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Congenital Heart Disease

Relationship of Echocardiographic Z Scores Adjusted for
Body Surface Area to Age, Sex, Race, and Ethnicity

The Pediatric Heart Network Normal Echocardiogram Database
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Background—Published nomograms of pediatric echocardiographic measurements are limited by insufficient sample size
to assess the effects of age, sex, race, and ethnicity. Variable methodologies have resulted in a wide range of Z scores for
a single measurement. This multicenter study sought to determine Z scores for common measurements adjusted for body
surface area (BSA) and stratified by age, sex, race, and ethnicity.

Methods and Results—Data collected from healthy nonobese children <18 years of age at 19 centers with a normal
echocardiogram included age, sex, race, ethnicity, height, weight, echocardiographic images, and measurements performed
at the Core Laboratory. Z score models involved indexed parameters (X/BSA®) that were normally distributed without
residual dependence on BSA. The models were tested for the effects of age, sex, race, and ethnicity. Raw measurements
from models with and without these effects were compared, and <5% difference was considered clinically insignificant
because interobserver variability for echocardiographic measurements are reported as >5% difference. Of the 3566
subjects, 90% had measurable images. Appropriate BSA transformations (BSA®) were selected for each measurement.
Multivariable regression revealed statistically significant effects by age, sex, race, and ethnicity for all outcomes, but all
effects were clinically insignificant based on comparisons of models with and without the effects, resulting in Z scores
independent of age, sex, race, and ethnicity for each measurement.

Conclusions—Echocardiographic Z scores based on BSA were derived from a large, diverse, and healthy North American
population. Age, sex, race, and ethnicity have small effects on the Z scores that are statistically significant but not
clinically important.
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chocardiography is crucial for the evaluation of heart
diseases, because treatment decisions frequently rely on
accurate determination of the sizes of cardiovascular struc-
tures.!? Reference values must be readily available for clini- findings. Previous studies suggest that measurements in
cians and researchers to distinguish normal from abnormal normal children are affected by body size, age, sex, and

See Editorial by Simpson and Chubb
See Clinical Perspective

Received July 27, 2017; accepted October 19, 2017.

From the Nicklaus Children’s Hospital, Miami, FL (L.L.); Boston Children’s Hospital, MA (S.C., A.P.); National Heart, Lung, and Blood Institute, Bethesda,
MD (M.S., G.P.); New England Research Institutes, Watertown, MA (S.G., E.T.); Children’s Hospital of Wisconsin, Milwaukee (P.F., M.F.); Ann & Robert Lurie
Children’s Hospital, Chicago, IL (J. Camarda); Cincinnati Children’s Hospital Medical Center, OH (J. Cnota); Children’s Hospital of Philadelphia, PA (M.C.);
Hospital for Sick Children, Toronto, ON, Canada (A.D.); Texas Children’s Hospital, Houston (O.G., R.P.); Riley Hospital for Children at Indiana University
Health, Indianapolis (T.J.); Children’s Hospital of Orange County, CA (W.L.); Children’s Hospital at Montefiore, Bronx, NY (J.M.); Children’s Healthcare of
Atlanta, GA (R.S.); Seattle Children’s Hospital, WA (B.S.); Vanderbilt University Medical Center, Nashville, TN (J.S.); Children’s National Health System,
Washington, DC (C.S.); Mount Sinai Medical Center, New York, NY (S.S.); Medical University of South Carolina, Charleston (C.T.); Children’s Health Dallas,
TX (P.T.); CS Mott Children’s Hospital, Ann Arbor, MI (M.v.d.V.); and University of Utah, Salt Lake City (L.M.).

*A list of all Pediatric Heart Network Investigators is given in the Data Supplement.

The contents of this publication represent the views of the authors and do not necessarily represent official positions of the National Heart, Lung, and
Blood Institute or the National Institutes of Health.

The Data Supplement is available at http://circimaging.ahajournals.org/lookup/suppl/doi:10.1161/CIRCIMAGING.117.006979/-/DC1.

Correspondence to Leo Lopez, MD, Nicklaus Children’s Hospital, 3100 SW 62nd Ave, Miami, FL 33155. E-mail leolopezmd @ gmail.com

© 2017 American Heart Association, Inc.

Circ Cardiovasc Imaging is available at http://circimaging.ahajournals.org DOI: 10.1161/CIRCIMAGING.117.006979

1


mailto:leolopezmd@gmail.com
http://circimaging.ahajournals.org/
http://circimaging.ahajournals.org/
http://circimaging.ahajournals.org/
http://circimaging.ahajournals.org/
http://circimaging.ahajournals.org/
http://circimaging.ahajournals.org/
http://circimaging.ahajournals.org/
http://circimaging.ahajournals.org/
http://circimaging.ahajournals.org/
http://circimaging.ahajournals.org/
http://circimaging.ahajournals.org/
http://circimaging.ahajournals.org/
http://circimaging.ahajournals.org/
http://circimaging.ahajournals.org/
http://circimaging.ahajournals.org/
http://circimaging.ahajournals.org/
http://circimaging.ahajournals.org/

/T0Z ‘ST JoquisnoN uo 1senb Aq /6.0°seulno feye Buifew 10.119//:dny wioly pepeojumoq

2 Lopez et al

race,”! though most focus on the effects of body size using
cardiovascular allometry (relationship between cardiovas-
cular growth and total body growth) and Z scores.'*! With
increasing use of Z scores in echocardiography, the limita-
tions have become apparent.”>*

Cantinotti et al*? revealed wide Z score variation for the
same measurement when evaluating published normal data-
bases, many with small sample sizes, few neonates, and
heterogeneous methodologies using variable body size param-
eters and regression equations. For example, a mitral diameter
of 11 mm in a boy with a body surface area (BSA) of 0.3 m?
can correspond to a Z score of —3.5 to +4.8. Many studies also
failed to address the problem of nonconstant variance (het-
eroscedasticity).?>* Colan et al* highlighted the reproducibil-
ity of echocardiographic measurements, potentially creating
additional challenges to establishing normal databases. Most
studies have reported interobserver variability as percent dif-
ferences of 5% to 10% for semilunar and >10% for atrioven-
tricular valvar measurements.>"26%’

Currently, normal echocardiographic reference values
adjusted for body size, age, sex, race, and ethnicity do not exist.
The Pediatric Heart Network sought to determine Z scores for
common measurements in a large group of racially diverse
healthy children by evaluating the relationship between mea-
surements and BSA as well as the effects of age, sex, race, and
ethnicity on this relationship.

Methods

The detailed methods used for measurement performance and data
analysis will be made available on request from the Pediatric Heart
Network to other researchers. In addition, the regression equations
and a Z score calculator will be available on the Pediatric Heart
Network website (www.pediatricheartnetwork.com).

Study Design

Demographic and clinical data and echocardiographic images were
collected at 19 North American centers. Because all submissions
were deidentified, most children were retrospectively enrolled un-
der a waiver of consent after Institutional Review Board or Research
Ethics Board approval. Race/ethnicity information was not routine-
ly obtained at 1 center and was collected prospectively for eligible
subjects after local regulatory approval. Some centers were able to
perform research echocardiograms without charge and prospectively
enrolled healthy children after Institutional Review Board approval.

Study Population
Healthy children <18 years of age with a normal, high-quality echocar-
diogram and documentation of height, weight, sex, race, and ethnic-
ity were eligible. Exclusion criteria (Table I in the Data Supplement)
included structural heart disease, abnormal electrocardiographic find-
ings, systemic disorder with cardiovascular manifestations, prema-
turity because of a high prevalence of hemodynamically significant
cardiovascular and respiratory pathology, obesity because of reported
associated cardiovascular pathology,®** and a family history of non-
ischemic cardiomyopathy or congenital left-sided heart disease.®!
An adjudication committee evaluated anatomic variants (Table 1), and
normal or hemodynamically insignificant findings were included.
Self-reported race/ethnicity information was divided into 3
categories: whites, blacks, and others (Hispanics, Asians, Pacific
Islanders, Native Americans, and Multiracial). Age was divided into
6 categories (<1 month, 1 month-3 years, 3-6 years, 612 years,
12-16 years, and 1618 years) to assure adequate enrollment across
the full pediatric age range (particularly during periods of increased
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Table 1. Clarification of Echocardiographic Findings

Included (If Otherwise Normal

Intracardiac Anatomy) Excluded

Patent foramen ovale Cardiac malposition

Tiny patent ductus arteriosus Left superior vena cava

Mild peripheral pulmonic stenosis
without branch pulmonary artery
hypoplasia in infancy

Interrupted inferior vena cava

Tiny coronary artery fistula Abnormal coronary artery origin

Retroaortic innominate vein Absent aortic arch image

Common origin of right innominate and
left carotid arteries

Chest wall deformity

Right aortic arch

Aberrant subclavian artery

Clinical suspicion of connective tissue
disorder without evidence for connective
tissue disorder

Direct origin of a vertebral
artery from the aortic arch

Clinical suspicion of Kawasaki disease
with normal coronary arteries and no
history of Kawasaki disease treatment

growth velocity), but age was treated as a continuous variable during
the analyses. Thirty-six study groups were created from the 3 race, 6
age, and 2 sex categories. Sample size calculations were performed
to reasonably estimate the population mean and SD for each measure-
ment.*” Specifying a margin of error for the mean of 22% of the SD
required 80 echocardiograms per group. Because >80% of submitted
studies were expected to contain the necessary images for each mea-
surement, the target was 100 subjects per group.

Echocardiographic Studies

All echocardiograms were in Digital Imaging and Communications
in Medicine format with >2-beat clips. Images were deidentified us-
ing the Match Plus Program (Booz Allen Hamilton, McLean, VA)
and submitted to the Core Laboratory where measurements were per-
formed using published pediatric quantification standards (Table 2).!
Pulmonary annular diameters were performed in short- and long-axis
parasternal views; a single predesignated view was used for all other
measurements. Measurements were performed off-line (TomTec,
Unterschleissheim, Germany) by 1 of 2 Core Laboratory sonogra-
phers and reviewed by the Director. The echocardiogram was includ-
ed if the Core Laboratory could perform all required measurements
and measurements in at least 1 of the 3 optional categories in Table 2
(structures not routinely measured in normal studies).

Intraobserver variability was evaluated with blinded repeat mea-
surements of aortic annular, root, sinotubular junction, and ascending
aortic diameters and left ventricular (LV) end-diastolic area in 120
subjects. Depending on the true proportion of matched measurements
(assuming a 90% to 50% range), 120 subjects provided a 90% con-
fidence interval for the true proportion with a reasonable margin of
error (0.045-0.075). Measurement variability was tested using intra-
class correlation coefficients and Pearson correlations.

Statistical Analysis

Because most clinicians use the BSA formulas by Haycock® and
by Gehan and George,** the calculated BSAs using both formulas
were compared by Pearson correlation. Because the goal was to cal-
culate Z scores based on BSA while accounting for the effects of
age, sex, race, and ethnicity, a P value of 0.05 was used to deter-
mine significant effects, and a P value of 0.01 was used to determine
significant interactions among the effects. Published reproducibility
thresholds suggest that measurement variability may be responsible
for up to 5% of measurement differences.>”*” Therefore, clinical
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Table 2. Required and Optional Parameters; Echocardiographic Views or Formulas; Percentages With Measurable Images; Body
Surface Area Transformation a; Effects of Age, Sex, and Race on Measurements; and Final Z Score Models

Echocardiographic View or

Parameter Req Formula % Av, % o Effects % Diff, % Slope A Mean SD

MV, cm Yes Parasternal long axis 100 0.50 A 1.33 N 2.31 0.24
MV, cm Yes Apical 4 chamber 100 0.50 AS 2.36 N 2.23 0.22
MVA, cm? Yes T/AXMV,, XMV, . 100 1.00 A 3.68 N 4.06 0.68
TV, cm Yes Parasternal long axis 100 0.50 ASAxS 1.33 N 2.36 0.28
TV, cm Yes Apical 4 chamber 100 0.50 ARSAxS 4.25 N 2.36 0.29
TVA, cm? Yes ATV, XTV, ¢ 100 1.00 AR S AxR AxS 3.87 N 4.39 0.83
ANN, cm Yes Parasternal long axis 100 0.50 AR S AxS SxR 1.55 Y 1.48 0.14
ROOT, cm Yes Parasternal long axis 100 0.50 AR S AxR AxS 1.92 N 2.06 0.18
STJ, cm Yes Parasternal long axis 100 0.50 ARS SxR 1.35 Y 1.69 0.16
AAQ, cm Yes Parasternal long axis 100 0.50 ARS 1.13 N 1.79 0.18
ARCH,,,o CM No* Suprasternal long axis 80 0.50 ARS 4.72 Y 1.53 0.23
ARCH,;, cm No* Suprasternal long axis 97 0.50 AR 2.36 N 1.36 0.19
ISTH, cm No* Suprasternal long axis 97 0.50 AR 1.89 Y 1.25 0.18
LMCA, mm No* Parasternal short axis 90 0.45 ARS 2.78 N 2.95 0.57
LAD, mm No* Parasternal short axis 78 0.45 AS 2.59 N 1.90 0.34
RCA, mm No* Parasternal short axis 91 0.45 RS 2.42 N 2.32 0.55
PV, CM Yest Parasternal short axis 7 0.50 AR S AxR AxS SxR AxSxR 1.42 Y 1.91 0.24
PV, €M Yest Parasternal long axis 90 0.50 ARSAxS 4.59 Y 2.01 0.28
MPA, cm No* Parasternal short axis 94 0.50 A AxS SxR 2.00 Y 1.82 0.24
RPA, cm No* Parasternal short axis 93 0.50 AS 1.18 Y 1.07 0.18
LPA, cm No* Parasternal short axis 89 0.50 AS 0.87 Y 1.10 0.18
LVEDD, cm Yes Parasternal short axis 100 0.45 ARSAxS 1.60 Y 3.89 0.33
LVPWT, cm Yes Parasternal short axis 100 0.40 AR S AxR AxS 2.82 Y 0.57 0.09
LVST, cm Yes Parasternal short axis 100 0.40 AR S AxR AxS 2.88 Y 0.58 0.09
LVEDL, cm Yes Apical 4 chamber 100 0.45 ARSAxS 1.29 N 6.31 0.46
LVEDL,,, cm Yes Apical 4 chamber 100 0.45 ARSAxS 1.22 N 6.87 0.45
LVEDA, cm? Yes Parasternal short axis 100 0.90 ASAxS 2.84 Y 11.91 1.89
LVEDA,,, cm? Yes Parasternal short axis 100 0.90 ARSAxS 2.79 N 20.00 2.59
LVEDV, mL Yes 5/6xLVEDAXLVEDL 100 1.30 ARSAxS 4.97 Y 62.02 11.94
LVEDV,,,, mL Yes 5/6xLVEDA,,xLVEDL, 100 1.30 ASAxS 4.20 N 11314 | 17.85
LVM, g Yes 1.05x(LVEDV,,~LVEDV) 100 1.25 ARS AxS 5.00 N 53.02 9.06
LVMTV, g/mLt Yes LVM/LVEDV 100 0f AR 452 Y 0.88 0.16
LVTTDE Yes LVPWT/LVEDD 100 0f ARAxR 4.07 Y 0.15 0.03
LVSIF Yes LVEDL/LVEDD 100 0f ARS 1.05 N 1.63 0.17

% Av indicates percent of studies with available images; % Diff, percent differences of mean indexed values for models with and without significant effects and interactions; A, age; AxR,
interaction between age and race; AxS, interaction between age and sex; AxSxR, interaction among age, sex, and race; AAQ, ascending aortic diameter; ANN, aortic annular diameter;
ARCHDIST, distal transverse arch diameter; ARCHPROX, proximal transverse arch diameter; effects, statistically significant effects and interactions with multivariable regression; BSA, body surface
area; ISTH, aortic isthmus diameter; LAD, proximal left anterior descending coronary artery diameter; LMCA, left main coronary artery diameter; LPA, left pulmonary artery diameter; LV, left
ventricular; LVEDA, LV short-axis end-diastolic endocardial area; LVEDA,,, LV short-axis end-diastolic epicardial area; LVEDD, LV short-axis end-diastolic endocardial diameter; LVEDL, LV
long-axis end-diastolic endocardial length; LVEDL,, LV long-axis end-diastolic epicardial length; LVEDV, LV short-axis end-diastolic endocardial volume; LVEDV,,,, LV short-axis end-diastolic
epicardial volume; LVM, LV mass; LVMTV, LV mass:volume ratio; LVPWT, LV short-axis end-diastolic posterior wall thickness; LVSI, LV sphericity index; LVST, LV short-axis end-diastolic
septal thickness; LVTTD, LV thickness:dimension ratio; mean, mean indexed parameter value; MPA, main pulmonary artery diameter; MVA, mitral area; MV,,, mitral anteroposterior diameter;
MV, mitral lateral diameter; PV, ., pulmonary annular long-axis diameter; PV,,,, pulmonary annular short-axis diameter; R, race; RCA, proximal right coronary artery diameter; req, required
parameter; ROOT, aortic root diameter; RPA, right pulmonary artery diameter; S, sex; SxR, interaction between sex and race; slope A, slope change at ~6 y age in indexed parameter vs age
relationships; STJ, sinotubular junction; TVA, tricuspid area; TV, tricuspid anteroposterior diameter; TV, ., tricuspid lateral diameter; and c., exponent for BSA transformation (BSA“).

*For optional measurements, each study must contain all 3 measurements from only one of the following groups: (1) ARCHPROX, ARCHDIST, ISTH; (2) LMCA, LAD, RCA; and
(3) MPA, RPA, LPA.

tFor pulmonary annular diameters, a parasternal short- and/or long-axis measurement was required.

FThese parameters do not have a significant relationship with BSA, so BSA is not used in Zscore derivation.
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significance was defined as a difference of at least 5% between actu-
al and predicted measurement values using models with and without
the significant effects.

Based on physiologically driven methodologies for indexing
cardiovascular measurements,”' models with nonlogarithmic BSA
transformations (BSA“) and no measurement transformations were
used, beginning with results from a prior study.'” The exponent o for
each measurement was tested for the following criteria:

* The indexed parameter (X/BSA“) had a normal distribution.

e There was no residual relationship between X/BSA“ and BSA
(the slope of the relationship was not significantly different
from zero).

If the slope was statistically significantly different from zero, clin-
ical significance was tested by creating a zero-slope line at the mean
X/BSA® and comparing raw values from the nonzero- and zero-slope
lines at the first and third BSA quartiles; if the percent difference was
<5% at both quartiles, the persistent relationship between X/BSA*
and BSA was considered clinically insignificant. If the percent dif-
ference was 25% or X/BSA® was not normally distributed, other ex-
ponents were tested.

Once BSA® was chosen, multivariable regression assessed the
linear effects of age, sex, and race and their interactions. Race was
coded as a 3-level categorical variable in all regression models in-
volving the significant main effects and interactions, with the race
category of white chosen as the reference category. Ethnicity repre-
sented only a fraction of 1 race category and was not included ini-
tially. Backwards elimination model selection, excluding BSA as a
predictor, determined the final model. Higher order interactions were
considered first and removed if insignificant. Lower order interac-
tions and main effects were kept even if insignificant when the effect
was part of a significant higher order interaction.

If an interaction was statistically significant, predicted val-
ues transformed to raw measurements from the model with the
interaction were compared with those from the model without the
interaction. A 1-sided ¢ test was used on the absolute proportion
difference between the 2 models with a null hypothesis of a mean
proportion >0.05 against the alternative hypothesis of a mean
proportion <0.05. An absolute mean percent difference between
predicted values <5% was considered clinically insignificant. If
an effect was statistically significant, a similar method determined
clinical significance. Predicted values from a model containing
statistically significant effects were compared with those from
a model without effects, and a mean percent difference <5% by
1-sided ¢ test was considered clinically insignificant. A similar
secondary analysis explored the effect of ethnicity, comparing raw
values from a model that included ethnicity as a predictor and one
without predictors, and a mean percent difference <5% was con-
sidered clinically insignificant.

Age as a continuous variable was tested for nonlinear effects
by plotting X/BSA® against age, first with nonparametric locally
weighted scatterplot smoothing curve fitting, then with piecewise
linear regression. Discrete discrepancies in slope were tested for
clinical significance by comparing predicted values from a model
that included the separate slopes and one without changes in slope;
again, a mean percent difference <5% was considered clinically
insignificant. Finally, the mean and SD (Z scores) of the indexed
parameters were determined while accounting for any clinically sig-
nificant effects and interactions. The nonindexed parameters were
plotted against BSA along with lines depicting the mean and 2 SDs
above and below the mean.

Results
Of the 3566 subjects, 3215 (90%) had adequate images. Race
data revealed 35% whites, 31% blacks, and 34% others. Eth-
nicity data revealed 25% Hispanic, 70% non-Hispanic, and
5% unknown. All study groups reached >complete enroll-
ment (=80 subjects with measurable images) except black
girls age <1 month, 3 to 6 years, and 16 to 18 years, black
boys age <1 month, and other girls age 16 to 18 years (Table
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IT in the Data Supplement). For all the required parameters,
eligible images were available in 100% (Table 2). For the pul-
monary annulus, eligible images were available in 71% for
short- and 90% for long-axis diameters. For optional mea-
surements, eligible images were available in 78% to 97%.
Intraobserver variability at the Core Laboratory was low with
an intraclass correlation coefficient of 1.00 and Pearson cor-
relations >0.99 for all 5 parameters.

BSA Transformation for Indexed Parameters
Comparison of BSA calculations using the Haycock and
Gehan/George formulas revealed a Pearson correlation >0.99.
The Haycock formula was used for all analyses since prior
reports have shown it to be the best predictor of cardiovas-
cular sizes.'™7 LV mass:volume ratio, thickness:dimension
ratio, and sphericity index did not have a clinically significant
relationship with BSA, so these parameters were not indexed
to BSA. For the other parameters, the selected BSA trans-
formation resulted in a normal distribution for all indexed
parameters (X/BSA®), but most relationships between X/
BSA®“ and BSA were statistically significant with a nonzero
slope (Table 2). However, comparison of the actual parameter
values against the predicted values for a zero-slope model at
the first and third BSA quartiles revealed an absolute per-
cent difference <5% for all parameters (Table III in the Data
Supplement). For example, the percent differences for the
linear measurements in centimeters involved raw value dif-
ferences that were all <1 mm, suggesting that the differences
could be attributable to measurement variability. Therefore,
all residual relationships between X/BSA® and BSA were
deemed clinically insignificant.

Model Selection

Multivariable regression for all parameters revealed statisti-
cally significant effects by age, sex, and race as well as sig-
nificant interactions (Table 2). However, comparison of these
results against models without effects or interactions revealed
that none involved clinically significant differences. When
considering the amount of variance explained by the models
(R?), the maximum increase in R*> when including age, sex,
and race in addition to BSA was 0.018, suggesting that the
added contribution of age, sex, and race to predicting these
parameters was minimal. For the 3 parameters not indexed
to BSA, the maximum R? of models including age, sex, and
race was 0.089, again suggesting little contribution of these
factors. Two hypothetical subjects were created to highlight
this point: an 18-month-old black boy at the first BSA quar-
tile (0.43 m?) and a 14-year-old white boy at the third BSA
quartile (1.51 m?). The predicted mean aortic root diameters
for each subject in the model with the effects were 1.33 and
2.62 cm, compared with 1.35 and 2.53 cm in the model with-
out the effects. These differences were <1 mm highlighting
the absence of clinically significant differences between the
models. A similar exercise for LV end-diastolic diameters
revealed predicted mean values of 2.65 and 4.79 cm from the
model with the effects and 2.65 and 4.68 cm from the model
without the effects, again emphasizing the absence of clini-
cally significant differences.
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Testing for nonlinear effects of age revealed an apparent
transition in slopes at =6 years of age in 16/34 parameters
(Table 2). However, comparing predicted values revealed an
absolute percent difference <5% for all parameters, indicat-
ing that age as a continuous variable did not have a clinically
significant effect. Assessment of the relationship between eth-
nicity and indexed parameters also resulted in clinically insig-
nificant effects.

After the effects of age, sex, race, and ethnicity were
deemed clinically insignificant, the final models were estab-
lished (Table 2), underscoring the absence of heteroscedas-
ticity in the relationship between the indexed parameter and
BSA. The nonindexed parameters were then plotted against
BSA with lines representing the mean values and 2 SDs above
and below the mean (Figure I in the Data Supplement), reveal-
ing the nonconstant variance (heteroscedasticity) of this rela-
tionship. Based on the models, the Z score of a measurement
for a specific BSA can be calculated from Table 2 by using the
specified o, mean, and SD for that parameter:

[( parameter | BSA") — (meanvalue of indexed parameter)]

SD of indexed parameter

For the boy with a BSA of 0.3 m? and a mitral diameter of
11 mm, the Z score is calculated as —1.0 based on the values for
a (0.50), mean (2.23), and SD (0.22) of the indexed parameter.
The Z scores for LV mass:volume ratio, thickness:dimension
ratio, and sphericity index can be calculated using the raw val-
ues without adjusting for BSA.

Discussion

This is the first study with adequate sampling to evaluate the
effects of age, sex, race, and ethnicity on cardiovascular sizes
in a large group of healthy North American children.*!¢202!
We derived reference values for common measurements
across the full range of ages and body sizes encountered in
healthy nonobese children, and we plan to make them publicly
available on the Pediatric Heart Network website and through
other resources. Our allometric scaling methodology with
physiologically driven models used the fluid dynamics prin-
ciples of minimal work and vascular tree development. This
previously validated approach! involved nonlogarithmic BSA
transformations and no measurement transformations, unlike
other studies using statistically driven methodologies that test
multiple models for the best fit.3!12-1416.17

Because of the large sample size, the confounding factors
of age, sex, and race and their interactions had statistically sig-
nificant effects on the relationship between cardiovascular and
body size. However, the raw differences associated with these
effects were less than the reproducibility thresholds of most
echocardiographic measurements and more likely second-
ary to measurement variability than true clinically significant
effects. Although age had no clinically significant effect on the
derived Z scores, the slope change at age 6 years for many of
the indexed parameters is difficult to explain. The consistency
of the age of this slope change suggests that other factors not
evaluated in this analysis may be responsible.

The absence of clinically significant effects of age, sex,
race, and ethnicity on the Z scores is our most important finding,
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unlike prior studies showing sex differences in valvar measure-
ments'? and sex and race differences in LV measurements.?*?!
Models with specified BSA transformations, normally distrib-
uted indexed parameters, and no clinically significant residual
relationship between indexed parameters and BSA allowed us
to characterize the relationship of each nonindexed parameter
with BSA despite the nonconstant variance of these relation-
ships (heteroscedasticity; Figure I in the Data Supplement).

The body size parameter used for normalization remains
controversial. Some studies used weight to predict cardio-
vascular sizes, particularly in neonates.>!! Some incorrectly
assumed a linear relationship between the sizes of all cardio-
vascular structures and BSA,'®!° whereas others used models
with exponential®!® or logarithmic® transformations of BSA
or logarithmic transformation of both BSA and the measure-
ments,' 2141617 3 statistically sound approach without physi-
ological justification. Many studies used the DuBois/DuBois
BSA formula®* even though only 9 individuals and no chil-
dren were used in its derivation.''*!* The Haycock formula*
was the best predictor of cardiovascular sizes in recent stud-
ies,'*!" correlated well with the Gehan/George formula, and
was therefore selected for use in this analysis. Height has been
used for allometric scaling, particularly with LV mass refer-
ence values for obese individuals.'>*® Cardiac size is driven
by cardiac output and fat has a lower metabolic rate and less
blood flow, so height correlates better with fat-free body
mass.”* Because obese individuals were excluded and BSA
is the best predictor of LV mass in normal children,'>*° height
was not used for allometric scaling of LV mass in this study.

This study was limited by its retrospective design. Healthy
children were identified by searching hospital databases for
patients with a normal echocardiogram, a self-referential
definition that may incur a patient selection bias. The study
protocol required rigorous review of medical records and
strict elimination of subjects with abnormal findings on any
diagnostic study, but no records were reviewed after the study
period to exclude subsequent abnormal findings. Indications
for the echocardiograms were not collected and their effect on
the study findings could not be evaluated.

The National Institutes of Health definitions for race and
ethnicity frequently differed from local definitions, leading to
a widely diverse other race category. This study focused pri-
marily on whites and blacks, so our findings may be less appli-
cable to children of other races. Other potential confounders,
such as nutrition, exercise, and altitude, may play a role in
cardiovascular growth within and outside North America, but
our retrospective enrollment limited to North American cen-
ters precluded their evaluation.

Prospective measurements by Core Laboratory observ-
ers obviate the variability limitations of a retrospective mul-
ticenter study. However, having only 2 rather than multiple
observers at multiple sites may result in smaller SDs and may
not reflect real world practice. Last, other modalities such as
M-mode, Doppler, speckle tracking, and 3-dimensional echo-
cardiography were not evaluated. Similarly, end-systolic and
functional measurements (LV shortening and ejection frac-
tion) were not included because these parameters are likely
affected by factors (heart rate, basal metabolic rate, exercise,
altitude, and hematocrit) other than body size.
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Conclusions
This study establishes a large normative database derived from
healthy, racially diverse North American children for the most
common 2-dimensional echocardiographic measurements. The
Pediatric Heart Network will publish the regression equations
in its public website and through other resources. BSA raised to
a specified power is a good parameter for cardiovascular allo-
metric scaling, and none of the Z score models for the measure-
ments in this study were affected by age, sex, race, or ethnicity.
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CLINICAL PERSPECTIVE

Distinguishing normal from abnormal values for the sizes of cardiovascular structures is crucial in caring for children with
heart disease, but normal reference values in children must account for the fact that cardiovascular structures increase in
size as the body increases in size. Many Z score databases have been published to address this issue, but some are limited by
small sample sizes, few neonates, and variable methodologies to calculate the Z scores, resulting in a wide range of possible
Z scores for a measurement in the same patient. In addition, although several publications suggest that sex and race have a
significant effect on normal reference values, none have a sample size large enough to fully discern these effects. The Pediat-
ric Heart Network Echocardiographic Z Score Project addresses these issues with a multicenter echocardiographic database
from a large, racially diverse population consisting of 3215 healthy North American children, using a standardized and
physiologically driven methodology to adjust measurements for the effects of body size. In addition, the large study sample
size reveals no clinically significant effects of age, sex, race, and ethnicity on the derived Z scores, thereby addressing the
longstanding question of whether these confounding factors are important in daily clinical practice and in research studies
using cardiovascular sizes as outcome end points. These Z scores will be widely used by pediatric cardiologists, pediatric
cardiac surgeons, pediatricians, and any other healthcare providers who manage children with heart disease, thereby serving
as an excellent source of normal reference values for the sizes of cardiovascular structures in children.
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Supplemental Table 1: Study Exclusion Criteria

Images inadequate for analysis

Structural heart disease by history, physical examination, chest X-ray, or echocardiogram

Abnormal electrocardiographic findings (PR >220 ms, >2nd degree heart block, QRS >120 ms,

ventricular pre-excitation, non-sinus rhythm, and long QT syndrome)

Acute or systemic disorder with cardiovascular manifestations (Marfan syndrome, sickle cell
disease, cancer, renal failure, human immunodeficiency virus infection, Kawasaki disease,

rheumatic fever, autoimmune disorder, and systemic hypertension)

Corrected gestational age <37 weeks at enrollment

BMI >95th percentile (>2 years old) or weight-for-length Z-score >2 (<2 years old)

First-degree relative with non-ischemic cardiomyopathy

First-degree relative with congenital left-sided heart lesions (mitral stenosis, left ventricular
outflow tract obstruction, bicuspid aortic valve, aortic coarctation, and hypoplastic left heart

syndrome)
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Supplemental Table 2: Number and Percentage of Subjects with Measureable Echocardiograms by Age, Race and Sex

(Groups not meeting target sample size are listed in italics.)

Race <lmo [1mo-3yo0) [3yo- 6y0) [6y0-12y0) [12yo0-16y0) | [16y0-18y0] Total
Male Subjects
White 85 (86%) 86 (82%) 88 (90%) 115 (89%) 99 (88%) 96 (92%) 569 (89%)
African-American | 75 (92%) 81 (82%) 95 (94%) 102 (94%) 94 (87%) 91 (91%) 538 (90%)
Other 92 (90%) 89 (86%) 93 (91%) 91 (94%) 100 (97%) 81(99%) 546 (93%)
Total 252 (89%) 256 (83%) 276 (92%) 308 (92%) 293 (91%) 268 (94%) 1653 (90%)
Female Subjects

White 87 (85%) 91 (86%) 89 (86%) 92 (84%) 98 (90%) 91 (91%) 548 (87%)
African-American 77 (93%) 84 (85%) 60 (94%) 91 (90%) 95 (92%) 59 (89%) 466 (90%)
Other 92 (96%) 94 (92%) 91 (92%) 101 (98%) 93 (91%) 77 (92%) 548 (94%)
Total 256 (91%) | 269 (88%) 240 (90%) 284 (91%) 286 (91%) 227 (91%) | 1562 (90%)
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Supplemental Table 3: Body Surface Area Transformation and Residual Relationship between Indexed Parameter and Body
Surface Area

(Raw differences for linear measurements in centimeters are listed in italics.)

Parameter Unit o Slope P Raw Raw Raw | % Diff Raw Raw Raw | % Diff
Value | Value Diff (QL) Value | Value Diff (Q3)
with | with0 (Q1) with | with0 (Q3)
Slope Slope Slope Slope
Q1) | Q1) (Q3) | (Q3)
MV ap cm 0.50 <0.0001 | 1.528 1.507 0.021 1.39% 2.795 2.836 0.041 | -1.45%
MViaT cm 0.50 <0.0001 | 1.491 1.455 0.036 2.47% 2.671 2.739 0.068 | -2.48%
MVA cm? 1.00 <0.0001 | 1.796 1.728 0.068 3.90% 5.883 6.122 0.239 | -3.91%
TVar cm 0.50 <0.0001 | 1.523 1.539 0.016 | -1.04% | 2.924 2.896 0.028 0.97%
TViar cm 0.50 <0.0001 | 1.603 1.542 0.061 3.96% 2.787 2.902 0.115 | -3.96%
TVA cm? 1.00 <0.0001 | 1.924 1.870 0.054 2.93% 6.428 6.623 0.195 | -2.95%
ANN cm 0.50 <0.0001 | 0.961 0.968 0.007 | -0.72% | 1.836 1.823 0.013 0.71%
ROOT cm 0.50 0.0097 | 1.352 1.347 0.005 | 0.37% | 2525 | 2535 0.010 | -0.39%
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ST cm 0.50 0.0016 1.098 1.104 0.006 | -0.54% | 2.087 2.077 0.010 | 0.48%
AAO cm 0.50 <0.0001 | 1.178 1.167 0.011 | 0.94% | 2.176 2.197 0.021 | -0.96%
ARCHprox cm 0.50 <0.0001 | 0.952 0.998 0.046 | -4.61% | 1.961 1.878 0.083 | 4.42%
ARCHpist cm 0.50 <0.0001 | 0.865 0.884 0.019 | -2.15% | 1.700 1.664 0.036 | 2.16%
ISTH cm 0.50 <0.0001 | 0.829 0.817 0.012 1.47% 1.515 1.538 0.023 | -1.50%
LMCA mm 0.45 0.001 2.029 2.006 0.023 1.15% | 3.505 3.545 0.040 | -1.12%
LAD mm 0.45 0.0042 1.308 1.295 0.013 | 0.9/% | 2.267 2.289 0.022 | -0.97%
RCA mm 0.45 0.6092 1.580 1.577 0.003 | 0.22% | 2.780 2.786 0.006 | -0.21%
PVsax cm 0.50 0.2633 1.245 1.248 0.003 | -0.24% | 2.357 2.349 0.008 | 0.34%
PViax cm 0.50 <0.0001 | 1.252 1.314 0.062 | -4.72% | 2.590 2.473 0.117 | 4.73%
MPA cm 0.50 <0.0001 | 1.213 1.189 0.024 | 2.02% | 2.187 2.237 0.050 | -2.24%
RPA cm 0.50 <0.0001 | 0.689 0.699 0.010 | -1.43% | 1.334 1.315 0.019 1.44%
LPA cm 0.50 0.0008 0.714 0.720 0.006 | -0.83% | 1.370 1.356 0.014 1.03%
LVEDD cm 0.45 0.4464 2.651 2.648 0.003 | 0.11% | 4.674 4.678 0.004 | -0.11%
LVPWT cm 0.40 0.6138 0.402 0.402 0.000 | -0.13% | 0.668 0.667 0.001 | 0.13%
LVST cm 0.40 0.0051 0.414 0.411 0.003 | 0.75% | 0.676 0.681 0.005 | 0.76%
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LVEDL cm 0.45 <0.0001 | 4.274 4.297 0.023 | -0.55% | 7.635 7.593 0.042 | 0.55%
LVEDLEp cm 0.45 0.0001 4.656 4.675 0.009 | -0.42% | 8.296 8.261 0.035 | 0.42%
LVEDA cm? 0.90 0.0602 5.264 5.291 0.027 | -0.50% | 17.682 | 17.594 | 0.088 | 0.50%
LVEDAEr cm? 0.90 <0.0001 | 8.980 8.886 0.094 1.06% | 29.236 | 29.551 | 0.315 | -1.07%
LVEDV ml 1.30 <0.0001 | 19.565 | 20.432 | 0.867 | -4.24% | 110.302 | 105.792 | 4.510 | 4.26%
LVEDVEr ml 1.30 <0.0001 | 36.279 | 37.277 | 0.998 | -2.68% | 198.199 | 193.010 | 5.189 | 2.69%
LVM gm 1.25 <0.0001 | 17.478 | 18.230 | 0.752 | -4.13% | 92.285 | 88.608 | 3.677 | 4.15%
LVMTV gm/ml 0 <0.0001 | 0.921 0.885 0.036 | 4.15% | 0.848 0.885 0.037 | -4.17%
LVTTD none 0 <0.0001 | 0.154 0.149 0.005 | 3.52% | 0.144 0.149 0.005 | -3.54%
LVSI none 0 0.0071 1.626 1.633 0.007 | -0.47% | 1.641 1.633 0.008 | 0.47%

Parameter Abbreviations: AAO=ascending aortic diameter; ANN=aortic annular diameter; ARCHpist=distal transverse arch diameter;

ARCHprox=proximal transverse arch diameter; ISTH=aortic isthmus diameter; LAD=proximal left anterior descending coronary
artery diameter; LMCA=left main coronary artery diameter; LPA=left pulmonary artery diameter; LVEDA=LV (LV) short-axis end-
diastolic endocardial area; LVEDAEepi=LV short-axis end-diastolic epicardial area; LVEDD=LV short-axis end-diastolic endocardial
diameter; LVEDL=LV long-axis end-diastolic endocardial length; LVEDLEepri=LV long-axis end-diastolic epicardial length;

LVEDV=LYV short-axis end-diastolic endocardial volume; LVEDVEepi=LV short-axis end-diastolic epicardial volume; LVM=LV
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mass; LVMTV=LV mass-to-volume ratio; LVPWT=LV short-axis end-diastolic posterior wall thickness; LVSI=LV sphericity index;
LVST=LYV short-axis end-diastolic septal thickness; LVTTD=LV thickness-to-dimension ratio; MPA=main pulmonary artery
diameter; MV ap=mitral annular anteroposterior diameter; MViat=mitral annular lateral diameter; MV A=mitral annular area;
PViax=pulmonary annular long-axis diameter; PVsax=pulmonary annular short-axis diameter; RCA=proximal right coronary artery
diameter; ROOT=aortic root diameter; RPA=right pulmonary artery diameter; STJ=aortic sinotubular junction; TV ap=tricuspid

annular anteroposterior diameter; TViLat=tricuspid annular lateral diameter; TVA=tricuspid annular area; Column Labels: a=power

used for BSA transformation (BSA®); Slope P=p-value that slope of indexed parameter vs BSA relationship is different than zero;
Raw Value with Slope (Q1) and Raw Value with Slope (Q3)=raw parameter value in the model that accounts for the significant slope
of the indexed parameter vs BSA relationship at the 1% and 3" BSA quartile; Raw Value with 0 Slope (Q1) and Raw Value with 0
Slope (Q3)=raw parameter value in the model that assumes a zero-slope for the indexed parameter vs BSA relationship at the 1% and
34 BSA quartile; Raw Diff (Q1) and Raw Diff (Q3)=actual difference in raw parameters from non-zero-slope and zero-slope models
of indexed parameter vs BSA relationship at the 1% and 3" BSA quartile; % Diff (Q1) and % Diff (Q3)=percent difference between

measurements from non-zero-slope and zero-slope models of indexed parameter vs BSA relationship at the 15t and 3" BSA quartile.
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Supplemental Figure 1:
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Supplemental Figure 1 Legend: Distribution plots of measurement values versus body surface
area as well as lines representing the mean values (solid line) and 2 standard deviations above
and below the mean (dotted lines) for A1) mitral anteroposterior diameter (MVar); A2) mitral
lateral diameter (MVLaT1); A3) mitral area (MVVA); B1) tricuspid anteroposterior diameter
(TVar); B2) tricuspid lateral diameter (TVLat); B3) tricuspid area (TVA); C1) aortic annular
diameter (ANN); C2) aortic root diameter (ROOT); C3) sinotubular junction diameter (STJ); C4)
ascending aortic diameter AAQ); C5) proximal transverse arch diameter (ARCHprox); C6) distal
transverse arch diameter (ARCHpist); C7) aortic isthmus diameter (ISTH); D1) left main
coronary arterial diameter (LMCA); D2) proximal left anterior descending coronary arterial
diameter (LAD); D3) proximal right coronary arterial diameter (RCA); E1) pulmonary annular
diameter (short-axis) (PVsax); E2) pulmonary annular diameter (long-axis) (PVLax); E3) main
pulmonary arterial diameter (MPA; E4) right pulmonary arterial diameter (RPA); E5) left
pulmonary arterial diameter (LPA); F1) left ventricular (LV) short-axis end-diastolic diameter
(LVEDD); F2) LV short-axis end-diastolic posterior wall thickness (LVPWT); F3) LV short-axis
end-diastolic septal thickness(LVST); F4) LV long-axis end-diastolic length (LVEDL); F5) LV
long-axis end-diastolic epicardial length(LVEDLEeri); F6) LV short-axis end-diastolic area
(LVEDA); F7) LV short-axis end-diastolic epicardial area (LVEDAEer:); F8) LV end-diastolic
volume (LVEDV); F9) LV end-diastolic epicardial volume (LVEDVEri); G1) LV mass LVM,;
G2) LV mass-to-volume ratio (LVMTYV); G3) LV thickness-to-dimension ratio (LVTTD); G4)

LV sphericity index (LVSI).
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