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Abstract In pediatric echocardiography, cardiac dimen-
sions are often normalized for weight, height, or body sur-
face area (BSA). The combined influence of height and
weight on cardiac size is complex and likely varies with age.
We hypothesized that increasing weight for height, as rep-
resented by body mass index (BMI) adjusted for age, is
poorly accounted for in Z scores normalized for weight,
height, or BSA. We aimed to evaluate whether a bias related
to BMI was introduced when proximal aorta diameter
Z scores are derived from bivariate models (only one nor-
malizing variable), and whether such a bias was reduced
when multivariable models are used. We analyzed 1,422
echocardiograms read as normal in children <18 years. We
computed Z scores of the proximal aorta using allometric,
polynomial, and multivariable models with four body size
variables. We then assessed the level of residual association
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of Z scores and BMI adjusted for age and sex. In children
>6 years, we found a significant residual linear association
with BMI-for-age and Z scores for most regression models.
Only a multivariable model including weight and height as
independent predictors produced a Z score free of linear
association with BMI. We concluded that a bias related to
BMI was present in Z scores of proximal aorta diameter
when normalization was done using bivariate models,
regardless of the regression model or the normalizing vari-
able. The use of multivariable models with weight and
height as independent predictors should be explored to
reduce this potential pitfall when pediatric echocardiogra-
phy reference values are evaluated.

Keywords Echocardiography - Epidemiology -
Pediatric - Nomograms

Introduction

In pediatric echocardiography, cardiac dimensions must be
adjusted for body size, and Z score is currently the method
of choice to normalize cardiac dimensions for body size
[6]. The long-known linear relationship between body
surface area (BSA) and cardiac output [21] has led many
authors to normalize echocardiography dimensions for
BSA [5, 24]. However, the choice of the normalizing
variable (age, weight, height, or BSA) remains controver-
sial. The various equations for BSA estimation do not
differentiate between fat and muscle mass [14, 15, 22, 25],
and some authors have argued that normalization for BSA
may obscure the effect of obesity, especially on echocar-
diographic estimations of left ventricular mass [12, 13].
The influence of height and weight on cardiac size is
complex and likely varies with age. Accurately predicting
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cardiac size based on measures of height and weight can be
difficult. Nevertheless, most available nomograms are
based on a single variable: height, weight, age, or a com-
bined body size variable like BSA [24]. We have empiri-
cally observed that the effect of increasing weight for
height on cardiac size changes with age. Consequently, we
hypothesized that increasing weight for height, as repre-
sented by body mass index (BMI) adjusted for age and sex,
is not well accounted for in Z scores normalized for weight,
height, or BSA.

Our aim was to evaluate whether a bias related to BMI
was introduced when proximal aorta diameter Z scores are
derived from a single body size variable (bivariate models),
and whether such a bias is reduced when multivariable
models are used.

Materials and Methods
Population

Study subjects were children <18 years old attending the
cardiology outpatient clinic of the Sainte-Justine University
Hospital for murmur, chest pain, or palpitations. From 2002
until 2011, we collected normal echocardiographic data on
left ventricular outflow tract and ascending aorta (AscAo)
diameter. This clinical dataset included studies interpreted as
being “normal” by the attending pediatric cardiologist for
patients with unremarkable clinical examination, medical
history, and ECG (except for a benign physiological mur-
mur). Proximal aorta dimensions were measured using a
standardized protocol and measurements were entered pro-
spectively in the dataset. The study was approved by the
institutional ethics review committee. For this study, the
ethics review committee waived the need for informed
consent for the interrogation of this clinical database.

Age, weight, height, and sex were also recorded at the
time of the study. BSA was estimated using the formula
proposed by Haycock et al. [22]. BMI was calculated as
height (m)/weight (kg)* and was normalized for age and
sex according to standard values of the World Health
Organization [10, 11]. Lean body weight (LBM) was
estimated using the equations proposed by Foster et al.
[17].

Echocardiographic Measurements

Proximal aorta dimensions were measured in the para-
sternal long axis according to the recommended guidelines
[23]. Aortic valve (AoV) diameter was measured at the
level of the valve insertion hinge point. Sinus of Valsalva
(SoV) diameter was measured at the maximal diameter
between the valve insertion and the sino-tubular junction.
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AscAo was measured at the level of the right pulmonary
artery. All dimensions were taken in early-mid systole on
the frame of their maximal diameter and were measured
from inner edge to inner edge.

Influence of Body Mass Index

The influence of increasing BMI-for-age Z scores on
proximal aorta dimension Z scores was tested by plotting
the proximal aorta dimension Z scores against BMI-for-age
Z scores and using linear regression to detect statistically
significant slopes. Subjects were also categorized accord-
ing to their BMI-for-age Z scores in order to measure
variation of the mean proximal aorta Z scores according to
BML

Normalization

Z scores for AoV and SoV diameters were first computed
using two previously published equations. The equation
proposed by Pettersen et al. was based on a third-order
polynomial model with log-transformation of the echo-
cardiographic dimension [28]. The sex-specific equations
proposed by Gauthier et al. were based on a log—log model
[20].

Proximal aorta diameter Z scores normalized for weight,
height, or LBM were not available in the recent scientific
literature [24]. Thus, we elected to compute our own set of
bivariate Z scores. Our detailed approach to producing Z
score equations is described in the online supplement. In
brief, several bivariate prediction models [9, 24, 26, 30]
were tested against four body size measurements: height,
weight, BSA, and LBM. To account for heteroskedasticity,
the standard deviation of the residual values was also
modeled for body size [1], and Z scores were calculated
according to the following equation:

Observed diameter — Predicted mean
Z Score =

Predicted standard deviation

With a view to exploring models that include both
height and weight as independent predictors, a multivari-
able model was also built using stepwise inclusion. Inde-
pendent variables were introduced one by one in the model
in the following order: \/ height, \/ weight, height, weight,
height®>, and weight’>. We elected to use polynomial
regression up to the third degree because, we—as well as
others [28]—have often observed that echocardiographic
diameter measurements are best described using a poly-
nomial regression of the third order. Variables were kept in
the model if the Wald y” statistic for that variable yielded a
p value <0.05.

All the newly computed Z score equations were tested
for residual association with the independent variable used



Pediatr Cardiol (2015) 36:667-676

669

for normalization, for residual heteroscedasticity, and for
potential departure from the normal distribution. This
approach is detailed in the online supplement.

In a preliminary analysis, sex was found to have a strong
statistically significant influence on all Z scores models
with mean Z score differences ranging from 0.25 to 0.36
between sexes with p values <0.0001. All Z scores were
thus computed for males and females independently.

Bootstrap Validation

Because the multivariable model contained up to 4 terms,
bootstrap cross-validation was used to evaluate the possi-
bility of over-fitting. We created 1,000 samples of 560
male subjects randomly selected with replacement from the
original database. The model was fitted on each new
sample, and adjusted R* was calculated. The new param-
eter estimates from each of the new samples were also
applied to the original database, and the adjusted R* was
again calculated on the original dataset. Over-fitting is
considered more likely when the mean difference between
the adjusted R” from the new samples and the original
sample increases [2].

Statistical Analysis

We used SAS for Windows version 9.3 for all analyses
(SAS Institute Inc., Cary, NC, USA). PROC NLIN was
used for non-linear regression and PROC GENMOD for
linear regression. Mean Z scores were compared using
Student’s ¢ test. The 7 statistic was used to estimate p values
for slopes. Departure from a normal distribution was
evaluated by visual assessment (normal probability plot)
and by using the Anderson—Darling test. A p value <0.05
was considered statistically significant.

Results
Study Sample

A total of 1,422 echocardiographic studies were available
in our database. Of these studies, 8 were excluded because
of missing anthropometric information, and 18 were
identified as obvious outliers. The remaining 1,396 subjects
constituted the study cohort. Measurements for AoV, SoV,
and AscAo were available for 1,359, 1,337, and 1,275
subjects, respectively. Forty-six percent of subjects were
females. Figure 1 shows the subjects’ distribution by age
(panel A) and by BMlI-for-age Z score (panel B). To
determine Z score equations, only subjects with BMI-for-
age within the 2nd and the 98th percentiles were included
(1,257 subjects).
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Fig. 1 Distribution of subjects according to age (a) and body mass
index Z score (b)

Newly Computed Z Score Equations (Bivariate)

AoV, SoV, and AscAo diameters had clear non-linear
association with all body size measurements. There was
also significant heteroskedasticity for all three measure-
ments (data not shown). Z score equations derived from
linear and allometric models had significant departure from
the normal distribution and significant residual association
with their independent variable (data not shown). Such
models were not further explored. The gamma function
model produced Z scores virtually identical to the poly-
nomial model with a square root term (data not shown).
The latter being less complex, the gamma function model
was not further explored.

Z score equations derived from polynomial models
including a square root term (y = ax + \/bx + ¢ and
y = ax’ + bx + \Jcx + d) yielded the best possible fit
with all four body size measurements. Table 1 lists AoV
Z score equations for all four body size variables. Z score
equations for SvS and AscAo may be found in the online
supplement. All equations given in Table 1 yielded good
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symmetry of the residual values around the mean, little
residual association, and no significant departure from the
normal distribution. AoV diameter-predicted mean and
Z score boundaries for all four body size measurements are
presented in Fig. 2. Results for SoV and AscAo were
comparable (data not shown).

Influence of BMI

In a preliminary analysis, the association of BMI-for-age
with proximal aorta Z score was different in pre-school
children compared to that of older children. Hence, the
study cohort was divided into two groups using 6 years of
age as the cut-off. A preliminary analysis also indicated
that, overall, SoV, and AscAo diameters yielded similar
results to AoV diameter.

Table 2 lists the regression slopes and p values of AoV
Z scores versus BMI-for-age according to the various
models. Results are categorized for subjects <6 years old,
>6 years old including obese, and >6 years old excluding
obese. Figure 3 presents the box-plots of previously pub-
lished AoV Z score equations [20, 28] according to BMI-
for-age categories. For subjects aged >6 years, there was a
strong statistically significant negative relationship
between AoV Z scores from the previously published
equations and BMI-for-age (i.e., subjects with higher BMI
had lower AoV Z scores). This association was less pro-
nounced for children <6 years old.

Similar results were observed for Z score equations from
this study, and a statistically significant slope was identified
between BMI-for age and Z scores normalized for weight,
height, BSA, and LBM (Table 2; Fig. 4). The slope was

Fig. 2 Scatter plot of aortic valve (AoV) diameter with Z scorep
boundaries based on bivariate models against weight, height, body
surface area, and lean body mass. Solid blue line predicted mean
(Z = 0). Dashed blue lines Z = 1.0 and —1.0. Solid red lines Z = 2.0
and —2.0. Dashed red lines Z = 3.0 and —3.0

negative for Z scores normalized on weight, LBM, and BSA,
and positive for Z scores normalized on height. Obese
subjects (BMI-for-age >2.0) had a significant influence on
the magnitude of all slopes, except for the slope of Z scores
normalized on height. However, the association of BMI with
Z scores remained statistically significant even when obese
subjects were excluded from the analysis (Table 2).

Multivariable Model

We assessed if a regression model in which weight and
height are included as independent predictors of AoV
diameter could reduce the association between Z scores and
BMI. Three orders of the variable height (\/ height, height,
and height?) contributed significantly to the model. Weight
was also a significant predictor, but addition of second or
third orders of weight did not add significantly to the model
fit and were consequently not included in the final model.
The final multivariable model equation is shown in
Table 1. Aortic valve diameter Z scores computed with the
multivariable model did not display any residual associa-
tion with height, weight, BSA, or LBM. Figure 5 shows
that AoV Z scores were evenly distributed around zero
across the entire range of height, weight, BSA, and LBM.
Figure 6 shows the distribution of Z scores closely
approaching a normal distribution.

Table 1 Z score equations (predicted mean and predicted SD) for aortic valve diameter according to the independent variables used for

normalization

Description  Equation for the predicted mean

Equation for the standard deviation

Polynomial models with square root transformation (males)

Weight A0V pean = (—0.156 x wt) + (3.850 x /wt) + 0.502 AoVsp = 0.0186 x wt + 0.764
Height A0Vipean = (6.419 x ht?) + (=34.161 x ht) + (62.859 x v/ht) + (—21.678) AoVsp = 1.0382 x ht +0.0574
LBM A0Vpean = (0.00211 x LBM?) + (—0.470 x LBM) + (5.786 x vLBM) + (—0.713) AoVsp = 0.0233 x LBM + 0.796
BSA A0Vpean = (—3.136 x BSA) + (22.364 x v/BSA) + (—2.769) AoVsp = 0.759 x BSA +0.545

Polynomial models with square root transformation (females)

Weight A0Vimean = (—0.186 x wt) + (3.979 x v/wt) + 0.205 AoVsp = 0.0142 x wt + 0.792
Height A0Viean = (13.442 x ht?) + (=77.442 x ht) + (121.422 x v/ht) + (—43.309) AoVsp = 0.694 x ht + 0.360
LBM A0Vinean = (0.00360 x LBM?) + (—0.558 x LBM) + (5.814 x v/LBM) + (—0.230) AoVsp = 0.0205 x LBM + 0.766
BSA A0Vpean = (—4.413 x BSA) + (23.686 x v/BSA) + (—3.286) AoVsp = 0.582 x BSA +0.613

Multivariable stepwise model

Males A0Vipean = (3.858 x ht?) + (=26.611 x ht) + (50.511 x V/ht) + (0.923 x /wt) + (—17.991) ~ AoVsp =0.943 x ht +0.129
Females A0Vmean = (9.164 x ht?) + (=59.845 x ht) + (95.358 x V/ht) + (0.754 x v/wt) + (=34.544)  AoVsp = 0.665 x ht +0.359

AoV aortic valve diameter, BSA body surface area, ht height, LBM lean body mass, wt weight
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Table 2 Association (slope)
between aortic valve diameter
Z scores and BMI-for-age

Independent variable
used for normalization

Association (slope) of AoV Z score versus BMI-for-age

<6 years old

>6 years old

>6 years old (excluding

according to the independent obese)
variable used for normalization
Weight —-0.240 p < 0.001 —0.301 p < 0.001 —0.254 p < 0.001
Height 0.149  p <0.001 0.136  p < 0.001 0.158 p < 0.001
LBM —-0.036 p=0.284 —0.143 p < 0.001 —0.141 p < 0.001
BSA (Pettersen) —0.100 p < 0.001 —0.187 p < 0.001 —0.126 p < 0.001
AoV aortic valve diameter, BMI ~ BSA (Gauthier) —0.021 p=0470 —0202 p<0.001  —0.150 p < 0.001
body mass index, BSA body BSA (current equation)  —0.144  p < 0.001 —0.234  p < 0.001 —0.180 p < 0.001
f;liz‘ce area, LBM lean body Multivariable 0012 p=0730 —0.107 p=0002 —0049  p=0236
3 [ 3 —— _-_ -
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Fig. 3 Box plots of aortic valve (AoV) diameter Z scores from the previously published equation according to body mass index categories in
subjects >6 years old. Solid red line expected theoretical mean of 0. See text for references

When the AoV Z score normalized using multivariable
model was tested against BMI, there was a statistically
significant negative association in subjects >6 years old,
but not in younger subjects (Table 2). This association was,
however, almost exclusively due to obese subjects with
BMlI-for-age Z scores >2.0 (Table 2; Fig. 7). There was no
significant association between AoV Z scores and BMI,
when obese subjects were excluded.

Bootstrap Cross-Validation

Bootstrap cross-validation was performed on the multi-
variable to detect possible over-fitting that could be present
because as many as four terms were included in the
regression model. The bootstrap cross-validation method
yielded a R* mean difference between the original dataset
and the resampled datasets of only 0.38 % indicating that
over-fitting was unlikely.

Discussion

We have demonstrated that most attempts to normalize
proximal aorta measurements using only one body size
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variable (bivariate models) resulted in significant residual
association with BMI adjusted for age and sex. When
weight and BSA were used to normalize proximal aorta
diameters, higher BMI-for-age was systematically associ-
ated with lower mean proximal aorta Z scores. This was
also true for LBM, although the effect was smaller. The
opposite relationship was observed when diameters were
normalized for height. Only a multivariable model in
which weight and height were treated as independent pre-
dictors could attenuate this association.

The association of higher BMI-for-age Z scores with
lower proximal aorta Z scores when normalized for weight
or BSA suggests one of two possibilities. Either the
dimension of the proximal aorta is actually smaller in
subjects with higher BMI-for-age, or the normalization for
BSA or weight with bivariate models has introduced a bias.
Although the design of our study cannot refute the former
explanation, it is unlikely to be the case from a physio-
logical perspective.

Our preliminary analysis showed that weight was a
strong predictor of proximal aorta diameter in young
children. However, as children approached adolescence,
height influenced aortic diameter more significantly, and
the effect of weight became less important. This was
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Fig. 4 Box plots of aortic valve (AoV) diameter Z scores normalized for weight, height, body surface area, and lean body mass according to
body mass index categories in subjects >6 years old. Solid red line: expected theoretical mean of 0

observed during the construction of our stepwise multi-
variable model in which the independent contribution of
weight as an explanatory variable diminished as height
parameters were entered into the model.

The complex interaction of height and weight on cardiac
dimension renders any normalization approach using
weight or height alone quite imperfect. BSA has often been
seen as a solution to this problem. However, measuring the
true BSA of a patient is not practical. The available
equations used to estimate BSA all “impose” a fixed
relationship for weight and height when BSA is included in
any bivariate regression. In a given individual, a higher
BSA can be the result of increased weight, height, or both,
all of which affect cardiac dimension differently. Nor-
malization using BSA does not take into account the fact
that the relative predictive effect of weight compared to
height seems to diminish as children grow. This limitation
of normalization using BSA is addressed by our multi-
variable model in which height and weight act as inde-
pendent predictors.

For example, in two patients measuring 115 cm, a
5-kg difference would significantly increase the esti-
mated BSA. This weight difference, applied to a BSA-

based polynomial model, would result in a difference of
1.0 mm in mean predicted AoV diameters. This stands in
contrast with our multivariable model in which the effect
of such a weight increase on predicted AoV diameters is
minimal (0.2 mm). For a given height, an increase in
weight could be due to increases in muscle mass, fat
mass, or both. The metabolic demands of muscle tissue
and adipose tissue are very dynamic, but their overall
influence on heart size is likely different [19]. An
increase in weight could be mainly attributable to muscle
mass in some subjects. In this situation, one would
expect to see a larger proximal aorta diameter. That
being said, in the majority adolescent individuals in our
population, the increase in weight is more likely to be
explained by an increase in adipose tissue. Our retro-
spective data did not allow for the determination of the
proportion of fat vs. muscle mass in the subjects studied.
Our results, however, support the fact that the weaker
influence of weight on aorta dimension in older children
may be due to an increase in tissues with lower meta-
bolic demand, such as adipose tissues.

Regardless of the regression model used for normal-
ization, a systematic bias was observed for obese
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subjects with BMI-for-age above the 98th percentile  because of the distortion introduced by the important
when weight was included in the model. When an  contribution of fat mass to such subjects’ weight. In our
echocardiographic dimension adjustment is considered  preliminary analyses, a weight correction subtracting
for such patients, Z scores must be viewed with caution = weight in excess of the 85th BMI percentile yielded
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promising results, but numbers were too small for this
method to be generalized.

The choice of the best independent variable to normalize
heart size is a source of much debate. Two recent reviews
discussing normalization in pediatric echocardiography
have reported that methods of normalization and selection
of independent variables were very heterogeneous and that
statistical validity was not always properly assessed [5, 24].
We previously observed that, among the many publications
pertaining to reference values in pediatric echocardiogra-
phy, BSA was most often used to normalize cardiac
dimensions, with some authors favoring weight in infants
and height in adolescents [24]. Others have also used
multivariable regressions as a way to normalize echocar-
diographic dimensions [27, 29].

Recently, Foster et al. reported that, when compared to
LBM, BSA outperformed height as a scaling variable to
adjust left ventricular mass for body size in children [18].
They too observed that significant residual association with
BMlI-for-age was present when left ventricular mass is
adjusted for height or BSA and that this residual associa-
tion may lead to an increase in the proportion of false
positives and false negatives. They concluded that BSA,
despite being an imperfect scaling factor, is preferable to
height, and also suggested that LBM may be preferable
when dealing with obese patients. They did not, however,
test a multivariable model.

In our study, we showed that the estimation of LBM
from the same team [17] introduced a residual association
with BMI-for-age, although of lesser magnitude than BSA.
This was to be expected since their equation for estimating
LBM includes a BMI-for-age term and consequently
offered better adjustment for BMI. Nonetheless, in our
analysis, only the multivariable model yielded a Z score
free of residual association with BMI-for-age in non-obese
patients. Similar conclusions were drawn in adult studies in
which left ventricular mass (measured by magnetic reso-
nance imaging) had a better prognostic value when nor-
malization was done wusing weight and height
independently in a multivariable model compared to
bivariate allometric models using height or BSA [3, 4].

In this study, we used parametric weighted regression to
normalize echocardiographic measurement for body size.
The LMS method, a robust non-parametric approach
described by Cole and Green in the 1990s [7, 8], is
increasingly being used for normalization for body size,
including in echocardiography [16]. Although it has many
advantages, its principal drawback is that it can only nor-
malize for one body size measurement (bivariate) and thus
cannot accommodate multivariable models.

Our study has some potential limitations. First, BMI is an
imperfect estimation of the relationship between weight and
height. Further studies using more direct measurements of

body composition (e.g., skin fold, waist circumference)
should be undertaken to clarify the role of adiposity on car-
diac size. Second, our multivariable model equation inclu-
ded four terms (up to the third degree for height), which could
lead to over-adjustment. We elected to use up to the third
order of height mainly because of previous observations that
great vessel diameters often adopt a third-order relationship
with height or BSA in bivariate analyses [28]. Bootstrap
cross-validation indicated that over-adjustment was unli-
kely. Third, our multivariable model is based on an empirical
statistical approach and not on fluid dynamic principles.
Regression models based on physiological principles, such
as allometric and gamma-function models, were assessed in
this study but most did not meet our criteria of a statistically
valid Z score (the absence of residual association and normal
distribution). Fourth, we chose to include children with BMI-
for-age Z scores between 1.0 and 2.0 even though they are
considered overweight according to published WHO stan-
dards. We elected to include these children in order to obtain
realistic reference values that can be generalized to the
population routinely seen in the echocardiography labora-
tory. Finally, this was a retrospective analysis of echocar-
diographic studies performed for a clinical indication. Our
results should be confirmed on a “true” control population of
children who have no indication for echocardiography.

Conclusion

In this study, we have identified a potential bias related to
BMI in proximal aorta Z scores normalized on only one
body size measurement. This bias is reduced when a
multivariable regression is used. This should be viewed as
a proof of concept that bivariate models may be insufficient
as a normalization tool in pediatric echocardiography. We
thus advocate that multivariable models should be explored
for proximal aorta dimension. This may also be true for
other echocardiographic measurements, but further studies
should be initiated to clarify the effect of measurable adi-
posity versus muscle mass on pediatric echocardiographic
cardiac dimensions.
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