 1984 | Reference vaiues on a great artery (RPA), not connected directly to the right heart.
47 | Steed 1998 | Sample contains foetuses.

48 | Stevenson 1995 | Study objectives did not include obtaining and presenting of new reference data.
49 | Tamborini 2009 | Sample contains participants aged >21y.

50 | Tugertimur 2000 | Measured parameters do not include that of the right heart.

51 | Uiterwaal 1989 | Sample contains participants aged >21y.

52 | Van de Veire 2006 | Sample contains participants aged >21y.

53 | Van Oort 1988 | Sample contains participants aged >21y.

54 | Vasan 2000 | Measured parameters do not include that of the right heart.

55 | Vitarelli 1996 | Sample contains participants aged >21y.

56 | Yoerger 2005 | Sample of interest was a control group, but it contained participants aged >21y.
57 | Zhang 2006 | Sample contains participants aged >21y.

58 | Zoghbi 1990 | Sample contains participants aged >21y.

Y, years; CXR, chest x-ray; LPA, left pulmonary artery; RPA, right pulmonary artery.

Most articles were excluded due to the inclusion of adult or infant

participants. Furthermore, some did not present a new set of reference data

for echocardiographic evaluation of the right heart. In one of the publications

the reference population comprised deceased participants. There was also a

publication on a study containing a sample of unborn foetuses.

The evaluation of the included studies against the 2010 American Society of

Echocardiography (ASE) recommendations of 24 key measurements for

performing a right heart echocardiography examination in a paediatric

population are presented in Table 8. No study documented reference

intervals on all 24 criteria.
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Table 8. American Society of Echocardiography recommended measurements.
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Boettler 2005 x| x
Bonatto 2006 X
Cui 2008 X
Daubeney 1999 X x| x X
Eidem 1998 X
Eidem 2004 X
Frommelt 2002 X
Goebel 2006 X X
Gutgessell 1991 X
Hanseus 1988 X| x| x X x| X X
Harada 2000 X
Ichida 1987 X
Innelli 2009 X X| x| x X X X X X
Kampmann 2000
Kapusta 2000 X
King 1985 X
Koestenberger 2009 X
Matsui 2007 X X
McQuillan 2001
Moiduddin 2010 X
Mori 2004 b'e
Norgard 1992 x| x| x| x| x
Pettersen 2008 X x| x
Rafeiyian 2005 X X
Roberson 2007 X
Singh 1994 X X
Yasuoka 1999 X
Zhendong 1998 x| x
Zilberman 2005 X X

RAw, right atrium width; RAI, right atrium length; RAA, right atrium area; TV, tricuspid
valve; ann, annulus; RV, right ventricle; A4C, apical four-chamber; RVAJ, right ventricle

area in diastole; RVAs, right ventricle area in systole; RVOT, right ventricle outflow tract;

PV d, pulmonary valve diameter; TAPSE, tricuspid annular plane systolic excursion; FAC,

fractional area change; S’, tissue Doppler peak systolic myocardial velocity; E’, tissue
Doppler early diastolic myocardial velocity;A’, tissue Doppler late diastolic myocardial

velocity, IVRT, isovolumic relaxation time; VA, isovolumic acceleration; PPG, peak
pressure gradient; PA, pulmonary artery; TR, tricuspid regurgitation; vel, velocity; IVC d,
inferior vena cava diameter.

* Little pediatric data according to the publication by the ASE.[8]
# No pediatric data according to the publication by the ASE.[8]
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3.8 Discussion

This systematic review presents the most complete review of existing data on
right heart reference intervals in children and young adults. Nine studies
from an earlier review[27] is included in this review. [12, 15, 20, 32-37]

Based on the guidelines from the American Society of Echocardiography|2,
8], and the systematic review of the literature, we report on the availability of
reference data in children and young adults, highlighting areas lacking
sufficient data with respect to measurements of the right atrium, the tricuspid
valve, right ventricular size and function, the pulmonary valve, the pulmonary
artery, and right heart haemodynamics. |

The right atrium

We identifiedonly one publication presenting reference data for right atrial
(RA) size for children younger than 10 years of age. In 1988, Hanseus ef al.
published a set of reference values on the RA on a sample of 120 healthy
infants and children, aged 3 days to 15.5 years. His RA measurements
included the width, length and area for the RA. He presented the data for the
entire sample according to BSA using regression equations and
nomograms.[35]

Innelli et al. published a set of reference values for RA width on a sub-group
of 40 healthy children and adolescents, aged 10-19 years. In this recent
publication (2009), reference values for the entire sub-group, aged 10-19

years were presented as one value.[13]
Tricuspid valve area

Sufficient data exist on the diameter of the tricuspid valve (TV) annulus, but
we discovered only one publication presenting reference data on the TV
area. Singh ef al. published reference values on the TV area based on a
reference population aged 2 months to 50 years. The data for participants

less than 16 years were presented in 3 different age-categories.[15]
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Right ventricular size and/or volume

We identified one publication presenting reference data for RV basal
diameter for children younger than 10 years of age. This two decades old
study obtained a reference population of 120 healthy infants and children,
aged 3 days to 15.5 years. The data were adjusted for BSA, using
regression equations and nomograms.[35] Innelli et al. recently published
reference values on a sub-group of 40 healthy children and adolescents,
aged 10-19 years as one value.[13]

Two publications exist on reference values of the RV mid diameter measured
in the apical four-chamberview. Norgard et al. presented reference values
for RV mid diameter on only 15 individuals, aged 6-16 years as one value for
the entire sample.[14]More recently, Innelliet al. published reference values
of a sub-group of 40 healthy children and adolescents, aged 10-19 years as
one value.[13] We found no publications presenting reference values for RV
mid diameter measured in the apical four-chamber view for children younger
than 10 years.

Two publications were found on reference values of the RV end-systolic area
measured in the apical four-chamber view[14, 16]. The usefulness of both of
these publications however, is limited as they both present the data for the
entire sample spanning more than 10 years as one value. This study by
Norgard et al. had only 15 individuals, aged 6-16 years.[14] Boettler et al.
published reference values of a larger series containing 129 reference
individuals, aged 1 day to 16.9 years.[16]

Right ventricular function

Only one publication was identifiedon RV % fractional area change in a
sample of healthy children. The sample of healthy children was a control-
group consisting of 13 healthy individuals. One of the objectives of the study
was to compare quantitative measurements of the RVin single RV’s to
normal RV’s. The % fractional area change of the control-group consisting of
13 healthy individuals was presented. The mean age of the healthy control-
group was 5.7+1.8y.[31] A study aiming to generate reference values for RV
fractional area change, containing a larger sample with greater age-span and
categorization may be more useful in clinical practice.
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We did not find any existing reference data on isovolumic acceleration.
Pulmonary artery peak pressure gradient

Zhendong et al. published reference values of the pulmonary artery(PA) peak
pressure gradient in 1998 in a reference population consisting of 88 healthy
individuals, aged 3-12 years. The sample was divided into two age-
categories.[38] No publications were found containing data for children older
than 12 years.

Right-sided haemodynamics

According to our results, the publication by McQuillan et al. was the only
study publishing reference data on right-sided haemodynamics for children
and adolescents. In 2001, McQuillan published reference data for the TV
RV-RA gradient in a reference population consisting of 856 participants -
younger than 20 years. Mcquillan et al. presented estimatedpulmonary
artery systolic pressure values assuming that the RA pressure for all
reference individuals is 10 mmHg. The reference data were presented
graphically, according to BSA.[19] Pena et al. recently published reference
data for the tricuspid regurgitation (TR) peak velocity on 55 newborn infants.
The authors also presented estimated PA systolic pressure values assuming

that the RA pressure for all reference individuals was 5 mmHg.[39]

No reference values for the diameter and percentage collapse of the inferior
vena cava (IVC) for children younger than 10 years were found. Innelli ef al.
published reference values for the IVC diameter and percent IVC collapse in
a sub-group consisting of 40 healthy children and adolescents but presented
the data for the entire sample, aged 10-19 years as one value.[13]

Accordingly, we could not find any publication presenting reference values for
estimated PA systolic pressure with an estimate of RA pressure on the basis
of IVC size and collapse.

There is sufficient reference data for the following variables:
Tricuspid valve annulus

Four authors have published reference data on the annulus of the tricuspid
valve (TV)based on reference populations ranging from infants to young
adults, according to BSA. The oldest publication was by King ef al. in 1985.
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The most recent publication was by Pettersen ef al. in 2008. The sample
sizes ranged from the smallest by King (N=103) to the largest by Pettersen
(N=782).[20, 33, 36, 37]

Right ventricular length

Four existing publications presented reference values for the RV length,
measured in the apical four-chamber view. Hanseus ef al. (N=120) and
Daubeney et al. (N=125) presented data for the entire sample (birth to
adolescent age), according to BSA whereas Inneli ef al. (N=40, 10-19years)
and Norgard et al. (N=15, 6-16years) presented data for the entire sample,
as one value.[14, 35, 36, 40]

Right ventricular end-diastolic area

Four authors have published reference values for the RV end-diastolic area,
measured in the apical four-chamber view. Authors Hanseus et al. (1988,
N=120) and Daubeney et al. (1999, N=125) presented data for the entire
sample (birth to adolescent age), according to BSA. Boettler et al. (2005,
N=120, 0-17years) and Norgard et al. (1992, N=15, 6-16years) presented

data for the entire sample, as one value.[14, 16, 35, 36]
Right ventricular outflow tractdimension

There are six existing publications reporting the dimension of the RV outflow
tract, measured anterior to the aortic valve in the parasternal short-axis view.
The oldest publication dates back to 1988[35] and the most recent
publication was published in 2008 by Pettersenet al.[20] The sample sizes
range from 15[14] to 782[20]. The ages of the samples range from birth to
adolescent ages. Four authors presented data according to BSA [12, 20, 35,
41]. Singh et al. divided the sample into 3 age-categories for children
younger than 16 years. Norgard and Vik-Mo published reference data for the
entire sample (aged 6-16years) as one value.[12, 14, 15, 20, 35, 42]

Pulmonary valve diameter

Six publications reported reference values for the pulmonary valve (PV)
diameter in children and adolescents. Hanseus et al., Daubeney et al.,
Pettersen et al. and Zilberman et al. reported reference values for PV

diameter in samples of healthy children ranging from birth to adolescent age
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and presented the data according to BSA. Ichida et al. presented a set of
reference intervals for children aged from birth to 15 years stratified by
different age-categories. Matsui ef al. presented the measured PV diameter
in a sample of 22 healthy children, aged 0-11 years as one reference interval.
The oldest study by Ichida et al. date back to 1987. The most recent
publication was by Pettersen ef al. in 2008. The sample sizes for these
publications range from the smallest 22 to 782 (Pettersen).[20, 34-37, 43]

Pulmonary artery diameter

Daubeney et al., Pettersen et al. and Kampmann et al. published reference
data on the diameter of the PA in children ranging from infancy to adolescent
age. The sample sizes were 125, 782 and 2036 respectively. All three
authors presented the results according to BSA.[20, 36, 44]

Tricuspid annulus peak systolic excursion

Two recent (2009) publications detailed reference values for tricuspid
annulus peak systolic excursion (TAPSE) in children. The first publication by
Innelli ef al. presented the TAPSE values for a sub-group of 40 children and
adolescents, aged 10-19 years. The second publication by Koestenberger et
al. presented the TAPSE values in a large sample (N=640) of infants,
children and adolescents. The data were presented according to BSA and
age-categories.[40, 45]

Tissue myocardial velocities at the lateral tricuspid annulus

There are nine publications containing reference values for tissue myocardial
velocity of the lateral tricuspid annulus in the apical four-chamber view.
These publications were published between 2000 and 2009. Eidem ef al.,
Frommelt et al., Harada et al., Mori et al., Rafeiyian et al. and Roberson ef al.
published reference values in samples ranging from infancy to adolescent
age. Four authors (Eidem et al., Harada et al., Mori et al. and Rafeiyian et
al.) presented the reference values stratified by age. Frommelt et al.
presented the data for the sub-group aged 1-18 years as one value.
Roberson et al. presented reference data according to BSA. Innelliet al.,
Goebel et al. and Kapusta ef al. presented their data as a single value for the
entire sample. The sample size for these publications ranged from 40 (Innelli
et al.) to 634 (Robersonet al.).[40, 46-53]
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4 The establishment of reference intervals for the right

heart in African school-going children

41  Objectives:

1. To establish reference intervals for the echocardiographic
evaluation of the right heart in a random sample of South African

school-going children.

2. To compare the measurements in the South African cohort with the
recommended variables of the American Society of
Echocardiography.

3. To design a tool for the calculation and reporting of

echocardiographic right heart measurements in children.

4.2 Introduction to the study design

Reference intervals forechocardiographic measurements of the right heart
were established in a sample of South African school children and
adolescents. Reference individuals were selected from the school-going
population within the Vanguard Communities of Cape Town, South Africa.
To the best of our knowledge, this is the first set of reference intervals for
echocardiographic measurements of the right heartin children and
adolescents established using a community-based design and the first in
African children.

Section 2 of this thesis (Literature review) contains a comprehensive
background on reference intervals and the role of echocardiography in the
evaluation of the right heart.

4.3 Reference population

This research forms part of a larger population-based surveillance study
investigating the prevalence of rheumatic heart disease within the Vanguard
Communities of Cape Town. We selected two periods in 2008 and 2009
during which more than 200 school children between the ages of 5 and 21
years participated in the surveillance study. These participants were
without any known cardiac abnormalities or acquired disease.
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The Vanguard Communities comprise people living in the black African
township of Langa and people of mixed ancestry who live in Bonteheuwel.
The population estimates were around 49 664 (Langa) and 50 676
(Bonteheuwel) respectively in 2001 (Total 100 340). Approximately 50% of

this population are under the age of 20 years.[54]

To characterize age-related changes more appropriately, the study
population was divided into 3 sub-groups for age: group 1, 5-9 years; group
2, 10-14 years; and group 3, 15 years and older. In order to characterize
changes related to body surface area (BSA), we divided the study population
into 4 quatrtiles for BSA.

4.4 Inclusion / Exclusion criteria

Reference individuals had to have no history or echocardiographic evidence
of heart disease, including cardiac masses, valvular dysfunction, congenital
defects, pericardial or muscle heart disease at the time of the

echocardiogram.

Only participants who gave informed consent to perform an echocardiogram

were included.

Participants with a history of infectious, neuromuscular, or metabolic
disorders were excluded. Any arrhythmias on surface electrocardiogram

were also an exclusion criterion.

4.5 Echocardiographic evaluation of the right heart: methods,
technique and variables

This section describes the ultrasound techniques that were used in the
evaluation of right heart structure, function, and haemodynamics. These
recommendations are reviewed in more detail in the American Society of
Echocardiography Guidelines published in 2010.[2] Other leading
Echocardiography Associations, such as the European Association of
Echocardiography and British Society of Echocardiography have also
included the measurement of right ventricle (RV) dimensions, -function and

haemodynamics as part of their recommendations.
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All echocardiographic studies were performed in the left lateral supine
position using a Vivid i machine (GE Ultrasound, South Africa), equipped with
a 5.0 MHz phased-array transducer and tissue Doppler technology.
Simultaneous electrocardiography was used to correlate timing of electrical

events with mechanical events. No sedation was used.

The author performed all the measurements for every reference individual.

451 Baseline data

For each reference individual, the height and weight, as well as the following
demographic data were recorded: date of birth, age, sex, race and heart
rate. Body mass index (BMI) and BSA were calculated, the latter using the
Mosteller formula.[55]

4.5.2 Echocardiographic modalities

Complete two-dimensional (2D), M-mode, pulsed-wave Doppler, continuous-
wave Doppler, and colour flow Doppler echocardiographic examinations were
performed and recorded on all reference individuals. Colour-coded tissue
velocity cineloops of at least three cardiac cycles was acquired from the

apical four-chamber view.

453 Size, volume and morphology

Right atrium

The recommended methods to assess right atrium (RA) size include the
measurement of major and minor axis lengths and planimetered area in the

apical four-chamber view.[8]

The RA size was measured in an apical four-chamber view at end-systole
just before the tricuspid valve (TV) opens. The major(length) and
minor(width) axis (in cm) and planimetered the RA area (cm?) were
measured. The tricuspid contour was defined as the semi-automatically

drawn linear connection between the end points of the outline. Atrial length
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was measured from the tricuspid contour (mid-annular point) to the posterior
wall of the atrium. The width was measured as the maximal distance
between the mid point of the atrial septa and RA lateral wall, perpendicular to
the length. Planimetry of the atrial area was done by tracing the endocardial
outline and drawing a straight line through the atrioventricular orifice.

Tricuspid valve

The recommended method to assess TV annular size which includes
measurement of lateral diameter in apical four-chamberview was used. The
largest TV diameter during peak filling in early diastole was measured using
an apical four-chamber view, at the frame after maximum excursion of the
leaflets from inner edge to inner edge at the hinge points of the leaflet

attachments.[8]

The mitral valve (MV) annular diameter was also measured using the same

technique and the TV:MV ratio was calculated.
Right ventricle

The simplest and most routinely used method for assessing RV volume
includes linear dimensions and areas obtained from single tomographic

echocardiographic planes.[4]

We imaged the RV using an apical four-chamber view with the septum as
vertical as possible, the TV as horizontal as possible, and the apex in
view.[56]

The recommended measurements to determine RV size include the
measurement of end-diastolic diameters at the basal and midcavity levels,
end-diastolic length, and end-diastolic and end-systolic planimetered areas in
the apical four-chamber view. [8] The RV basal and midcavity minor-axis
(width) diameters and RV major-axis length were measured at end-diastole
(defined as the frame at which the TV closes and the RV is at its largest),
taking care not to foreshorten the RV. The basal border was defined as the
line connecting the RV lateral and septal basal segments, about 1 cm below
the hinge points of the TV annulus. The RV length was measured from the
semi-automatically drawn tricuspid contour (mid-annular point) to the apex.

The RV long-axis area was measured by planimetry.
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Similarly, the left ventricular (LV) area was measured using the same
technique and the RV:LV ratio was calculated.

M-mode echocardiography has contributed in a major way to our ability to
non-invasively assess and quantitate certain aspects of cardiac anatomy and
function, and remains widely used, despite the technologic advances in two-
dimensional (2D) echocardiography and Doppler ultrasound, which offer
many advantages.[57] The two available age-categorized reference intervals
on the size of the RV using M-mode echocardiography are based on small
samples and date back to the early 1990s and 1970s. Therefore, this
modality and measurement were included in our protocol.

In the parasternal long-axis view, we positioned an M-mode beam through
2D echocardiographic monitoring. The M-mode cursor was placed at the tips
of the MV leaflets. The maximal dimension of the RV in end-diastole where
the RV was at its largest was measured. The RV internal dimension was
taken as the vertical distance between the endocardial echo of the anterior
wall of the RV and the echo from the right side of the interventricular
septum.[30]

Right ventricular volumes

Multiple formulae have been proposed to estimate RV volume by 2D
echocardiography. However, the best method for routine 2D measurement

of RV volume however still remain controversial.[8]

Using the apical four-chamber view, the RV area and length in diastole and
systole were measured. End-diastole was defined as the frame where the
ventricles were at their largest. End-systole was defined as the frame where
the ventricles were at their smallest. The RV cavity was outlined using the
trackball in end-diastole and end-systole. The endocardium was traced at
the cavity black-grey interface. The tricuspid contour was defined as the
semi-automatically drawn linear connection between the end points of the
outline. Papillary muscles and smaller trabeculations were not taken into
consideration. RV end-diastolic and end-systolic volumeswere calculated
using the area-length method. The area-length method is useful when only

one apical view of the RV is recorded, as with the standard echocardiogram.
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Volume is calculated by an equation [0.85 (A%L)], using the area (A) and long-
axis length (L) of the RV.[2]

Right ventricular outflow tract and pulmonary artery

We measured the diameters of the RV outflow tract in parasternal long-axis
and parsternal short-axis views during mid-systole, using the largest
diameters for documentation.[8] In the short-axis view, the RV outflow tract
linear dimension was be measured from the anterior aortic wall to the RV free
wall above the aortic valve (supra-aortic) and just proximal to the pulmonary
valve (PV) (sub-pulmonic).[2] The measurements were obtained
perpendicular to the long axis of the outflow tracts and parallel to the plane of
the annulus at the time of maximum diameter in early systole.

Measurements were made from the continuous inner margins of the outflow
tract.[15] '

The pulmonary annular diameter was measured in the parasternal short-axis
view, from the inner edge to the inner edge at the hinge points of the leaflet

attachments, at the frame of maximum excursion of the leaflets.

The pulmonary artery (PA) diameter was measured in the parasternal short-
axis view, halfway between the PV and the bifurcation to the left and right
PA, inner edge to inner edge, at the moment of maximum expansion.[8]

Septal motion

It is known that volume overload will induce an increase in RV end-diastolic
pressure at or above the level of the LVend-diastolic pressure, provoking a
flattening and subsequent bulging of the interventricular septum towards the
LV when RV volume overload is longstanding.[5] We evaluated and
categorized the septal motion as normal, paradoxical, flattening in diastole, or
other.

Right ventricular morphology

The RV free wall thickness is difficult to quantify, though it can be measured
in subxiphoid long-axis or parasternal views.[8] The RV free wall thickness
was measured in end-diastole (mm)in the parasternal long-axis view using
M-mode. Care was taken to avoid regions with significantly coarse
trabeculations.
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In the apical four-chamber view, the distance between septal insertion of the

MV and TV was measured.

454 Chamber and valve function

RV systolic function has been evaluated using several parameters, namely
RV myocardial performance index (MPI), TAPSE, 2D RYV fractional area
change, 2D RV EF, three-dimensional RV EF, tissue Doppler-derived Sa,
longitudinal strain and strain rate. Among these, more studies have
demonstrated the clinical utility and value of TAPSE, RV MPI, 2D RV
fractional area change, and the Sameasured at the tricuspid annulus. [2] RV
systolic function should include at least one of the following: TAPSE, RV %

fractional area change and Sa, with or without RV MPI.[2]

TheRVwas imaged in an apical four-chamber view with the septum as
vertical as possible, the TV as horizontal as possible, and the apex in
view.[56]

We measured TAPSE by 2D-guided M-mode with the cursor placed at the
free wall through the lateral tricuspid annulus.[8] Maximal TAPSE was
determined by the total excursion of the tricuspid annulus from the lowest

point of descent during systole to its highest position after atrial descent.

The MPI or Tei index is defined as the sum of isovolumetric contraction
timeand isovolumetric relaxation timedivided by ejection time.[9] For the RV,
the sum of the isovolumic times is calculated by subtracting ejection timefrom
the TV closing time (a-b). TV closing time can be measured as the time-
period between the cessation of the TV A wave to the next TV E wave or, the
duration of tricuspid regurgitation. Ejection time(b) is measured from the start

to the end of PVoutflow, using pulsed-wave or continuous-wave Doppler.[2]

RV egjection timewas measured using the continuous-wave Doppler trace of
the PV outflow. TV closing time was taken as the time-period between the
cessation of the TV A wave to the next TV E wave. We calculated the RV
MPI by subtracting the ejection time(b) from the TV closing time (a) and
dividing it by the ejection time[(a-b)/b].
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2D Right ventricular percent fractional area change

The RV areas was obtained by tracing the RV endocardium both in systole
and diastole. Care was taken to exclude trabeculations. RV % fractional
area changewas calculated using the formula: [RV end-diastolic area — RV
end-systolic area) / RV end-diastolic area X 100].[2]

Volumetric right ventricular ejection fraction (area-length method)

The RV end-diastolic and end-systolic volumeswere calculated using the
area-length method.(See section 4.5.3Right ventricular volumes).[2] We
calculated the volumetric RV ejection fraction (EF) using the formula: [RV
end-diastolic volume — RV end-systolic volume) / RV end-diastolic volume X
100].[2, 6]

The right ventricular peak systolic annular velocity

Doppler Tissue Imaging (DTl)was performed using low gain and low filter
settings to exclude high-frequency signals. A sample volume gate length of 2
to 3 mm was used. Adjustments were made on a case-by-case basis to
optimize DTl waveforms to define clear borders and minimize background
noise. An apical 4-chamber window was used. The pulsed Doppler sample
volume was placed in the tricuspid annulus of the RV free wall.[2] Care was
taken to aim the ultrasound beam along the RV free wall to minimize the
angle of incidence between the beam and the longitudinal direction of wall
motion. Sa was measured during periods of stable heart rate and stable DTI

waveforms.
RV diastolic function

Assessment of RV diastolic function were carried out by pulsed Doppler of
the tricuspid inflow, tissue Doppler of the lateral tricuspid annulus, pulsed
Doppler of the hepatic vein, and measurements of inferior vena cava (IVC)
size and collapsibility. The most validated and recommended parameters
include the E/A ratio, deceleration time, the E/Ea ratio, and RA size. Itis
recommended that at least one of the above quantitative measures be
incorporated, especially when RV dysfunction is suspected and/or when the
clinical indication for the study relates to condition that may affect the right
ventricle.[2]
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Pulsed Doppler of the RV inflow in the apical four-chamber view was
performed The sample volume was placed at the tip of the tricuspid valve
leaflets. The tricuspid peak early inflow (E wave), deceleration time, peak

atrial inflow (A wave), and calculated the TV E/A ratio was measured.

DTI was performed. The sample volume was placed in the lateral tricuspid
annulus in the apical four-chamber view. The DTl waveforms were optimized
(see section 4.5.4, The right ventricular peak systolic annular velocity).[2]
The peak early diastolic annular velocity (Ea) and late diastolic annular
velocity (Aa) during periods of stable heart rate and stable DTl waveforms

were measured.

Combining pulsed-wave Doppler and DTI techniques, the E/Ea ratio predicts
elevated filling pressures. The E/Ea ratio was calculated by dividing
transtricuspid peak E velocity by the peak early diastolic velocity myocardial
velocity measured at the TV lateral annulus(Ea).[13]

The effect of respiration on the early diastolic phase.

The effect of respiration on the early phase of the RV diastolic filling was
investigated as it is known that abnormal variation of the early diastolic phase
(“E” wave) could indicate abnormal cardiac haemodynamic states such
cardiac tamponade or pericardial constriction. In a series of 6-10 recorded
cycles, the maximum and minimum E velocity was measured. The
percentage variation between the minimum and maximum measured values

was calculated.
Tricuspid valve

Increased peak velocities and elevated pressure gradients across the TV
may suggest valve stenosis. Therefore, pulsed Doppler of the RV inflow was
performed in the apical four-chamber view. The sample volume was placed
at the tip of the TV leaflets. The TV inflow peak velocity was measured and

the TV inflow pattern traced to obtain the TV mean pressure gradient.

The tricuspid regurgitation was graded as none, mild, moderate, or severe by
assessment of the colour-flow jet in relation to the RA in multiple orthogonal

views.
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Pulmonary valve

Doppler interrogation of the main pulmonary artery is best performed in the
parasternal short-axis view or modified apical views with anterior
angulation.[8] The peak velocity and peak pressure gradient across the
pulmonary valve was measured in the parasternal short-axis view by
positioning a continuous-wave Doppler signal across the PV. Using colour
Doppler to guide the positioning of the continuous-wave signal, the
continuous-wave signal was positioned to be in the direction of flow across
the PV.

455 Right heart haemodynamics

Right atrial pressure and the inferior vena cava

The IVC size and inspiratory collapsibility (change in diameter) was
measured from the subcostal view just before the widening of the vessel,
approximately 1-2 cm before the entrance to the RA.[8] For simplicity and
uniformity of reporting, specific values of RA pressurewas used in the
determination of systolic PA pressure.[2] We used an IVC collapsibility index
(Appendix B).[58]

The calculated RV E/Ea (See section 4.5.4, RV diastolic function) was also

recorded as an index of RA pressure.[13]
Right ventricular and pulmonary artery pressures

PA systolic pressure is equivalent to RV systolic pressurein the absence of
obstruction to flow between the RV and PA. The best validated Doppler
technique for evaluation of the estimation of PA systolic pressure is the sum
of the RV systolic pressure and the estimated RA pressure. The tricuspid
regurgitation systolic pressure is calculated by applying the modified
Bernoulli equation to the measured peak tricuspid regurgitation velocity.[59]

The tricuspid regurgitation jet was detected using continuous wave Doppler
and the peak tricuspid regurgitation velocity (v) was measured to determine
the RV systolic pressure using the simplified Bernoulli equation.[19] The RV
systolic pressure was estimatedby applying the modified Bernouilli equation
(4/4), where v is the peak velocity of the TV regurgitant jet (measured in
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metres per second), to the detected peak tricuspid regurgitation velocity.[5]
The estimated RA pressure (see Appendix A)[58]was added to the estimated

RV systolic pressure to calculate an estimated systolic PA pressure.

In patients with PA hypertension or heart failure, an estimate of PA end-
diastolic pressurefrom either the mean gradient of the tricuspid regurgitation
jet or from the pulmonary regurgitantjet should be reported. PAend-diastolic
pressure can be estimated from the velocity of end-diastolic pulmonary
regurgitation jet using the modified Bernoulli equation: [PA end-diastolic
pressure = 4 x (end-diastolic pulmonary regurgitation velocity)’ + RA
pressure].[2]

PAend-diastolic pressurewas estimated by applying the modified Bernouilli
equation (4v%) to the detected pulmonary regurgitation end-diastolic velocity.
The estimated RA pressure (see Appendix A)[58] was added to generaté the

estimated pulmonary artery end-diastolic pressure.[5]

4.6 Data analysis and statistical considerations

A sensitivity-analysis was performed to determine the effect of off-axis
images and poor image quality on the mean values of the parameters in
order to determine if studies with images that are off-axis and/or of poor
resolution should be excluded from analysis.

Body surface area categories

The reference population was divided into quartiles per BSA. This assumed
that there was a linear correlation between age and BSA. Recommended
statistical methods were employed for the different age-categories.[23]The
mean * 2standard deviation (SD) for all the variables and BSA-categories
were calculated. Stata 11 was used to generate Z-score graphs for right
heart variables of size and relative to body surface area.

Detecting outliers

Outliers for each age-category were detected via the D/R ratio, where D is
the absolute value of the difference between the outlier and the next or
preceding value and the R represents the entire range of the‘ bbservations
(maximum — minimum), outlier included. According to the Clinical and
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Laboratory Standards Institute, a value is considered to be an outlier ifthe
calculated D/R ratio is greater than one-third.[23]

Histograms and transformation of data

After removing all outliers, a histogram was generated for every variable by
age-category. For all variables deemed to have a Gaussian distribution on
visual inspection, the reference intervals were calculated as the mean + 2SD.

These values were entered into thereference value table.

Data were transformed (log1o or square root) for each of the variables that did
not have a Gaussian distribution by age category. A histogram of the
transformed data-setwas generated to confirm the presence of a Gaussian
distribution, and the mean + 2SD for the transformed data-sets were
calculated. The mean * 2SD values were back-transformed and enteredinto
the reference value tables.

Bootstrapping

For a few variables, a Gaussian distribution could not be achieved in all the
age-categories, even if the data weretransformed. The recommended
“bootstrapping”-method was followed to statistically generate a larger data-
set. For these variables, the median, 2.5"percentile and the 97.5"percentile
valueswere calculated. These values were considered as the reference

interval and were enteredinto the reference value tables.
Statistical significance

Using the Open Epi epidemiologic calculator, we performed a f test to
compare newly established reference values with the mean values of existing
published reference data, according to age. A p value =< 0.05 was

considered statistically significant.

4.7 Data management and quality control

All cineloops and images were stored digitally and later analyzed by one
machine (Vivid i, GE, South Africa) and one investigator (C.L.).

Data were captured on paper Case Report Forms. Case Report Forms were

stored in a secure location.

Numeric data were imported into a custom-made Microsoft Access database. .
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4.8 Intraobserver variability

Echocardiographic measurements were repeated by the author in 13
participants to assess reproducibility and intraobserver variability.
Comparisons among data were performed with Student's t test, p < 0.05, with
95% limits of agreement. None of the repeated measurements on of the
subset of 21 variables showed a significant difference between the two

measurements.

4.9 Ethical aspects

This sub-study complies with all institutional guidelines related to patient
confidentiality and research ethics including institutional review board
approval. It falls within the approved protocol 028 / 2006 as reviewed by the
University of Cape Town Ethics Committee on 13 January 2006.

Parents/caregivers were asked to provide informed consent for permission to
have a participant’s codified echocardiogram performed. Consent was
provided by signing a consent form. Assent to participate was sought in
individuals 8 years and older. Adolescents who were 18 years and older

were entitled to provide their own informed consent.

Only participants for whom informed consent for permission to have a
participant’s codified echocardiogram performed was given, were included.

410 Results

The reference population consisted of 213 reference participants with normal
cardiac structure and function. Their ages ranged from 5-21 years. Their
body weight ranged from 14.97 to 93.74 kg and their body surface area from
0.47 t0 2.02 m?,

To characterize changes in reference data with age, the reference population
was divided into three subgroups of 5-6 yearly intervals. Thirty two of the
reference individuals were 5 to 9 years of age (age-category 1), 104
participants were 10 to 14 years of age (age-category 2), and 77 participants
were 15 years and above (age-category 3).
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The demographic data in Table 10 are presented according to the age-

categories.

Table 9. Demographic data according to age-categories,

Variables AGE category 1 AGE category 2 AGE category 3
e T 114y 18-21 y
Hezight im) Mean 1.18 1.4E 1.61
- 250 0.k 1.30 1.45
+ 250 1.4z 167 177
Weight (kg) Mean 25.08 41492 6252
-FED 314 1905 36581
+ 250 2702 B 7 89,23
| BMikgim’) Mean 17.34 1888 24,34
- 280 88z 1078 13.74
+ 23D 2507 2703 J&.04
BSAmM®) Mean .50 1.20 1.67
- 250 47 0151 1.31
+ 250 1.35 1.70 2.0
Heart rate (bpin) Mean Q.34 Te.a7 T4.08
-2ED e, 74 a6 T4 8388
+ 75k 11595 101.20 G BT

om, centitmetres: 500 sfandard deviafio;. m, metres kg, Kilograms,
BM! body mass index: BSA, body surface area: bprn, beats per minute

As expected, our results revealed an increase i1 BSA and a decrease in

heart rate with increasing age.

We divided the reference population into 4 quartiles by BSA, There was a

linear carrelation between age and B3A (r=0.83 P < 0.001).

The demographic data in TableT fare presenied according to the four

different BSA-categories.

Z. Lemmer
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Table 10, Demcgraphic data according to body suiface area categories.

BSA category 1 BSA category 2 BSA category 3 BSA category 4
Variables T .
<116 S IR F =X 1.40-1.60 m’ 1810 *
Age Mean §.28 11.67 14.80 1679
- 250 2 5% B 58 A% 11.48
- 251 1992 14 ¢ 19y 2160
Height {m) Mean 1.28 1.48 1.56 1.62
- 25D 048 1.6 141 1.4¢
+ 2501 15D 1 Bl 171 1.78
Walght (k) Maan 2535 3853 5218 BEAT
- 250 14 87 anas 42 80 45 94
- 250 3574 a5 (17 B1.55 93 74
Eml{kg.fm’} Maan 18.21 17.67 21.45 2873
- 250 12 61 13,27 1510 15.83
+ 230 19 4% 3706 27 79 35 B
Heart rate {bpm} Maan BE.48 7,00 76.51 =17
- 25D 5& 37 50148 54 24 52 41
+ 250 114 45 B4 A2 G5 78 &7 93

i, metres kg, kilograms 50, standard deviafion; BMI, hody mass index, bpm, beals per
minute,

As expected, participants with a higher BM| had significantly poorer image
guality,

We observed a significant difference in image guality, namely right heart
resolution and endocardial definition (apical view) between children of
different sex (p=0,002; and p=0.005 respectively). Boys had better image
resolution and endocardial definition than girls {(good resolution: males
81.7%; females 58 0% good endocardial definition: males 7v9 3%, females
58.09%.).

Excluding values of studies that containedoff-axis images or that were of
poor resolution did not cause a significant change in the mean values and

reference intervals.

There was a significant difference in the visualization of the RY
trabeculations between children of different sex (p=0.00%), The RV
trabeculations were reported to be visible but not excessive in 89.0% of the
males. In the other 11%, the trabeculations could not be visualized. In

females, the trabeculations were visible in 72.0%. Visualization of the other

R T Car S
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27% was not possible. This finding can be attributed to the better image

quality in males, causing the trabecular pattern to be more visible.

The right heart examination should include a measure of RA size and RV
size, RV systolic function and PA pressure.[2] We presented our reference
intervals for every measured parameter as the mean value £ 2 SDs or,
themedian value with the central 95% values for each age- and BSA-

category. Tables were constructed as follows:
Table 11. Meausrements of right heart size/volume according to age-
categories (a) and BSA-categories (b).
Table 12.Meausrements of RV morphology/structure according to
age-categories (a) and BSA-categories (b).
Table 13.Meausrements of RV- and valve function according to age-
categories (a) and BSA-categories (b).
Table 14.Meausrements of right heart haemodynamics according to
age-categories (a) and BSA-categories (b).

Figures 2, 3, 4, 5, 6, 7, 8 presents results of the relationship between

measured right heart parameters of size relative to body surface area.
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Table 11 a3 Mean + 250s of measurements of right heanrt size 7 valume, according to age.

AGE AGE AGE
Varlakla category 1 category 2 | category 3

528y 10-14 527y
RY end-diastolic dimension (FLAX] M-mode {£m) Mean gl Gt FE
- 250 * 090 b1 e ) 1.38
+ 250 v 200 £ 230 269

I RY ouflow tract dimension {PSAX) (supra AQ) {cm) Mean 219 244 274
- 280 1.74 1.73 1.89
+ 2350 242 315 3549
RY outflow tract max dimension (PSAX) (sub PAl {cm) Mean 1,66 1.81 202
- 28D 1% | 23 .34
+ 250 2049 &40 270
PY¥ annulus (P3AX) {om) Mean 1.48 1.60 1.78
- 250 08y 111 121
+ 250 187 210 2 36
PA diameter (PSAX) {cm) Mean 1.55 1.84 181
- 750 .40 3 2o
b 250D 2.21 238 2560

RY end-diastalic dimension (A4C) (RY base) [cm) Mean 2.74 2,95 J.24
-za0b 213 2.25 2.51

1220 323 385 417
RY end-diastolic dimension {A4C] (RY mid) {cm| Mean 1.84 243 251
- 280 114 1.82 1.34

4 22D 27R 313 428
RY end-diastolic length (A4C) [cm) Mear 515 6.03 £ .61

- 250 4 41 4.40 550

+ 250 595 7.41 7.04

RV end-diastolic Area {A4C) [cm) Mean 1015 13.55 15.81
-250 738 8.54 B.E1

+ 250 12 34 18.58 22.00

RV:LV ratio Mean 0.54 0.54 0.53

-250 .38 0.348 0.35

+ 250 n.70 0.70 058

RY end-diastolic valume (mL} Mean 17.2a 2520 20,90

- 250 5.08 1303 1622

+ 250 2239 4135 55 B4

TV annulus fom) Mean 1.74 204 2.29

- 250 123 1.35 1.74

- 250 251 27 3.02

TV:MV ratio Mean D.85 “ 088 0.87

- 250 nE2 T 164 0.66

+ 25D 115 104 1.08

Ra& minor axis (width) {cm) Mean * 2,80 3.4 353

280 *2.40 2.47 2 B
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+25L 3730 %01 4,43
RA mrajor axis {length] {cm} Mean 3.20 3.72 418
- 250 553 2.82 3.32
+251 388 463 5 0
RA& end-diastolic Area {om'} Mean 7.80 13.01 14.83
- 25D 547 1003 11.32
+ 25D 1135 16.38 1881

BV, nght ventricle, PLAX, parastermal long-axes view, om. cenbmetres, 50, sfandard
dovialion: P3AX. parasternal short-gxs view, AQ agrticmax. maximum: PA, pulmaonary

artery. PV, pulmonarny valve, A48 gpical four-chamber view, LV, left veniricle;, mL,

miiiitros. TV fcuspid valve, MV mitral valvo, RA, tght atrium

ez vallos with confral 95% valuos.

As expected and reported by others[7, 34] BV dimensions, -areas and -

volumes demonstrated increases in parameters of cardiac growth with

advancing age and BSA

The mean ratio of the right- to the left-sided structures did not differ

significantly with advancing age or BSA. The TV:MV ratios for the three age

groups were 0.85 0.85 and 0.87 respectively. The BRV:LV ratios for the three

age groups were 054, 0.54 and 0.53.

Table 11 & Mean £ 2505 of measuremenis of tight heart size /volume, according to BSA.

BSA B5A BSA BSA
category  category cateqory category
Variable 1 2 ) 3 4
2 1.15-1.3% 1.40-1.60 SFE
=1 15m s 2t THTr" +
Rv end-diastalis diTcer:?fon [PLAX) M-rmode T 155 167 1.80 202
- 251 0.5 .58 1.13 1.39
+ 250 220 2.36 2.47 204
RY end-systalic d""fE E:ﬁ*ﬂn (REBRENLSIRTRE 118 1,32 1.38 158
- 231 0.83 £40BY oo 1.05
+ 251 174 195 1.05 204
R¥ end-diastolle dimension (PLAX) 2D {5m) Mean 1.75 1.9 2.04 223
25D 1.24 1.33 142 167
- 250 2 26 a0 R 2k
RW end-systalic dimension (PLAX) 20 {em) Mean 103 1.37 1.41 1.53
- 250 B 034 ] 0.3
1+ 250 1.73 195 1.98 215
BY inflow traF:t max dimension (FLAX Mean 317 233 307 408
inflow) [cm)
250 2.27 29 2d1 2T
+ 250 4.08 KA ) 554 536
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RV inflow tract min diimengion (FPLAX

+ 25D

Reference Intervals for the Echocardiographic measLrements -cif-t-H;_F{ight Heart in African Children

2. Lemmer

Zar

inflow} tom) Meadn 243 1.98 2,46 2490

25D 0. 1.249 .08 1,30

+ 250 315 2.EE 354 4 51

Rl ";2;1{':'5“] (supra AD) Mean 225 241 2,58 2.83

- 250 1649 1EE 1.08 258

+ 250 2.81 314 332 355

RY outflow Lract min (PSAX) [supra AQ) Mean 147 128 1.40 1.47
{em)

. - 250 0.5 055 GEY 0.65

+ 250 182 1.98 212 228

RY outflow tract max (PSAX) (sub PA) {em) Mean 1.64 1.75 1.92 212

- 2350 1.18 1.3C 1.24 142

+ 780 2.0 z 20 2.5 253

FY outflow tract min (PSAX) {sub PA) {em) Mean 1.03 1.15 1.18 1.22

250 D &5 055 0. 54 G.58

+ 25D 141 1 B5 1.67 1.5¢

Py annulps (PEAK) {crh}" Meoan 1.47 1.60 1.65 1.88%

- 250 1.56 1.13 1.08 1.41

= 25D 1485 2.06 222 237

FA digroater (PF3AX] {em) Kean 1.58 183 1,83 1.99

- 250 108 1.31 135 1.23

+250 210 235 235 275

R E”d'”i““’t']':g:"]"?f;?i"“ Vit i WMean 269 2 04 341 337

- 250 2.1 278 224 ZB4

+ 2580 335 3:58 383 4.09

"'ﬁﬁ'éﬁﬁ;éféiﬁfié'c'l'i'r'r:'i'gs]'ian {R4C) [AY base) e e ok T o

- 230 1.24 1.33 128 142

+ 280 2.36 2.BG 2.90 312

RV end-diastolic uirtr;i-:'],r;i'bn PRAC RV midh "'M i o T S

- 730 1.37 1.77 1.71 162

+ 250 2.7 321 315 3.64

RV end.systolic dimension [A4G) {RY mid) Vigan i s '135 %4
fcmi

- 250 0.51 .78 067 G.av

+ 250 1.72 2 0g 203 2149

R¥ end-diastolic lengkh {A4G} {cm) Kean 5.34 5.07 6.58 6.83

- 250 4 35 LR 423 ]

+ 250 628 T4 753 LR ]

R and-gsyslolic length [(A4C) fcm) Mean | 4.33 4.58 4.96

- 2350 2.5 333 3.35 38

+ 250 £ GE 533 577 612

T annulus [Cirik Mean 1.79 2m 214 2.42

- 250 1.25 1.35 153 182

232 2.4 2.98

&8




0.89

TV:MV ratio Mean 0.85 0.85 0.85
- 7250 [NN% ] [k 0 o6k
+ 250 187 1547 1.09 113
R¥ end-diastolic area (A4C) {cm’) Mezan 1058 130 14.58 16.93
- 25D 712 4.58 71 1042
+ 750 T4 0 17 Gh 1045 2E035
RW:LY ratix Mean 0.54 0.54 0.54 .54
-2a80 0.37 a.40 0.39 .37
+ 250 o 0 & 0 ES 071
B¥ end-diastolic volume (mL} Mean 17.98 28.07 28.66 36.67
-250 804 1354 1205 15 ED
+ 250 273 3R .59 44 37 5V .64
RA miner axis (width] jcm) Mean 2.96 3.25 in 166
-250 232 2 56 251 272
b 250 380 384 411 4.60
RA major axis (langth) {cmj Mean 326 36T 3.9 4.36
230 2.57 Z 56 210 156
b 250 385 4. 27 472 517
R4 end-dastolic area {om’} Mean B.58 10.07 11.04 13.49
-2E0 260 [7R=0| .04 & [
v 2ol 1455 13.23 1514 1854

BEA. body surdarce area; RV, right ventricls;, PLAX, parasternal long-axis view, om,
cenfimefras, 50, standard dewviahon; 20, two-dimensional, F5AX, parasternal sho-axs
view: AQ aorfiz; PA putmonary atery, A4C, apical fourchamber view, PV, nuimanary
valve: TV, tricuspid valve, MV, mitral valve, LV, left ventacle, mL, milliitres; KA. nght

atritim.
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Figive 20 Z-soore graph displaywg the measures puimonary artary dismeater (PAd as a
fimear function of body surface area (B34). The solid fine on the plot indicatas o moean
| value. The shaded area indicate fimits of agreement (95 % confidance interval)
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the plot indicates the mear value  The shaded area indicats Nimils of agreerment (95 %
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Figure 4; Z-score graph displayng the measures nght afvial area (RA area) as a linear
function of body surface area (BSA). The solid line an the plat indicates the mean value
The shaded area indicate limits of agreemeni (95 % confidence interval).
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Figuta & Z-score graph displaying the measures the right venttfowar mid-cavity diamedor
{RYV mid diam] measured in the apical four chambor view (A4C) a3 a linear funchion of bady
surface area (BEA) The soiid line on the piot indicates the mean value  The shaded area
tndicalte limits of agreement (35 % canfidence infervall,
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Figure 6 F-soore graph displaying the measures the nght veminicular langth (lengthh) as a
frear funchion of body surface area (BEA), The soid fine on the plof indicatas the mean
vatue  The shaded area indicate timits of agreement (35 % confidence inferval).
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Figure 7. Z-score graph displaying the measures the rght venlricular end-diastolic area (RY
end diastolic area) as a linear function of body surface area (B5A) The solid line an the plot
indicates the mean value. The shaded areq indicate limits of agreement {35 % confidence
intenvar).
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Figure 8 Z-zcore graph displaying fhe measures miferior vena cava diameter (IWVE) a5 a
tingar funicticn of body surface area (B5A). The =salid line on the plot indicates the mearn
valite, The =haded area indicate limits of agreement (95 % confidence intervall
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Table 12 8. Mean + 2505 of measurements of nght heart morphology, according fo age.

AGE AGE AGE
Variable catecgory 1 category 2 | category 2
_5-93: - 1014y | 1521y
RW antoriar wall thickness in diastole {cm) Mean s 020 20 0.34
- 250 *0.20 B2G 019
+ 250 * 040 047 0.53

RV, right ventricle, om. centimefres. 80, standard deviaiion.
* Median values with cenfral 95% values.

Reference Intervals for the Echocardicgraphic messurements of the RughiHean in African Children
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Table 12 6 Mean * 2505 of measurements of night hearf morphology, acoording to BSA

BS5A BSA B5A BSA

Variahle calegory 1 ! category 2 categary 3 category 4

=115 m 1.16-1.39 m° 1.40- B3 m 1.61m 4

RV anterior wall thicknass in diastole [cm) Mean 1.2 0.31 .32 0.36
- 250 14 q1u o8 o
+ 250 035 044 CAT 0.5
RY anterior wall thickness in systole [om) IGET] 0.68 L 0.aa 085
220 .42 039 o D45
+ 250 .54 2 1.24 1.24
Valves MVY-TV distance{(mm) Mean .54 T.43 /.00 B.66
2ah 340 417 4 3§ 175
+ 250 10,47 ‘a.75 1182 13.57

EBA . body surface arcam. meltres BV, Aght venlricle, om eentimelres B0 standard
devighon. MV, mitral valve TV tecusord valve e, iiillirelias

As expected, there was a slight increase in the thickness of the anterior RV
wall and the MV-TV distance (vertical distance between the hingepeints of

the Mitral- and Tricuspid valves) with advancing age and BSA.

Table i3 a Mean + 250z of measurements afiight heart chamber and valve functiorn,

according o age.

AGE AGE AGE
Variable category 1 category 2 category 3
59,- 04y 1821y
RV end-diastolic area (A4C} {cm®) Mear 1015 13.55 15.81
- 250 7.35 5.54 g.51
+ 750 12.24 18.55 22.00
RY end-systolic area [A4C] {cm’} Mean 188 6.01 6.54
- 5L 253 258 2.6
+ 250 5 8] 9.14 1046
BY % Fractinnal Area Change [} Mean *61.00 EG_2% 57,54
- 250 * A7 00 3425 4365
+ 250 * 7000 78T TT.EZ
BY EF [Area-Lenglh methad] (%) Mean * 7600 * 75400 TE.66
- 250 *81.00 *E0.00 5582
+ 250 * &7 00 *88.00 906
A% TAPSE {rmm} Mean 16.35 18.4% 20,72
- 250 12.44 ‘2488 14.45
+ 230 2278 2518 2699
R% MPI {Pulsed Bopplar method) Mean 013 .20 R L]
- 250 .00 0.o0 0.0
« 25D 088 0.52 044
———— e —— rrem o= e
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TV annulus Sa {mis) Mean 01% DG 016
- 250 019 01z o1
v S0 01g 01% 0z
TV annulus Ea {mfs) Mean 0.21 021 020
- PR 01 015 b2

+ 250 02n 02y o7

TV annulus Az (mds) Mean 0.0% *0.07 [+ 1 b

- 220 0.1 ‘D0A 000

+ 750 0y i [ 36

ExlAa Wean 281 2.86 140

- 750 053 044 nrr

+ 24D 4 GR 528 353

T TVEA Mean 1.70 1.98 1.86 |

- 250 110 077 1.10

+ Z51 G515 a4 a8

| TV Mean Pressure Gradient (mmHg)  Mean |  0.69 1.08 0.55
250 032 041 020

+25l1 148 1459 1 0

TV Deceleration Time [msec) Mean 157,05 188,02 198,81

- 250 B0 45 B oz 66 A5

+ 240 235 22 28563 33118

E/Ea Mean 347 h 333 .47

- 250 220 ~ 245 210

+ 35D RET * 447 5.50

PY Peak valocity (1mis) Mean 123 .96 1.14

- 250 048 0 GG a7

+ 250 158 127 1.52
PY Peak Pressure Gradient {mmbg) Mean 6.03 3.80 501
- 250 u06 ‘G 75V

+ 230 a4y B 45 10.00

BVA, right ventricle, A4C. apcal four-chamber view: om. cenlimelres. 50 standarg

devigtion; EF, glechion frackion: TAFPSE Mcuspid anntilar plane sysiofic excurson, mm.
mlimetres: MEPL myocardial performance index, TV trousp valve: ann, amuiys, Sa,

tricuspid anmular peak systolic Ussue myocardial veloolty. més melres per second. Ea,
trcusmd arnmlar early diastolic issue myocardial vedocity, Aa. Wouspid anmular late diasiolo
tissue myocandial velocity, msec, milliseconds: B rohl venlricitar inflow eardy diastolic

velooity.

* Median valias with central 35% valuas.
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Table 13 & Mean + 2505 of measuremants of right heart chamber and valve function,

gooording fo BEA.

BS5A BZA BSA i BSA
Variahle catcgory 1 category 2 catogory 3 category 4
<1ABME | 115-1.380F | 140480m  18ImEs

RY end-diastolic area (A4C) {cm’) Mecan 1353 1331 14,58 16.98
28D G e =Rt 271 10,92
+ 250 14.04 17.05 18.45 2305

RV cnd-systolic arca (A4C) [em®s Mean 4,35 574 823 7.30
- 280 220 270 2.84 2.9
+ 250 g.50 B4R &1 “R.ED
RY % Fractional Arca Thango (%) Mean 5500 5648 57.58 56 67
- 280 43,37 35.34 39,05 4118
+ 730 T4ED =61 611 215
RY cnd-diastolic volume imbL) Mean 17.98 2507 28 .66 36.67
- 280 B.D4 13.55 g 15.80

+ 250 i 1569 2497 Y 4

RY gnd-systolic volume dml) Mean 4 45 583 748 045

- 280 1.0 0.0 .83 sl

+ 730 7 o1 1348 K 16 &7
RW EF [Area-Longth method) (%) Mean 75.38 F2.59 74.30 Ta.33
- 280 G021 E0.08 55.08 57.55

+ 250 90 57 A5 0% 93 51 #4111
RY TAPBE {mmj} Mean 17.90 18.89 10.44 20.83

- 280 12.68 12448 “3BE 14.01

+ 75D 2321 4530 25 00 0T TE

Sa TV annulus [mis) Mcan +15 016 .16 016

-25D [ e 01z oo 011

+ 250 &g R 020 022

Ea TV annulus [mis) Mean .21 021 19 0.20

-25D0 R o1& 13 R

+ 250 0w 025 0.26 0wa

Ag TV annulus [mis) Mean .09 003 411 013

-250 .o 0.5 .03 L8

- 250 216 010 PR e 044

Eal'da Mcan 274 .74 212 1.96

-230 46 1.02 00 0E3

+ 250 502 4.45 428 128

E/Ea Mean 350 3.64 iT4 3,52

- 250 165 275 2.08 1 B&

+ 250 524 4.6% L.40 537

RY MPI (Fulsed Dopper method) Mean o4 0.21 {14 0.20
- 28D .00 nog c oo oan

- 250 nE2 0.E1 38 055

TV E yelochty {max) Mean LS 098 077 0.68

Reference Intervals for the Fehncardiographic measurements of the Right Heart in African Children
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- 250 04z Q.58 041 241
+ 25D 1.13 1.28 1.12 .54
TV A velotity (mis) Mean D.46 k51 D42 ka7
- 250 014G ] 07 214
+ 250 076 074 0&E? (150
TVEA Mean 1.80 1.99 1.90 1.94
-250 .58 .75 0.9d 0482
+ 250 302 318 284 306
TY Mean Pressure Gradient {mmHg) Mean 077 1.14 0.75 0.57
- 250 B [ UK 013 -0
+ 250 138 1.85 137 118
TV Deceleration Time [Mscs) Mean 164.72 187.21 198.14 195 65
- 250 A0.7H 7243 T BT LG
+ 28D 27870 20219 23T BZATE
%o Variation TV E velocity (%) Mean 2372 14.58 2312 23.08
- 250 241 148 6.23 5.23
+ 25D 4403 3770 400 40,893
TR Area {om’) Mean 0.a0 1.34 1.41 1.21
- 250 0o .22 [1.0101 o0
+ 28D 1a9 247 254 2.18
PV Peak valoclty (mis) Meaan 112 a.a7 1.01 118
- 250 070 (164 &3 0.85
+ 250 1B 129 144 455
PV Peak Prezsurc Gradicnt [mimHg) Mean 5.0 3.85 424 575
- 250 1535 116 [1.44 228
+ 250 D24 G745 7ed 812

85A. body surface areqaBY, right venticle: A4C, apical four-charnber view, crm,
TAPSE, tricuspid
danflular plane spstofic excumsion mm, mullimetres, S, tricuspid anrular poak systolic issee
myocardial volooity: TV, iicuspid valve, mis metres per second, Ea, tricuspid annwlar
early diastolic tssee myocardial velocity, Aa tricusoid annufar late diastofic tssee
myocardial velocity: &, right vendrictilar inflow eardy diastofic velooity: MBI ryvocardia
porforrmance indes max, masimam A Ao veniiisular late digstolic velosity, PV, pulmonary

cenfirmalres. 80 standard dewviation; mb, millilitres; EF. ajection fraction

valve, meec, mifliscconds TR tricuspid requmpitation.

We found a significant difference in the BV filling pened (p<0.001) and the

RV MPI (p<0.001) upon respiration.
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Table 14 a. Mean t 2505 of measurements of nghf heart haemaodynanmcs, according fo

age.
AGE AGE AGE
Variable category 1 category 2 category 3
B 1014 ¥ 152y
PA diameter (PSAX) [am) Mean ¢ B 1.84 0
- 2513 04an 1.3 ghped
+ 231 2N 238 £ il
E/Ea Mean 34T “3.33 3.47
- 230 222 * 245 219
+ 250 &7 * 437 5.50
TR maximum valocity [mis) Mean Y22 1.94 it
- 23D = 1,47 1.47
+ 250 v 252 245 &
PR end-dlastalic velocity (mis) Mean 0.06 1.04 1.06
- 23D .55 058 0&1
+ 250 1.24 140 184
ThR Peak Pressure Gradignt [mmHag} Mean = R 1926
- 30 ‘B A0 T.07 FRaE)
+ 251 * 2540 2565 20 87
PR end-diastolic Pressure Gradient {mmHg) Mean 368 4 45 " 4.43
- 25D 1.22 *1.39 “1.14
+ 250 84 "T52 L.
FA Systolc Fressure (mimHg) Mean 24.39 25.99 2006
- 2501 1412 11 74 7an
+ 2513 31.47 424 4177
PA end-diastolic Pressure (mmbg) Mear 2.3 13.30 13.30
- 251 2.EBD .0 7 ah
+ 250 1262 26.50 2280
IVE dimension (max) (cm) Mean *0.70 1.14 1.42
- 2513 *LE0 0.68 Z.ED
+ 220 R AR 1.70 .07
W % collapse (S} Mean 63.68 50.B5 51.82
250 15.74 17.02 15.85
+ 28D 85 &% 84 67 b4.26

FA, pulmoneary artery, PSAX, parasternal short-axis view, o centimelres. 50 standard
deviatior: E, nght veritncolar inflow eady diastolic velocity, Ea, triclspid anhulies early
diastolic myocandial velocily: TR Incuspid regurgitation. mds. matfes per second; PR
wimonary regufgitation; PA 5P putmonary artary sysiolic pressura (VO infaror vana cave.
Max, MALITLIT,

* Median values with central 95% valuss.
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Table 14 b Mean + 2505 of measuremeants of right kear! hacmodynamics. acoording fo

854
BSA BSA BSA BSA
Variable category 1 category 2 category 3 category 4

=115 m 1.15-1.39 ' 1.40-1 60 1 B1m +
FA diameter (PEAX] {cm) Mezar 1.58 1,85 1.84 2.00
25D 1.06 1.3 1,22 125
+ 250 2114 238 2.35 273

P Ejection Perind imsea) Mean 29278 312.83 J06. 47 302,43

- 250 24715 283.35 258 44 251 74

+ 2580 338 41 252,32 G44.51 5307
PY Pre-Ejection Period (msac) Mean 45,332 47.89 51.14 §1.49
=250 25,149 24 B3 28.74 2827
- 230 ro.47 7114 TERYg 74T

FA Acceleratian Time [msec) Maan 106 36 121.48 121.85 115.358
-zah ittt 8583 A8.14 TH.BR

+ 250 143 d= 15875 154 76 157 86
TR maximum velocity (mis] Mean 206 2.00 1 218
' _25D 153 1.44 1,49 182
+2:0 281 255 zid 284
FR end-diastolic velocity {mfs) Mean 0.98 0.94 140 1.05
- 250 0.5z D B3 0.65 0.BR
+ 250 130 1.33 1.54 145
EEa Mean 380 368 174 352
- 250 TBE 275 208 153
+ 250 5.34 4.60 5 40 o5
TR Paak Fressure Gradient immHg) Mean 17.28 16.25 17.48 19.41
- 280 g9 T4 T HA g 14
+ 250 26.05 2517 27 38 30 BE
PR end-diastolic Pressure Gradient (mmHg) Mean 3,92 388 468 4 58
250 147 1:21 35 1iEls
+ 250 837 6 7E 7.2 &03
F# Systolic Pressure (mmHg) Mean 24.28 27 55 22.28 2649
2s0 12.54 12.52 1457 1267
+ 250 38.03 4277 4201 44 37
Pa pnd-diastalic Pressure (mmMg) Mean 10.89 14.20 15.82 13.47
- 230 1.7 2.B6 4RE 403
+ 250 2207 25.53 2712 2280
VT dimension (max) {cm) Mean 1 8. k) 1.12 1527 145
- 250 032 0.53 0.9 QB3
+ 250 142 ]z 1.86 207
IWE % collapse {50} Mean 6245 4941 5128 Lt
- 250 2885 15.04 12.87 2537
+ 250 Q6. 33 B TH B G4 81.02

Feference Intervals for the Echocardicgraphic measurements of the Right Hearl in African Children
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BSA, body surface area; PA, pulmonary artery; PSAX, parasternal short-axis view; cm,
centimetres; SD, standard deviation; PV, pulmonary valve, msec, milliseconds; TR,
tricuspid regurgitation; m/s, metres per second; PR, pulmonary regurgitation;E, right
ventricular inflow early diastolic velocity; Ea, tricuspid annulus early diastolic myocardial
velocity; IVC, inferior vena cava; max, maximum.

Tricuspid regurgitation was either absent or mild in 94% of the reference

participants. Of these, triscuspid regurgitation was absent in 12 participants.

Pulmonary regurgitation was detected in 96% of all participants.

The E/Ea index of RA pressureand the tricuspid regurgitation peak velocity
did not change significantly with increasing age and BSA.

Estimated PA systolic pressure values increased with advancing age and
BSA.

The values of pulmonary regurgitation end-diastolic velocity and pulmonary
regurgitationend-diastolic increased after age 10 and BSA category 3, with
no significant increase thereafter. A decrease in IVC collapsibility at age 10

and BSA category 3 was observed, with no significant change thereafter.

Reference Intervals for the Echocardiographic measurements of the Right Heart in African Children
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Table 15 American Society of Echocardiography-recommendad measurements in this study compared with others, according to age-categones.

'l—l—"i..['ar'u'ati!'e' Age Previous Study Lemmer 2011 BSA or BMI mean difference (35% p-value
calegory difference {p-value) Cl)
' S Authar, Year Mean value (S0} ' Mean value (S0)
T RV Area (d) -16y Norgard, 1932 16.101.5) crnz 1258 (2. 74) cm2 p =080 251 (1,53 1o 3.44) p = 0091
| RV Areais) S-16y Margard, 1992 9.7 0.8 cm2 595 (1.54] cmz p=1089 573032410 4.28) p < 0.0
RV Length 10- 159y Innali. 2009 1B (0.8 om 6.32 (06T cm F=033 -253-27Bt0-22%  p< 00
E G-18y Norgard, 1992 6.4 (.8 o BO7 (265 cm p =088 032(005te071) p=00g
E R width (mid} 10-19y Innzlli. 2000 1.5 (0.3 cm P 2 48 (2.39) o F=0. SDBE 1010073 g 00d1
E 5-18y Nergard, 1592 29 (0.5 em 338 (.28 o p=025 051 (0301t 0.72) p< 00z
B | RA width M-19y " Innalli, 2009 1.2 (0.6) om 336 (2.45icm F=-0.24 0.16(-0.26 tz 0.04) p=011
T RV outflow tract g-18y Mzrgard, 1992 21(03 em 248 (538 e p =028 -0.38 (-0.56 to -0. 18] p < 003
G-10y Singh, 1994 1 54 (015! crm 293 10545 o p = 000 170 (-0.94 to -0.B5) p < 00
= 11-15y Singh, 1994 167 (015 cm 243 (0,37 cm p=0063 082 (.57 to 067y p =002
== Ay Singh, 1994 185 (0241 cm 27 (044 om p=028 078 (081 to .65 po= 0001
TAPBE 10- 19y Inneli, 2009 ZE0A 253 (229 p=0 3% T E BT (25910508 p = 0001
; Sa L_23y Goetel, 2006 8% (19 mmis 0B (0.07) emis 087 (3610 73) p o< 00M
£ B-Gy Eden, 2004 A2 cmis 0.5 (0.02] crmis S002 005001 p=0001
E’ """ 12-12y Erdemm, 2004 158 (2.4) cmis 076 (0.011 crm/'s Q02 003001y pe00d
- == 14 -1y E der, 2004 142 12.3) cmis 0.1A 10.031 crn/'s Oo2-o03te-nd1  p=00M
F——= 19 - 1%y Innelli, 2508 148211 cmis 016 (0,051 cr/'s p=0.238 0,01 {-0.02 to-2.031) p =032
e 10 -19y Innelll, 2008 1.0{(0.2) cm 1.28(0.32) cm p=0.39 -0.28 [-0.36 to 0,20} pe<{om
4 T TR welgcity <I0y MeCiaillan, 20071 VAT 2 48] aris 206 10.31) m's 036 057 to -0 15 p = 0,08
Cl. confidence Interval. BSA. body suface area, BMI, Dody /mass mdex, RV, fight ventricle, d, diastolic v, years, s, systolic, mid, mid-veniricular, RA, n'lghr

atrim, TAPSE, tricuspid annuius peak systolic excursion, 5a, Tissue Doppler-derived peak systolic annular velacity, TR, ficuspid regurgitation, HD,

fraemodynamics, (VC inferar vena cava.
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Compared with available literature, the values obtained in this study are similar to
those previously presented: RA width and RV length compared well with existing
values (p = 0.11 and p = 0.09, respectively). [13, 14]

There were significant differences between our data and the values reported by other
authors: significantly larger were RV width and RV length (p < 0.001) [13] and RV
outflow tract values(p < 0.001)[14, 15]. In one study, RV width measurements,RV
end-diastolic and end-systolic areas were smaller(p < 0.001)[14, 16]. Furthermore,
mean values for tricuspid annulus peak systolic excursion were lower[13, 17], while
peak systolic Doppler tissue imaging velocities measured at the tricuspid annulus

and myocardial performance index values were irresolute.

Due to differing methods, it was not possible to compare RV volumes and RV
ejection fraction. The RV-to-right atrial peak velocities were higher when compared
with values in the literature[19] (p < 0.001) as were the inferior vena cava values (p <
0.001). The percentage inferior vena cava collapse was significantly lower than |
previously presented (p < 0.001).[13]

A ——
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411 Tools aiding right heart examination

The echocardiographic examination of the right heart is known to be technically
difficult.[6] Publications dedicated to the protocel of the echecardiographic study of
the right heart, reference intervals of its structure and function, and their clinical

interpretation are rare.

In addition, echocardiographers are alsa challenged by the lack of detailed illustration
of the method used in the echocardiographic measurements: the complex and time-
consuming calculations involved in the evaluation of right heart function: and the

knowledge of the correct inlerpretation of measurements,

We have developed Microsoft Excel®-based tools to aid in making the findings of
this work easy to use in clinical practice. The heart calculator and report gengrator
was designed and pregrammed to reduce post-processing ime as compared with

the manua! calculations and report compilation.

4.11.1 Right heart calculator

The purpose-designed right heart calculator performed all calculations efficiently.
ltallows a user to enter all measurad parameters in an input-column. Immediately
after all the required input-values are entered, the calculatar perfarms all the
calculations, according to the relevantprogrammed formulas and displays the

answers in an cutput column,

Figure 8 Snapshot of the right heart calcufator
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4.11.2 Right heart report

The electronic right heart report allows a user to enter all measured parameters in an
input-sheet. Immediately after the required input-values are entered, the right heart
calculator performs all the calculations, according to the correctly programmed
formulas. All the measured parameters (inputs) and calculated outputs are displayed
in an output-sheet. The calculator places measured values into the context of

reference values, flagging outliers according to the patient's age and BSA

in this era of structured reporting, the right heart report is a tool, guide and example
of how the nght heart measurements could be included in an echocardiographic

report,

Figura 10 Snapshot of the right heart repart
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The electronic version of the right heart caleulator and report is available on a disc as

an attachent to this document.
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412 Discussion

This study attempts to address many of the limitations involved in the
echocardiographic evaluation of the right heart by establishing reference
intervalsusing community-based sampling of healthy children. The focus was to
develop reference intervals for African children and compare our findings with the

available reference data.

4.12.1 Significant contributions to available data

The right atrium

According to the results of the systematic review, there previously existed only one
publication presenting reference data of RA size for children younger than 10 years
of age. In 1988, Hanseus ef al. published a set of reference values on the RAbased
on a sample of 120 healthy infants and children, aged 3 days to 15.5 years, which
included the width, length and area for the RA for the entire sample according to BSA
using regression equations and nomograms.[35] This study is the second to present
reference intervals for the echocardiographic measurement of RA size for children
younger than 10 years and, the first set of reference intervals for echocardiographic
measurement of the RA size that is presented according to age-categories in
children younger than 10 years.

Right ventricular size and/or volume

This study is the second to present reference intervals for the echocardiographic
measurement of the RV basal diameter (apical four-chamber view) for children
younger than 10 years and, the first set of reference intervals for echocardiographic
measurement of the RV basal diameter (apical four-chamber view) that is presented
according to age-categories in children younger than 10 years. The first study was
by Hanseus ef al. in 1988 which presented the data for the entire sample according
to BSA using regression equations and nomograms.[35] Innelli et al. recently
reported reference values of a sub-group of 40 healthy children and adolescents,
aged 10-19 years, but the reference values for the entire sub-group, aged 10-19

years were presented as one summary value.[13]
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Our set of reference intervals for the RV mid-cavity diameter (apical four-chamber
view) contributes significantly to the currently insufficient available data. The
previous two existing publications containing reference intervals for the RV mid-
cavity diameter (apical four-chamber view) consisted of small samples, and the
reference values for the entire sample were presented as one value. Norgard and
Vik-Mo had a reference population of 15 individuals, aged 6-16 years and the data
were presented as one value for the entire sample.[14] The second more recent
publication by Innelli ef al.contained reference values of a sub-group of 40 healthy
children and adolescents, aged 10-19 years. In this publication, the reference values
for the entire sub-group, aged 10-19 years were presented as one value.[13]
Ourstudy contains the first set of reference intervals for RV mid-cavity diameter,
measured in the apical four-chamber view, that is presented as a sub-group for
children younger than 10 years.

Right ventricular length

There were four existing publications presenting reference values for the RV length,
measured in the apical four-chamber view. Our data did however contribute
significantly as authors Hanseus et al. (1988, N=120) and Daubeney et al. (1999,
N=125) presented data for the entire set (birth to adolescent age), according to BSA
only, whereas Inneli et al. and Norgard and Vik-Mo (1992, N=15, 6-16years)
presented data for the entire sample, as one summary value.[14, 35, 36, 40] This
study present RV length reference values for the different age groups and BSA
categories.

Right ventricular areas

To the best of our knowledge, this is the first age-categorized presentation of
reference intervals for the echocardiographically measured RV end-diastolic and
end-systolic area in children.

Four authors have published reference values for the RV end-diastolic area,

measured in the apical four-chamber view. For the RV end-diastolic area, Hanseus
et al. and Daubeney et al. presented data for the entire sample (birth to adolescent
age), according to BSA. Boettler et al. and Norgard and Vik-Mo prééented data for

the entire sample, as one summary value.[14, 16, 35, 36]

There are two publications of reference values for RV end-systolic-area, measured in

the apical four-chamber view. The usefulness of both of these publications however
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is limited as they both present the data for the entire sample, spanning more than 10
years, as one summary value. Norgard and Vik-Mo published reference values for
RV end-systolic area of a reference population with only 15 individuals, aged 6-16
years[14] while Boettler ef al. published reference values for RV end-systolic area in

a sample of 129 reference individuals, aged 1 day to 16.9 years.[16]
Right ventricular function

Only one previous publication exists on RV % fractional area change in a sample of
healthy children. The sample of healthy children was a control-group consisting of
13 healthy individuals. One of the objectives of the study was to compare
quantitative measurements of the RV in single RVs with normal RVs. The RV %
fractional area change of the control-group of 13 healthy individuals was presented.
The mean age of the healthy control-group was 5.7+1.8years.[31] With a much
larger sample size and a greater age-span, our study contributes significantly as the
first study with the objective to generate reference values for the

echocardiographically determined RV fractional area change in children.

We also report the first set of reference intervals for echocardiographically
determined RV EF, using the area-length method.

Pulmonary artery peak pressure gradient

Zhendong et al. published reference intervals of the PA peak pressure gradient in
1998. The reference population consisted of 88 healthy individuals, aged 3-12 years.
Zhendong et al. divided the sample into two age-categories.[38] According to our
systematic review, we present the first set of reference intervals for the
echocardiographically determined PA peak pressure gradient for children older than
12 years.

Right-sided haemodynamics

Our study is the first age-categorized presentation of reference intervals for
echocardiographically estimated right-sided haemodynamics in children. We also
present the first set of echocardiographically estimated PA pressures that is
calculated by adding an estimated RA pressure, estimated using the IVC
collapsibility index, to the RV-RA gradient. -

McQuillan et al. were the only study to publish reference data on right-sided
haemodynamics for children and adolescents. They reported estimate PA systolic

pressure values assuming that the RA pressure for all reference individuals was 10
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mmHg. McQuillan et al. presented the reference data graphically, according to
BSA.[19] Pena et al. recently (2009) published reference data for the tricuspid
regurgitation peak velocity in 55 newborn infants. Pena ef al. also presented
estimated the PA systolic pressure assuming that the RA pressure for all reference
individuals is 5 mmHg.[39]

To the best of our knowledge, our study is the first to provide insight into the

collapsibility of the IVC and its changes with increasing age in children younger than

10 years.
4.12.2 Comparisons with existing data
Right heart size

RV end-diastolic diameter has been identified as a predictor of survival in patients
with chronic pulmonary disease and the dimension of the RV outflow tract is used in

particular in the evaluation for arrhythmogenic right ventricular cardiomyopathy.[2]

The values obtained in this study are comparable withthose previously presented:
RA width compared well with the values presented by Innelli ef al.[13])(p = 0.11) RV
lengthwassimilar to data reported by Norgard and Vik-Mo[14] (0 = 0.09).

There were differences between our data and the data reported by previous authors

as follows:

(1) RV width and length (measured in an apical four-chamber view) were larger
than the values published Innelli ef al.[13] (p < 0.001); (2) RV outflow tractvalues
were significantly larger when compared with published studies by Singh et al. and
Norgard and Vik-mo.[12, 14, 15] (p < 0.001); The weight and BSA of our
reference population were also higher than those of Singh ef al. However, the
BSA values of our sample were similar to those of Norgard and the BMI values
similar to those of Innelli. (3) TheRV width, RV end-diastolic and RV end-systolic
areaswere smaller in comparison to the values reported by Norgard and Vik-
Mo[14, 16] (p < 0.001).

It was difficult to compare our RV volumes with those of Jin et al. because the
method used (Simpson’s single-plane) was different to our method (area-lehgth).
However, it was intersting to note that the RV end-diastolic volumes of this study
were either similar to or lower than the values of Jin ef al. and the RV end-systolic
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volumes of this studywere significantly lower than the values presented by Jin et
al[18]

Tricuspid valve

Measurement of TV size helps characterize valvar pathology and diagnose

ventricular hypoplasia.

King et al.[33] reported data on the tricuspid valve annular diameter in normal
children. They presented a mean ratio of the MV to TV of 1.02 with a SD of 0.1.[33]
We calculated the mean ratio of the TV to MV. The mean values for the TV to MV
ratio for our three age-categories respectively were 0.85, 0.87 and 0.86 (range 0.60 —
1.11). The average TVdiameter of our reference population was smaller in relation to
the MV when compared with the results presented by King ef al.

Pulmonary valve and pulmlonary artery diameters

Assessment of pulmonary artery size is important in children with various forms of
congenital heart disease. When pulmonary arterial flow is diminished (as in tetralogy
of Fallot), the branch pulmonary arteries are typically small. In contrast, isolated PV
stenosis, tetralogy of Fallot with dysplastic PV, Marfan syndrome, and pulmonary
hypertension are all aséociated with PA dilation.[8] We observed a steady increase
in the pulmonary trunk size that was related to BSA, similar to the results of Ichida et
al [34]

Valve function

We detected less-than-moderate tricuspid regurgitation in 94% of the reference
participants. This result is difficult to compare with other studies as the sensitivity for
the detecting of trivial tricuspid regurgitation is different between studies due to
difference in the quality and resolution of different machines. Pulmonary
regurgitation was detected in 96% of the reference participants.

RV function

Our measures of RV function, namely RV fractional area change, RV area-length EF,

the RV MPI and tissue Doppler velocities showed little or no change with increasing

Reference Intervals for the Echocardiographic measurements of the Right Heart in African Children
C. Lemmer 89



age and BSA. We analysed the following additional measures of RV systolic

function:

Tricuspid annulus peak systolic excursion

Tricuspid annulus peak systolic excursion (TAPSE) is an easily obtainable
measure of RV longitudinal function.[2] Recent publications have shown that
TAPSE measurement is more reproducible than other echocardiographic
indices of RV function.[45] Heart rate has been shown not to have an
influence on the longitudinal motion of the atrioventricular annuli in children.

Therefore, its usefulness can be extended to the paediatric age group.[17]

As expected and reported by previous authors[17], we found that TAPSE
values increased with age and BSA. However, our mean values for the
different age- and BSA-categories were lower compared with the results -
presented by others (p < 0.05).[13, 17]

Although it measures longitudinal function, TAPSE has shown good
correlation with echocardiographic techniques estimating RV global systolic
function such as 2D RV fractional area change and 2D RV EF.[2] It still
remains unclear how well TAPSE will perform as in index of RV function in
children with heart disease. It has been reported that in patients with
pulmonary hypertension, there may be changes in the atrioventricular annuli in
the paediatric age group; specifcally, in patients with primary pulmonary
hypertension, the percentage displacement and ascent velocities were
blunted[17] possibly limiting the usefulness of TAPSE in patients with
abnormal right-sided haemodynamics.

Myocardial performance index

The MPI or Tei index, is a global estimate of both systolic and diastolic
function of the RV.[2] This index has been reported to be simple,
reproducible, and independent of heart rate, blood pressure, degree of TR,
and severity of pulmonary hypertension.[9] The MPI has been shown to
correlate well with other quantifiable, noninvasive, and invasive measures of
ventricular function.[60] Recently, this MPI was reported to correlate well with

the severity of congestive heart failure and clinical outcome in adult patients
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with pulmonary hypertension. Because this index is essentially a time ratio, it
is therefore independent of geometry and may be particularly useful in the
assessment of the global RV function in children with complex RV shape.[9]

The measure remains accurate within a broad range of heart rates, though the
components should be measured with a constant R-R interval to minimize
error. Although the MPI was initially thought to be relatively independent of
preload, this has been questioned in more recent studies. In addition, the MP!I
has been demonstrated to be unreliable when RA pressure is elevated.[2]

The right-sided MPI can be obtained by two methods: the pulsed Doppler
method and the tissue Doppler method.[2] Measurement of the MPI via the
Doppler Tissue Imaging (DTI) method provides a measurement of the MPI at
one site of the ventricle only. Hence, this measurement may not reflect overall
ventricular function.[61] Reference intervals for the RV MPI obtained from
these two approaches (DTl and pulsed wave Doppler), however, can be
significantly different, and appropriate reference values should be used.[8]

Roberson ef al.[62] performed a study on the MP! in children, exploring the
effect of method, age, BSA and heart rate on the RV MPI. Overall, our mean
MPI values (using pulsed-wave Doppler) were higher than theirs, using the
same method (p < 0.001). However, they did note that multiple
echocardiographic systems were used and that inter-machine variability
studies were not performed. They concluded that the DTl method has certain
disadvantages over the pulsed-wave Doppler method The limited availability
of DTI in Africa may also limit the use of this method. They also reported a
small but significant effect of the method by which the RV MPI is measured,
emphasizing the need to create a set of reference intervals for each method
separately. They also report that age, heart rate and BSA affect the MPI.
They reported the RV MPI to increase by increasing BSA and age.[62]

Although not the main objective of the study, Eidem et al.[46] presented the
RV MPI for the different age-categories of their sample of healthy péople.
They reported that the RV MPI did not change significantly with adVancing
age. Similarly, we also found no correlation between the RV MPI and age.
However, compared with our results, the RV MPI presented in the st_udy' by
Eidem et al. were significantly lowerthan our findings (p < 0.001).[46] |
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Ishiiet él.[63] reported on the MPI in a sample of healthy children aged 30
days to 18 years. Ishii ef al. concluded that the MPI was not affected by age
in healthy children. It was difficult to compare our results with their data as the
sample characteristics were different between the two studies in terms of the

age-range.[63}

We did not investigate the correlation of heart rate and the RV MPI. Ishii ef
al.[63] reported a correlation of heart rate and ejection time and the sum of
isovolumic contraction time and isovolumic relaxation time. They also
reported that the MPI was independent of heart rate.[63] Eidemet al.[60]
recognized the impact of heart rate variability on the MPI. This could

potentially limit the use of this parameter in patients with arrhythmias.

It is known that respiration markedly influences the RV time indices, thus
influencing the result of the MPI.[38] To our knowledge, our study is the first
to investigate the impact of respiratory variation inTV inflow on the RV MPI.
We found a significant difference in the RV filling period (inspiration vs
expiration meansof 351 msvs 309 msrespecitvely, p<0.001). For RV MPI, the
values were 0.17 vs 0.03 respectively (p<0.001). Our results indicate that the
influence of respiration on RV filling time was significant and may be another
limitation of the RVMPI.

Right ventricular ejection fraction

It was difficult to compare our result with those of Jinet al.[18] as the method
used (Simpson’s single-plane) was different to our method (area-length).
However, it was interesting to note that our RV end-diastolic volumes were
either similar to or lower than the values presented by Jin et al. and, our RV
end-systolic volumes were significantly less, suggesting a much higher stroke
volume (and RV EF) in African children.[18]

Norgard and Vik-Mo[14] reported RV volumes using the Simpson’s single
plane method. It was difficult to compare our result with that of Norgard and
Vik-Mo as our method used to calculate the estimated RV volumes (area-
length method) was different. Norgard and Vik-Mo also had a very small
sample size (N=15) across a wide age-range (6-16years). Tho’ugh difficult to
compare,our calculated RV EF was significantly higher (p < 0.001) when

compared to the values presented by Norgard and Vik-Mo. In fact, the lower
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limit of our reference interval was similar to the average EF reported by
Norgard and Vik-Mo.[14]

Boettler et al.[16] reported RV EF estimated using RV end-diastolic and end-
systolic volumes determined using Simpson’s single-plane method. It was
difficult to compare our result with those of Boettler as our method used to
calculate the estimated RV volumes (area-length) was different.Similar to our
finding when comparing our reported EF to that of Norgard and Vikmo and Jin
et al., our reported EF was significantly higher (mean 74.6%) compared to the
EF reported by Boettler ef al.(65.7% £ 11.0%) (p < 0.001).[14]

Doppler tissue imaging velocities

Our data overcomes many of the limitations of prior studies of smaller sample
size. Our DTI velocities at the tricuspid annulus were higher than the values
presented by Harada et al/.[49] However, these values were difficult to
compare as Harada presented the data of the reference population as a
summary value for a single group, aged 7 days to 18 y. In contrast to our
findings, Harada ef al. also reported a correlation of DTI velocities with
advancing age.[49]

Our DTI velocities at the tricuspid annulus were also higher than the values
reported by Frommeltet al.[47] Frommelt presented the data of a reference
population as a single group, aged >12mo, which included younger
participants, than in our sample. The reference interval (min and max values)

of our early peak diastolic velocitycompared well.[47]

Our results were different to the DTI velocities reported by Robersonet al.[53]
Our lower limits were significantly higher and our reference interval (range)
smaller. We suspect that the interstudy differences could have been as a
result of the difference in the age-distribution of the two reference populations.
More than 40% of Roberson’s reference population were less than 1 year and
included preterm infants. As mentioned by authors Roberson and Eidem et al.,
there are major changes in DTI parameters in the first year of life. There have
also been various studies indicating that there is a strong positive correlation

of Tissue Doppler velocities and age.[46, 53]
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We compared our result to that of Kapusta et al.[50] and found the upper limits
of our TDI velocities were higher. Similar to Kapusta ef al., we did not find any
of the assessed myocardial velocities nor the calculated Ea/Aa ratio to have a
practically relevant correlation with age, BSA or heart rate. This is at odds
with what have been reported by Roberson et al.[53] who reported a strong
positive correlation between DTI parameters and age, BSA and heart rate.

We agree with Kapusta et al.[50], suggesting that DTI parameters could
provide additional information about the regional function of the healthy

myocardium.

Eidem ef al.[46] investigated tissue Doppler velocities of the basal cardiac
segments (lateral mitral annulus, interventricular septum, and lateral tricuspid
annulus) and reported that with advancing age, a significant increase in
systolic and early diastolic myocardial velocities were demonstrated in these
segments, especially in the age-category less than 1 year.[46] Overall, oUr
DTI velocities at the tricuspid annulus were higher than the values presented
by them.[46] Eidem et al.[46] reported a decrease in E/Ea ratio with
advancing age, but also commented that this change was primarily the result
of an increase in the myocardial Ea with advancing age, which was different to

what we discovered.[46]

We compared our DTI velocities with those of Rafeiyianet al.[64] as two of our
age-categories were very similar in age-range. Our lateral tricuspid Sa and
Ea velocities were higher, whilstour mean late diastolic myocardial velocity
(Aa) values were lower. As a result, our Ea:Aa ratio were also significantly
higher to the Ea:Aa ratio presented by Rafeiyian.[64] Our lateral tricuspid Sa
DTI velocities at the lateral tricuspid annulus were higher than the values
presented by Innelliet al[13] (p = 0.03).

Conflicting data exist regarding the impact of age on various DTI velocities in
pediatric patients. Previous published studies in children disagree on the
affect of age on DTI velocities. Swaminathan et al.[65] reported a lack of
linear correlation of age with the majority of DTI velocities in healthy children
aged 1 to 18 years. Kapusta et al.[50] reported similar findings in a'group of
healthy children aged 4 to 18 years. In contrast, there have also been studies
indicating that there is a strong positive correlation of DTI velocities and
age.[46, 53]
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Diastolic function

Puilsed-wave Doppler tricuspid flow velocity helps evaluate the RV filling and,
indirectly, RV diastolic function.[6] Although RV diastolic profiles have not been well
correlated with chamber compliance or ventricular pressures, an increased E/A ratio
and short deceleration time suggest restrictive pathology.[4] We compared our
results of the diastolic pattern of both Pulsed Doppler and DTI velocities with those in

published studies.

The reference data in the publication by Kapusta et al.[50] were presented as
median values (5'"- 95™ percentiles). Our result was presented as mean values +
2SDs. Even so, the values presented by Kapusta et al. were very similar to those

that we have established.

We found no correlation between the transtricuspid E or E/A ratio and age in contrast
to what was reported by Yasuoka et al.[66], who reported that tricuspid peak E and
E/A ratio was mainly affected by age. Our DTI velocities (Ea, Aa and Ea/Aa) were

higher and did not show a significant correlation with age.[66]

We investigated the influence of respiration on RV filling patterns. We discovered
that peak E velocity were lower at end-expiration than during inspiration, similar to
what was reported by Zhendong ef al.[38]. They reported the peak E velocities of
end-inspiration to be on average 10.7% higher than those of end-expiration. We
found that on average, our peak E velocity was 22.85% higher on end-inspiration
than on end-expiration (range: 4.06 — 41.65%). Further, our results concur with
Zhendong et al. that peak E velocity is independent of age.

Haemodynamics

The E/Ea ratio of the RV is a well established indicator of invasive RA pressure in
adults. In adults, the age-dependent increase of RA pressure can be attributed to
the RV overload developing with advancing age.[13] Eidem ef al.[46] reported a
decrease in E/Ea ratio with advancing age, but also commented that this change was
primarily the result of an increase in the myocardial Ea with advancing age, which
was different to what we discovered.[46] We have found that there was no significant
difference in the ratio of TVpulsed-wave Doppler E velocity to the lateral tricuspid Ea
with advancing age. The difference in the E/Ea ratio in our study cannot be
explained by respiratory variations, given that we used the maximum E velocity (end

inspiration) for the calucation of the ratio in each instance. We attribute this
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difference in Eidem’s study to the fact that the Ea increased with increasing age
amongst their participants.Of interest, it has been previous Inoted that data are
conflicting as regards the impact of age on various DTI velocities in paediatric
participants. Innelli ef al. found an age-dependent increase of the RV E/Ea ratio in a
sample of healthy adults. They also noted that other echocardiographic indexes of
RA pressure (RA minor axis diameter / width, IVC diameter, and IVC collapsibility
index) change significantly with aging.[13] We compared our results to that of
Innellif13]. According to our results, the E/Ea index of RA pressure remained
constant with advancing age and BSA. We noted that some of our results conflicted
with published work: our E/Ea ratio were lower; our IVC diameter values were
significantly higher (p , 0.001) and our mean values of IVC collapsibility were lower
when compared to that of Innellief al. (p < 0.001).[13] We acknowledge that a
limitation in comparing these IVC values could be lack of sufficient reported detail in
studies as regards the participants’ position (left lateral decubitus versus supine

positions) when examined.

Tricuspid regurgitation was detected in 94% of our reference participants. Penaet
al.[67] reported the presence of tricuspid regurgitation in 40% of the neonates that
they assessed. This result was difficult to compare between studies as the sensitivity
for the detecting of trivial tricuspid regurgitation is different between studies due to
difference in machine quality. The increased sensitivity for the detection of tricuspid
regurgitation and the recording of systolic PA pressure is acknowledged and can be
attributed to the dramatic improvements in echocardiographic instrumentation and
recording techniques in the last 15-20 years.[19]

According to the results of our systematic review, the only available normative data
on the tricuspid regurgitation peak velocity were obtained on a sample of healthy
neonates. Pena ef al. reported on the presence of tricuspid regurgitation as well as
the mean systolic PA pressure, calculated using the simplified Bernoulli equation,
assuming the RA pressureto be 5 mmHg. Our study was the first to document the
tricuspid regurgitation velocity in children and adolescents. We could not compare
our results of our study with those of Pena et al.[67] as the children in our sample
were older. According to our results, the tricuspid regurgitation peak velocity
remained constant with advancing age and BSA. The systolic PA pressure however,
increased with advancing age and BSA. As the IVC diameter and collapse was used

to estimate RA pressure, the age-dependent increasing PA systolic pressure values
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could be as a result of the increase in IVC diameter and decrease in IVC collapse
with advancing age and BSA.

Our RV-to-RA peak pressure gradient values were higher to the values reported by
McQuillan et al.[19] (p < 0.001). We could not compare our estimated systolic PA
pressure values they calculated the systolic PA pressure assuming that the RA
pressure was 10mmHg, whereas we calculated the systolic PA pressure by adding
the estimated RA pressure(using the IVC collapsibility index) to the RV-to-RA peak

pressure gradient.

We observed an increase in the pulmonary regurgitation end-diastolic velocity (and
the PA end-diastolic pressure) after age 10 and BSA category 3, remaining constant
thereafter. This could be related to the decrease in IVC collapsibility after age 10
and BSA category 3 as the IVC diameter and collapsibility was used to estimate RA
pressure. We observed a decrease in IVC collapsibility at age 10 and BSA category
3 in our reference population.

00000 o o
Reference Intervals for the Echocardiographic measurements of the Right Heart in African Children
C. Lemmer 97



5 Conclusions

5.1 Systematic review

We conclude that reference data are still lacking for important recommended

guantitative measurements.

There were insufficient published data of the following variables: right atrial size
(width, length and area) for children younger than 10 yrs, tricuspid valve area, right
ventricular dimensions (base, mid and length) and areas (diastolic and systolic), the
right ventricular fractional area change and the RV-to-RA peak pressure gradient.
There were no published reference data for the right ventricular mid-cavity
dimensions presented as a sub-group for children younger than 10 years. There
were no published data for right ventricular volumes and ejection fraction using the
area-length method. There were no published reference intervals for the pulmonary
artery peak pressure gradient for children older than 12 years. There were no
published reference intervals for the inferior vena cava diameter and percentage
collapse for children younger than 10 years. None of the studies estimated systolic
pulmonary artery pressure using an estimate of right atrial pressure that was based

on the dimension and percentage collapse of the inferior vena cava.

We recommend a global standard for generating reference data for
echocardiographic measurements set by the International Federation of Clinical
Chemistry.
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5.2 Reference intervals

This study establishes reference intervals derived from a large population of healthy
children and adolescents in a careful and methodical manner using accepted means
of establishing reference intervals and employing modern echocardiographic
equipment.

This study represents an evolution in our attempts to develop an accurate and readily
utilizable set ofreference values for echocardiography in the young. It is the first
study presenting normative data for echocardiographic evaluation of the right heart in
African children. It is also the first set of reference intervals for echocardiographic
evaluation of the right heart in children and adolescents established using a
community-based setting.

According to our observation and our systematic review, our study contributed
significantly in establishing and improving reference intervals for RA size, RV
dimensions and -areas, the RV % fractional area change, RV volumes and EF using
the area-length method, PA pressure gradients and, the right-sided haemodynamics,
including the IVC dimensions and -collapsibility.

RV dimensions and —volumes of African children are smaller, while RV outflow tract
diameter is larger when compared with existing literature. RV function is more
dynamic in African children and indicators of right heart haemodynamics reveal
higher values.

A combination of indices and measurement of different dimensions might provide the
best assessment, as they each have different specificities and sensitivities for
identifying right heart pathology and -dysfunction. Proper evaluation of the right
heart requires quantitative assessment as well as a detailed morphological study,
perhaps deviating from the more traditional standardized methods of measurement.

Finally, this research informed the design of a useful algorithm for right heart
computations. A useful adjunct to echocardiography, it reduces post-processing time
involved in the right heart assessment and serves as a guide and example as to how

the right heart measurements could be included in an echocardiographic report.
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It is our hope that these reference intervals and tools will aid in reliably guiding
surveillance and the detecting and treating cardiovascular diseases, not only in

Africa, but also in the rest of the world.
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6 Limitations

We do acknowledge the possible effect of heart rate (anxiety or excitement) and

respiration on some of our parameters, which we did not investigate.

Previous authors have reported differences between races, with larger cardiac
dimensions for black individuals.[12] The issue of ethnicity is however becoming
indistinct as our multicultural societies have populations of mixed race with disease

prevalence that do not necessarily reflect the original endogenous pattern.[68]

Conflicting data still exist on the influence of gender on the values of cardiac
dimensions. We did not investigate the influence of gender on the values of cardiac

dimensions.

In our study, the normative data obtained by the present study are restricted to a
certain age range, namely 5 — 21years, who represent the school going population in
the Vanguard Communities of Cape Town. Similar data should still be derived from

a younger paediatric age group.

This work does not explore the relative value of each measurement as it pertains to
prognosis and outcome and therefore does not represent a list of measurements
which should be performed on the basis of prognostic importance. Patient-level data
were not available to divide the abnormal categories into mild, moderate, and severe

degrees of abnormality.

Measurements obtained by three-dimensional echocardiography and myocardial
deformation analysis were not addressed in this study. Although 3-D RV EF seems
to be more reliable with fewer reproducibility errors, there are currently insufficient
data demonstrating its clinical value at present. [2] However, these two techniques
are currently undergoing extensive evaluation and will likely play an important role in

clinical practice.
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9 Appendices

9.1 Appendix A: Search strategy

1. ECHOCARDIOGRA* [Title/Abstract]

2. ("NORMAL VALUES[Title/Abstract]) OR ("NORMAL
RANGES"[Title/Abstract]) OR ("REFERENCE VALUES'"[Title/Abstract]) OR
("REFERENCE RANGE"[Title/Abstract]) OR ("REFERENCE
INTERVAL"[Title/Abstract])

3. #1 AND #2

4. #3 Limits: Humans

T A SO
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9.2 Appendix B: Inferior vena cava collapsibility index

Estimating right atrial pressure
Collapse in inspiration Pressure estimate
50 - 100 % 0 — 5 mmHg
50 % 10 mmHg
25-50% 15 mmHg
<25% 20 mmHg

According to the collapsibility index, collapse of 560-100% suggests a normal
right atrial (RA) pressure of 0-5 mmHg. For calculations of participants that
fall within this range, we used an estimated RA pressure of 5 mmHg.

Collapse of 50% suggests an RA pressure range of approximately 10 mmHg.
For calculations of participants that fall within this range, we used an
estimated RA pressure value of 10mmHg.

For collapse of 25-49%, an RA pressure value of 15 mmHg was used in the
calculations.

For collapse less than 25% an RA pressure value of 20mmHg was used.
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9.4 Appendix D: Echocardiographic Equations

Variable

Equation

Description

RV % fractional area change

[(RVAd - RVAs)/ RVAd] X 100

RVAd: RV end-diastolic area

RVAs: RV end-systolic area

RV myocardial performance index (a-b)/b a: tricuspid valve closing time
b: pulmonary valve ejection time
RV volume 0.85 (A%L) A: area of the RV

L: long-axis length of the RV

RV ejection fraction

[RVEDV - RVESV) / RVEDV] X 100

RVEDV: RV end-diastolic volume

RVESV: RV end-systolic volume

RV systolic pressure

4av°

v: tricuspid regurgitation peak systolic
velocity

Pulmonary artery systolic pressure

RV systolic pressure + estimated RAP

RV systolic pressure: see previous
equation

RAP: right atrial pressure

The references for the equations are available in section 4.5 Echocardiographic

evaluation of the right heart: methods, technique and variables of this document.
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