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Abstract

Introduction: Different methods have resulted in variable Z-scores for echocardiographic 

measurements. Using the measurements from 3215 healthy North American children in the 

Pediatric Heart Network (PHN) echocardiographic Z-score database, we compared the PHN 

model with previously published Z-score models.

Methods: Z-scores were derived for cardiovascular measurements using four models (PHN, 

Boston, Italy, Detroit). Model comparisons were performed by evaluating 1) overlaid graphs of 

measurement versus body surface area (BSA) with curves at Z = −2, 0, +2; 2) scatterplots of PHN 

versus other Z-scores with correlation coefficients; 3) Bland-Altman plots of PHN versus other Z-

scores; and 4) comparison of median Z-scores for each model.

Results: For most measurements, PHN Z-score curves were similar to Boston and Italian curves 

but diverged from Detroit curves at high BSAs. Correlation coefficients were high when 

comparing the PHN model with the others, highest with Boston (mean 0.99) and lowest with 

Detroit (mean 0.90). Scatterplots suggested systematic differences despite high correlations. 

Bland-Altman plots also revealed poor agreement at both extremes of size and a systematic bias 

for most when comparing PHN against Italian and Detroit Z-scores. There were statistically 

significant differences when comparing median Z-scores between the PHN and other models.

Conclusion: Z-scores from the multicenter PHN model correlated well with previous single 

center models, especially the Boston model, which also had a large sample size and similar 

methodology. The Detroit Z-scores diverged from the PHN Z-scores at high BSAs, possibly 

because there were more subjects in this category in the PHN database. Despite excellent 

correlation, significant differences in Z-scores between the PHN model and others were seen for 

many measurements. This is important when comparing publications using different models and 

for clinical care, particularly when Z-score thresholds are used to guide diagnosis and 

management.
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Background

Echocardiographic Z-scores based on body size are used to normalize the sizes of 

cardiovascular structures in growing children.1–12 They represent the number of standard 

deviations a particular cardiovascular measurement is from the mean value for the 

measurement at any given body size, thereby providing the best approach to determine 

normal reference values for the sizes of cardiovascular structures in the pediatric population.
13,14 The Pediatric Heart Network (PHN) recently established a robust normative database of 

the most common two-dimensional echocardiographic measurements in 3215 healthy and 
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racially diverse North American children.1 This multicenter study revealed that Z-score 

models based on body surface area (BSA) for these measurements are not affected by age, 

sex, race, or ethnicity.

Published allometric models evaluating the relationship between cardiovascular growth and 

total body growth frequently yield different Z-scores for a single measurement in the same 

patient since they use heterogeneous measurement performance and normalization 

methodologies.15–19 The most popular models used in clinical practice derived regression 

equations to characterize this relationship using a mathematical transformation of the body 

size parameter, the raw measurement value, or both. 1,2,6,20 For example, the PHN1 and 

Boston20 models used an exponential transformation of BSA and no transformation of the 

measurement value for the regression equations of most of the parameters (Table 1). The 

Italian model2 involved logarithmic transformations of both BSA and the measurement 

value, whereas the Detroit model6 involved logarithmic transformations of the measurement 

value and polynomial transformations of BSA.

Because these Z-score models are frequently used in both pediatric clinical practice and 

research studies, it is important to recognize the differences among the models as well as the 

limitations associated with using multiple models for a specific clinical scenario or research 

investigation. A recent study performed a theoretical statistical comparison of the PHN 

model to the Boston, Italian, and Detroit models and found differences in the predicted 

ranges of normal values for the sizes of 12 cardiovascular structures.21 Using actual 

echocardiographic measurements from healthy, normal children in the PHN database, we 

sought to compare and contrast the Boston, Italian, and Detroit models with the newly 

published PHN model by calculating the Z-scores based on each model for all the 

measurements in the database.

Methods

PHN Echocardiographic Z-Score Database

The multicenter PHN Echocardiographic Z-score Project collected demographic data and 

high-quality echocardiograms performed as standard of care from a study population of 

3215 healthy children ≤18 years of age. All subjects had documentation of height, weight, 

sex, race, and ethnicity, and enrollment involved systematic sampling across the full range of 

age, sex, and race. A core laboratory measured pre-specified echocardiographic diameters, 

widths, and lengths using the strict pediatric quantification guidelines from the American 

Society of Echocardiography,22 and the data coordinating center used these values to 

calculate areas, volumes, mass, and ratios (Table 2).

Z-Score Derivation

Z-scores were derived from the raw measurements recorded for all parameters in the PHN 

normative database using the four models (PHN, Boston, Italy, Detroit). The latest version of 

the Boston model published in June 2020 was used for comparison.20 The Detroit model did 

not include subjects with a BSA >2 m2, so Z-scores based on this model were not calculated 

for subjects in the PHN database with a BSA >2 m2. Because the regression equations and 
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Z-score calculations for left ventricular (LV) end-systolic dimension and volume were not 

published for the PHN model, Z-scores for these parameters were derived and evaluated for 

clinically significant effects of age, sex, race, and ethnicity using the PHN methodology to 

index parameter values to BSA.1 This approach determined the appropriate BSA 

transformation (BSAα) to index the parameter value (parameter/BSAα), after which the 

mean value and standard deviation (SD) of the indexed parameter value were used in the 

following equation:

Z = [ parameter/BSAα − (mean value of indexed parameter)]
SD of indexed parameter

Clinically significant measurement differences were defined as those that exceeded the 

reproducibility of the echocardiographic measurement.

Statistical Analysis

The measurements available for comparison among the models are listed in Table 2. A 

comparison of Z-scores from the PHN model against each of the other models was 

performed for all parameters using four different analytic methods. The first was a visual 

comparison of overlaid graphs with non-transformed BSA values on the x-axis and non-

transformed measurement values on the y-axis showing curves at Z-score = −2, 0, and +2 for 

the PHN model versus each of the other models. The second involved a visual comparison 

using scatterplots of the PHN Z-scores versus the Z-scores derived from each of the other 

models. The Pearson correlation coefficients for each of these comparisons were then 

calculated. The third involved Bland-Altman plots comparing the PHN Z-scores to those 

using the other models. In the final method, median Z-scores for all parameters using each 

of the models were calculated. The PHN median Z-scores were then compared to the median 

Z-scores based on the other models, and statistically significant differences were determined 

using the Kruskal-Wallis test.

Results

Characteristics of the Z-Score Models

The PHN study involved subjects from 19 centers, whereas the other three models used data 

from single centers (Table 1). The PHN model involved 3215 children, whereas the sample 

sizes for the other models ranged from 782 to >2000 children (the original Boston 

publication involved only 496 children,8 but the regression equations used for comparison in 

this study were based on data from >2000 children20). The PHN study collected data from 

nearly equal numbers of subjects in three race categories (White, African American, and 

Other); the Italian model involved only Caucasian subjects; and race data were not reported 

for the Boston or Detroit models. Measurements were performed by two observers for the 

PHN model, a single observer in the Italian model, and multiple observers in the Boston and 

Detroit models. Z-scores using the PHN model were determined for LV end-systolic 

dimension and volume (Table 3). Residual effects of BSA, age, sex, race, and ethnicity were 

found to be clinically insignificant for this analysis.
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Comparisons of Z-Score Curves

For most parameters, the curves at Z-score = −2, 0, and +2 for the PHN model were 

generally similar to equivalent curves for the Boston and Italian models, but they diverged 

from equivalent curves for the Detroit model at higher BSA values. Figure 1 displays two 

examples of these comparisons for the aortic root and the right pulmonary artery, and 

Supplementary Appendix 1 displays the comparison for all of the study parameters.

Scatterplots and Correlation Coefficients

Scatterplots comparing the PHN Z-scores against the Z-scores derived using the comparison 

models revealed high correlation coefficients (0.82 – 1.00) but suggested systematic 

differences in some measures. Figure 2 displays two examples of scatterplots for the aortic 

root and right pulmonary artery, and Supplementary Appendix 2 displays the scatterplots for 

all study parameters. Among all comparisons, the mean correlation coefficient was highest 

for PHN versus the Boston model (mean 0.99, range 0.94 – 1.00), followed by PHN versus 

the Italian model (mean 0.98, range 0.95 – 0.99), and lowest for PHN versus the Detroit 

model (mean 0.92, range 0.82 – 0.96).

Bland-Altman Plots

Comparison of the PHN Z-scores to the Boston Z-scores revealed the best agreement (both 

models used the exponential approach), but differences in Z-scores tended to either increase 

or decrease linearly with increasing size. In contrast, the plots comparing the PHN Z-scores 

to the Italian and Detroit Z-scores revealed a parabolic or convex shape instead of a linear 

shape for most measurements. Figure 3 displays two examples of Bland-Altman plots for the 

aortic root and right pulmonary artery, and Supplementary Appendix 3 displays the Bland-

Altman plots for all study parameters.

Comparison of Median Z-scores

Given the large sample size in the PHN normative database, almost all of the median Z-score 

comparisons between the PHN model and the other models revealed statistically significant 

differences (Table 4). The left anterior descending coronary artery (LAD) diameter in the 

Boston model, aortic isthmus diameter in the Italian model, and distal aortic arch diameter in 

the Detroit model had the largest median Z-score differences when compared with the PHN 

model (Figure 4). The large difference in median LAD Z-scores between the PHN and 

Boston models existed despite a correlation coefficient of 0.99. In fact, further evaluation of 

this difference revealed the following mathematical relationship via linear regression 

modeling: ZLAD(PHN) = ZLAD(Boston) + 1.3; in other words, the PHN Z-scores were 

systematically 1.3 points higher than the Boston Z-scores for the LAD.

Discussion

Z-scores are critical in the assessment of cardiovascular sizes among growing children. Z-

scores based on measurements made in different populations and calculated from 

mathematically different models are often used in the same clinical scenario or research 

project without accounting for the differences in the populations and the models. The Z-

scores derived from the multicenter PHN model based on a large, diverse pediatric 
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population correlated well with Z-scores derived from commonly used single center models. 

This is despite the fact that the PHN dataset was used specifically to develop the PHN 

model, whereas data from different populations were used to develop the other models, 

thereby affording the PHN model an advantageous goodness of fit for the study database. 

For most parameters, curves depicting increasing raw measurement values with increasing 

BSA that corresponded to Z-scores of −2, 0, and +2 were similar among the models, 

particularly at lower BSA values. Equivalent curves diverged at higher BSA values, 

particularly for the PHN versus Detroit comparison, likely related to mathematical 

differences in the approach to fitting the regression equations and to the availability of more 

subjects with high BSA values in the PHN database.

However, despite excellent correlations, the Z-scores derived from the four models exhibited 

some discrepancies. There were significant differences among the models for many 

parameters, as highlighted by the scatterplots, the Bland-Altman plots, and the comparison 

of median Z-scores. In other words, systematic differences existed among the Z-score 

models. The etiology for these differences is likely multifactorial. Heterogeneous 

echocardiographic protocols may be present at each individual center and for single versus 

multiple observers, especially if some of the data used to develop the model were obtained 

prior to the publication of the pediatric quantification guidelines by the American Society of 

Echocardiography.22 An example of protocol differences involves the right pulmonary artery 

diameter, which was measured in a parasternal short-axis view for three of the models1,2,8 

and in a suprasternal short-axis view for the fourth model.6 Secondly, there may have been 

subtle differences in the inclusion and exclusion criteria for each population, such as the 

extent to which normal, healthy individuals were identified for inclusion in the study; this 

factor could potentially lead to variable study populations and hence different Z-scores. 

Finally, variable Z-score modeling methodology using different mathematical approaches to 

fitting regression equations will lead to different Z-scores, whether the model involves 

transformation of the body size parameter and/or transformation of the measurement value 

as well as exponential versus logarithmic versus polynomial transformation of the 

parameters. It is also important to note that the biggest differences in median Z-scores were 

found for the smallest structures, namely the LAD, distal aortic arch, and aortic isthmus. 

Although they are not a cause of the systematic bias discussed above, these differences 

suggest that variability and random error for smaller structures are higher, especially with 

the improving but still finite spatial resolution of available echocardiographic technology.

The visual comparisons of the Z-score curves and the correlation comparisons showed that 

similarities in Z-scores are most common between the PHN and Boston models. Although 

the original publication describing the Boston model involved only 496 subjects,8 updates to 

the Boston Z-scores and regression equations have become available periodically over the 

years as more subjects were included in the Boston database,20 allowing for a specific 

measurement in the same individual to have different Boston Z-scores depending on the 

timing of the measurement. This is in contrast to established and unchanging regression 

equations from the other three published models. The PHN model and the most recent 

Boston model had the largest sample sizes, and both used the same normalization method 

with exponential transformation of BSA for most parameters. In addition, the rigorous 

inclusion of subjects at lower and higher BSA values likely contributed to better modeling 
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across the full range of body sizes encountered in the pediatric population. When comparing 

the PHN Z-scores against the Italian and Detroit Z-scores, the differences in sampling as 

well as the different mathematical approaches likely explain the divergence of Z-scores at 

the extremes of size in the Bland-Altman plots. This is particularly important since the 

impact of many clinical decisions involving Z-scores is usually more significant at the 

extremes of cardiovascular size where the degree of hypoplasia or enlargement is likely to 

affect the plan of care.

It is difficult to know which of the four models is best suited for routine clinical use in a 

pediatric echocardiography laboratory. The PHN measurements were made by only two 

observers in the core laboratory whereas the Boston measurements were made by multiple 

observers during routine evaluation at their center. Studies with multiple observers are more 

representative of “real world” clinical practice and associated with wider confidence 

intervals, whereas studies with fewer observers in a multicenter study avoid the systematic 

error that occurs from different center-specific measurement methodologies. In fact, the 

differences in methodologies may play the more important role in distinguishing the Z-score 

models. Center-specific measurement methodologies could not be evaluated, however, since 

the multicenter PHN model included only core laboratory measurements. In addition, no 

measurements made as routine practice from any individual center were collected. Future 

studies evaluating the effects of center-specific practices would be valuable to further 

elucidate the etiology for variable Z-scores from different models.

Lastly, it is not unusual for Z-score thresholds to be used in clinical practice guidelines, 

which are based on expert consensus and/or scientific evidence. Examples of recommended 

Z-score thresholds for treatment can be found for LV end-systolic diameters in patients with 

aortic regurgitation,23 aortic root diameters in Marfan syndrome,24 and coronary artery 

diameters in Kawasaki disease.25 It is important to remember that there are few if any 

outcomes data that have established true inflection points or boundaries of uncertainty or 

confidence in the continuum of risk for these clinical scenarios, highlighting the limitations 

of Z-score thresholds for single variables in clinical guidelines. In addition, the difference of 

1.3 noted for the LAD Z-scores when comparing the PHN and Boston models is an example 

of why it is important to choose the correct Z-score model when making clinical decisions 

for patients with Kawasaki disease. Because the studies cited in the guidelines establishing 

thresholds for treatment in this population used the Boston Z-scores,25 the Boston Z-scores 

should be used to guide therapeutic decisions in Kawasaki disease (assuming that the 

regression equations for the LAD have not changed significantly since publication of the 

guidelines). In other words, the same Z-score model on which outcome studies and 

guidelines are based should be used to make clinical decisions until such a time when 

outcomes utilizing the PHN Z-scores have been reported.

Conclusions

Z-scores from the PHN model correlated well with Z-scores from the comparison models, 

particularly for the Boston Z-scores, likely related to similar mathematical methods to fit the 

data in regression models and to larger sample sizes. However, significant differences in Z-

scores were noted for many parameters, highlighting the fact that different modeling 
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methodologies result in different Z-scores for the same measurement in the same patient, 

especially at the upper and lower extremes of BSA values. These differences influence the 

proportion of patients who fall outside the range of Z-score thresholds used to determine risk 

and to make clinical decisions. This is an important consideration for clinical care and 

research studies, especially when comparing publications and echocardiograms using 

different Z-score models. Clinicians should avoid using more than one Z-score model when 

making clinical decisions or determining trends over time in the care of a particular patient. 

Consistency is also important when researchers use Z-scores in studies to assess clinical 

impact, associations, and risk in a particular patient population.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations:

AAO ascending aortic diameter

ANN aortic annular diameter

ARCHDIST distal transverse aortic diameter

ARCHPROX proximal transverse aortic arch diameter

BSA body surface area

ISTH aortic isthmus diameter

LAD left anterior descending coronary artery

LMCA left main coronary artery diameter

LPA left pulmonary artery diameter

LV left ventricular

LVEDD left ventricular end-diastolic dimension

LVEDV endocardial left ventricular end-diastolic volume

LVEDVEPI epicardial left ventricular end-diastolic volume

LVESD left ventricular end-systolic dimension

LVESV endocardial left ventricular end-systolic volume
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LVM left ventricular mass

LVMVR left ventricular mass-to-volume ratio

LVPWT left ventricular end-diastolic posterior wall thickness

LVSI left ventricular sphericity index

LVST left ventricular end-diastolic septal thickness

LVTDR left ventricular thickness-to-dimension ratio

MPA main pulmonary artery diameter

MVA mitral annular area

MVAP anteroposterior mitral annular diameter

MVLAT lateral mitral annular diameter

PHN Pediatric Heart Network

PVLAX long-axis pulmonary annular diameter

PVSAX short-axis pulmonary annular diameter

RCA right coronary artery diameter

ROOT aortic root diameter

RPA right pulmonary artery diameter

SD standard deviation

STJ aortic sinotubular junction diameter

TVA tricuspid annular area

TVAP anteroposterior tricuspid annular diameter

TVLAT lateral tricuspid annular diameter
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Highlights

• Published Z-score models involve variable populations and normalization 

approaches.

• Different models result in different Z-scores for the same measurement and 

person.

• The rigorous multicenter PHN Z-score model compares favorably to other 

models.

• Systematic differences among Z-scores should be considered in clinical 

decisions.

• The same Z-score model should be used for practice guidelines and decision 

making.
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Figure 1: 
Comparisons of curves at Z-score = −2, 0, and +2 for the PHN model (red lines) versus 

similar curves for the Boston, Italy, and Detroit models (green lines) for aortic root diameter 

and right pulmonary artery diameter. (BSA = body surface area, PHN = Pediatric Heart 

Network)
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Figure 2: 
Scatterplots comparing the PHN Z-scores versus the Boston, Italian, and Detroit Z-scores 

for the aortic root diameter and the right pulmonary artery diameter. (PHN = Pediatric Heart 

Network)
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Figure 3: 
Bland-Altman plots comparing the PHN Z-scores versus the Boston, Italian, and Detroit Z-

scores for the aortic root diameter and the right pulmonary artery diameter. The red line is 

the 0-reference line and the blue dashed lines are the 95% confidence interval around the 

mean difference (dark blue dotted line). (PHN = Pediatric Heart Network)
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Figure 4: 
Parameters with the Largest Median Z-score Difference for Each Comparison with the PHN 

Model. (PHN = Pediatric Heart Network)
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Table 1:

Characteristics of the models used for comparison.

Model Characteristics

Z-Score Model PHN1 Boston20 Italy2 Detroit6

Reference Lopez, 2017 Boston Z-Scores* Cantinotti, 2017 Pettersen, 2008

Model 

Regression
# y = m×BSAα

y = m×BSAα (y = β + 
m×BSAα for the coronary 

arteries)
ln(y) = b + (m×ln[BSA])

ln(y) = b + (m1×BSA) + 
(m2×BSA2) + (m3×BSA3)

Data Source 19 centers 1 center 1 center 1 center

Sample Size 3215 >2000 1151 782

Study 
Population

1) Weight-forlength Z <2 if 
<2 years old 2) BMI < 95th 

percentile if ≥2 years old 3) 
Gestational age ≥37 weeks 
4) No structural or 
congenital heart disease 5) 
No systemic disorder with 
cardiovascular 
manifestations 6) No family 
history of left heart disease 
or cardiomyopathy

1) Weight >2.5 kg
2) BSA >0.18 m2

3) −2 > BMI Z > 2 4) No 
premature babies
5) No structural or congenital 
heart disease 6) No systemic 
disorder with cardiovascular 
manifestations 7) No family 
history of left heart disease or 
cardiomyopathy

1) Weight-forlength Z <2 
if <2 years old 2) BMI < 
95th percentile if ≥2 years 
old 3) Premature babies 
included 4) No structural 
or congenital heart disease 
5) No systemic disorder 
with cardiovascular 
manifestations 6) No 
family history of genetic 
cardiac disease

1) No obese subjects 2) 
BSA <2 m2 3) No 
reference to gestational 
age or BMI 4) No 
structural or congenital 
heart disease 5) No 
systemic disorder with 
cardiovascular 
manifestations 6) No 
family history of genetic 
cardiac disease

Race Data Multiracial Not reported Caucasian Not reported

Observers 2 Multiple 1 Multiple

(BMI = body mass index, BSA = body surface area, PHN = Pediatric Heart Network).

*
The original publication from Boston involved only 496 children (8), but the regression equations used for comparison in this study were based on 

data from >2000 children with variable sample sizes for each parameter.19

#
y = measurement value; b = intercept; m, m1, m2, m3 = slope values.

J Am Soc Echocardiogr. Author manuscript; available in PMC 2022 February 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Lopez et al. Page 18

Table 2:

Measurements and calculations performed in the Pediatric Heart Network Echocardiogram Z-score model 

(Column 1) and in the other three models (Columns 2 – 4).

Measurements and Calculations for all 4 Models

PHN Boston Italy Detroit

ANN ANN ANN ANN

ROOT ROOT ROOT ROOT

STJ STJ STJ STJ

AAO AAO AAO

ARCHPROX ARCHPROX ARCHPROX

ARCHDIST ARCHDIST ARCHDIST ARCHDIST

ISTH ISTH ISTH ISTH

LMCA LMCA

LAD LAD

RCA RCA

PVSAX

PVLAX PVLAX PVLAX PVLAX

MPA MPA MPA MPA

RPA RPA RPA RPA

LPA LPA LPA LPA

MVLAT MVLAT MVLAT MVLAT

MVAP MVAP

MVA MVA

TVLAT TVLAT TVLAT TVLAT

TVAP TVAP

TVA TVA

LVEDD LVEDD LVEDD

LVESD LVESD LVESD

LVPWT LVPWT LVPWT

LVST LVST LVST

LVEDV LVEDV

LVEDVEPI LVEDVEPI

LVESV LVESV

LVM LVM

LVMVR LVMVR

LVTDR LVTDR

LVSI LVSI

(AAO = ascending aortic diameter, ANN = aortic annular diameter, ARCHDIST = distal transverse aortic diameter, ARCHPROX = proximal 

transverse aortic arch diameter, ISTH = aortic isthmus diameter, LAD = left anterior descending coronary artery, LMCA = left main coronary artery 
diameter, LPA = left pulmonary artery diameter, LVEDD = left ventricular end-diastolic dimension, LVEDV = endocardial left ventricular end-
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diastolic volume, LVEDVEPI = epicardial left ventricular end-diastolic volume, LVESD = left ventricular end-systolic dimension, LVESV = 

endocardial left ventricular end-systolic volume, LVM = left ventricular mass, LVMVR = left ventricular mass-to-volume ratio, LVPWT = left 
ventricular end-diastolic posterior wall thickness, LVSI = left ventricular sphericity index, LVST = left ventricular end-diastolic septal thickness, 
LVTDR = left ventricular thickness-to-dimension ratio, MPA = main pulmonary artery diameter, MVA = mitral annular area, MVAP = 

anteroposterior mitral annular diameter, MVLAT = lateral mitral annular diameter, PHN = Pediatric Heart Network, PVLAX = long-axis 

pulmonary annular diameter, PVSAX = short-axis pulmonary annular diameter, RCA = right coronary artery diameter, ROOT = aortic root 

diameter, RPA = right pulmonary artery diameter, STJ = aortic sinotubular junction diameter, TVA = tricuspid annular area, TVAP = 

anteroposterior tricuspid annular diameter, TVLAT = lateral tricuspid annular diameter).
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Table 3:

Components of Z-score calculations for two new parameters using the PHN methodology that have not been 

previously published.

Z-Score Calculation Elements Not Previously Published*

Parameter α Mean Indexed Value SD

LVESD (cm) 0.5 2.675 0.352

LVESV (ml) 1.3 25.76 5.551

(LVESD = left ventricular end-systolic dimension, LVESV = left ventricular end-systolic volume, SD = standard deviation).

*
The other Z-score calculation elements have been previously published1 and are available at http://www.pediatricheartnetwork.org/

ResourcesPublications/EchoZ-Scores.aspx; Z-scores are calculated as Z=[(Parameter/BSAα) – Mean]/SD.
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Table 4:

Median Z-scores for all the parameters used for comparison among the different models with red values 

designating the median Z-scores that are significantly different from the corresponding median PHN Z-scores 

(p < 0.05).

Median Z-Scores

Parameter PHN Boston Italy Detroit

ANN 0.05 −0.51 −0.54 −0.12

ROOT −0.03 −0.35 −0.35 −0.04

STJ −0.01 −0.28 0.33 0.21

AAO −0.03 −0.90 −0.74 NA

ARCHPROX <−0.01 NA −0.08 −0.31

ARCHDIST 0.01 −0.29 0.34 0.77

ISTH −0.03 0.09 1.23 0.38

LMCA −0.08 −0.04 NA NA

LAD −0.03 −1.33 NA NA

RCA −0.11 −0.22 NA NA

PVSAX −0.02 NA NA NA

PVLAX <0.01 0.10 0.92 0.68

MPA <0.01 −0.43 −0.41 −0.04

RPA −0.04 −0.20 −0.11 −0.41

LPA 0.02 0.00 0.24 0.65

MVAP −0.02 0.55 NA NA

MVLAT −0.02 0.10 −0.74 −0.57

MVA −0.04 0.36 NA NA

TVAP <−0.01 0.15 NA NA

TVLAT 0.01 0.18 −0.26 −0.51

TVA −0.04 0.20 NA NA

LVEDD −0.01 −0.25 NA 0.02

LVESD −0.03 0.23 NA 0.73

LVPWT −0.13 −0.60 NA 0.12

LVST −0.14 −1.03 NA −0.36

LVEDV −0.05 −0.82 NA NA

LVEDVEPI −0.05 −0.88 NA NA

LVESV −0.07 0.00 NA NA

LVM −0.07 −0.66 NA NA

LVMVR −0.13 0.08 NA NA

LVTDR −0.12 −0.68 NA NA

LVSI −0.03 −0.11 NA NA
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(AAO = ascending aortic diameter, ANN = aortic annular diameter, ARCHDIST = distal transverse aortic diameter, ARCHPROX = proximal 

transverse aortic arch diameter, ISTH = aortic isthmus diameter, LAD = left anterior descending coronary artery, LMCA = left main coronary artery 
diameter, LPA = left pulmonary artery diameter, LVEDD = left ventricular end-diastolic dimension, LVEDV = endocardial left ventricular end-
diastolic volume, LVEDVEPI = epicardial left ventricular end-diastolic volume, LVESD = left ventricular end-systolic dimension, LVESV = 

endocardial left ventricular end-systolic volume, LVM = left ventricular mass, LVMVR = left ventricular mass-to-volume ratio, LVPWT = left 
ventricular end-diastolic posterior wall thickness, LVSI = left ventricular sphericity index, LVST = left ventricular end-diastolic septal thickness, 
LVTDR = left ventricular thickness-to-dimension ratio, MPA = main pulmonary artery diameter, MVA = mitral annular area, MVAP = 

anteroposterior mitral annular diameter, MVLAT = lateral mitral annular diameter, PHN = Pediatric Heart Network, PVLAX = long-axis 

pulmonary annular diameter, PVSAX = short-axis pulmonary annular diameter, RCA = right coronary artery diameter, ROOT = aortic root 

diameter, RPA = right pulmonary artery diameter, STJ = aortic sinotubular junction diameter, TVA = tricuspid annular area, TVAP = 

anteroposterior tricuspid annular diameter, TVLAT = lateral tricuspid annular diameter).
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