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1 Abstract

In pediatric cardiology, the examination of cardiac parameters, such as the left ventricular

volume and the stroke work, is essential to diagnose and treat patients with congenital

heart disease. Pediatric standard values of cardiac parameters, which serve as a refer-

ence for examinations, are however scarce. The objective of this thesis is to determine

pediatric reference curves of cardiac parameters by using a total of 497 healthy children’s

clinical data and mathematical modeling. This thesis contains three published studies,

which provide computed and measured values of cardiac parameters. The first study esti-

mates the left ventricular stroke work (SW) based on a data set of 340 healthy children and

modeled pressure-volume loops from a lumped parameter model (LPM). As such, an LPM

developed by Pironet et al. was extended by fitting it to the measured volumetric data.

In the second study, pediatric reference curves were established for left atrial (LA) vol-

umes based on the 3D echocardiography data of 432 healthy children. In the third study,

reference curves were established for left ventricular (LV) volumes based on the data of

370 healthy children. The mentioned reference curves provide standard values of SW, LA

volume, and LV volume for age, weight, and height of children.
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2 Introduction

In Germany, about 1 in 100 children is born with a heart defect, while the spectrum ranges

from mild to serious conditions. The most common heart defects are ventricular septal

defects (49 %), atrial septal defects (17 %), valvular pulmonary stenoses (6 %), persis-

tent ductus arteriosus (4 %), and aortic stenoses (4 %) (Lindinger et al., 2010). Patients

with a single ventricle, who are examined in this work, have a prevalence of about 3

% of all congenital heart defects (CHD). By virtue of early diagnosis and treatment, 90

% of children with CHD reach adulthood today. The examination of cardiac parameters

helps physicians to diagnose and treat these patients. A valuable method to obtain data

is three-dimensional (3D) echocardiography, which is a non-invasive measurement tech-

nique. Common cardiac parameters, such as the volume of the heart chambers, can be

derived from 3D echocardiographic images.

In addition to the assessment of common cardiac parameters, physicians aim to develop

methods to extract more information from measured data. Indicators such as the left ven-

tricular stroke work (SW) have gained interest in recent years (Ben-Assa et al., 2019;

AbouEzzeddine et al., 2019; Gotzmann et al., 2019; Sprigings et al., 1990). SW repre-

sents the energy provided by the ventricle to pump blood into the arteries. With reduced

energy, the heart is not capable of providing enough blood to the circulation. This can result

in clinical symptoms of heart failure. SW is the integrated product of pressure and volume

flow with respect to time. It can be visualized as the area within the pressure-volume loop

(PV loop). The computation of SW requires information about left ventricular pressure and

volume for the duration of one cardiac cycle. The gold standard measurement technology

for the simultaneous measurement of pressure and volume in the ventricle is the conduc-

tance catheter technology. A catheter intervention is, however, risky and should not be

performed in healthy subjects. Alternatively, non-invasive measurements in combination

with modeling approaches have to be considered (Seemann et al., 2019). For the compu-

tation of blood pressure, lumped parameter models (LPM) have been established as an
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efficient modeling approach (Mineroff et al., 2019; Kung et al., 2014; Neidlin et al., 2014;

Hsia et al., 2011; Kaufmann et al., 2014). Pironet et al. (de Bournonville et al., 2019;

Pironet et al., 2019) developed and validated a minimal cardiovascular model with animal

data. Their proposed model contains 8 model parameters, which is a small number of

parameters compared to the mentioned LPM. A model with small number of parameters is

suitable for a parameter identification from a limited number of measurements. Based on

the identification of the parameters, the SW computation and pressure-volume loop anal-

ysis can be performed.

Many computational models, such as the LPM mentioned above, focus on adult hemody-

namics. However, approaches to compute cardiac parameters for pediatric patients, such

as SW, have not been performed to such extent. Pediatric patients exhibit high variations

in cardiac parameters and further mechanistic insights of variables that cannot be mea-

sured non-interventionally could ultimately improve current therapies. Such insights can

be obtained via mathematical modeling and clinical data analysis based on LPM.

Another issue addressed in this thesis is the presentation of parameters. Measured and

modeled cardiac parameters have to be presented in a way that clinical staff can access

easily. Reference curves and charts have been established as a commonly used tool

for pediatricians to describe the normal range of cardiac parameters. In clinical practice,

physicians use percentile curves (or z-score curves) to evaluate the data gathered from

patients. Comparing the measurement to a reference helps to quantify the severity of the

disease and diagnose the condition of a patient. Therefore, the presentation as reference

curves could be an appropriate way to provide computational results achieved by a car-

diovascular model to clinical professionals.
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3 Objectives

The overarching objective of this thesis is to determine pediatric reference curves of car-

diac parameters by using clinical data of in total 497 healthy children and mathematical

modeling. The reference curves were created over a biometric variable, such as age,

weight, and height. Three published studies are parts of this thesis. The first study es-

timates the left ventricular stroke work (SW) based on a data set of 340 healthy children

and modeled pressure-volume loops from a lumped parameter model (LPM). As such, an

LPM developed by Pironet et al. was extended by fitting it to the measured volumetric

data. In the second study, pediatric reference curves were established for left atrial (LA)

volumes based on the 3D echocardiography data of 432 healthy children. As part of that,

the volume before atrial contraction (VpreA) was determined. In the third study, reference

curves were established for left ventricular (LV) volumes based on the data of 370 healthy

children.
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4 Methods

In a prospective multicenter design, 497 children and adolescents from birth to 18 years

of age were enrolled to undergo 3D echocardiography examination. The age, body size,

weight, and gender of each child were obtained. This data set served as the basis for

all three studies. Normal cardiac anatomy and function as well as sinus rhythm were a

precondition and confirmed by physical examination. 3D echocardiographical data sets

were measured with two different sonographic units. On the one hand, iE33 (Philips, An-

dover, MA) with a matrix transducer X5-1 or X7-2 was used, on the other hand, Vivid E9

(GE Medical Systems, Milwaukee, WI) with a V4 transducer was used. The volumetric

shapes of the left ventricle and the left atrium were determined for one heartbeat with two

segmentation softwares (QLab and TomTec).

4.1 First study

For the SW estimation, left ventricular volume was measured non-invasively and left ven-

tricular pressure was approximated by a regression model. The SW estimation was vali-

dated with patient data. Reference curves were created for the estimation of SW of healthy

children.

4.1.1 Data for computing reference curves

The 3D shape of the left ventricle for 370 children was determined with the segmentation

software QLab. QLab was also used to compute the volume-time curve, which shows the

volumes over the period of one heart cycle. The maximal and minimal left ventricular vol-

ume during one heart cycle, V echo
lv,max, and V echo

lv,min, were determined using the volume-time

curve. The RR duration, a measure of heart rate, was acquired simultaneously. The ven-

tricular volume of 340 healthy children were used for the SW estimation. Volumetric data
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of 156 girls and 184 boys were measured.

In this study, the assumption wasmade that themaximal blood pressure in the left ventricle,

Plv,max, can be approximated by the systolic systemic blood pressure (Plv,max ≈ Psys,systolic).

To estimate the systemic blood pressure, we used regression models to obtain clinical ref-

erences of healthy children (50th percentile) (Neuhauser et al., 2013), with a distinction

between girls and boys. For both girls and boys, the regression model estimates the sys-

temic blood pressure with the input of age and body height.

To estimate left ventricular stroke work (SW), we considered the three methods SW1, SW2,

and SW3. SW1 is a precise calculation, while SW2 is a rough estimation. SW3 is a clinical

approach using commonly measured pressures.

The three different formulas were used to assess the range for SW computations. SW2

is expected to mark the maximal possible value, while SW1 and SW3 should give lower

values. Furthermore, a clinical study has shown that SW3 underestimates SW (Topham,

1969), which we used for assessing the estimation results.

SW is defined as the integrated product of pressure and volume over one cardiac cycle

SW = ∫ Plv(t) dVlv = ∫ Plv(t) ⋅Qlv(t) dt (4.1)

where Plv, Vlv, and Qlv are blood pressure, volume and flow, respectively. SW can be

depicted as the area inside the pressure-volume loop.

This formula can be discretized by

SW1 ≈
N

∑
n=0

Plv(tn) ⋅Qlv(tn) ⋅ (tn+1 − tn) ≈
N−1
∑
n=0

Plv(tn) ⋅ (Vlv(tn+1) − Vlv(tn)) (4.2)

for N time steps. For the bounds of integration, it must be considered that the ventricle

pumps blood actively into the aorta during systole and is filled with blood passively during

diastole. For a rough estimation, SW can be approximated by

SW2 =∆P ⋅ SV (4.3)
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where ∆P is the pressure difference between maximal and minimal ventricular pressure

and SV is the stroke volume. SW2 is represented by the rectangular area bordering the

pressure-volume loop.

A formula for SW commonly used by clinicians is

SW3 =MAP ⋅ SV (4.4)

where MAP is the mean arterial pressure (Klabunde, 2011). SW1, SW2, and SW3 were

computed from the model output (Plv, Vlv, andMAP ), which is described in Section 4.1.3.

4.1.2 Data acquisition for validating the stroke work estimation

Left ventricular volume and pressure were measured simultaneously in a patient group by

a conductance catheter and used to validate the SW estimations. 18 measurement data

sets were taken from a patient group of 11 children with congenital heart disease, which

needed invasive cardiac catheterization due to clinical reasons.

4.1.3 Modeling of the pressure-volume loop

For the modeling of pressure-volume (PV) loops, we used a three-chamber cardiovascular

model in the form of a lumped parameter model (LPM) by Pironet et al. (de Bournonville

et al., 2019; Pironet et al., 2019, 2015). According to Pironet et al., the systemic and

pulmonary circulations can be merged into a model that represents only one circulation.

This kind of LPMwith only one circulation has also been shown as suitable for other studies

(Parlikar and Verghese, 2006; Olufsen et al., 2005). The LPM was used for both patients

and healthy children.

Fig. 4.1 shows the structure of the LPM, while Table 4.1 lists the model parameters with

description. The LPM includes the aorta (ao), one vena cava (vc), and the left ventricle

(lv). It describes the relationship between the variables flow (Q), volume (V), and blood
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Left Ventricle

AortaVena Cava

Output valveInput valve

Circulatory 
System

Figure 4.1: Lumped parameter model (LPM) represented by an electrical network. The left ventricle, aorta,
and vena cava are modeled by conductors. The valves are represented by resistors and diodes.
The circulatory system consists of a resistor.

pressure (P). The LPM is represented by a system of ordinary differential equations (ODE)

and algebraic equations. The aorta, the vena cava and the circulatory system can be

considered as abstract elements surrounding the left ventricle. They define the boundary

conditions for the left ventricular behavior. The pressure in the left ventricle is given by

Plv(t) = Elv(t) ⋅ (Vlv(t) − VU,lv) (4.5)

where Vlv(t) is the volume, VU,lv is the unstressed blood volume, and Elv(t) is the time

depending elastance, see Eq. 4.6.

Elv(t) = Elv ⋅ elv(t, T ) (4.6)

with elv(t, T ) as the driver function. For this study, we used the driver function proposed by

Korakianitis et al. (Korakianitis and Shi, 2006). The left ventricular unstressed blood vol-
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Parameter Description
Elv Maximal elastance of the left ventricle
Eao Elastance of the aorta
Evc Elastance of the vena cava
Rc Resistance of the circulatory system
Ri Resistance of the input valve
Ro Resistance of the output valve
SBV Stressed blood volume
T Duration of a cardiac cycle

Table 4.1: The LPM is based on 8 model parameters (Ri, Rc, Ro, Eao, Evc, Elv, SBV , T ).

ume VU,lv is the blood volume that does not contribute to the pressure. It can be measured

by preload reduction, which requires invasive intervention (Glower et al., 1985). We as-

sumed it to be zero, which is commonly done for the analysis of cardiac dynamics (Steven-

son et al., 2012; Seemann et al., 2019). Time alignment between model and measurement

was achieved by adjusting the length of a heartbeat T in the driver function elv(t, T ) with

the measured RR interval. To fit the model to the measurements, a subset selection of

the model parameters was performed. As a result, we defined model parameters to be

estimated as

p = [Elv,Rc, SBV ]T (4.7)

where p ∈ R>0. To obtain an overview about the parameter interaction, other parameters

were assigned (Ri = Ro = 0.1 and Evc = Eao = 1.0) and kept constant during the estimation

procedure.

The model output is defined as

ymodel(p) = [Plv(t), Vlv(t)]T (4.8)

depending on the vector of model parameters p. The mean atrial pressure, MAP , can be

extracted from the model

MAP ≈ 1

N

N

∑
n=0

Pao(tn) (4.9)

where Pao is the simulated aortic pressure.
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4.1.4 Model fitting

For model fitting, we minimized a scalar function ferror(p) that defines the deviation be-

tween measurement and model output

ferror,i(p) = (ymeasurement
i − ymodel

i (p))2 (4.10)

for the constraints i. In general, Vlv,min, Vlv,max and the Plv,max were used as constraints

ferror(p) = ferror,Vlv,min
(p) + ferror,Vlv,max

(p) + ferror,Plv,max
(p) (4.11)

where p represents the vector of model parameters to be estimated. For the validation

of model fitting, conductance catheter measurements in patients (V cond
lv,min, V cond

lv,max, P cond
lv,max)

were used:

f patient
error (p) = ferror,V cond

lv,min
(p) + ferror,V cond

lv,max
(p) + ferror,P cond

lv,max
(p) (4.12)

For the SW estimation in the healthy cohort, ventricular volume measured by 3D echocar-

diography (V cond
lv,min, V cond

lv,max) and ventricular pressure computed by the regression model

(P regression
lv,max ) were used.

f healthy
error (p) = ferror,V echo

lv,min
(p) + ferror,V echo

lv,max
(p) + ferror,P regression

lv,max
(p) (4.13)

The minimization is achieved by

min
p∈R>0

ferror(p) (4.14)

to find a set of estimated model parameters p̂ = [Êlv, R̂c, ˆSBV ]. The estimated parameters

have to be part of the positive real numbers due to their physical character. The Nelder-

Mead method was used for minimization (Gao and Han, 2012). Initial conditions for VS,lv,

VS,ao, and VS,vc were first set to SBV /3. We assumed a steady state after 20 heartbeats
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and used the calculated state values as initial conditions for the main simulation. We

developed a program for the model fitting in Python. The code can be found at https:

//github.com/xi2pi/SW_estimation.

4.2 Second and third study

The 3D echocardiographical image data of 497 healthy children were used to perform left

atrial and left ventricular data analysis with two commercial softwares (QLab and TomTec).

Following a standardized procedure, the shape of the left atrium (LA) and left ventricle (LV)

were semi-automatically segmented, and the left ventricular cavity was displayed as a 3D

model. Based on the 3D model, the volumes were computed.

In the second study, the maximal and minimal left atrial volume (Vmax and Vmin) were

computed with TomTec 4D LV-Analysis. TomTec 4D LV-Analysis is originally designed for

LV analysis but can also be used for LA analysis by following a protocol that was developed

by our group and approved by the manufacturer TomTec. The result of the analysis was a

volume-time curve (VTC) for LA. The LA volume before atrial contraction (VpreA) was de-

termined manually by analyzing the VTC. The VTC was plotted and the VpreA was chosen

to be at the end of the plateau during atrial emptying in agreement with clinical determina-

tion of VpreA. For the validation of the echocardiographical measurement, cardiovascular

magnetic resonance (CMR) imaging was performed in 26 patients and 7 healthy children.

Differences in Vmax and Vmin were compared by Bland-Altman analysis.

In the third study, the focus was on the end-diastolic volume (EDV), end-systolic volume

(ESV), stroke volume (SV), and ejection fraction (EF) with QLab and TomTec. To deter-

mine the shape of the ventricle with TomTec, the software suggests an initial endocardial

contour of the LV endocardial borders. This contour can be manually adjusted by the op-

erator. In TomTec, two different settings for the sensitivity of the contour-finding algorithm

with values of 30 and 75 were applied (TomTec30 and TomTec75). For the validation of

the measurement, LV volumes were measured in 22 patients with CMR and compared to

https://github.com/xi2pi/SW_estimation
https://github.com/xi2pi/SW_estimation
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the LV volumes measured with 3D echocardiography.

In both studies, intra and interobserver variabilities were assessed in randomly selected

data sets. Intraobserver variability is the variability which occurs when the same observer

repeats the measurement under the same conditions. Interobserver variability is the vari-

ability, which occurs between different observers. The agreement of intra and interob-

server variabilities were analyzed with Bland-Altman analysis and the intraclass correlation

coefficient (ICC).

4.3 Reference curves for standard values

For the computation of reference curves, univariate Generalized Additive Models for Lo-

cation, Scale, and Shape (GAMLSS) were fitted to the SW estimations, LA volumes, and

LV volumes of the healthy cohort. GAMLSS is a distribution-based approach to regression

(Rigby and Stasinopoulos, 2005a). Reference curves represent the 3rd, 10th, 25th, 50th,

75th, 90th, and 97th percentile. For the application of GAMLSS, the “gamlss” framework

in the environment R provides a broad set of functions and model types. For the choice of

GAMLSS model settings, we focused on the LMS method (or Lambda-Mu-Sigma method)

that has been applied in multiple studies and was recommended by the World Health Or-

ganization for pediatrics (Mul et al., 2001; Fredriks et al., 2000; Katzmarzyk, 2004; Nysom

et al., 2001; Ataei et al., 2016; Hirschler et al., 2016; Khadilkar et al., 2014). The LMS

method (or Lambda-Mu-Sigma method) is a type of GAMLSS with the following form:

• the Box-Cox Cole Green distribution BCCG(yi ∣ µ,σ, λ), depending on the three

distribution parameters λ, µ, and σ, which are represented in the name of the method.

The three parameters represent the skewness (λ), the median (µ) and the coefficient

of variation (σ)

• link functions: identity for µ and λ, log function for σ

• smoothing functions are originally cubic splines cs(); the approach was extended
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by Stasinopoulos et al. with penalized splines pb(), which we applied for all three

distribution parameters

• transformation: covariate x can be transformed, e.g. logarithmic transformation

log(x)

The model fitting was achieved by maximizing the penalized log likelihood function itera-

tively using theRS() algorithm proposed byRigby and Stasinopoulos (Rigby and Stasinopou-

los, 2005b; Stasinopoulos et al., 2007). The used penalized Splines (or P-splines) are

piecewise polynomials defined by B-spline basis functions in the explanatory variable,

where the coefficients of the basis functions are penalized to guarantee sufficient smooth-

ness (Stasinopoulos et al., 2007). The gamlss package provides the function pb() for

penalized splines where df is the desired equivalent number of degrees of freedom. For

the LMS method, the degree of freedom for the penalized splines of L, M, and S are L_df ,

M_df , and S_df . To find the appropriate degrees of freedom L_df , M_df , and S_df the

Bayesian information criterion (BIC) was used, which is also proposed by Stasinopoulos

et al. (Stasinopoulos et al., 2007). The model with the lowest BIC is preferred. The BIC is

defined as

BIC = ln(n)k − 2 ln(l̂d) (4.15)

where l̂p is the maximized value of the likelihood function lp. n is the number of observa-

tions and k is the number of parameters estimated by the model. The BIC helps to find a

compromise between model complexity and goodness of fit. On the one hand, it penal-

izes high complexity with the term ln(n)k or 2k. On the other hand, the goodness of fit is

represented as 2 ln(l̂d).

For the creation of reference curves, we developed the software ”RefCurv” that enables

the application of the presented methods (Winkler et al., 2020).
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5 Results

In this section, the respective results of the three studies are summarized.

5.1 First study

The LPM was successfully fitted to 336 subjects by minimizing the error function f healthy
error

(Eq. 4.13). The mean of the resulting error values was 2.4 ⋅10−3 and the standard deviation

was 4.4 ⋅10−2, while 4 outliers were excluded. SW was estimated with three methods SW1,

SW2, and SW3 as presented in Section 4.1.1.

For validation of this method, we used 18 measurement data sets acquired by a conduc-

tance catheter in 11 patients. Each measurement data set contained multiple heartbeats

during a steady-state condition. SW was estimated with the LPM using volume and pres-

sure constraints by the conductance measurement (Eq. 4.12). For each measurement,

SWcond was averaged from multiple heartbeats. Fig. 5.1 shows the measured and mod-

eled pressure-volume loops for one example patient. The method demonstrated a low

Figure 5.1: Measured and modeled PV loops for the patient group.

absolute mean difference of 0.033 J with a standard deviation (SD) of 0.031 J for SW be-

tween measurement and estimation, while the percentage error was 21.66 %. According
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to the resulting reference curves, left ventricular SW of newborns has a median of 0.06 J

and increases to 1.15 J at the age of 18 years. SW increases along with weight and height

in a similar trend.

Reference curves were created with the LMS method. Table 5.1 shows the degrees of

freedom L_df , M_df , and S_df for the lowest BIC, where the independent variables are

age, height, and weight. The lowest BIC was found by grid search, where values for the

independent variable L_df M_df S_df
Age 3 1 0
Height 3 1 0
Weight 1 2 0

Table 5.1: Degrees of freedom (L_df , M_df , S_df ) for the independent variables age, height, and weight.

degrees of freedom were set L_df = {0,1,2,3}, M_df = {0,1,2}, and S_df = {0,1,2}. Ta-

ble 5.2 exemplarily shows the four settings with the lowest BIC for the model with age as

independent variable. The BIC is negative because the right side of the formula for BIC is

higher than the left (BIC = ln(n)k − 2 ln(l̂d)).

rank BIC L_df M_df S_df
1 -656.61 3 1 0
2 -656.03 3 2 0
3 -652.53 3 1 1
4 -652.16 3 2 1

Table 5.2: BIC for L_df = {0,1,2,3}, M_df = {0,1,2}, and S_df = {0,1,2}.

5.2 Second study

432 subjects provided adequate data sets for an LA volume quantification. The maximal

and minimal LA volumes (Vmax, Vmin), the volume before atrial contraction (VpreA), and

phasic function, such as active and passive emptying fraction (EF), were assessed. For

LA volumes, sex-specific reference curves were created. Absolute volumes increased

with age and body surface area. Active EF and relative duration of atrial emptying tended
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to increase with increasing R-R intervals, while passive EF decreased. Reproducibility

of volumes was promising with a low intraobserver variability for Vmax and Vmin (mean

bias, Vmax = -0.03 ml, Vmin = -0.14 ml). Volumes showed a high correlation with cardiac

magnetic resonance measurements (mean bias ± SD, ∆ Vmax = –14.2 ± 14 mL, ∆ Vmin

= –11.5 ± 10 mL), while underestimation of volumes by 3DE was expected. Pediatric LA

volumes and phasic function indices were reproducibly measured by 3D echocardiography.

5.3 Third study

370 of 497 subjects provided adequate data sets for an LV volume quantification (74.4

% feasibility). LV volumes had a significant association with age, body size, gender, and

body surface area.

For intra and interobserver variability, the relative bias for end-systolic volume (ESV), end-

diastolic volume (EDV), and stroke volume (SV) were determined in percentage. Table 5.3

shows interobserver variability for EDV. TomTec30 resulted in a bias of 1.2 % with limits

of agreement (LOA) of – 8.7 % and 11.0 %, while TomTec75 resulted in a bias of 1.3 %

with LOA of – 7.5 % and 10.1 %. Interobserver variability for QLab had a higher bias of 2.4

% compared to the other methods, with LOA of – 12.0 % and 17.0 %. The intraobserver

Bias (%) 95% LOA (%)
QLab 2.4 - 12.0 to 17.0
TomTec30 1.2 - 8.7 to 11.0
TomTec75 1.3 - 7.5 to 10.1

Table 5.3: Interobserver variability for EDV.

variabilities of all three methods were in general low. For example, QLab resulted in a

bias of 1.1 % for interobserver variability with LOA of - 9 % and 1.1 %. The exception was

TomTec75, with resulted in a bias of - 5.5 % with LOA of – 21.6 % and 10.7 %.

The comparison with CMR showed that values obtained with QLab and TomTec are mostly

smaller than CMR values, with the highest agreement between QLab and CMR. The result
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for the intraobserver variability showed that 3D echocardiography allows reproducible non-

invasive assessment of LV volumes and function. However, the interobserver variability

between the two softwares TomTec and QLab was considered as significant. Therefore,

separate reference curves were provided for both softwares (TomTec and QLab). Per-

centile curves were plotted over age, body size, gender, and body surface area.
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6 Discussion

The objective of this thesis was to provide pediatric reference curves of cardiac parameters

on the basis of data from 497 healthy children. We were able to create reference curves

of the left ventricular stroke work (SW) by using an LPM. Standard values for SW were

computed for a wide range of age, height, and weight of healthy children. Furthermore,

reference curves for LA volumes (Vmax, Vmin, VpreA) were created over body surface

area, while reference curves for LV volumes (EDV, ESV, SV) were created over age.

6.1 Clinical implication

The examination of LA volumes with the provided reference curves can help detecting

increased LV volume loads by measuring the LA volume of the patient and comparing it

against the reference. By doing this, pathological behavior such as shunt lesions as ven-

tricular septal defect, a patent ductus arteriosus or elevated LV filling pressures could be

detected in an early state.

The examination of LV volumes may also play an essential role in the longitudinal and hor-

izontal follow-up of pediatric patients with, for example, cardiomyopathy, LV volume loads,

or borderline left ventricle.

SW computations can be useful for comparison of simulated or measured results. In the

specific case of Fontan patients, for example, there have been several studies to inves-

tigate the heart performance (Kung et al., 2014; Nogaki et al., 2000; Szabó et al., 2003).

Some studies consider pressure, volume, and other medical parameters, such as oxygen

consumption. Ideally, SW is also considered to understand the pump mechanics of the

heart. Studies about the kinetic energy of the fluid are more common (Rodefeld et al.,

2019; Rijnberg et al., 2018; Masutani and Senzaki, 2015), which is closely related to SW.

With our study, we aimed to add valuable information about SW so that the acquisition of

data in a control group might not be necessary anymore, saving effort and costs.
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6.2 Limitations of the stroke work estimation

The primary limitation of SW estimation is the approximation of maximal left ventricular

pressure by a regression model. Ventricular pressure highly depends on the individual

situation. To overcome this limitation, we recommend using non-invasive cuff pressure

measurements as an example, which were missing in this study.

A model-specific issue was the missing information about the unstressed blood volume in

LV, VU,lv which was overcome by fixing it to zero. There are approaches for approximating

VU,lv from single beat measurements (Senzaki et al., 1996). These methods are, however,

of clinical nature and some propose a curve fitting to estimate the isovolumetric pressure.

During clinical trials, we gained experience with these methods but we did not consider as

helpful for this computational study. Kung et al. (Kung et al., 2014) and Davidson et al.

(Davidson et al., 2018) used simple formulas or fixed values for VU,lv, but evidence for its

general usage is low. Furthermore, VU,lv is considered as a hyperparameter, meaning that

it does not contribute to the model fitting. Therefore, fixing it to zero does not influence

the model fitting and SW estimation. The validation could only be performed with invasive

conductance catheter measurements in patients, which resulted in a relative difference of

21.66 % at its best. Due to the pathology, PV loops showed high variations, although the

signals were already filtered against noise. Especially, the volume during the isovolumic

contraction varied strongly. Apart from the pathology, the reasons for these differences

might be the small heart size and the difficulties of the conductance catheter measurement

technology. The application of the conductance catheter in children is challenging due

to experimental noise, patient movement, and the technical difficulty in optimal catheter

positioning.
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6.3 Limitations of left atrial and left ventricular volumes

quantification

For the validation of LA and LV volume quantification, 3D echocardiography and cardiovas-

cular magnetic resonance imaging were obtained within one day but not simultaneously.

Therefore, resulting values for volume may be affected by prolonged breath holding or

sympathetic stimulation due to stress under CMR examination. Furthermore, CMR was

obtained in a small number of volunteers but not in neonates or small children due to eth-

ical reasons.

For the LA volume quantification, a commercial software (TomTec 4D LV Analysis) origi-

nally designed for LV analysis was used. The semi-automatic contour detection of TomTec

4D LV Analysis allows to rotate the view and treat a left atrium like a left ventricle. Our

results for old age groups show similar LA values like other studies (Badano et al., 2016).

Furthermore, the analysis of other cardiac parameters, such as VpreA, was possible in

more detail because the contours of the LA could be adjusted manually. This was con-

sidered as a major advantage over LA specific software, which automatically calculates

VpreA without further explanation of the underlying algorithm.

6.4 Limitations of the creation of reference curves

Limitations related to the creation of reference curves are based on the GAMLSS.

GAMLSS models and the R implementation were designed for a large set of continuous

data points. Therefore, a high number of data points is preferred, such as the presented

data sets in the GAMLSS repository (Stasinopoulos et al., 2007). In the presented studies

a total number of 497 observations were available, where some cases had to be excluded

because of bad image quality. This did not lead to computational problems but arose the

question of how many observations are necessary to represent a study population, which

we did not answer in this study.
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We also found, that data points on the left and right borders determine the slope of the

percentile curves on the borders and therefore can have a high impact on the outcome.

For parameters, it is often expected that they increase during childhood and to reach a

plateau for adults. This plateau is represented by a slope of zero degrees. The curves’

behavior follows rather the data and thus the data define the slope on the edges. It was

also found that GAMLSS models tend to fail for little data density on the edges. Single

data points had to be removed consequently.

Another GAMLSS specific issue is the choice of hyperparameters, such as the degree

of freedom for penalized splines. For the model selection, the BIC was used to find the

balance between model complexity and goodness of fit. For this method, a grid search

with discrete values for the model parameters was used. This approach seems arbitrary

and does not guarantee the convergence or success of finding a good model setting.
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6.5 Conclusion

The three presented studies provide pediatric reference curves of LA volumes, LV vol-

umes, and SW based on echocardiographic data. While the computation of LA and LV

volumes was achieved with commercial software, a model-based method to estimate the

SW was developed and presented.

The presented reference curves can have a direct clinical impact. Physicians commonly

assess the measured LA and LV volumes of adult patients. This thesis adds standard val-

ues over age for children that can be used as references for follow-up examinations.

This thesis also presented a new methodology to estimate the SW based on echocardio-

graphical data and mathematical modeling of the cardiovascular system. This approach

showed how cardiovascular modeling can be embedded to clinical studies and to which

extent the lumped parameter approach contribute to the study.

For clinicians, the standard values of SW, which represent the energy provided by the left

ventricle, can help to improve the treatment decisions of heart failures. Furthermore, the

gained information about SW can help engineers to improve medical devices such as Ven-

tricular Assist Devices or Extracorporal Membran Oxygenation systems. As these systems

have a high impact on the cardiovascular system, the consideration of SW might help to

design new concepts.
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A B S T R A C T

Left ventricular stroke work is an important prognostic marker to analyze cardiac function. Standard values
for children are, however, missing. For clinicians, standards can help to improve the treatment decision of
heart failures. For engineers, they can help to optimize medical devices.

In this study, we estimated the left ventricular stroke work for children based on modeled pressure–volume
loops. A lumped parameter model was fitted to clinical data of 340 healthy children. Reference curves for
standard values were created over age, weight, and height. Left ventricular volume was measured with 3D
echocardiography, while maximal ventricular pressure was approximated with a regression model from the
literature.

For validation of this method, we used 18 measurements acquired by a conductance catheter in 11 patients.
The method demonstrated a low absolute mean difference of 0.033 J (SD: 0.031 J) for stroke work between
measurement and estimation, while the percentage error was 21.66 %.

According to the resulting reference curves, left ventricular stroke work of newborns has a median of 0.06
J and increases to 1.15 J at the age of 18 years. Stroke work increases over weight and height in a similar
trend. The percentile curves depict the distribution.

We demonstrate how reference curves can be used for quantification of differences and comparison in
patients.

1. Introduction

Left ventricular stroke work (SW) is an important prognostic marker
to determine cardiac function [1–3]. For patients with a Fontan circu-
lation, SW has been proven to reflect the degree of the disease [4–6].
Furthermore, recent studies have assessed SW as a medical parameter
for other pathologies, especially aortic stenosis [7–10].

While SW has been investigated in patients, standard values of
healthy people are missing, most likely because its determination re-
quires an invasive catheter intervention. Especially in children, the
standard values of SW for different ages, weights, and heights could im-
prove clinical decision-making by monitoring cardiac function during
the growth process [11]. From an engineering point of view, knowledge
about the range of SW can be helpful to control mechanical circulatory
support devices, such as ventricular assist devices (VAD) [12–14].

SW represents the energy provided by the ventricle to pump blood
into the arteries. With reduced energy, the heart is not capable of

∗ Corresponding author.
E-mail address: s6cnwink@uni-bonn.de (C. Winkler).

providing enough blood to the circulation that can lead to heart failure.
SW is the integrated product of pressure and volume flow with respect
to time. It can be visualized as the area within the pressure–volume
loop (PV loop).

The computation of SW requires information about left ventricular
pressure and volume for the duration of one cardiac cycle. The gold
standard measurement technology for the simultaneous measurement
of pressure and volume in the ventricle is the conductance catheter. A
catheter intervention is, however, risky and should not be performed in
healthy subjects. Alternatively, noninvasive measurements have to be
considered [15].

Ventricular blood flow can be easily approximated with informa-
tion about the heart volume. 3D echocardiography has been estab-
lished as an accurate cardiac imaging technology and the according
ventricular volumes can be extracted with the help of image segmen-
tation algorithms [16,17].

https://doi.org/10.1016/j.compbiomed.2020.103908
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Fig. 1. Left ventricular volume approximation with segmented volumetric shape models derived from 3D echocardiography.

Ventricular blood pressure, however, can only be measured during
a catheter intervention [18]. Information about pressure during the
cardiac cycle are often missing in practice. In many cases, an invasive
intervention may not be possible due to ethical reasons.

For the computation of blood pressure, lumped parameter models
(LPM) have been established as an efficient modeling approach [19–
23]. The studies by Pironet et al. [24,25] developed and validated a
minimal cardiovascular model with animal data. Their proposed model
has a small number of parameters and is therefore suitable for fitting
to a limited number of measurements and a pressure–volume loop
analysis.

1.1. Aim of this study

In this study, left ventricular stroke work (SW) was estimated based
on modeled pressure–volume loops from an LPM. As such, a lumped
parameter model developed by Pironet et al. was extended by fitting it
to measured volumetric data for a cohort of 340 healthy children.

Noninvasive 3D echocardiography was used for the acquisition of
volume data, while maximal left ventricular pressure was approximated
with a regression model taken from the literature. Different methods of
SW computation were compared. Reference curves of standard values
were created over age, weight, and height.

For validation of the method, we used 18 conductance catheter
measurements in 11 patients.

2. Material and methods

2.1. Data acquisition for validating the estimation

Left ventricular volume and pressure were measured in a patient
group and used to validate the SW estimations. 18 measurements were
taken from a patient group of 11 children with congenital heart disease,
which needed catheterization due to clinical reasons. The study was
approved by the local ethics institutional review committee (Registra-
tion No. 007/15) and conformed to the principles of the Declaration of
Helsinki as well as the German law. Table 1 gives a statistical overview
about age, weight, height, and heart rate (RR interval) of the patient
group.

Table 1
Study group of patients (𝑛 = 11). Age, weight, height, RR interval of the patient group
are summarized as mean, standard deviation (Std), and range (Min–Max).

Mean Std Min–Max

Age [years] 5.93 2.81 2.25–11
Weight [kg] 19.12 7.06 10.40–32.30
Height [cm] 109.25 18.45 81–139
RR [s] 1.76 0.48 0.93–2.51

2.2. Data acquisition for computing reference curves

Invasive measurements in healthy humans are risky. Therefore, left
ventricular volume and pressure had to be measured noninvasively or
approximated from regression models.

Data of healthy children (𝑛 = 340) were acquired with 3D echocar-
diography (iE33, Philips, Andover, MA), and the volumetric shape of
the left ventricle for one heartbeat was determined with segmenta-
tion software (QLab 9.0, Philips, Andover, MA) [17]. Fig. 1 shows
exemplary how the volume time curve is derived for one subject.
The maximal and minimal left ventricular volume during one heart
cycle, 𝑉 𝑒𝑐ℎ𝑜

𝑙𝑣,𝑚𝑎𝑥, and 𝑉 𝑒𝑐ℎ𝑜
𝑙𝑣,𝑚𝑖𝑛, can be easily determined with the volume

time curve. The RR duration, a measure of heart rate, was acquired
simultaneously.

In this study, the assumption was made that the maximal blood
pressure in the left ventricle, 𝑃𝑙𝑣,𝑚𝑎𝑥, can be approximated by the
systolic systemic blood pressure (𝑃𝑙𝑣,𝑚𝑎𝑥 ≈ 𝑃𝑠𝑦𝑠,𝑠𝑦𝑠𝑡𝑜𝑙𝑖𝑐). For the systemic
blood pressure, we used regression models for clinical references of
healthy children (50th percentile) [26], with a distinction between girls
and boys.

𝑃𝑠𝑦𝑠,𝑠𝑦𝑠𝑡𝑜𝑙𝑖𝑐,𝑔𝑖𝑟𝑙𝑠(𝑎𝑔𝑒, ℎ𝑒𝑖𝑔ℎ𝑡) = 83.37 − 0.9057 ⋅ 𝑎𝑔𝑒 + 0.05795 ⋅ (𝑎𝑔𝑒 − 10)2

+ 0.09447 ⋅ ℎ𝑒𝑖𝑔ℎ𝑡 + 0.01101 ⋅ ℎ𝑒𝑖𝑔ℎ𝑡 ⋅ 𝑎𝑔𝑒

+ 0.00006818 ⋅ ℎ𝑒𝑖𝑔ℎ𝑡 ⋅ (𝑎𝑔𝑒 − 10)2

(1)

𝑃𝑠𝑦𝑠,𝑠𝑦𝑠𝑡𝑜𝑙𝑖𝑐,𝑏𝑜𝑦𝑠(𝑎𝑔𝑒, ℎ𝑒𝑖𝑔ℎ𝑡) = 𝑒𝑥𝑝(4.163 + 0.01409 ⋅ 𝑎𝑔𝑒 + 0.003363 ⋅ (𝑎𝑔𝑒 − 10)2

+ 0.003189 ⋅ ℎ𝑒𝑖𝑔ℎ𝑡 − 0.00007603 ⋅ ℎ𝑒𝑖𝑔ℎ𝑡 ⋅ 𝑎𝑔𝑒

− 0.00001816 ⋅ ℎ𝑒𝑖𝑔ℎ𝑡 ⋅ (𝑎𝑔𝑒 − 10)2)

(2)
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Table 2
Study group of healthy children (𝑛 = 340), which included 156 girls and 184 boys.
Age, weight, height, RR interval, 𝑉 𝑒𝑐ℎ𝑜

𝑙𝑣,𝑚𝑎𝑥, and 𝑉 𝑒𝑐ℎ𝑜
𝑙𝑣,𝑚𝑖𝑛 of the study group are summarized

as mean, standard deviation (Std), and range (Min–Max).
Mean Std Min–Max

Age [years] 7.97 5.03 0.0–18.25
Weight [kg] 30.52 18.80 2.16–88.3
Height [cm] 126.07 35.34 46.0–192.0
RR [s] 0.69 0.16 0.33–1.4
𝑉 𝑒𝑐ℎ𝑜
𝑙𝑣,𝑚𝑖𝑛 [ml] 26.58 15.46 0.84–73.17

𝑉 𝑒𝑐ℎ𝑜
𝑙𝑣,𝑚𝑎𝑥 [ml] 68.52 39.33 3.17–250.52

BSA [m2] 1.01 0.45 0.1–2.13

For both girls and boys, the regression model depends on age and
body height.

Volumetric data of 156 girls and 184 boys were measured. The
study was approved by the local ethics institutional review committee
(Registration No. 245/10) and conformed to the principles of the
Declaration of Helsinki as well as the German law. Table 2 gives an
overview of all included subjects (𝑛 = 340) and a statistical summary
on age, weight, height, heart rate (RR interval), 𝑉 𝑒𝑐ℎ𝑜

𝑙𝑣,𝑚𝑎𝑥, and 𝑉 𝑒𝑐ℎ𝑜
𝑙𝑣,𝑚𝑖𝑛.

The demographic data of both groups, patients and healthy children,
can be found in Supplement S1, S3 and S9.

2.3. Estimation of left ventricular stroke work

For the estimation of left ventricular stroke work (SW), we consid-
ered the three methods 𝑆𝑊1, 𝑆𝑊2, and 𝑆𝑊3. 𝑆𝑊1 is a precise calcula-
tion, while 𝑆𝑊2 is a rough estimation. 𝑆𝑊3 is a clinical approach using
commonly measured pressures.

The three different formulas were used to assess the range for SW
computations. 𝑆𝑊2 is expected to mark the maximal possible value,
while 𝑆𝑊1 and 𝑆𝑊3 should give lower values. Furthermore, a clinical
study has shown that 𝑆𝑊3 underestimates SW [27], which we used for
assessing the estimation results.

SW is defined as the integrated product of pressure and volume over
one cardiac cycle

𝑆𝑊 = ∫ 𝑃𝑙𝑣(𝑡) 𝑑𝑉𝑙𝑣 = ∫ 𝑃𝑙𝑣(𝑡) ⋅𝑄𝑙𝑣(𝑡) 𝑑𝑡 (3)

where 𝑃𝑙𝑣, 𝑉𝑙𝑣, and 𝑄𝑙𝑣 are blood pressure, volume and flow, respec-
tively. SW can be depicted as the area inside the pressure–volume loop
(Supplement S5).

This formula can be discretized by

𝑆𝑊1 ≈
𝑁
∑

𝑛=0
𝑃𝑙𝑣(𝑡𝑛) ⋅𝑄𝑙𝑣(𝑡𝑛) ⋅ (𝑡𝑛+1− 𝑡𝑛) ≈

𝑁−1
∑

𝑛=0
𝑃𝑙𝑣(𝑡𝑛) ⋅ (𝑉𝑙𝑣(𝑡𝑛+1)−𝑉𝑙𝑣(𝑡𝑛)) (4)

for 𝑁 time steps. For the bounds of integration, it has to be considered
that the ventricle pumps blood actively into the aorta during systole
and is filled with blood passively during diastole.

For a rough estimation, SW can be approximated by

𝑆𝑊2 = 𝛥𝑃 ⋅ 𝑆𝑉 (5)

where 𝛥𝑃 is the pressure difference between maximal and minimal
ventricular pressure and 𝑆𝑉 is the stroke volume. 𝑆𝑊2 is represented
by the rectangular area bordering the pressure–volume loop and has
been shown to overestimate SW (Supplement S5).

A formula for SW commonly used by clinicians is

𝑆𝑊3 = 𝑀𝐴𝑃 ⋅ 𝑆𝑉 (6)

where 𝑀𝐴𝑃 is the mean arterial pressure.
𝑆𝑊1, 𝑆𝑊2, and 𝑆𝑊3 were computed from the model output (𝑃𝑙𝑣,

𝑉𝑙𝑣, and 𝑀𝐴𝑃 ) that is described in the next section.

Table 3
The LPM is based on 8 model parameters (𝑅𝑖, 𝑅𝑐 , 𝑅𝑜, 𝐸𝑎𝑜, 𝐸𝑣𝑐 , 𝐸𝑙𝑣, 𝑆𝐵𝑉 , 𝑇 ).

Parameter Description

𝐸𝑙𝑣 Maximal elastance of the left ventricle
𝐸𝑎𝑜 Elastance of the aorta
𝐸𝑣𝑐 Elastance of the vena cava
𝑅𝑐 Resistance of the circulatory system
𝑅𝑖 Resistance of the input valve
𝑅𝑜 Resistance of the output valve
𝑆𝐵𝑉 Stressed blood volume
𝑇 Duration of a cardiac cycle

2.4. Modeling of the pressure–volume loop

For the modeling of pressure–volume (PV) loops, we used a three-
chamber cardiovascular model in the form of a lumped parameter
model (LPM), which was developed and validated in previous studies
by Pironet et al. [24,25,28].

According to the work of Pironet et al. the systemic and pulmonary
circulations can be merged into a model that represents only one circu-
lation. This kind of LPM with only one circulation was also developed
and applied by others [29,30].

LPM was used for both, patients and healthy children. The differ-
ence of both groups in SW is mainly determined by the measurements
(𝑉𝑚𝑎𝑥, 𝑉𝑚𝑖𝑛, 𝑃𝑚𝑎𝑥) and there is evidence that left ventricular SW of
the single ventricle circulation differs the SW of healthy subjects. In
one case, the left ventricle is pumping blood through the systemic and
pulmonary circulation, whereas in healthy subjects, the ventricle is
pumping blood through the systemic circulation.

Despite this difference in the structure of the circulations, we ap-
plied the LPM for both groups because the focus of the model is on the
ventricular function and its elastance function, while the surrounding
model compartments are concatenated and modeled abstractly as an
inlet compliance (vena cava) and an outlet compliance (aorta) both
connected by a flow resistance (resistance of the circulatory system).
In this context, the behavior of the PV loop and the related SW can
be analyzed in detail, while the behavior of the surrounding system
are represented by abstract formulations of the systemic resistance, the
aorta and the vena cava.

Fig. 2 shows the structure of the LPM, while Table 3 lists the model
parameters with description. The LPM includes the aorta (ao), one
vena cava (vc), and the left ventricle (lv). It describes the relationship
between the variables flow (Q), volume (V), and blood pressure (P). The
LPM is represented by a system of ordinary differential equations (ODE)
and algebraic equations, which can be found as supplementary mate-
rial (Supplement S3). As mentioned before, the aorta, the vena cava
and the circulatory system should be considered as abstract elements
surrounding the left ventricle. They define the boundary conditions for
the left ventricular behavior.

The pressure in the left ventricle is given by

𝑃𝑙𝑣(𝑡) = 𝐸𝑙𝑣(𝑡) ⋅ (𝑉𝑙𝑣(𝑡) − 𝑉𝑈,𝑙𝑣) (7)

where 𝑉𝑙𝑣(𝑡) is the volume, 𝑉𝑈,𝑙𝑣 is the unstressed blood volume, and
𝐸𝑙𝑣(𝑡) is the time depending elastance, see Eq. (8).

𝐸𝑙𝑣(𝑡) = 𝐸𝑙𝑣 ⋅ 𝑒𝑙𝑣(𝑡, 𝑇 ) (8)

with 𝑒𝑙𝑣(𝑡, 𝑇 ) as the driver function. For this study, we used the driver
function proposed by Korakianitis et al. [31].

The left ventricular unstressed blood volume 𝑉𝑈,𝑙𝑣 is the blood
volume that does not contribute to the pressure. It is usually measured
by preload reduction and requires invasive intervention. We assumed
it to be zero, which is commonly done for the analysis of cardiac
dynamics [15,32].
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Fig. 2. Lumped parameter model (LPM) represented by an electrical network. The left ventricle, aorta, and vena cava are modeled by conductors. The valves are represented by
resistors and diodes. The circulatory system consists of a resistor.

Time alignment between model and measurement was achieved by
adjusting the length of a heartbeat 𝑇 in the driver function 𝑒𝑙𝑣(𝑡, 𝑇 ) with
the measured RR interval.

To fit the model to the measurements, a subset selection of the
model parameters was performed. As a result, we defined model pa-
rameters to be estimated as

𝑝 = [𝐸𝑙𝑣, 𝑅𝑐 , 𝑆𝐵𝑉 ]𝑇 (9)

where 𝑝 ∈ R>0. To obtain an overview about the parameter interaction,
other parameters were assigned (𝑅𝑖 = 𝑅𝑜 = 0.1 and 𝐸𝑣𝑐 = 𝐸𝑎𝑜 = 1.0)
and were kept constant during the estimation procedure.

A detailed description of the subset selection and parameter assign-
ment can be found in Supplement S4.

The model output is defined as

𝑦𝑚𝑜𝑑𝑒𝑙(𝑝) = [𝑃𝑙𝑣(𝑡), 𝑉𝑙𝑣(𝑡)]𝑇 (10)

depending on the vector of model parameters 𝑝.
The mean atrial pressure, 𝑀𝐴𝑃 , can be extracted from the model

𝑀𝐴𝑃 ≈ 1
𝑁

𝑁
∑

𝑛=0
𝑃𝑎𝑜(𝑡𝑛) (11)

where 𝑃𝑎𝑜 is the simulated aortic pressure.

2.5. Model fitting

For model fitting, we minimized a scalar function 𝑓𝑒𝑟𝑟𝑜𝑟(𝑝) that
defines the deviation between measurement and model output

𝑓𝑒𝑟𝑟𝑜𝑟,𝑖(𝑝) = (𝑦𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑚𝑒𝑛𝑡𝑖 − 𝑦𝑚𝑜𝑑𝑒𝑙𝑖 (𝑝))2 (12)

for the constraints 𝑖.
In general, 𝑉𝑙𝑣,𝑚𝑖𝑛, 𝑉𝑙𝑣,𝑚𝑎𝑥 and the 𝑃𝑙𝑣,𝑚𝑎𝑥 were used as constraints

𝑓𝑒𝑟𝑟𝑜𝑟(𝑝) = 𝑓𝑒𝑟𝑟𝑜𝑟,𝑉𝑙𝑣,𝑚𝑖𝑛 (𝑝) + 𝑓𝑒𝑟𝑟𝑜𝑟,𝑉𝑙𝑣,𝑚𝑎𝑥 (𝑝) + 𝑓𝑒𝑟𝑟𝑜𝑟,𝑃𝑙𝑣,𝑚𝑎𝑥 (𝑝) (13)

where 𝑝 represents the vector of model parameters to be estimated.
For the validation of model fitting, conductance catheter measure-

ments in patients (𝑉 𝑐𝑜𝑛𝑑
𝑙𝑣,𝑚𝑖𝑛 , 𝑉 𝑐𝑜𝑛𝑑

𝑙𝑣,𝑚𝑎𝑥, 𝑃 𝑐𝑜𝑛𝑑
𝑙𝑣,𝑚𝑎𝑥) were used:

𝑓 𝑝𝑎𝑡𝑖𝑒𝑛𝑡
𝑒𝑟𝑟𝑜𝑟 (𝑝) = 𝑓𝑒𝑟𝑟𝑜𝑟,𝑉 𝑐𝑜𝑛𝑑

𝑙𝑣,𝑚𝑖𝑛
(𝑝) + 𝑓𝑒𝑟𝑟𝑜𝑟,𝑉 𝑐𝑜𝑛𝑑

𝑙𝑣,𝑚𝑎𝑥
(𝑝) + 𝑓𝑒𝑟𝑟𝑜𝑟,𝑃 𝑐𝑜𝑛𝑑

𝑙𝑣,𝑚𝑎𝑥
(𝑝) (14)

For the SW estimation in the healthy cohort, ventricular volume
measured by 3D echocardiography (𝑉 𝑐𝑜𝑛𝑑

𝑙𝑣,𝑚𝑖𝑛 , 𝑉 𝑐𝑜𝑛𝑑
𝑙𝑣,𝑚𝑎𝑥) and ventricular

pressure computed by the regression model (𝑃 𝑟𝑒𝑔𝑟𝑒𝑠𝑠𝑖𝑜𝑛
𝑙𝑣,𝑚𝑎𝑥 ) were used.

𝑓 ℎ𝑒𝑎𝑙𝑡ℎ𝑦
𝑒𝑟𝑟𝑜𝑟 (𝑝) = 𝑓𝑒𝑟𝑟𝑜𝑟,𝑉 𝑒𝑐ℎ𝑜

𝑙𝑣,𝑚𝑖𝑛
(𝑝) + 𝑓𝑒𝑟𝑟𝑜𝑟,𝑉 𝑒𝑐ℎ𝑜

𝑙𝑣,𝑚𝑎𝑥
(𝑝) + 𝑓𝑒𝑟𝑟𝑜𝑟,𝑃 𝑟𝑒𝑔𝑟𝑒𝑠𝑠𝑖𝑜𝑛

𝑙𝑣,𝑚𝑎𝑥
(𝑝)

(15)

The minimization is achieved by

min
𝑝∈R>0

𝑓𝑒𝑟𝑟𝑜𝑟(𝑝) (16)

to find a set of estimated model parameters �̂� = [�̂�𝑙𝑣, �̂�𝑐 , ̂𝑆𝐵𝑉 ]. The
estimated parameters have to be part of the positive real numbers due
to their physical character. The Nelder–Mead method was used for
minimization [33].

Initial conditions for 𝑉𝑆,𝑙𝑣, 𝑉𝑆,𝑎𝑜, and 𝑉𝑆,𝑣𝑐 were first set to 𝑆𝐵𝑉 ∕3.
We assumed a steady state after 20 heartbeats and used the calculated
state values as initial conditions for the main simulation.

We developed a program for the model fitting in Python. The code
can be found at https://github.com/xi2pi/SW_estimation.

2.6. Reference curves for standard values

The central aim of this study is to present the estimated values of
SW as reference curves, where the curves represent the percentiles of
a distribution. The intention is to show how SW is distributed over age
or anthropometric variables like body height.

For the computation of reference curves, univariate Generalized
Additive Models for Location, Scale, and Shape (GAMLSS) were fitted
to the resulting SW estimations of the healthy cohort. GAMLSS is
a distribution-based approach to regression [34]. Reference curves
represent the 3rd, 10th, 25th, 50th, 75th, 90th, and 97th percentile.
The software environment R provides a package for the application of
GAMLSS.

3. Results

LPM was successfully fitted to 336 subjects by minimizing the error
function 𝑓 ℎ𝑒𝑎𝑙𝑡ℎ𝑦

𝑒𝑟𝑟𝑜𝑟 (Eq. (15)). The mean of the resulting error values was
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Fig. 3. Measured and modeled PV loops for the patient group.

2.4⋅10−3 and the standard deviation was 4.4⋅10−2, while 4 outliers were
excluded.

SW was estimated with three methods 𝑆𝑊1, 𝑆𝑊2, and 𝑆𝑊3 as
presented in Section 2.3. Detailed results of the SW estimation for one
example subject are given in Supplement S5. In addition, we analyzed
the model parameter distribution and the PV loop in the left ventricle.
Scatter plots of the fitted model parameters (�̂� = [�̂�𝑙𝑣, �̂�𝑐 , ̂𝑆𝐵𝑉 ]) are
given as supplementary material (Supplement S6).

For the validation of the method, SW was measured by a conduc-
tance catheter in patients and 𝑆𝑊𝑐𝑜𝑛𝑑 was compared to the estimated
SWs (𝑆𝑊1, 𝑆𝑊2, 𝑆𝑊3).

3.1. Validation with conductance catheter measurements

18 conductance catheter measurements were acquired from single-
ventricle patients. Multiple heartbeats were recorded during a steady-
state condition. SW was estimated with the LPM using volume and
pressure constraints by the conductance measurement (Eq. (14)). For
each measurement, 𝑆𝑊𝑐𝑜𝑛𝑑 was averaged from multiple heart beats.
Figs. 3 and 4 show the measured and modeled pressure–volume loops
for the patient group.

Table 4 gives a statistical summary of the percentage error between
model and measurement (|𝑆𝑊𝑖 − 𝑆𝑊𝑐𝑜𝑛𝑑 |∕𝑆𝑊𝑐𝑜𝑛𝑑 ⋅ 100). 𝑆𝑊1 has the
lowest median of 21.66%, followed by 𝑆𝑊3 with a median of 25.44%.
𝑆𝑊2 has the highest median of 37.96%.

Fig. 5 shows box-plots of the absolute differences of 𝑆𝑊1, 𝑆𝑊2, and
𝑆𝑊3 compared to 𝑆𝑊𝑐𝑜𝑛𝑑 . The mean difference and standard deviations
(SD) were 0.033 J (SD: 0.031 J) for 𝑆𝑊1 versus 𝑆𝑊𝑐𝑜𝑛𝑑 , 0.055 J (SD:

Table 4
Percentage error of 𝑆𝑊1, 𝑆𝑊2, and 𝑆𝑊3 compared to 𝑆𝑊𝑐𝑜𝑛𝑑 . The mean difference
and standard deviations (SD) were 0.033 J (SD: 0.031 J) for 𝑆𝑊1 versus 𝑆𝑊𝑐𝑜𝑛𝑑 , 0.055
J (SD: 0.037 J) for 𝑆𝑊2 versus 𝑆𝑊𝑐𝑜𝑛𝑑 , and −0.007 J (SD: 0.037 J) for 𝑆𝑊3 versus
𝑆𝑊𝑐𝑜𝑛𝑑 .

𝑆𝑊1 vs. 𝑆𝑊𝑐𝑜𝑛𝑑 𝑆𝑊2 vs. 𝑆𝑊𝑐𝑜𝑛𝑑 𝑆𝑊3 vs. 𝑆𝑊𝑐𝑜𝑛𝑑

Median 21.66% 37.96% 25.44%
25th percentile 12.50% 24.50% 13.34%
75th percentile 53.87% 68.04% 31.36%

0.037 J) for 𝑆𝑊2 versus 𝑆𝑊𝑐𝑜𝑛𝑑 , and −0.007 J (SD: 0.037 J) for 𝑆𝑊3
versus 𝑆𝑊𝑐𝑜𝑛𝑑 .

To test the differences between the groups (𝑆𝑊1, 𝑆𝑊2, 𝑆𝑊3,
𝑆𝑊𝑐𝑜𝑛𝑑), the Friedman test in combination with post hoc tests and
a significance level of 0.05 was conducted. The resulting 𝑝-value of
3.71 ⋅ 10−10 showed that the differences between all groups are signif-
icant. The post hoc tests showed that there are significant differences
between 𝑆𝑊1 and 𝑆𝑊𝑐𝑜𝑛𝑑 (p-value = 0.0044), and 𝑆𝑊2 and 𝑆𝑊𝑐𝑜𝑛𝑑
(p-value = 3.71 ⋅ 10−10). Results did not provide any evidence whether
differences between 𝑆𝑊3 and 𝑆𝑊𝑐𝑜𝑛𝑑 exist or not (p-value = 0.9992).

In summary, the analysis showed that 𝑆𝑊3 has the highest accuracy
because of its low mean difference of −0.007 J. Fig. 5 however revealed
that the precision is low due to the high SD. 𝑆𝑊1 has a better precision
with low SD, but a slightly higher mean difference of 0.033 J. These
findings were supported by a Bland–Altman analysis for 𝑆𝑊1, 𝑆𝑊2,
and 𝑆𝑊3 compared to 𝑆𝑊𝑐𝑜𝑛𝑑 (Supplement S7).
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Fig. 4. Measured and modeled PV loops for the patient group.

Fig. 5. Box-plot for the absolute differences of the estimated SW, 𝑆𝑊1, 𝑆𝑊2, and 𝑆𝑊3,
compared to the conductance measurements 𝑆𝑊𝑐𝑜𝑛𝑑 .

3.2. Comparison of 𝑆𝑊1, 𝑆𝑊2, and 𝑆𝑊3

Differences between 𝑆𝑊1, 𝑆𝑊2, and 𝑆𝑊3 for the subject group of
336 healthy children were analyzed. Fig. 6 shows scatter and Bland–
Altman plots for each combination.

The limits of agreement (LOA) are reference intervals (mean ± 1.96
x standard deviation), which are highlighted in the Bland–Altman plots.
The mean differences between 𝑆𝑊1 and 𝑆𝑊2 was −0.0835 J and LOA
were −0.2416 J and 0.0746 J (Fig. 6(b)). For each subject, 𝑆𝑊2 had

bigger values than 𝑆𝑊1. Differences increased systematically for higher
average values of SW.

𝑆𝑊3 was smaller than 𝑆𝑊1 and 𝑆𝑊2. Comparing 𝑆𝑊3 and 𝑆𝑊1,
LOA were −0.119 J and 0.4588 J and mean was 0.1699 J (Fig. 6(c)).
Absolute difference increased for higher average values of SW. Anal-
ogously, comparing 𝑆𝑊3 and 𝑆𝑊2, LOA were −0.1913 J and 0.698 J
and mean was 0.2534 J (Fig. 6(d)).

3.3. Reference curves for standard values

The validation and comparison showed that 𝑆𝑊1 gave the best
approximation of SW because of its low percentage error and low SD.
𝑆𝑊2 overestimated SW with high differences while 𝑆𝑊3 performed
better but showed high standard deviations and a higher percentage
error than 𝑆𝑊1.

Reference curves were created for 𝑆𝑊1 by fitting a GAMLSS model
to the data over age, height, and weight, respectively. Curves (P3, P10,
P25, P50, P75, P90) represent the distribution of the population as 3rd,
10th, 25th, 50th, 75th, 90th, and 97th percentile. Model selection was
performed by choosing the model with the lowest Bayesian Information
Criterion (BIC).

Fig. 7 shows the resulting reference curves for 𝑆𝑊1. SW of a
standard newborn is 0.06 J and increases to 1.15 J at the age of
18 years. Stroke work increases over weight and height in a similar
trend. The percentile curves depict the distribution of SW.

In Fig. 8, it is exemplarily demonstrated how to compare SW of
patient hearts to normal values for the respective age (50th percentile)
and to quantify the differences. Differences were quantified as absolute
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Fig. 6. Comparison of 𝑆𝑊1, 𝑆𝑊2, and 𝑆𝑊3. SW is plotted over age, weight and height (a). Absolute differences are shown for 𝑆𝑊1 and 𝑆𝑊2, 𝑆𝑊1 and 𝑆𝑊3, and 𝑆𝑊2 and 𝑆𝑊3
respectively (b–d).

values and standard z score, which can be computed with the formula
and tables given in Supplement S8. An example patient (132 months
old) with a stroke work of 0.33 J is highlighted in the figure, where
the absolute difference (𝛥𝑆𝑊 ) was determined as −0.31 J, and the z
score is −3.81.

SW of patients were lower than the norm. The z score was in a range
between −9.21 to 0.38, with a mean of −3.73.

4. Discussion

In this study, we were able to create reference curves of the left
ventricular stroke work for a wide range of age, height, and weight in
healthy children. Stroke work was estimated and compared with three
different methods (𝑆𝑊1, 𝑆𝑊2, 𝑆𝑊3), which are commonly used by
researchers and practitioners.

Comparing SW estimation among different methods (𝑆𝑊1, 𝑆𝑊2,
𝑆𝑊3), absolute differences between 𝑆𝑊1, 𝑆𝑊2, and 𝑆𝑊3 showed a
systematic trend, where differences increased with average values of
SW (Fig. 6). Also, differences increased with age, weight, and height,
so that heart size can be assumed to affect the differences between
𝑆𝑊1, 𝑆𝑊2, and 𝑆𝑊3. Reasons for this effect can be the different
inputs for 𝑆𝑊1, 𝑆𝑊2, and 𝑆𝑊3. The differences between 𝑆𝑊1 and
𝑆𝑊2 can be visualized in the pressure–volume diagram as difference
area (Supplement S5). It seems plausible that this area will increase for
higher pressures and volumes. 𝑆𝑊3 is smaller than 𝑆𝑊2 or 𝑆𝑊3 for
all cases. Therefore, it underestimates SW, which is matching with the
clinical findings by Topham et al. [27].

By validating the methods with 18 invasive measurements in pa-
tients, we can show that measured and modeled SW have small absolute
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Fig. 7. Reference curves for 𝑆𝑊1 over age, height, weight. Curves (P3, P10, P25, P50, P75, P90) represent the distribution of the population as 3rd, 10th, 25th, 50th, 75th, 90th,
and 97th percentile.

Fig. 8. Comparison of patient data (red data points) and normal values. Percentile curves (P3, P10, P25, P50, P75, P90) represent the group of healthy children. An example
patient (132 months old) with a stroke work of 0.33 J is highlighted in the figure, where the absolute difference (𝛥𝑆𝑊 ) was determined as −0.31 J, and the z score is −3.81.

differences. Estimations with 𝑆𝑊1 resulted in a mean difference of
0.033 J, for example. In general, 𝑆𝑊1 and 𝑆𝑊2 tend to overestimate

SW, while 𝑆𝑊3 tends to slightly underestimate SW. Percentage er-
rors are however high with median values from 21.66% to 37.96%
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(Table 4). These relative differences highly depend on the heart size
of the patients. We found that for all methods (𝑆𝑊1, 𝑆𝑊2, 𝑆𝑊3), small
hearts had a higher percentage error and a higher variation than large
hearts.

In a similar study by Davidson et al. [35], a new method was
proposed to estimate left ventricular work, where percentage errors of
23.2% were received. Davidson et al. acquired about 5000 heartbeats
in piglets, while we were able to receive up to 7 heartbeats in our
study group. The similar value for the error shows that our method
can compete with modern approaches for stroke work estimation.

Currently, norm values for the work or power of the human heart
only exist for adults and are given in physiological textbooks. Com-
paring our values for healthy teenagers (𝑆𝑊 ≈ 1 J) and literature
values for adults (𝑆𝑊 = 1.07 J) [36], we found them to match closely.
Furthermore, the created reference curves for 𝑆𝑊1 present not only the
trend over age, weight, and height, but also give information about the
distribution.

The utilized LPM, which was developed by Pironet et al. is an
abstract model of the cardiovascular system with a concatenated cir-
culation. This approach is justified by the focus of this study on the PV
loop of the ventricle. The shape of the PV loop is mainly described by
the modeled driver function (or normalized elastance function) 𝑒𝑙𝑣(𝑡, 𝑇 )
(Eq. (8)) [37,38]. The surrounding elements, which are modeled to
describe the circulation, are responsible for the position of the loop
in the pressure–volume diagram (maximal pressure, maximal volume
and minimal volume). From a technical point of view, the surroundings
(systemic and pulmonary circulation) can be merged into one circula-
tion, which reduces the number of model parameters and enables an
easier model fitting with the limited number of measurements. For the
focus on ventricular behavior, this abstraction does not limit the quality
of the SW estimation. However, the model parameters of surroundings
like aorta or vena cava are difficult to interpret as real clinical values,
which we found to be discussed as a general issue and limitation for
most modeling approaches.

A set of model parameters (𝑅𝑖, 𝑅𝑜, 𝐸𝑣𝑐 , 𝐸𝑎𝑜) was fixed at chosen
values during the estimation process. The assignment of these param-
eters was done by analyzing their impact on the estimation results
(Supplement S4). It could be shown that 𝑅𝑖, 𝑅𝑜, 𝐸𝑣𝑐 , and 𝐸𝑎𝑜 have only
little impact on the SW estimation and can be fixed at plausible values.
However, they determine the shape of the PV loop and therefore should
be analyzed further. As a future work, one could consider to tune 𝑅𝑖,
𝑅𝑜, 𝐸𝑣𝑐 , 𝐸𝑎𝑜 for each model fitting. This could be achieved by using
two nested loops, an inner loop for the estimation of 𝐸𝑙𝑣, 𝑅𝑐 , and 𝑆𝐵𝑉
and an outer loop for the remaining parameters. The information taken
from the volume time curve (Fig. 1) could serve as constraints for the
outer loop.

As a result of the SW estimation, model parameters were estimated
for a large cohort of children. These information are valuable for multi-
scale modeling, as they can be used to describe the global mechanical
behavior of the heart or the boundaries of Computational Fluid Dynam-
ics (CFD) models [21,39,40]. The given model parameters distributions
can be a helpful reference for such modeling approaches.

There are mainly two sources of errors in our approach: the mea-
surement error and modeling error. The measurement error depends on
the measurement technology and devices, which were used to acquire
the data. The 3D echocardiography technology for volumetric data ac-
quisition has been validated in multiple studies [41,42]. Furthermore,
the used conductance catheter for volume and pressure measurements
was tested over the last decades [43,44]. The maximal left ventricular
pressure was approximated by a regression model, which accounts as
a limitation of the study as it was not validated. Modeling errors occur
due to oversimplification of the cardiovascular system. The simplifying
assumptions of the LPM are justified by the chosen focus on the left
ventricular PV loop and a detailed analysis of its global behavior,

whereas the hemodynamics of the remaining circulation were not in-
vestigated. Comparing conductance catheter measurements and model
output (Figs. 3 and 4), we found that the LPM was able to capture
the behavior of the left ventricular pressure and volume in all aspects.
For future work, it has to be proven whether the model error in our
approach is smaller than the measurement error of the conductance
catheter.

Our findings can be useful for comparison of simulated or measured
results, as shown in Fig. 8. In the specific case of Fontan patients,
for example, there have been several studies to investigate the heart
performance [5,6,20]. Most studies consider pressure, volume, and
other medical parameters, such as oxygen consumption. Ideally, stroke
work is also considered to understand the pump mechanics of the heart.
Studies about the kinetic energy of the fluid are more common [45–47],
which is closely related to stroke work. With our study, we aimed to
add valuable information about stroke work so that the acquisition of
data in a control group might not be necessary anymore, saving effort
and costs.

For the optimization of medical devices, the presented standard
values can be profitable, too. In ventricular assist devices (VAD), for
example, modern approaches consider SW to improve the control mech-
anism [48,49]. In the study by Rüschen et al. [13], an algorithm is
presented to control a VAD by minimizing SW. Our study contributes
information about the absolute values of SW in children. Especially in
small patients, an accurate adjustment is required.

4.1. Limitation

The primary limitation of this study is the approximation of max-
imal left ventricular pressure by a regression model. Ventricular pres-
sure highly depends on the individual situation. To overcome this limi-
tation, we recommend using non-invasive cuff pressure measurements,
as an example, which were missing in this study.

A model-specific issue was the missing information about the un-
stressed blood volume in LV, 𝑉𝑈,𝑙𝑣, which was overcome by fixing it to
zero. There are approaches for approximating 𝑉𝑈,𝑙𝑣 from single beat
measurements [37]. These methods are, however, of clinical nature
and most propose a curve fitting to estimate the isovolumetric pres-
sure. During clinical trials, we gained experience with these methods,
which we did not consider helpful for this computational study. Kung
et al. [20] and Davidson et al. [35] used simple formulas or fixed values
for 𝑉𝑈,𝑙𝑣, but evidence for its general usage is low. Furthermore, 𝑉𝑈,𝑙𝑣
is considered as a hyperparameter, meaning that it does not contribute
to the model fitting. Therefore, fixing it to zero does not influence the
model fitting and SW estimation.

The validation could only be performed with measurements in
patients, which resulted in a relative difference of 21.66% at its best.
Due to the pathology, PV loops showed high variations, although the
signals were already filtered for noise. Especially, the volume during
the isovolumic contraction varied strongly. Apart from the pathology,
the reasons for these significant differences might be the small heart
size and the difficulties of the conductance catheter measurement
technology (Figs. 3 and 4). The application of the conductance catheter
in children is challenging due to experimental noise, patient movement,
and optimal catheter positioning.

4.2. Conclusion

This is the first study to provide pediatric reference curves for
standard values of left ventricular stroke work, allowing comparison
with simulation results or clinical measurements. Despite the discussed
limitations, we showed how these standard values can potentially help
to impact clinical decision-making. The presented model-based method
has the capability to estimate stroke work with only non-invasive data.
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PhD, Bonn, Bad Oeynhausen, and Munich, Germany

Background: Evaluation of left atrial (LA) size and function is important in congenital and acquired pediatric
cardiac disease. Real-time three-dimensional echocardiography (3DE) offers noninvasive assessment of car-
diac volumes and phasic function independent of geometric assumptions. The aim of this prospective multi-
center study was to establish pediatric reference values for LA 3DE volumes and phasic function based on a
large cohort of healthy children.

Methods: LA data sets of 432 subjects (0 days-222 months) were analyzed prospectively using a vendor-
independent software. LA volumes (maximal [Vmax], minimal [Vmin], and before atrial contraction) as well
as phasic function (active and passive emptying fraction [EF]) were assessed. For volumes, sex-specific refer-
ence values, percentiles, and z-scores were calculated by the LMS method of Cole and Green.

Results: Absolute volumes increased with age and body surface area. Active EF and relative duration of atrial
emptying tended to increase with increasing R-R intervals, while passive EF decreased. Reproducibility of vol-
umeswas very good (intra- and interobserver variability for Vmax and Vmin (mean bias6SD, 0.16 0.9mL and
0.76 2.8 mL). Volumes were well correlated with cardiac magnetic resonancemeasurements showing known
underestimation of volumes by 3DE (mean bias 6 SD, Vmax –14.2 6 14 mL; Vmin –11.5 6 10 mL).

Conclusions: Pediatric LA volumes and phasic function indices were reproducibly measured by 3DE. The pro-
vided pediatric reference values can be the basis for evaluation of the LA by 3DE and contribute to detection of
LA dysfunction and follow-up of patients with congenital heart diseases. (J Am Soc Echocardiogr
2019;32:1036-45.)

Keywords: Left atrium, Phasic function, Three-dimensional echocardiography, Reference values, Pediatric

The role of left atrial (LA) volumes and function as a prognostic
marker for cardiac outcome and a parameter for follow-up has
been of growing interest in recent years. Studies in adults show that
LA size and function can serve as a marker for diastolic dysfunc-
tion.1-6 In children, only few and small studies exist. Taggart et al.7

and Sakata et al.8 showed that situations with a left-to-right-shunt lead-
ing to a left ventricular (LV) volume load are reflected by enlarged LA
volumes. In children with hypertrophic cardiomyopathy LA volumes

were enlarged, and this was found to be a potential marker of
elevated LV end-diastolic pressure and diastolic dysfunction.7,9 The
different phases of LA function play important roles in cardiac
performance as there is interplay between the LA and the LV. The
LA reservoir function is determined by atrial relaxation and
compliance as well as LV systolic function. The conduit function is
determined by LA compliance and LV relaxation and early filling.
LA contractility and LV diastolic compliance are determinants of
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the contractile function.
Therefore, accurate assessment
and reference values of LA
volume and phasic function
may be of value and can
increase our ability to detect
diastolic dysfunction of the LV.1

Measurement of LA volumes,
rather than area or diameter, is
recommended for LA assess-
ment (Simpson rule).10

However, two-dimensional
(2D) echocardiographic
methods are dependent on geo-
metric assumptions and are
prone to errors associated with
foreshortening.10,11 As shown in
adults, real-time three-dimen-
sional echocardiography (3DE)
offers an assessment of LA vol-
umes independent of geometric
assumptions, correlates better
with cardiac magnetic resonance
(CMR), and has superior prog-
nostic abilities.6,12

Unfortunately, in children,
reference values for LA volumes
using up-to-date 3DE are scarce.
Tanaka et al.13 reports pediatric
LA reference volumes in a
Japanese population using
a vendor-specific software.
Ghelani et al.14 published pediat-
ric normal maximal and minimal
LA volumes and strain measured
by 3DE in 196 children, mainly
older than 2.5 years, in a retro-
spective single-center study.

The aim of our study was to
establish pediatric reference values for LA phasic volumes and
phasic function indices measured by 3DE based on a large cohort
of healthy Caucasian children in a prospective multicenter study.
Moreover, we wanted to evaluate the duration of the different
phases in regard to heart rate (HR). We focused on including an
adequate number of infants and toddlers as previous studies were
often limited regarding that group.

METHODS

Study Design

We enrolled 497 healthy Caucasian children (ages 0 days to 222
months) between April 2011 and November 2013 in a prospective
multicenter design including three centers. All healthy subjects
included in this study were in sinus rhythm, and cardiac disease was
ruled out by history, physical examination, and 2DE according to
standard recommendations.15 Age, sex, weight, and height were
measured at the time of the examination. Body surface area (BSA)
was calculated using the Haycock formula according to American
Society of Echocardiography recommendations.15 The study was
approved by the local ethics institutional review committee

(Registration No. 226/06) and representative boards of all partici-
pating centers and conformed to the principles of the Declaration
of Helsinki as well as German law. Written consent was given by
the legal guardian or in person by the 18-year-olds.

Three-Dimensional Echocardiography

Acquisition. The 3DE data sets were obtained using iE33 (Philips,
Andover, MA) with a matrix transducer X5-1 or X7-2 or using
Vivid E9 (GE Medical Systems, Milwaukee, WI) with a V4 transducer.
Prior to the start of the study, standardization of the acquisition pro-
cedure, including presets and operator training, took place.16,17 Full-
volume 3DE data sets were obtained from an apical approach based
on standard recommendations.18 A full-volume scan was acquired
from four to seven R-wave triggered subvolumes. In those children
who were able to perform breath holding, this acquisition was done
during end-expiratory breath holding. In the core lab, 3DE data
were rated for quality and were subsequently quantified. Data sets
containing artifacts or incomplete depiction of the LAwere excluded.
Analysis. The 3DE LA analysis was performed in the core lab using
TomTec 4D LV-Analysis software 3.1 (Image-Arena version 4.6; Build
4.6.3.9, TomTec, Unterschleißheim, Germany).
First, the frame corresponding to the maximum LA volume

(Vmax), just before the mitral valve opening, was identified and cho-
sen as the reference frame. Second, the LA data set was aligned to
obtain an optimal nonforeshortened view of the LA in all three apical
reference views (apical two-chamber, three-chamber, and four-
chamber view). The marker for the apex was set at the roof of the
LA, and the three-dimensional (3D) data set was rotated 60� counter-
clockwise according to the recommendations of the software devel-
oper. This way the shape of the LA better resembled the respective
shape of the LV in the three apical views, facilitating automated
border detection and tracing (Figure 1). After identifying and marking
the mitral valve and the roof of the LA, the automated border detec-
tion traced the contours of the LA first in the frame of the maximal
volume (reference frame). Manual adjustments to these traced con-
tours were made as needed (example in Supplemental Figure 1; avail-
able at www.onlinejase.com). Pulmonary veins and the LA
appendage were excluded. Then the software was allowed to trace
the contours in the frame of the minimal LA volume (Vmin) semiau-
tomatically. Heremanual adjustments weremade only if necessary. In
the next step an interpolated volume-time curve (VTC) is computed
by the software (Figure 2).
Determination of time-specific events in echocardiography is not

trivial and temporal resolution especially can lead to limitation.
Different approaches have been published to determine the volume
before atrial contraction (VpreA): the frame before mitral valve
reopening,19-21 the time of the p-wave on the surface
electrocardiogram11 or the plateau during atrial emptying.22 We
determined all three time points. For the establishment of the most
reliable reference values we decided to only define VpreA and time
of VpreA in the VTC when all three time points or at least the last
frame before mitral valve reopening and the plateau of the curve
were matching. The VTC is displayed by the software as a curve.
Data can be exported as discrete values in the form of a table. We
designed a tool to plot these values with the feature to set a cursor
at any point of the curve and read time and corresponding volume
(Figure 3). This way we were able to determine time of VpreA and
VpreA more accurately.
Each data set was analyzed twice, and the mean of these two mea-

surements was used for further analysis to minimize random error.

Abbreviations

2D = Two-dimensional

3D = Three-dimensional

2DE = Two-dimensional

echocardiography

3DE = Three-dimensional

echocardiography
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BIC = Bayesian information
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BSA = Body surface area

CMR = Cardiac magnetic
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LA phasic function can be assessed noninvasively by echocardiog-
raphy by calculating certain key volumetric parameters as described
elsewhere.5,23,24 As a measure for the LA reservoir function we
calculated total emptying volume (EV; Vmax � Vmin) and total
emptying fraction (EF; (EV/Vmax) � 100). To assess LA conduit
function, the passive EV (Vmax � VpreA), the passive EF ((passive
EV/Vmax) � 100), and the passive emptying (PE) percentage
(passive EV/EV) were computed. As a measure for the LA pump
function, active EV (VpreA � Vmin), active EF ((active EV/
VpreA) � 100), and active emptying (AE) percentage (active EV/
EV) were calculated (Figure 2).
We measured the duration of atrial filling and atrial emptying abso-

lute and as a fraction of the cardiac cycle. Moreover, wemeasured the
duration of AE and PE absolute and as a fraction of the cardiac cycle as
well as a fraction of the atrial emptying period. Earlier studies showed
that duration of ventricular systole and diastole is mainly correlated
with the duration of the R-R interval rather than age or BSA.25,26

Therefore, we related durations of the different atrial phases to R-R
interval. Linear regression was used to model this relationship.

CMR Image Acquisition and Analysis

CMR and 3DE were carried out prospectively in one of the centers
to compare volume measurements by 3DE and CMR. In small chil-
dren, sedation or general anesthesia is needed to perform a CMR.
In addition to seven older healthy children, who also participated in
the reference value study, we included 26 patients with congenital
heart disease who were referred for routine CMR. By this we sought
to cover as much as possible the whole LA range of shapes and sizes
that can be expected in the clinical routine work. The volumetric
CMR data acquisition was performed in breathing arrest.
Volumetric measurements were performed using a clinical 3.0-T

whole-body magnetic resonance imaging system (Achieva 3.0T TX;
PhilipsMedical Systems) equippedwith parallel radiofrequency signal
transmission technology to enhance image uniformity (maximum
gradient performance, 80 mT/m; slew rate, 200 T/m/sec) using vec-
tor electrocardiography. A 32-element phased-array receive-only sur-
face coil was used for signal detection. To assess the LAvolume a stack
of 15-21 short-axis or axial view slices was acquired by applying a
segmented multislice, multiphase, triggered steady-state free preces-
sion gradient-echo sequence (repetition time, 2.7 msec; echo time,
1.35 msec; excitation angle, 40�; slice thickness, 5-6 mm; no slice
gap; matrix size, 160 � 240; field of view, 384 mm; in-plane resolu-
tion, 1.6 �1.6 mm; 25 cardiac phases under short breath-holding pe-
riods of <12 seconds in duration).
Quantification of the volumetric CMR data was performed offline

on a workstation using the threshold-based HDZ MR-Tools software
package (HDZ, Bad Oeynhausen, Germany).27,28 LA volumes were
generated from the summation of the cavity areas multiplied by the

slice thickness in an algorithm for semiautomatic vessel border
detection without geometric models or assumptions. The LA
appendage and pulmonary veins were excluded in conformance
with the analysis of 3DE data.

Statistical Analysis—Reference Percentiles

For the computation of reference curves, we fitted smooth curves
applying the LMS methods of Cole and Green.29 We used the
GAMLSS package in R for the computation.30 For the model fitting,
the GAMLSS function fits a regression model to the data by mini-
mizing the likelihood function. For the LMS method, the regression
model is based on the Box-Cox Cole and Green distribution with
the parameters L (Box-Cox power), M (median), and S (coefficient
of variation). While L is the skewness parameter, S defines the scale
parameter andM establishes the location parameter. Penalized splines
were used for L, M, and S to create smooth percentile curves. The
smoothness of the penalized splines can be configured by their equiv-
alent degree of freedom (e.d.f.). Vmax, Vmin, total EV, and VpreA
were chosen as dependent variables. We defined age, body height,
and BSA as independent variables. Male and female subjects were
considered separately as we saw statistically significant differences be-
tween the sexes. For each setting of dependent and independent var-
iable, we applied the LMS method for different settings of e.d.f. for
each parameter L, M, and S. We limited the range for e.d.f. from
0 to 5. We compared the resulting different models by the Bayesian
information criterion (BIC).31 The model with the lowest BIC was
considered the best model. The BIC served also as selection criterion
regarding the independent variable.

Intra- and Interobserver Variability

Intraobserver variability was tested on 147 data sets by reanalysis at
least 4 weeks apart and blinded from the first analysis. Interobserver
variability was assessed in 48 randomly selected data sets, which were
analyzed independently by a different researcher blinded to the
other’s measurement. Agreement was expressed by Bland-Altman
analysis (Graph Pad Prism 6, GraphPad Software, San Diego, CA)
as well as by intraclass correlation coefficient (ICC) with 95% CI
(two-way mixed-effects model, absolute-agreement; SPSS Statistical
Package, version 25, SPSS, Chicago, IL).

RESULTS

We were able to analyze the LA in 432 subjects of all 497 children
enrolled in the study (87%). Exclusion of subjects was due to inade-
quate image quality or trigger artifacts that would have led to unreli-
able measurements. Another reason was incomplete capture of the
LA. Of these 432 subjects, we determined VpreA in 350 (81%)
subjects using the criteria mentioned above. Subject characteristics
and frame rates are presented in Table 1. We had a fairly uniform dis-
tribution between the sexes in every age group. HR did not differ be-
tween the sexes in any age groups.

Reference Values for LA Measured by 3DE

Figure 4 shows percentiles for boys and girls for Vmax, Vmin, total EV,
and VpreA. BSA was a better predictor of volume compared with
height or age.

All volumes increased significantly with increasing BSA. Percentiles
show increasing volumes with an increasing heteroskedasticity with

HIGHLIGHTS

� 3D Echocardiographic pediatric percentiles for left atrial vol-

umes are presented.

� The percentiles are sex specific and based on a large cohort of

432 subjects.

� 3D Echocardiographic reference values for left atrial phasic

function are provided.

� Data for the calculation of z-scores are provided.
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increasing BSA. The female percentiles begin with a more shallow
slope than do the male percentiles, resulting in a bit more wavy curve.
Female percentiles showed lower volumes when compared with the
corresponding male percentile. For example, the Vmax 50th percen-
tile for girls differs >5% from the Vmax 50th percentile for boys.

To calculate z scores, Supplemental Table 1 and Equations 1 and 2
(available at www.onlinejase.com) are given in the supplemental

materials. For example, they can be used for automated computation
of z-scores of LA volumes.

Supplemental Tables 2 and 3 (available at www.onlinejase.com)
show absolute values, values indexed to BSA, and ejection fractions
for all volumes measured grouped by age. Moreover, they show sta-
tistical differences between sexes and age groups. These tables can be
used as an overview.

Figure 5 shows the linear regressions of the different atrial phases as
fractions of the cardiac cycle or fraction of the atrial emptying period
with increasing R-R intervals. Moreover, linear regressions of active
and passive EF and active and PE percentage with increasing R-R inter-
vals are displayed in Figure 5 aswell. Becausewe did not find significant
differences between the sexes, male and female subjects are displayed
together. Duration of atrial filling as a fraction of the cardiac cycle
decreased with increasing R-R interval. On the other hand, duration
of atrial emptying as a fraction of the cardiac cycle increased with
increasing R-R interval. Both phases of atrial emptying, AE and PE as
fractions of the cardiac cycle, increased. Looking at the duration of
AE and PE as a fraction of the atrial emptying period we found that
the AE tended to take an increasing part with increasing R-R interval.
Active EF and percentage showed a trend toward increasing with
increasing R-R interval, while the passive EF and percentage decreased.
Durations of atrial emptying and filling grouped by R-R intervals are
also given in Supplemental Table 4 (available at www.onlinejase.com).

Intra- and Interobserver Variability

Intraobserver variability was excellent with a small bias of 0.03 mL
and narrow limits of agreement [–2.2 to 2.2 mL] for Vmax and
–0.14 mL [–1.4 to 1.2 mL] for Vmin, respectively. ICC and 95% CI
were 0.998 (0.997-0.999) for Vmax and 0.995 (0.993-0.997) for

Figure 1 Three-dimensional echocardiography analysis of the LA with TomTec 4D LV-Analysis software 3.1. Panel (A) shows the
alignment of the LA at the frame of maximal volume. The marker for the mitral valve (MV) was set at the mitral valve. The marker
for the apex was set at the roof of the LA, and the 3D data set was rotated 60� counterclockwise. Therefore, the marker for the aortic
valve (AV), which was originally set at the aortic valve, is no longer in this position. In this way, the shape of the LA better resembles the
respective shape of the LV in the three apical views to allow for better automated border detection and tracing. Panel (B) shows the LA
with endocardial contouring and the LA cast reconstruction. 2Ch, Two-chamber; 3Ch, three-chamber; 4Ch, four-chamber.

Figure 2 Example of a VTC of the LA showing the different
phases and volumes of the cardiac cycle. EV = Vmax � Vmin,
total EF = (EV/Vmax) � 100, passive EV = Vmax � VpreA, pas-
sive EF = (passive EV/Vmax) � 100, PE percentage = passive
EV/EV, active EV = VpreA � Vmin, active EF = (active EV/
VpreA) � 100, AE percentage = active EV/EV.
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Vmin, indicating excellent reliability. Intraobserver variability was also
small for VpreAwith a bias of 0.3mL and limits of agreement of [–2.4
to 3.0 mL] as well as an ICC and 95% CI of 0.992 (0.989-0.995).
Interobserver variability was good with slightly wider limits of
agreement with Bland-Altman analysis showing 0.9 mL [–5.0 to
6.8 mL] for Vmax, 0.2 mL [–3.7 to 4.1 mL] for Vmin, and 0.8 mL
[–3.7 to 5.4 mL] for VpreA (bias and limits of agreement). ICC and
95% CI showed excellent reliability with 0.99 (0.982-0.995) for
Vmax, 0.968 (0.943-0.982) for Vmin, and 0.968 (0.935-0.984) for
VpreA.

Comparison with CMR

CMR was performed in 26 patients and seven healthy children (12
boys and 21 girls; median age, 14 years; range, 2.2-29 years; median
BSA, 1.3 m2; range, 0.5-2.7 m2). Bland-Altman analysis showed an
underestimation of LA size measured by 3DE compared with
CMR. Bias and limits of agreement for Vmax were �14.2 mL
(–41.7 to 13.3), and for Vmin �11.5 mL (–31.0 to 8.1;
Supplemental Figure 2; available at www.onlinejase.com). ICC and
95% CI were 0.828 (0.181-0.942) for Vmax and 0.795 (0.0-0.934)
for Vmin.

DISCUSSION

This study is the first to provide pediatric sex-related reference
values of LA phasic volumes and function indices using real-
time 3DE. Moreover, for the first time, normal durations of atrial
filling and emptying are reported. The results are based on a large

cohort of healthy Caucasian children, including a representative
sample of children younger than 2 and up to 5 years of age.
Availability of these reference values and percentiles for 3DE
may play an essential role in the longitudinal as well as cross-
sectional evaluation and follow-up of pediatric patients and may
enable clinicians to better identify LA dysfunction and disease
progression.

Reference Values

We found that volumes for Vmax, Vmin, and VpreA measured by
3DE increased with increasing BSA. Using the same analysis software,
Ghelani et al.14 studied 196 subjects ages 4 days to 20 years and pre-
sented median and 6 2 z-scores for Vmax, Vmin, and EV. It is un-
known to the reader whether the study population had a defined
ethnicity or was mixed. Our 50th percentiles are similar to their me-
dian, also showing increasing heteroskedasticity with increasing
BSA. Their median begins with a bit more shallow slope than our
male percentiles, which might be related to the fact that they did
not differentiate between the sexes due to a smaller study population.
They included 10 newborns or small infants, but from then on data for
children up to 2.5 years are missing. Hence the median and z-scores
for these ages and corresponding BSAmight not be very precise. They
found a decreasing EF with age, which we also saw, although not as
distinctly as they did.

The 3DE LA data of Japanese children have been analyzed by
Tanaka et al.13 using the vendor-dependent software QLab. Their re-
sults for LA volumes are smaller than ours. However, their study pop-
ulation consisted of Asian children and ours of Caucasian children.
The EchoNoRMAL Collaboration32points out that ethnicity-

Figure 3 Example of a VTC as displayed by the software TomTec (A) and the exported table with the discrete values (B). The tool we
designed plots these values (C), and one can zoom into the curve andmark one discrete point with corresponding volume and time (D).

1040 Linden et al Journal of the American Society of Echocardiography
August 2019

47



appropriate echocardiographic reference values are indicated for
measurements of LA volumes as these values differ even after index-
ing by BSA or height. Additionally, Buechel et al.33 as well as our
working group demonstrated that vendor-dependent and vendor-
independent software can have an impact on the resulting data
derived from 3DE.16,32 Therefore, it might be suggested that the
same software should be used for longitudinal analysis in the same
subjects and for cross-sectional studies.

Phasic function indices for the LA determined by real-time 3DE
have not been described for children so far. In adults, Badano
et al.11 used customized software designed for the LA by TomTec to
assess reference values for LA volumes including phasic function.
We can compare our eldest age group (>14-18 years) with their youn-
gest group (18-29 years). Here we found very good agreement with
their values indexed to BSA for Vmax, Vmin, VpreA, passive EV,
active EV, passive EF, and active EF. They described an increasing
active EF and active EV counterbalanced by a decreasing passive EF

with increasing age. Poutanen et al.34 were one of the first to describe
increasing AE percentage and decreasing PE percentage with
increasing BSA in children using the early technique of 3D recon-
structive echocardiography with rotational acquisition of planes.
Friedberg and Silverman26 showed a decreasing ventricular systolic
fraction of the cardiac cycle with increasing R-R interval in healthy
children. Our results for the atrial filling fraction are in line with this
observation, so with this study, we can confirm these observations
and give the first pediatric reference values for these phasic function
volumes as well as absolute durations for atrial and emptying phases.

Clinical Implications

LA volumes are of interest and may contribute to the detection of
increased LV volume load (e.g., ventricular septal defect or patent
ductus arteriosus) or elevated LV filling pressures (e.g., cardiomyopa-
thy). Here studies showed enlarged LA volume indexed to BSA.7,8

Table 1 Subjects’ characteristics and 3DE acquisition parameters presented by sex and age groups

All (N = 432)

(M = 227, F = 205)

0-24 mo (n = 55)

(M = 24, F = 31)

>2-5 years (n = 82)

(M = 46, F = 36)

>5-10 years

(n = 130) (M = 60,

F = 70)

>10-14 years

(n = 95) (M = 53,

F = 42)

>14-18 years

(n = 70) (M = 44,

F = 26)

Age, mo:

M 106 (0.03; 222) 7.5 (0.03; 24) 43.5 (25; 60) 95.0 (62; 120) 142 (121; 168) 190.5 (169; 222)

F 84 (0.03; 216) 6.0 (0.03; 23) 42.0 (27; 60) 84.0 (62; 119) 144 (121; 168) 189.0 (170; 216)

Overall 95 (0.03; 222) 7.0 (0.03; 24) 43.0 (25; 60) 89.5 (62; 120) 143 (121; 168) 190.5 (169; 222)

Weight, kg:

M 30.0 (2.4; 93.0) 8.0 (2.4; 12.5) 16.1 (10.2; 46.0) 27.0 (11.5; 40.9)* 43.8 (27.0; 65.2) 67.0 (41.0; 93.0)*

F 23.0 (2.4; 81.6) 8.1 (2.4; 13.0) 15.0 (10.0; 23.5) 22.9 (15.9; 42.3)* 40.8 (26.4; 62.0) 56.0 (45.0; 81.6)*

Overall 27.0 (2.4; 92.0) 8.0 (2.4; 13.0) 15.6 (10.0; 46.0) 24.9 (11.5; 42.3) 42.0 (26.4; 65.2) 63.0 (41.0; 93.0)

Height, cm:

M 135 (46; 192) 70.5 (46; 92) 100 (86; 119) 129.5 (94; 150.0)* 157.0 (134.5; 180) 177.5 (156; 192)*

F 124 (48; 183) 70.0 (48; 90) 100 (80; 118) 124.0 (96; 147.5)* 151.6 (128.0; 175) 168.0 (158; 183)*

Overall 130 (46; 192) 70.0 (46 92) 100 (80; 119) 126.8 (94; 150.0) 155.0 (128.0; 180) 172.0 (156; 192)

BSA, m2:

M 1.07 (0.18; 2.19) 0.40 (0.18; 0.56) 0.67 (0.50; 1.18) 0.98 (0.55; 1.26)* 1.38 (1.01; 1.80) 1.82 (1.34; 2.20)*

F 0.88 (0.18; 2.04) 0.40 (0.18; 0.57) 0.63 (0.48; 0.87) 0.88 (0.66; 1.29)* 1.30 (0.99; 1.72) 1.61 (1.42; 2.04)*

Overall 0.98 (0.18; 2.19) 0.40 (0.18; 0.57) 0.67 (0.48; 1.18) 0.94 (0.55; 1.29) 1.34 (0.99; 1.79) 1.80 (1.34; 2.19)

HR, 1/min:

M 82 (47; 169) 134 (80; 169) 99 (66; 133) 82 (64; 105) 78 (57; 108) 69 (47; 114)

F 88 (53; 173) 127 (102; 173) 101 (79; 138) 86 (64; 115) 77 (55; 109) 70 (53; 96)

Overall 85 (47; 173) 132 (80; 173) 101 (66; 138) 85 (64; 115) 77 (55; 109) 69 (47; 114)

Frames per

cycle:

M 15 (10; 44) 13 (10; 20) 15 (11; 33) 16 (10; 32) 16 (10; 35) 18 (11; 44)

F 16 (10; 46) 13 (10; 27) 15 (10; 30) 16 (11; 33) 18 (13; 32) 18 (13; 46)

Overall 16 (10; 46) 13 (10; 27) 15 (10; 30) 16 (10; 33) 17 (10; 35) 18 (11; 46)

Frames per

second, 1/sec:

M 24.7 (14.5; 53.0) 28.3 (19.6; 37.6) 25.6 (21.1; 53.1) 23.8 (16.7; 49.1) 22.1 (16.8; 46.8) 20.5 (14.5; 44.5)

F 25.5 (15.3; 62.1) 29.8 (19.2; 62,1) 25.9 (16.8; 52.2) 24.8 (15.9; 52.2) 24.3 (16.0; 43.4) 22.0 (15.3; 42.4)

Overall 25.0 (14.5; 62.1) 29.0 (19.2; 62.0) 25.8 (16.8; 53.1) 24.2 (15.9; 52.2) 23.0 (16.0; 46.8) 20.6 (14.5; 44.5)

F, Female; M, male.

Values are presented as medians (range).

*P <.05 for sex differences.
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Figure 4 Sex-related percentiles for Vmax, Vmin, EV, and VpreA. P indicates the percentile value, e.g., P50 = 50th percentile value.
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Moreover, in childrenwith hypertrophic cardiomyopathy, LAvolume
has been reported to have significant diagnostic and prognostic value
as a marker of elevated LV end-diastolic pressure and diastolic
dysfunction.9

Badano et al.11 found that underestimation of LA volumes with
2DE compared with 3DE increased with larger LA. So especially in
conditions of disease with enlarged and probably deformed LA,
3DE can serve as a method without geometric assumption and less
underestimation as in 2DE compared with CMR.11

Due to the interaction of the LA and LV, absolute and fractional du-
rations of the phases of the LA are of interest. Friedberg and

Silverman26 showed that in children with heart failure secondary to
idiopathic dilated cardiomyopathy, ventricular systole was prolonged
at the expense of ventricular diastole. Ventricular diastole corresponds
to the atrial emptying. Therefore, one might expect changes in the du-
rations of atrial phases in sick children. Our results show that the active
EF that augments late LV filling especially seems to get more important
with increasing R-R intervals (Figure 5). One reason might be that the
increasing LA contractile function reflects greater LA volumes at the
onset of LA contraction (Starling effect). Moreover, this atrial phase is
determined by LV compliance, so changes in the LV compliance might
be reflected in duration and volumes of this atrial phase.

Figure 5 Relationships between the different atrial phases as fractions of the cardiac cycle or fractions of the atrial emptying period
and R-R intervals modeled by linear regression. passive EF = (passive EV/Vmax)� 100, PE percentage = passive EV/EV, active EF =
(active EV/VpreA) � 100, AE percentage = active EV/EV.
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Further studies are planned to compare LA volumes and phasic
function determined by 3DE in children with heart diseases, such
as cardiomyopathy or mitral valve disease, with these reference
values.

Comparison with CMR

To cover a larger range of LA shapes and sizes, representing the clin-
ical routine, we included patients with congenital heart diseases.
Some of them had enlarged LA due to their disease. In accordance
with other studies, we found an underestimation of LA volumes
measured by 3DE in comparison with CMR. The average discrep-
ancy of –14.2 mL is somewhat higher than, for example, in the study
of Badano et al.11 but in a clinically realistic order. It shows that vol-
umes measured by the two techniques cannot be used interchange-
ably without care. The rather wide limits of agreement and 95% CI
underline this. However, they are similar to the ones of Badano
et al. and are also owing to the fact that underestimation of volumes
increased with increasing LA size. By including patients in this com-
parison, we could see that LAs rated as enlarged by CMR35 were
also rated as enlarged when measured by 3DE and compared with
our reference values.

The 3DE and CMR were obtained within 1 day, but not simulta-
neously. Therefore, and due to breath holding or sympathetic stimu-
lation due to stress under CMR examination, HR and volume status
may vary and account for some differences between both methods.
In echocardiography, spatial resolution, especially lateral resolution,
decreases with increasing depth, while resolution stays constant in
every region in CMR. Different approaches of analysis, border detec-
tion, and summation of discs may have contributed to differences be-
tween the methods.

Limitations

We used vendor-independent commercial software designed for LV
analysis to measure the LA. Although we tried to account for this
by rotation of the views as described above, this might have led to
slight deviations. On the other hand, we could show that our results
in the oldest age group (>14-18 years) are consistent with Badano
et al., who used a customized LA-specific software from the same
vendor. Many echocardiography laboratories working with 3DE
might not possess LA-specific software but the more common LV
tool. This work enables them to use this tool for measurement of
the LA. A general limitation of echocardiography is the temporal res-
olution and spatial lateral resolution in the depth. The temporal reso-
lution especially can be a limitation when determining time-specific
events like VpreA. Moreover, as explained in the methods section,
different approaches have been used. Moreover, LA-specific software
automatically calculates VpreAwithout further explanation of the un-
derlying algorithmus.11 The work of Mada et al.36 describes very hon-
estly the problems of defining time points within the cardiac cycle in
echocardiography. Often the automatic approaches are not disclosed
to the user. Also, electrocardiogram signals can differ in the different
leads. Therefore, different approaches to define VpreA, including an
automated approach by the software, might lead to slightly different
values for VpreA and other phasic function indices. We decided to
only include VpreA when p-wave, frame before mitral valve reopen-
ing, and shape of the curve, or at least the latter two, were matching.
This had the result that determination of VpreA and phasic function
was only possible in 81% of our subjects. Especially in the group
of children <2 years old, an exact determination of the temporal

definition of VpreA was not possible in all cases, so the data for this
age-group might be less robust.

CONCLUSION

This study provides pediatric sex-specific reference values and per-
centiles for LA 3DE volumes and phasic function from the largest
cohort of healthy subjects to date. These data can be the basis for eval-
uation of the LA by 3DE and can contribute to a better longitudinal as
well as horizontal follow-up of pediatric patients with congenital heart
diseases, such as cardiomyopathy, left-to-right shunts, or mitral valve
disease. Further studies are planned to compare LA volumes and
phasic function determined by 3DE in children with heart diseases
to these reference values.
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APPENDIX

Supplemental Figure 1 Example of manual adjustment to the contours traced by the automated border detection. The left side
shows how the automated border detection traced the contours of the LA in the three apical views. The right side shows the contours
after manual adjustment. 2Ch, Two-chamber; 3Ch, three-chamber; 4Ch, four-chamber.
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Supplemental Figure 2 Comparison of Vmax and Vmin volumes assessed by 3DE and CMR using Bland-Altman analysis.
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Supplemental Table 1 L, M, and S Values according to BSA
for Calculation of z-Scores

Vmax male

M S L BSA

2.41 0.26 0.43 0.20

3.96 0.26 0.43 0.25

5.51 0.26 0.43 0.30

7.05 0.25 0.43 0.35

8.60 0.25 0.43 0.40

10.14 0.25 0.43 0.45

11.69 0.25 0.42 0.50

13.24 0.25 0.42 0.55

14.78 0.25 0.42 0.60

16.33 0.25 0.42 0.65

17.88 0.25 0.42 0.70

19.42 0.24 0.42 0.75

20.97 0.24 0.42 0.80

22.51 0.24 0.42 0.85

24.06 0.24 0.42 0.90

25.61 0.24 0.42 0.95

27.15 0.24 0.41 1.00

28.70 0.24 0.41 1.05

30.25 0.24 0.41 1.10

31.79 0.23 0.41 1.15

33.34 0.23 0.41 1.20

34.88 0.23 0.41 1.25

36.43 0.23 0.41 1.30

37.98 0.23 0.41 1.35

39.52 0.23 0.41 1.40

41.07 0.23 0.41 1.45

42.62 0.23 0.40 1.50

44.16 0.22 0.40 1.55

45.71 0.22 0.40 1.60

47.25 0.22 0.40 1.65

48.80 0.22 0.40 1.70

50.35 0.22 0.40 1.75

51.89 0.22 0.40 1.80

53.44 0.22 0.40 1.85

54.98 0.22 0.40 1.90

56.53 0.22 0.40 1.95

58.08 0.21 0.39 2.00

59.62 0.21 0.39 2.05

61.17 0.21 0.39 2.10

62.72 0.21 0.39 2.15

64.26 0.21 0.39 2.20

Vmax female

M S L BSA

2.36 0.26 0.45 0.20

3.22 0.26 0.44 0.25

4.14 0.26 0.43 0.30

(Continued )

Supplemental Table 1 (Continued )

Vmax female

M S L BSA

5.17 0.26 0.43 0.35

6.38 0.26 0.42 0.40

7.78 0.25 0.41 0.45

9.35 0.25 0.41 0.50

11.04 0.25 0.40 0.55

12.77 0.25 0.40 0.60

14.49 0.25 0.39 0.65

16.16 0.24 0.38 0.70

17.76 0.24 0.38 0.75

19.28 0.24 0.37 0.80

20.72 0.24 0.37 0.85

22.10 0.24 0.36 0.90

23.43 0.23 0.36 0.95

24.72 0.23 0.35 1.00

25.98 0.23 0.35 1.05

27.23 0.23 0.34 1.10

28.49 0.23 0.34 1.15

29.77 0.23 0.33 1.20

31.09 0.22 0.33 1.25

32.47 0.22 0.32 1.30

33.92 0.22 0.32 1.35

35.43 0.22 0.31 1.40

37.01 0.22 0.31 1.45

38.64 0.21 0.30 1.50

40.30 0.21 0.30 1.55

42.00 0.21 0.29 1.60

43.72 0.21 0.29 1.65

45.45 0.21 0.28 1.70

47.18 0.21 0.28 1.75

48.93 0.20 0.28 1.80

50.68 0.20 0.27 1.85

52.44 0.20 0.27 1.90

54.21 0.20 0.26 1.95

55.98 0.20 0.26 2.00

Vmin male

M S L BSA

0.84 0.27 0.55 0.20

1.39 0.27 0.53 0.25

1.94 0.27 0.52 0.30

2.49 0.27 0.50 0.35

3.04 0.27 0.49 0.40

3.60 0.27 0.47 0.45

4.15 0.27 0.46 0.50

4.70 0.27 0.44 0.55

5.25 0.27 0.43 0.60

5.80 0.27 0.41 0.65

6.35 0.27 0.40 0.70

(Continued )
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Supplemental Table 1 (Continued )

Vmin male

M S L BSA

6.90 0.27 0.38 0.75

7.45 0.27 0.37 0.80

8.00 0.27 0.35 0.85

8.55 0.27 0.34 0.90

9.10 0.27 0.32 0.95

9.65 0.27 0.30 1.00

10.20 0.27 0.29 1.05

10.75 0.27 0.27 1.10

11.30 0.27 0.26 1.15

11.85 0.27 0.24 1.20

12.40 0.27 0.23 1.25

12.95 0.27 0.21 1.30

13.50 0.27 0.20 1.35

14.05 0.27 0.18 1.40

14.60 0.27 0.17 1.45

15.15 0.27 0.15 1.50

15.70 0.27 0.14 1.55

16.25 0.27 0.12 1.60

16.80 0.27 0.11 1.65

17.35 0.27 0.09 1.70

17.90 0.27 0.08 1.75

18.45 0.27 0.06 1.80

19.00 0.27 0.05 1.85

19.55 0.27 0.03 1.90

20.10 0.27 0.02 1.95

20.65 0.27 0.00 2.00

21.20 0.27 -0.01 2.05

21.75 0.27 -0.03 2.10

22.30 0.27 -0.04 2.15

22.85 0.27 -0.06 2.20

Vmin female

M S L BSA

0.94 0.28 0.92 0.20

1.19 0.28 0.89 0.25

1.47 0.28 0.86 0.30

1.79 0.28 0.84 0.35

2.18 0.28 0.81 0.40

2.64 0.28 0.78 0.45

3.17 0.28 0.75 0.50

3.74 0.28 0.73 0.55

4.35 0.28 0.70 0.60

4.96 0.28 0.67 0.65

5.56 0.28 0.65 0.70

6.15 0.28 0.62 0.75

6.71 0.28 0.59 0.80

7.25 0.28 0.57 0.85

7.77 0.28 0.54 0.90

(Continued )

Supplemental Table 1 (Continued )

Vmin female

M S L BSA

8.26 0.28 0.51 0.95

8.74 0.28 0.49 1.00

9.20 0.28 0.46 1.05

9.65 0.28 0.44 1.10

10.11 0.28 0.41 1.15

10.56 0.28 0.39 1.20

11.02 0.28 0.36 1.25

11.50 0.27 0.34 1.30

12.00 0.27 0.31 1.35

12.51 0.27 0.29 1.40

13.04 0.27 0.26 1.45

13.58 0.27 0.24 1.50

14.13 0.27 0.21 1.55

14.69 0.27 0.19 1.60

15.25 0.27 0.16 1.65

15.81 0.27 0.14 1.70

16.38 0.27 0.11 1.75

16.95 0.27 0.09 1.80

17.52 0.27 0.06 1.85

18.10 0.27 0.04 1.90

18.68 0.27 0.01 1.95

19.26 0.27 -0.01 2.00

EV male

M S L BSA

1.59 0.28 0.27 0.20

2.57 0.27 0.29 0.25

3.56 0.27 0.30 0.30

4.55 0.27 0.31 0.35

5.53 0.26 0.32 0.40

6.52 0.26 0.34 0.45

7.50 0.26 0.35 0.50

8.49 0.26 0.36 0.55

9.48 0.25 0.37 0.60

10.46 0.25 0.39 0.65

11.45 0.25 0.40 0.70

12.44 0.25 0.41 0.75

13.42 0.25 0.42 0.80

14.41 0.25 0.44 0.85

15.40 0.25 0.45 0.90

16.38 0.25 0.46 0.95

17.37 0.25 0.47 1.00

18.35 0.25 0.49 1.05

19.34 0.25 0.50 1.10

20.33 0.25 0.51 1.15

21.31 0.25 0.52 1.20

22.30 0.25 0.54 1.25

23.29 0.24 0.55 1.30

(Continued )
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Supplemental Table 1 (Continued )

EV male

M S L BSA

24.27 0.24 0.56 1.35

25.26 0.24 0.57 1.40

26.25 0.23 0.59 1.45

27.23 0.23 0.60 1.50

28.22 0.22 0.61 1.55

29.20 0.21 0.62 1.60

30.19 0.21 0.64 1.65

31.18 0.20 0.65 1.70

32.16 0.19 0.66 1.75

33.15 0.19 0.67 1.80

34.14 0.18 0.69 1.85

35.12 0.17 0.70 1.90

36.11 0.17 0.71 1.95

37.10 0.16 0.72 2.00

38.08 0.15 0.73 2.05

39.07 0.15 0.75 2.10

40.05 0.14 0.76 2.15

41.04 0.14 0.77 2.20

EV female

M S L BSA

1.40 0.29 -0.03 0.20

2.00 0.28 -0.01 0.25

2.63 0.28 0.01 0.30

3.34 0.28 0.02 0.35

4.15 0.27 0.04 0.40

5.09 0.27 0.06 0.45

6.13 0.26 0.08 0.50

7.23 0.26 0.10 0.55

8.36 0.26 0.12 0.60

9.48 0.25 0.14 0.65

10.55 0.25 0.16 0.70

11.56 0.25 0.17 0.75

12.52 0.24 0.19 0.80

13.43 0.24 0.21 0.85

14.29 0.23 0.23 0.90

15.12 0.23 0.25 0.95

15.94 0.23 0.27 1.00

16.74 0.22 0.29 1.05

17.53 0.22 0.31 1.10

18.33 0.22 0.32 1.15

19.15 0.22 0.34 1.20

20.01 0.21 0.36 1.25

20.91 0.21 0.38 1.30

21.87 0.21 0.40 1.35

22.88 0.20 0.42 1.40

23.93 0.20 0.44 1.45

25.02 0.20 0.46 1.50

(Continued )

Supplemental Table 1 (Continued )

EV female

M S L BSA

26.14 0.20 0.47 1.55

27.28 0.19 0.49 1.60

28.44 0.19 0.51 1.65

29.60 0.19 0.53 1.70

30.77 0.18 0.55 1.75

31.94 0.18 0.57 1.80

33.11 0.18 0.59 1.85

34.29 0.18 0.61 1.90

35.48 0.17 0.62 1.95

36.66 0.17 0.64 2.00

VpreA male

M S L BSA

1.37 0.32 0.26 0.20

2.08 0.32 0.25 0.25

2.79 0.32 0.25 0.30

3.50 0.32 0.24 0.35

4.21 0.31 0.24 0.40

4.91 0.31 0.23 0.45

5.62 0.31 0.23 0.50

6.33 0.31 0.22 0.55

7.05 0.31 0.21 0.60

7.78 0.30 0.21 0.65

8.51 0.30 0.20 0.70

9.26 0.30 0.20 0.75

10.02 0.30 0.19 0.80

10.78 0.29 0.19 0.85

11.55 0.29 0.18 0.90

12.34 0.29 0.18 0.95

13.13 0.29 0.17 1.00

13.93 0.29 0.17 1.05

14.74 0.28 0.16 1.10

15.57 0.28 0.16 1.15

16.41 0.28 0.15 1.20

17.26 0.28 0.15 1.25

18.12 0.27 0.14 1.30

18.98 0.27 0.14 1.35

19.86 0.27 0.13 1.40

20.75 0.27 0.13 1.45

21.64 0.27 0.12 1.50

22.54 0.26 0.12 1.55

23.44 0.26 0.11 1.60

24.35 0.26 0.11 1.65

25.26 0.26 0.10 1.70

26.17 0.26 0.10 1.75

27.09 0.25 0.09 1.80

28.01 0.25 0.09 1.85

28.94 0.25 0.08 1.90

(Continued )
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Supplemental Table 1 (Continued )

VpreA male

M S L BSA

29.86 0.25 0.08 1.95

30.79 0.25 0.07 2.00

31.72 0.24 0.07 2.05

32.64 0.24 0.06 2.10

33.57 0.24 0.06 2.15

34.50 0.24 0.05 2.20

VpreA female

M S L BSA

1.22 0.27 -0.02 0.20

1.85 0.27 0.00 0.25

2.48 0.27 0.02 0.30

3.11 0.27 0.04 0.35

3.75 0.27 0.06 0.40

4.39 0.27 0.08 0.45

5.04 0.27 0.10 0.50

5.69 0.27 0.12 0.55

6.36 0.27 0.14 0.60

7.03 0.27 0.16 0.65

7.72 0.27 0.18 0.70

8.41 0.27 0.20 0.75

9.11 0.28 0.22 0.80

9.82 0.28 0.24 0.85

10.54 0.28 0.26 0.90

11.27 0.28 0.28 0.95

12.01 0.28 0.30 1.00

12.75 0.28 0.32 1.05

13.49 0.28 0.34 1.10

14.25 0.28 0.36 1.15

15.00 0.28 0.38 1.20

15.76 0.28 0.40 1.25

16.53 0.28 0.42 1.30

17.30 0.28 0.44 1.35

18.07 0.28 0.46 1.40

18.84 0.28 0.48 1.45

19.61 0.29 0.50 1.50

20.39 0.29 0.52 1.55

21.17 0.29 0.54 1.60

21.95 0.29 0.56 1.65

22.73 0.29 0.58 1.70

23.50 0.29 0.60 1.75

24.28 0.29 0.62 1.80

25.06 0.29 0.64 1.85

25.84 0.29 0.66 1.90

26.62 0.29 0.69 1.95

27.40 0.29 0.71 2.00

Equations 1 and 2 can be used to calculate z-scores.

z ¼

h y

MðtÞ
iLðtÞ

� 1

LðtÞ SðtÞ ; LðtÞs0 (1)

z ¼
log

h y

MðtÞ
i

SðtÞ ; LðtÞ ¼ 0 (2)

M (t), L (t), and S (t) are the parametersM, L, and S at the independent

variable t (in this case BSA); y is the dependent variable (in this case

the measured volume, e.g., Vmax).
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Supplemental Table 2 Reference ranges of LA volumes by 3DE presented by sex and age groups

0-24 mo (n = 55)

(M = 24, F = 31)

>2-5 years (n = 82)

(M = 46, F = 36)

>5-10 years (n = 130)

(M = 60, F = 70)

>10-14 years (n = 95)

(M = 53, F = 42)

>14-18 years (n = 70)

(M = 44, F = 26) P value

Vmax, mL:

M 8.7 (5.1; 12.7)* 16.2 (14.3; 19.3) 25.9 (21.6; 29.1)* 37.4 (30.2; 48.6)* 51.7 (44.5; 62.1)* <.0001

F 5.2 (3.3; 7.3)* 15.1 (12.2; 18.0) 22.2 (18.0; 27.4)* 31.2 (26.5; 40.6)* 42.1 (36.3; 50.8)* <.0001

Overall 6.2 (3.4; 9.3) 15.7 (13.4; 18.8) 23.9 (19.9; 28.4) 33.8 (28.2; 45.0) 48.9 (41.2; 58.6) <.0001

Vmin, mL:

M 2.5 (1.9; 4.3)* 5.6 (4.6; 6.8)* 9.0 (7.7; 10.9)* 13.6 (10.3; 17.8)* 19.5 (14.5; 23.2)* <.0001

F 1.8 (1.2; 2.7)* 4.7 (3.7; 6.1)* 7.8 (6.3; 10.0)* 10.7 (9.2; 15.0)* 14.5 (11.9; 18.3)* <.0001

Overall 2.2 (1.2; 2.9) 5.4 (4.1; 6.6) 8.3 (6.7; 10.5) 12.6 (9.6; 16.6) 18.0 (13.6; 22.0) <.0001

Total EV, mL

M 5.7 (3.1; 7.9)* 10.2 (9.4; 12.8)* 16.5 (14.2; 19.4)* 24.1 (19.3; 29.7)* 33.6 (29.1; 37.9)* <.0001

F 3.3 (2.1; 4.7)* 10.5 (8.4; 12.4)* 14.4 (11.7; 17.7)* 20.0 (17.1; 25.0)* 27.4 (25.3; 34.1)* <.0001

Overall 4.2 (2.2; 5.8) 10.4 (9.3; 12.6) 15.1 (13.1; 18.6) 21.7 (18.0; 28.1) 31.4 (26.8; 36.3) <.0001

Total EF, %

M 64.1 (62.2; 69.0) 66.1 (62.7; 69.0) 64.2 (61.3; 66.6) 63.1 (61.3; 66.5)* 63.1 (60.6; 65.3)* .011

F 62.1 (60.0; 69.0) 67.6 (64.0; 70.4) 64.5 (62.1; 67.2) 63.9 (61.4; 66.6)* 64.7 (62.8; 66.2)* .0063

Overall 63.5 (60.7; 69.0) 66.8 (63.7; 69.7) 64.3 (61.7; 66.8) 63.4 (61.4; 66.6) 63.8 (61.3; 65.7) .0002

Vmax/BSA, mL/m2:

M 21.0 (14.4; 26.9)* 24.2 (21.2; 29.8) 25.9 (22.8; 30.7) 28.5 (22.6; 32.9)* 28.8 (24.8; 34.5) <.0001

F 14.4 (12.8; 17.2)* 24.3 (19.0; 27.3) 24.9 (20.7; 28.5) 24.7 (20.8; 29.3)* 26.9 (22.5; 31.8) <.0001

Overall 15.8 (12.8; 21.0) 24.2 (21.0; 27.8) 25.5 (21.6; 30.1) 26.6 (21.5; 30.8) 27.9 (24.3; 33.1) <.0001

Vmin/BSA, mL/m2:

M 6.8 (5.0; 9.8)* 8.4 (7.2; 10.3) 9.4 (8.1; 11.8) 10.2 (8.4; 11.9)* 10.8 (8.6; 13.3) <.0001

F 5.3 (4.6; 6.1)* 7.4 (5.7; 9.7) 8.5 (7.1; 10.6) 8.6 (7.1; 10.8)* 9.2 (7.5; 11.5) <.0001

Overall 5.5 (4.8; 6.9) 8.1 (6.2; 10.0) 9.0 (7.6; 10.9) 9.6 (7.9; 11.7) 10.3 (7.7; 12.8) <.0001

Total EV/BSA, mL/m2:

M 14.2 (9.4; 17.2)* 16.3 (14.1; 19.2) 16.8 (14.7; 19.8) 18.0 (14.5; 21.4)* 18.3 (16.5; 20.9) .0009

F 9.0 (8.0; 10.7)* 16.2 (12.7; 18.5) 16.1 (13.5; 18.8) 16.2 (13.7; 17.9)* 17.9 (14.8; 20.2) <.0001

Overall 10.4 (8.1; 14.1) 16.2 (13.8; 18.7) 16.6 (13.9; 19.2) 17.3 (14.1; 19.5) 18.1 (15.6; 20.5) <.0001

F, Female; M, male.

Data are presented as median and 25th and 75th quantiles. P values refer to age group differences. To test differences between the sexes in every

age group, the Mann-Whitney-test was used. Differences between the age groups were tested using the nonparametric Kruskal-Wallis test.

*P < .05 for sex differences.
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Supplemental Table 3 Reference ranges of LA phasic volumes and function by 3DE presented by sex and age groups

0-24 mo >2-5 years >5-10 years >10-14 years >14-18 years

P value

(n = 24)

(M = 8, F = 16)

(n = 63)

(M = 35, F = 28)

(n = 114)

(M = 55, F = 59)

(n = 83)

(M = 46, F = 37)

(n = 66)

(M = 40, F = 26)

VpreA, mL:

M 2.8 (1.3; 5.9) 8.0 (6.4; 9.2) 12.5 (10.6; 14.1)* 19.1 (15.2; 24.9) 28.2 (23.5; 35.0)* <.0001

F 2.3 (1.8; 4.1) 6.9 (5.0; 8.4) 10.4 (8.3; 14.4)* 16.0 (13.3; 22.7) 23.2 (18.3; 26.6)* <.0001

Overall 2.3 (1.7; 4.1) 7.2 (5.9; 9.0) 11.6 (9.3; 14.2) 18.2 (14.3; 24.5) 25.9 (21.5; 32.6) <.0001

Passive EV, mL:

M 2.1 (1.1; 5.3) 8.6 (7.7; 10.6) 13.1 (10.6; 15.9)* 19.2 (14.2; 23.4)* 23.6 (20.0; 27.4)* <.0001

F 1.7 (1.2; 4.5) 9.0 (6.6; 10.3) 11.2 (8.8; 13.2)* 15.1 (13.3; 7.4)* 20.5 (17.3; 23.1)* <.0001

Overall 1.7 (1.1; 4.5) 8.9 (7.6; 10.5) 11.9 (9.2; 15.1) 16.5 (13.6; 21.6) 22.5 (18.3; 25.7) <.0001

Active EV, mL:

M 1.0 (0.3; 1.7) 2.0 (1.5; 2.8) 3.3 (2.0; 4.8) 6.1 (4.0; 8.2) 10.0 (6.8; 12.0) <.0001

F 0.8 (0.4; 1.2) 2.1 (1.2; 2.7) 3.2 (2.0; 4.6) 5.1 (3.8; 7.4) 8.2 (3.8; 10.5) <.0001

Overall 0.8 (0.4; 1.4) 2.1 (1.3; 2.7) 3.2 (2.0; 4.7) 5.5 (3.8; 7.9) 9.0 (5.7; 11.4) <.0001

Passive EV/total EV, %:

M 70.7 (62.6; 82.3) 81.9 (80.0; 86.6) 80.0 (73.5; 85.7) 75.5 (68.9; 82.4) 71.0 (65.1; 77.3) <.0001

F 77.7 (66.0; 83.3) 81.1 (73.8; 86.5) 77.4 (72.7; 84.4) 74.6 (70.3; 80.5) 74.2 (62.3; 83.3) .0368

Overall 73.2 (64.8; 83.3) 81.9 (77.4; 86.6) 79.0 (73.3; 84.7) 74.7 (69.3; 81.9) 71.8 (64.8; 78.3) <.0001

Active EV/total EV, %:

M 29.3 (17.7; 37.4) 18.1 (13.4; 20.0) 20.0 (14.3; 26.5) 24.5 (17.6; 31.1) 29.0 (22.7; 34.9) <.0001

F 22.3 (16.7; 34.0) 18.9 (13.5; 26.2) 22.6 (15.6; 27.3) 25.4 (19.5; 29.7) 25.8 (16.7; 37.7) .0368

Overall 26.8 (16.7; 35.2) 18.1 (13.4; 22.6) 21.0 (15.3; 26.7) 25.3 (18.1; 30.7) 28.2 (21.7; 35.2) <.0001

Passive EF, %:

M 43.3 (40.8; 52.9) 53.1 (50.8; 58.7) 51.4 (48.4; 55.4) 48.9 (44.4; 51.9) 46.1 (40.9; 49.0) <.0001

F 48.2 (44.7; 55.6) 54.9 (51.8; 58.6) 50.9 (46.7; 55.0) 47.8 (42.8; 51.9) 47.2 (41.5; 53.0) <.0001

Overall 47.3 (42.0; 54.9) 54.1 (51.1; 58.7) 51.1 (46.9; 55.1) 48.0 (43.3; 51.9) 46.5 (41.4; 51.0) <.0001

Active EF, %

M 33.1 (22.9; 42.0) 25.7 (19.0; 30.1) 27.3 (16.7; 35.4) 29.8 (24.3; 37.7) 32.7 (26.9; 37.7) .0109

F 29.9 (21.5; 41.9) 29.5 (21.8; 34.8) 29.0 (21.9; 35.5) 30.0 (24.7; 34.4) 31.1 (22.0; 43.5) .6483

Overall 31.6 (21.5; 41.9) 27.0 (21.2; 32.3) 28.1 (20.5; 35.4) 30.3 (24.6; 36.7) 32.6 (25.7; 41.3) .0087

VpreA/BSA, mL/m2:

M 9.9 (4.6; 14.8) 11.2 (9.7; 13.7) 12.5 (11.1; 14.1) 14.4 (11.5; 17.2) 16.0 (13.1; 19.5) <.0001

F 8.1 (6.6; 9.1) 10.3 (7.8; 12.1) 11.7 (9.5; 14.4) 13.4 (10.2; 13.4) 13.8 (12.1; 16.7) <.0001

Overall 8.1 (6.6; 9.9) 10.9 (9.1; 13.1) 12.2 (10.1; 14.1) 13.7 (11.0; 16.8) 15.5 (12.8; 17.8) <.0001

Passive EV/BSA, mL/m2:

M 7.1 (5.4; 12.0) 12.9 (11.1; 15.9) 13.6 (11.0; 15.0) 13.5 (11.1; 16.3)* 13.4 (10.7; 14.8) .0267

F 7.9 (4.7; 10.1) 13.5 (9.6; 15.1) 12.3 (9.8; 14.4) 12.0 (10.2; 13.4)* 12.5 (10.7; 14.6) <.0001

Overall 7.9 (5.4; 10.2) 13.0 (11.0; 15.7) 13.2 (10.5; 14.8) 12.4 (10.4; 14.8) 12.8 (10.7; 14.7) <.0001

Active EV/BSA, mL/m2:

M 2.5 (1.6; 5.3) 3.1 (2.1; 3.7) 3.4 (1.9; 4.6) 4.5 (2.8; 5.6) 5.2 (3.9; 6.4) <.0001

F 2.2 (1.4; 3.4) 3.2 (2.0; 4.0) 3.4 (2.1; 4.8) 4.1 (2.8; 5.7) 5.1 (2.4; 6.4) .0004

Overall 2.5 (1.5; 7.0) 3.1 (2.1; 3.8) 3.4 (2.0; 12.2) 4.2 (2.8; 5.6) 5.2 (3.4; 6.4) <.0001

F, Female; M, male.
Data are presented as median and 25th and 75th quantiles. P values refer to age group differences. To test differences between the sexes in every

age group the Mann-Whitney-test was used. Differences between the age groups were tested using the nonparametric Kruskal-Wallis test.

*P < .05 for sex differences.
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Supplemental Table 4 Reference ranges of durations (msec) of the different phases of the atrial cardiac cycle and phasic function
by 3DE presented by R-R interval groups

345-500 (n = 16) 500-600 (n = 55) 600-750 (n = 154) 750-1,000 (n = 116) 1,000-2,000 (n = 9) P value

Overall absolute
atrial diastole, msec

277 (242; 340) 309 (279; 345) 327 (298; 354) 360 (335; 387) 369 (342; 389) <.0001

Overall absolute

atrial systole, msec

176 (111; 201) 257 (215; 279) 351 (305; 394) 481 (439; 539) 763 (671; 793) <.0001

Overall atrial PE, msec 88 (63; 104) 145 (122; 171) 200 (175; 224) 262 (237; 297) 397 (292; 465) <.0001

Overall atrial AE, msec 84 (48; 97) 104 (69; 128) 144 (113; 174) 210 (173; 245) 372 (210; 427) <.0001

Overall atrial diastolic
fraction of cardiac cycle, %

59.2 (56.9; 77.6) 53.4 (51.3; 60.6) 48.2 (44.0; 52.7) 41.9 (39.0; 46.0) 32.6 (30.8; 36.5) <.0001

Overall atrial systolic

fraction of cardiac cycle, %

40.8 (22.4; 43.1) 46.7 (39.4; 48.8) 51.8 (47.3; 56.0) 58.1 (54.0; 61.0) 67.4 (63.5; 69.2) <.0001

Overall PE fraction
of cardiac cycle, %

19.9 (14.0; 23.8) 25.7 (22.2; 29.6) 29.5 (26.9; 32.8) 31.4 (28.6; 35.2) 36.2 (26.5; 44.2) <.0001

Overall AE fraction

of cardiac cycle, %

19.9 (9.9; 22.3) 18.7 (12.0; 22.5) 21.1 (16.7; 25.9) 25.2 (21.0; 29.9) 33.9 (20.0; 38.0) .0001

Overall PE fraction

of atrial systole, %

58.3 (50.4; 66.5) 58.3 (54.8; 69.6) 58.4 (52.2; 65.1) 56.5 (50.0; 61.4) 51.8 (39.6; 68.8) .0481

Overall AE fraction
of atrial systole, %

41.7 (33.5; 49.6) 41.7 (30.4; 45.2) 41.6 (34.9; 47.5) 43.4 (38.6; 50.0) 48.2 (31.2; 60.4) .0481

Overall passive EV/total EV, % 74.7 (66.0; 83.5) 81.1 (77.1; 89.5) 79.2 (72.2; 84.2) 74.2 (67.1; 80.2) 68.0 (57.5; 72.2) <.0001

Overall active EV/total EV, % 25.3 (16.5/34.0) 18.9 (10.5; 22.9) 20.8 (15.8; 27.8) 25.8 (19.8; 32.9) 32.0 (27.8; 42.5) <.0001

Overall passive EF, % 47.8 (44.4; 56.0) 55.5 (50.9; 58.7) 50.9 (46.7; 54.2) 46.9 (43.1; 51.2) 42.3 (36.9; 47.3) <.0001

Overall active EF, % 34.4 (23.1; 43.1) 26.2 (17.8; 32.6) 28.2 (21.5; 35.1) 31.0 (25.8; 37.7) 37.0 (34.4; 43.2) .0001

Data are presented as median and 25th and 75th quantiles. P values refer to R-R interval group differences.
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NORMAL PEDIATRIC VALUES FOR NEW ECHOCARDIOGRAPHIC TECHNIQUES

Real-Time Three-Dimensional
Echocardiography of the Left

Ventricle—Pediatric Percentiles and
Head-to-Head Comparison of Different

Contour-Finding Algorithms: A Multicenter
Study

Kristina Krell, Kai Thorsten Laser, MD, Robert Dalla-Pozza, MD, Christian Winkler, Ursula Hildebrandt, MD,
Deniz Kececioglu, MD, Johannes Breuer, MD, and Ulrike Herberg, MD,

Bonn, Bad Oeynhausen, and Munich, Germany

Background: Real-time three-dimensional echocardiography (RT3DE) is a promising method for accurate
assessment of left ventricular (LV) volumes and function, however, pediatric reference values are scarce.
The aim of the study was to establish pediatric percentiles in a large population and to compare the inherent
influence of different evaluation software on the resulting measurements.

Methods: In a multicenter prospective-design study, 497 healthy children (ages 1 day to 219 months)
underwent RT3DE imaging of the LV (ie33, Philips, Andover, MA). Volume analysis was performed using
QLab 9.0 (Philips) and TomTec 4DLV2.7 (vendor-independent; testing high (TomTec75) and low (TomTec30)
contour-finding activity). Reference percentiles were computed using Cole’s LMS method. In 22 subjects,
cardiovascular magnetic resonance imaging (CMR) was used as the reference.

Results: A total of 370/497 (74.4%) of the subjects provided adequate data sets. LV volumes had a significant
association with age, body size, and gender; therefore, sex-specific percentiles were indexed to body surface
area. Intra- and interobserver variability for both workstations was good (relative bias 6 SD for end-diastolic
volume [EDV] in %: intraobserver: QLab = �0.8 6 2.4; TomTec30 = �0.7 6 7.2; TomTec75 = �1.9 6 6.7;
interobserver: QLab = 2.4 6 7.5; TomTec30 = 1.2 6 5.1; TomTec75 = 1.3 6 4.5). Intervendor agreement
between QLab and TomTec30 showed larger bias and wider limits of agreement (bias: QLab vs TomTec30:
end-systolic volume [ESV] = 0.8%623.6%;EDV=�2.2%617.0%)with notable individual differences in small
children.QLabandTomTecunderestimatedCMRvalues,with thehighest agreement betweenCMRandQLab.

Conclusions: RT3DE allows reproducible noninvasive assessment of LV volumes and function. However,
intertechnique variability is relevant. Therefore, our software-specific percentiles, based on a large pediatric
population, serve as a reference for both commonly used quantification programs. (J Am Soc Echocardiogr
2018;31:702-11.)

Keywords: 3D echocardiography, Nomogram, Pediatric, Children, Left heart, Volumetry
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Echocardiographic assessment
of left ventricular (LV) size
and function is one of the
most important tools in pediat-
ric cardiology: it is essential for
diagnosis, prognosis, and man-
agement in various congenital
as well as acquired heart dis-
eases.1-4 Accurate and
reproducible LV volume
measurements and assessment
of the ejection fraction (EF) in
particular play an essential role
in daily echocardiographic
examination and decision
making.5,6

Real-time three-dimensional
echocardiography (RT3DE) with
matrix transducer technology
has become widely available for
the assessment of cardiac anat-
omy and function and has been
proven to be superior to conven-
tional two-dimensional methods
with regard to accuracy and repro-
ducibility of LV volume calcula-
tions.2,7-11 Further improvement

of matrix technology with transducers of small aperture and
improved near-field resolution by X7-2 and X5-1 transducers
(Philips, Andover, MA) have led to the increased application of
3DRTE in children. However, although there is widespread clinical
need for the calculation of 3D-related volumes, pediatric reference
values derived from a large normal population are currently lacking.

For 3D volume calculation, several clinical software programs with
a variety of postprocessing options and different benefits have been
developed.12 Currently, the most commonly used software programs
for 3D quantification of the pediatric left ventricle are the vendor-
independent software TomTec (TomTec, Unterschleissheim,
Germany) and the vendor-specific QLab (Philips, Andover, MA),
which can only be used for 3D volume data sets obtained by
Philips ultrasound scanners. Both apply semiautomatic endocardial
border-tracking algorithms and offer the opportunity to calculate
values quickly, reproducibly, and in a practical workflow. Up until
now, data regarding the intervendor agreement and consistency be-
tween the two software types have been limited to a small number
of healthy children, as well as children with a single ventricle.13,14

The primary aim of our study is to provide reference values for LV
indices in a large cohort of healthy children. In order to investigate
whether a set of universal reference values could be applicable for
both quantification software algorithms, intervendor agreement and
the influence of different contour-finding adjustments were assessed
for QLab as well as TomTec.

METHODS

Study Design and Data

In a prospective multicenter design, 497 children and adolescents
from birth to 18 years of age were enrolled to undergo RT3DE of
the left ventricle between April 2011 and November 2013. Normal
cardiac anatomy and function as well as sinus rhythm were a precon-

dition and confirmed by physical examination and echocardiography,
according to standard recommendations.1 The studywas approved by
the local ethics institutional review committee (Registration No. 226/
06) and representative boards of all participating centers and con-
formed to the principles of the Declaration of Helsinki as well as
German law.Written consentwas given by the legal guardian or in per-
son by young adults. Examinations were performed at three different
centers by five different operators with five different sonographic units
from the same manufacturer (iE33, Philips, using the transducers X7-
2, n=285; X5-1, n=6; andX3-1, n=6). Prior to the start of the study,
standardization of the acquisition procedure including presets and
operator training took place. Insights regarding the use of real-time
3D matrix transducers15 and restrictions in spatiotemporal accuracy
of RT3DE in pediatrics16 were incorporated into the acquisition pro-
cedures. Measurement accuracy of the ultrasound scanners was vali-
dated using calibrated, static, tissue-mimicking phantoms17 as well as
moving phantoms.16 In the core lab in Bonn, all data were reviewed
and quantified. Results were compared to the gold standard, cardio-
vascular magnetic resonance imaging (CMR), performed on volun-
teers (22 cases: 20 children, mean age 12.3 years, and two adults,
ages 22 years and 43 years). Due to ethical reasons, CMR on young
healthy children requiring sedation was not performed.

Real-Time Three-Dimensional Echocardiography

Image Acquisition. Image acquisition was implemented from an
apical window based on standard recommendations.18 A full-
volume scan was acquired from four to seven R-wave triggered sub-
volumes during end-expiratory breath holding when necessary.
Blinded 3D data sets were stored in a DICOM format on a DVD
and sent to the core lab. In the core lab, the quality of the 3D data
was rated, and any data sets containing artefacts due to movement,
arrhythmia, or incomplete depiction of the left ventricle were
excluded. Only those data sets that could be interpreted sufficiently,
with complete delineation of the left ventricle and without disturbing
artefacts, were processed and transferred to two different offline
workstations (Figure 1A, 1B).

Data Analysis with QLab 9.0. Three-dimensional data sets of the
LVwere analyzed using offlineQLabVersion 9.0 (3DQAdvanced soft-
ware, Philips). After initially adjusting a proper four-chamber view, the
end-diastolic frame, presented by the one with maximum LV volume,
was first determined. Ventricular trabeculae and papillary muscles were
included in the LV cavity. Next the end-systolic frame showing the
smallest volume, respectively the frame before mitral valve opening,
was selected. After subsequently setting five points, at the apex, septal,
lateral, anterior, andmitral annulus (Figure 1C), the cardiac cycle aswell
as minimal end-systolic volume (ESV), maximal end-diastolic volume
(EDV), EF, and stroke volume (SV) were semiautomatically computed
and the LV cavity was displayed as a 3Dmodel. If delineation of the LV
endocardial borders was unsatisfactory (Figure 1D), the operator
manually adjusted the initial endocardial contour at the apex, septum,
and mitral valve and repeated the automatic tracking throughout the
cardiac cycle. Data analysis was performed by two raters who were
blinded to results derived from TomTec (K.K. and U.H.).

Data Analysis with TomTec. TomTec 4DLV analysis software 2.7
(Image-Arena version 4.1; Build 4.1.1.30, TomTec, Unterschleißheim,
Germany) was used to perform offline LV data analysis. All operators
followed a standardized protocol for analysis of the data after interin-
stitutional operator training based on previous findings.15,19 The data
sets were adjusted in order to acquire maximal long-axis dimension.
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BSA = Body surface area
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activity
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Using the four- and two-chamber views as well as the apical long-axis
view, the end-systolic and end-diastolic delineations were traced
manually. Ventricular trabeculae and papillary muscles were included
in the LV cavity. EDV, ESV, and EF were calculated semiautomati-
cally. Manual adjustments were made to the initial endocardial con-
tour if the delineation of the LV endocardial borders was
inadequate. Without changing previously performed manual tracing,
the sensitivity of the contour-finding algorithm, to separate
endocardial border from noise, was set for 30 (TomTec30),
respectively 75 (TomTec75), intensity units (Figure 1E, 1F). The
contour-finding activity (CFA) defines the intensity of the automatic
differentiation between endocardial border and noise by the
software. If low values are used, the automatic contour-finding
process is decreased. TomTec75 with high contour-finding activity
relies heavily on automatic geometric assumptions, whereas
TomTec30 with low CFA prioritizes manual tracing.15 TomTec30 was
chosen for all 370 cases. During the study, we performed an interim
analysis of CMR and 3DRTE data. The findings confirmed those of an
earlier study on 49 subjects with andwithout congenital heart disease,
which showed only moderate correlation of TomTec75 with CMR.15

Subsequently, the number of cases calculated with TomTec75 was
limited to 252 cases. Three independent raters (not involved in
QLab data quantification and blinded to the results from QLab)
performed the data analysis (U.B., N.R., A.H.).

CMR Imaging Acquisition and Analysis. Twenty-two healthy
subjects underwent CMR with vector electrocardiography and
respiratory motion gating, using a 3.0-T whole body magnetic
resonance imaging system (Achieva 3.0T TX; Philips Medical
Systems) equipped with parallel radiofrequency signal transmission
technology to enhance image uniformity (maximum gradient
performance, 80 mT/m; slew rate 200 T/m/sec). A 32-element
phased-array receive-only surface coil was used for signal detection.
A stack of 15-21 short-axis slices was obtained by applying a
segmented, multislice, multiphase vector, electrocardiographically
triggered, steady-state, free-precession gradient-echo sequence
(repetition time 2.7 msec, echo time 1.35 msec, excitation angle
40�, slice thickness 5-6 mm, no slice gap, matrix size 160� 240, field
of view 384mm, in plane resolution, 1.6�1.6mm, 25 cardiac phases
under short breath-holding periods of <12 seconds of duration).
These slices were used to assess the LV and right ventricular volumes.
Offline analyses of CMR volume measurements and quantitative

flow CMR data sets were performed on a workstation using the
HDZ MR-Tools software package, as reported elsewhere.15,19 LV
volumes, including papillary muscles and trabecular structures (to
ensure comparability with the echocardiographic analysis), were
generated from the summation of the cavity areas multiplied by the
slice thickness in an algorithm for semiautomatic vessel border
detection without geometric models or assumptions.

Statistical Analysis

Data Analysis with LMS. The data set includes the EDV, ESV, SV,
weight, height, and age for each subject. The body surface area
(BSA) was calculated using the Haycock formula, according to
American Society of Echocardiography recommendations1: BSA
(m2) = 0.024265 � height (cm)0.3964 � weight (kg)0.5378. For the
computation of reference curves, the LMS method by Cole and
Green was applied in the software environment R in combination
with the GAMLSS package for the computation.20-22 The indexed
EDV/BSA, ESV/BSA, and SV/BSA were selected as dependent
variables, with age as an independent variable. Boys and girls were
considered separately, and subjects were classified according to age
group, using intervals of two months for children under 6 years and
six months for children between the ages of 6 and 12. Children
older than 12 years were classified into groups with intervals of one
year. Statistical outliers detected in each group were removed from
the data set for further calculations.
For the computation of reference curves, the function of GAMLSS

fits a regression model to the data. For the LMS method, the
regression model is based on the Box-Cox Cole and Green
distribution with the parameters L (Box-Cox power), M (median),
and S (coefficient of variation). While L represents the skewness of
the distribution, S defines the variation for each age group. M is the
median for each group, dividing it into two parts of equal amounts.
Penalized splines were used for L, M, and S in order to create

smooth percentile curves. The smoothness of the penalized splines
can be configured by their degree of freedom. The goodness of fit
was assessed by the global deviance that indicates the deviation
between model and data. We optimized our curves considering the
smoothness (degree of freedom) and the goodness of fit (global
deviance). Both features are in competition, and by optimizing, we
made sure to find the optimal setting satisfying both an appropriate
smoothness and a low global deviance.

Comparison of LV Volumes by QLab, TomTec, and CMR. For
the assessment of agreement between QLab and TomTec as well as
RT3DE and CMR, the Bland-Altman analysis was used, plotting the
difference versus the average of the two methods, as well as the
percentage difference (%) against the absolute mean. Statistical analyses
were performed with Prism GraphPad Software (Version 6, GraphPad
Software, CA) for all relevant data. Significance was tested using a
Wilcoxon test, and P values# .05were considered statistically significant.

Intra- and Interobserver Variability. Intraobserver and interob-
server variability was assessed in randomly selected subjects (QLab
n = 36; TomTec30 n = 33; TomTec75 n = 21). All data sets were rean-
alyzed using raw data, starting with the definition of end diastole and
end systole and tracing of the endocardial contours. For interobserver
variability assessment, 3D data sets were processed independently by
two raters, blinded to each other’s measurements. For intraobserver
variability, 6 months after the initial analysis, one of the evaluators
blindly and randomly reprocessed the data sets. Agreement was ex-
pressed by the intraclass correlation coefficients (SPSS Version 22,
SPSS, Chicago, IL) and Bland-Altman analysis (Prism GraphPad).

RESULTS

Study Subject Characteristics

Of 497 subjects enrolled, comparative analysis of LV volumes was
feasible in 370 (194 male and 176 female; 74.4% feasibility). The

HIGHLIGHTS

� Pediatric reference percentiles for 3D-RTE of the left ventricle

are provided.

� Reference values are gender-specific and correlate with BSA,

weight, and height.

� LV 3D volumes are dependent on the software algorithm used

for 3D data analysis.
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subject characteristics are presented in Table 1, and age distribution is
shown in Figure S1. The remaining subjects had to be excluded due to
poor imaging quality or trigger artefacts (n = 116), incomplete demo-
graphic data (n = 3), or missing images (n = 8).

Percentiles

Reference values and percentiles for LV volumes generated byQLab
and TomTec could be obtained from 370 healthy children. LV vol-
umes correlated to sex, age, weight, height, and BSA. A nonlinear
relationship between the LV volumes and age was noted, for
example, in small children due to the altering growth process
(selected scatterplots shown in Figure S2). For this reason, the
LMS method based on penalized splines for the global range of
the data was applied. The application of the LMS method resulted
in smooth curves that were fitted to the data. Sex-specific percentiles
for ventricular volumes indexed to BSA are shown in Figure 2
(QLab) and Figure 3 (TomTec30), respectively. Reference percentile
curves for absolute ventricular volumes related to age, height,
weight, and BSA are computed in the supplement (Figures S3 and
S4). Systolic function, as calculated by EF, is consistent from birth
to puberty; mean and SD were 61.5% 6 5.1% for QLab,
62.7% 6 5.3% for TomTec30, and 62.0% 6 5.9% for TomTec70.

When indexing ventricular volumes to BSA, there is a steady rise
with increasing age, reaching an initial plateau at the age of 5-7 years,
using TomTec. A second plateau is found at the age of 8-11 years. SVs,
as derived parameters, display the slope more prominently.

Intra- and Interobserver Variability

Intra- and interobserver variability was assessed for all software mod-
ifications separately. Intraobserver variability showed good results for
QLab and TomTec30 with a small bias of less than 2.1% (0-1.1 mL)
and moderate 95% limits of agreement (LOA) ranging between 4%
and 21% (Tables 2 and S1). Of note, TomTec75—despite using high
automatic adjustment—showed the highest intraobserver variability
for ESV with 5.5%. Interobserver variability was slightly higher,
resulting in an overall bias of less than 5% (0-2.3 mL) and
comparable LOA. Intraclass correlation for EDV, ESV, and SV was
excellent for both QLab and TomTec with correlation coefficients
between 0.91 and 0.99 (Table S1).

Figure 1 Representative 3D data sets with excellent (A) and usable (B) image quality. Multiplanar review with a reformatted four-
chamber view and corresponding two-chamber view. The yellow line depicts the automatically detected endocardial borders at end
diastole using QLab. The 3D data set not requiring (C) and requiring (D) data correction at end systole using theQLab software analysis
package. The 3D data set analyzed with TomTec using low (E, TomTec30) and high (F, TomTec75) sensitivity of contour finding.

Table 1 Subject characteristics and frame rate (N = 370)

Characteristic (176 females and 194 males) Median Range

Age (months) 91.5 0.03-219

Height (cm) 130 40-192

Weight (kg) 26.4 2.2-92.7

BSA (m2) 0.97 0.1-3.1

Heart rate (min�1) 86 43-182

3D volume rate/heart cycle 16 7-35
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Figure 2 Gender-specific percentiles for QLab with EDV, ESV, and SV indexed to BSA in relation to age. P indicates the percentile
value, e.g., P50 = 50th percentile value.
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Figure 3 Gender-specific percentiles for TomTec30 with EDV, ESV, and SV indexed to BSA in relation to age. P indicates the percentile
value, e.g., P50 = 50th percentile value.
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Comparison of Different Software Algorithms

TomTec30 and TomTec75. Analysis of identical 3D data sets with
the same software but different settings had a significant impact. Use
of TomTec75 instead of TomTec30 with lower automatic adjustments
resulted in significantly smaller EDV, ESV, and SV (P < .001; relative
values Table 3, left column, absolute values Table S2). For measure-
ment of EF, there was no bias between the modalities, and a signifi-
cant difference could not be determined (Table S2).

QLab and TomTec30. Agreement between QLab and TomTec30
was assessed in all 370 cases (Tables 3 and S2). Bland-Altman analysis
showed bias ranging from0.8% (ESV) to 4.2% (SV), with larger values
for ESV and smaller values for EDV using QLab. A significant differ-
ence (P < .001) existed for SV (calculated by the difference between
EDV and ESV) and EF. The 95% LOA were relatively wide, ranging
between 11% and 47%. In individual cases of very young children
with small ESV, intervendor differences exceeded 50% (Figure S5A).

QLab and TomTec30—Good Quality Only. In order to examine
the impact of image quality on the measurement of LV volumes, we
finally compared only the data sets with excellent quality (n= 104 pa-
tients). Using these data sets, the bias for ESV was smaller, while EDV,
SV, and EF showed significant differences between QLab and
TomTec30 (P < .001; Tables 3 and S2). The 95% LOA were
moderately smaller, and, in small children, intraindividual bias of LV
volumes >50% did not occur (Figure S5B).

QLab and TomTec75. Compared to TomTec30, the bias between
QLab and TomTec75 was significantly higher (P < .001 for ESV,
EDV, SV; Table 3). Statistical differences for EF could not be
confirmed.

Figure 4 summarizes the bias and 95% LOA for intra- and interob-
server as well as intertechnique variability. As the LOA for intertech-
nique variability were considerably larger than inter- and
interobserver variability, it seems that the choice of software algo-
rithm has a relevant influence on volume calculation.

Validation with CMR. Independent of the quantification software,
LV volumes and EF were underestimated by RT3DE when compared
to the gold standard CMR. Overall, we observed the smallest bias be-

tween QLab and CMR, followed by TomTec30 and CMR. The largest
differences were found between TomTec75 and CMR. The 95% LOA
showed highest deviation for SV, which is calculated from EDV and
ESV (Tables 4 and S3).

DISCUSSION

This study presents the results of a multicenter approach designed to
provide normative values for LV volumes using state-of-the-art
RT3DE, based on a large cohort of healthy children. We were able
to provide percentiles for LV volumes for the two most commonly
used quantification software programs. Considering the observed cor-
relation of LV size and function with age, height, and weight, the per-
centiles provide a long-awaited comparison for users of the two
software algorithms. These percentiles may play an essential role in
the longitudinal as well as horizontal follow-up of pediatric patients
with, for example, cardiomyopathy, LV volume load, or borderline
left ventricle.

This study is the first to provide sex- and age-related nomograms
on a large cohort of children. Ventricular volumes indexed to BSA
demonstrated gradual enlargement from childhood to adolescence
in which volumes reached plateaus before puberty at the age of
8-11 years. Children do not grow at a constant rate from year to
year as they progress from neonates to young adults. Therefore, af-
ter the rapid growth during puberty, the indexed EDV did not in-
crease further. This observation is consistent with the speediest
body growth and correlates to CMR findings.23 When computing
the percentiles, a data-driven approach was used. The smoothing pa-
rameters were kept deliberately low in order to detect trends during
the growth phases. This is particularly valuable when assessing the
different onset and speed of growth between girls and boys.20 As
a result, the percentile curves represent the characteristic course
of the data. Despite the high number of cases included in our study
and the statistical design used, the number of subjects still plays a
pivotal role for the creation of percentiles and may influence the
shape of the curves as well.

Our data are in line with previous studies on smaller series using
RT3DE and semiautomatic software analysis packages,2,9,14,24,25

but the number of subjects studied, the age range, and the
equipment used varied. This is reflected by the variation of
published normal values for adolescents ranging between 57 and
72 mL/m2 for EDV, 19 and 28 mL/m2 for ESV, and 57% and
66% for EF.2,9,24,25

Two of the most commonly used quantification software programs
were compared, and data were evaluated against CMR in a subset of
patients. In concordance with previous data,14,15 good intra- and
interobserver variability proved that these software algorithm
provide reproducible measurements of LV volumes. We could also
demonstrate agreement of QLab- and TomTec-derived volumes
with volumes generated by CMR, despite a well-known underestima-
tion of both RT3DE software algorithms.

In a head-to-head comparison, LV volumes derived from QLab
only moderately correlated to TomTec30. Although bias between
the vendors was low, intertechnique variability may be of particular
importance. As reflected by Figure 4, intervendor LOA exceeded
those of intra- and interobserver variability, bearing in mind that
measurement variability can be relevant as well. The individual dif-
ferences between software algorithms can be considerably relevant
especially in younger children with very small volumes. Therefore,
percentiles specific for each software algorithm seem to be needed

Table 2 Intraobserver and interobserver variability

Intraobserver variability Interobserver variability

Bias (%) 95% LOA (%) Bias (%) 95% LOA (%)

ESV

QLab 1.1 �9 to 11.1 �1.6 �24.0 to 21.0

TomTec30 �1.3 �20.5 to 17.9 1.8 �17.0 to 21.0

TomTec75 �5.5 �21.6 to 10.7 4.2 �16.3 to 24.8

EDV

QLab �0.8 �5.4 to 3.9 2.4 �12.0 to 17.0

TomTec30 �0.7 �14.8 to 13.4 1.2 �8.7 to 11.0

TomTec75 �1.9 �15.0 to 11.2 1.3 �7.5 to 10.1

SV

QLab �2.1 �10.9 to 6.7 4.8 �17.0 to 27.0

TomTec30 0.0 �17.4 to 17.4 0.8 �12.0 to 14.0

TomTec75 �0.1 �14.2 to 14.0 0.4 �13.0 to 13.8
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and have been calculated. Using a data-driven approach, the shape
of the percentiles differed and plateaus were more pronounced in
percentiles for TomTec30 than in QLab. When data were related
to age, there was a steady rise, which reached a plateau at the
age of 5-7 years and a second plateau at the age of 8-11 years.
The shapes of the percentiles for SVs, which are calculated volumes
(SV = EDV � ESV), result from the additional effects of the plateaus
found in EDV and ESV.

Therefore, results obtained by different quantification software
packages have to be interpreted accordingly. The clinical manage-
ment of children with congenital heart disease relies on the serial
assessment of LV size and function. Comparison of serial data
may be not valid if different measurement algorithms have to be
used. To obtain reliable and reproducible data, measurement algo-
rithm should not be changed and software specific nomograms
should be used.

Intervendor variability of both semiautomatic software packages,
QLab and TomTec, has been assessed by Hascoet et al. in a group
of 40 healthy pediatric subjects, revealing small biases but high
LOA.14 In a challenging study in 32 children with single ventricle,13

QLab 8.1 was compared to TomTec 4DLV 3.0 without further spec-
ification of CFA. The reported bias between QLab and TomTec for
EDV and ESV was significantly larger than in our study (Zhong
et al., n = 32, relative bias 6 SD: EDV �10.7% 6 11.3%, ESV
�14.9% 6 17.1%; our study: EDV �2.2% 6 17.1%, ESV
0.8% 6 23.6%), which may have been due to the different software
settings and definition of endocardial border used.

The most likely reasons for the reported vendor variability include
endocardial border detection algorithms.15 High automatic adjust-
ments (TomTec75), as recommended by the manufacturer, underlie
stronger geometric assumptions and therefore depend only moder-
ately on the operator and image quality. Although TomTec30 has
been shown to be more operator dependent and influenced by
data set quality,15 the use of lower automatic adjustment settings
with a focus on manual tracing in our data leads to better agreement
with values acquired by CMR and correlates better to CMR-derived
EDV, which is an important parameter for clinical decision making in
pediatric cardiology. In addition, image quality plays a pivotal role.
Both types of software track the endocardial surface of the LV
throughout the cardiac cycle and consequently depend on image
quality. Our data confirm findings shown in adults that poor image

quality is associated with less agreement and greater bias.26

Although data sets with relevant artefacts or incomplete image depic-
tion were excluded, we tried to process as much data as possible in
order to test feasibility in routine clinical practice, whichmight explain
the high intervendor differences in several individual patients. In fact,
Bland-Altman analysis of data with excellent imaging quality (104
subjects) did not reveal extreme outliers, but intervendor variability
and individual differences between both software types remained.
Finally, in small children with high heart rates, spatial and temporal
resolution influences accurate determination of true ESV and EDV
and may explain the high bias in this group. This is concordant with
the fact that bias and LOA in our study are slightly higher than those
reported in prior studies on older children14 or adults.27

In our study, we intended tominimize data variability by using ultra-
sound scanners and transducers of the same type and from the same
vendor, testing the performance of the individual ultrasoundmachines
by static tissue mimicking as well as moving phantoms,16,17 the
definition of similar presets for data acquisition, and the qualification
and training of sonographers and readers. Nevertheless, operator
experience on data acquisition and analysis plays an important role.28

In order to determine the agreement between RT3DE and the gold
standard technique, results of both software types were compared to
CMR. Previous studies confirmed a correlation between volumes
derived from RT3DE and CMR,8,10,11,15,27,29-31 as long as intermodality
differences are considered.12,32 As in all previous studies, RT3DE tends
to underestimate volumes obtained by CMR, and EDV was
underestimated by a greater degree than ESV.2,8,26,27,32 Still QLab as
well as TomTec30 showed the closest correlation to CMR data.

Limitations

Despite an already high number of subjects, creation of percentiles is
characterized by statistical assumptions, and further studies may be
needed to validate the quality of created percentiles. In addition,
the ideal measure of body size to be related to the volumetric vari-
ables has to be defined and may not be height, weight, or BSA.23

Three-dimensional echocardiography and CMR were obtained
within one day, but not simultaneously, and therefore LV volumes
and EF may be affected by prolonged breath holding or sympathetic
stimulation due to stress under CMR examination. In addition, CMR
was obtained in a small number of volunteers but, for ethical reasons,

Table 3 Calculation of LV 3D volume data using different software algorithm—agreement amongQLab, TomTec30, and TomTec75

TomTec30 vs TomTec75 QLab vs TomTec30

QLab vs TomTec30

Good quality only QLab vs TomTec75

ESV

Bias (%) 9.8 0.8 0.1 8.1

95% LOA (%) �18.4 to 38.0 �45.5 to 47.0 �39.6 to 39.7 �39.7 to 55.8

P <.001 .051 .932 <.001

EDV

Bias (%) 8.9 �2.2 �4.6 7.0

95% LOA (%) �11.8 to 29.6 �35.5 to 31.2 �33.8 to 24.7 �25.4 to 39.4

P <.001 .065 .006 <.001

SV

Bias (%) 9.3 �4.2 �7.2 6.7

95% LOA (%) �16.4 to 34.9 �43.9 to 35.5 �43.4 to 29.1 �36.2 to 49.6

P <.001 <.001 <.001 <.001
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not on neonates or smaller children. In our previous studies, the accu-
racy of RT3DE for quantification of small volumes was assessed by
static as well as moving small phantoms.16

Children with acquired or congenital heart disease were excluded
from this study, as we sought to build normative percentiles. In order
to assess intervendor differences in hearts with altered geometry,
further studies in children with congenital heart disease are needed.

CONCLUSION

The calculation of LV dimensions on RT3DE by semiautomated
border detection software is feasible and allows reproducible and
noninvasive evaluation of LV volumes and EF in pediatric cardiology.

This study provides percentiles of RT3DE for LV volumes as a refer-
ence for all users of the vendor-specific software QLab, as well as
the vendor-independent TomTec. Furthermore, in a large cohort of
healthy children, it has been shown that 3DE quantification can be
influenced by the analysis package and software settings used.
Therefore, results obtained by different quantification software algo-
rithms have to be interpreted accordingly. For longitudinal follow-
up, as well as cross-sectional series in practice and research,
software-specific nomograms should be used.
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APPENDIX

Figure S1 Sex and age distribution, study group differentiated
between boys and girls.
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Figure S2 Gender-specific (blue =male, red = female) scatterplots for LV indices generated byQLab (A) and TomTec30 (B) correlated
to age.
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Figure S3 Gender-specific percentiles for QLab: EDV, ESV, and SV in relation to age, height, weight, and BSA (Haycock). P indicates
the percentile value, e.g., P50 = 50th percentile value.
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Figure S4 Gender-specific percentiles for TomTec30: EDV, ESV, and SV in relation to age, height, weight, and BSA (Haycock).
P indicates the percentile value, e.g., P50 = 50th percentile value.
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Figure S5 Bland-Altman plots by RT3DE using Qlab 9.0 and TomTec with low CFA (TomTec30) derived from data sets of 370 healthy
children (A) and data sets with good quality only (n = 104) (B).

711.e11 Krell et al Journal of the American Society of Echocardiography
June 2018

83



Table S1 Intra- and interobserver variability

Intraobserver variability Interobserver variability

Intraclass correlation

95% CI

Bias

95% LOA

Intraclass correlation

95% CI

Bias

95% LOA

ESV (mL)

QLab 0.997

0.994 to 0.998

0.4

�3.2 to 3.9

0.983

0.969 to 0.991

�0.3

�7.9 to 4.4

TomTec30 0.997

0.995 to 0.999

0.0

�4.6 to 4.6

0.994

0.988 to 0.997

�0.1

�5.8 to 5.5

TomTec75 0.983

0.966 to 0.993

�0.8

�4.4 to 2.8

0.996

0.991 to 0.999

0.8

�3.5 to 5.1

EDV (mL)

QLab 0.998
0.997 to 0.998

�0.6
�4 to 2.7

0.998
0.997 to 0.998

2.1
�7.7 to 12.0

TomTec30 0.998

0.997 to 0.999

0.4

�8.1 to 8.9

0.998

0.996 to 0.999

0.1

�8.0 to 8.2

TomTec75 0.999

0.998 to 1.000

�1.1

�7.6 to 5.4

0.999

0.998 to 1.000

0.4

�4.8 to 5.7

SV (mL)

QLab 0.999

0.998 to 0.999

�1.1

�5.4 to 3.3

0.98

0.953 to 0.990

2.3

�8.0 to 13.0

TomTec30 0.997

0.995 to 0.999

0.0

�7.2 to 7.1

0.996

0.993 to 0.998

0.0

�6.9 to 6.8

TomTec75 0.998
0.996 to 0.999

�0.3
�5.0 to 4.4

0.998
0.995 to 0.999

0.2
�1.2 to 4.6

EF (%)

QLab 0.934

0.918 to 0.947

�0.8

�4.6 to 3.1

0.571

0.218 to 0.776

1.6

�7.0 to 10.0

TomTec30 0.952
0.914 to 0.975

0.4
�5.5 to 6.4

0.935
0.867 to 0.968

�0.1
�5.6 to 5.4

TomTec75 0.91

0.814 to 0.916

2.4

�5.2 to 9.9

0.911

0.780 to 0.964

�7.0

�7.1 to 5.2
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Table S2 Calculation of LV 3D volume data using different software algorithm—agreement among QLab, TomTec30, and
TomTec75

TomTec75 vs TomTec30 QLab vs TomTec30 QLab vs TomTec30, good quality only QLab vs TomTec75

ESV (mL)

Bias 1.9 0.7 0.1 2.0

95% LOA �4.5 to 8.3 �12 to 13.3 �13.3 to 13.4 �9.5 to 13.6

P <.001 .051 .932 <.001

EDV (mL)

Bias 5.4 �1.2 �3.6 4.5

95% LOA �6.6 to 17.0 �26.3 to 23.8 �29.6 to 22.4 �16.5 to 25.5

P .000 .065 .006 <.001

SV (mL)

Bias 3.7 �2.0 �3.7 2.5

95% LOA �7.1 to 15.0 �21.2 to 17.2 �23.4 to 16.0 �16.1 to 21.2

P <.001 <.001 <.001 <.001

EF (%)

Bias �0.1 �1.2 �1.6 �0.3

95% LOA �8.4 to 8.2 �14.1 to 11.7 �13.4 to 10.3 �14.7 to 14.2

P .821 .000 .009 .55

Table S3 Agreement between CMR and RT3DE (QLab and
TomTec30/75)

CMR and QLab

CMR and

TomTec30

CMR and

TomTec75

ESV (mL)

Bias 2.3 �1.9 �1.4

95% LOA �8.9 to 13.6 �21.0 to 17.0 �27.2 to 24.3

P .07 .375 .614

EDV (mL)

Bias 8.3 8.9 14.0

95% LOA �14.5 to 31.1 �19.0 to 37.0 �26.0 to 53.9

P .003 .008 .004

SV (mL)

Bias 5.3 11 15.4

95% LOA �20.8 to 31.5 �9.0 to 31.0 �9.2 to 40.0

P .075 <.001 <.001

EF (%)

Bias 2.0 5.5 6.9

95% LOA �11.7 to 15.6 �7.1 to 18 �5.8 to 19.6

P .195 .001 <.001
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