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Background: Children with congenital heart disease (CHD) are at risk of impaired growth.

Aims: To describe height, weight, head circumference (HC), and body mass index (BMI) at 10 years and identify
risk factors for altered longitudinal growth in children with CHD.

Study design: Growth parameters were evaluated from birth until 10 years using z-scores. The impact of cardiac
and noncardiac factors on longitudinal growth was investigated.

Subjects: A total of 135 children with different types of CHD who underwent cardiopulmonary bypass surgery, no
genetic disorder.

Outcome measures: Head circumference, weight, height and BMI.

Results: At 10 years, z-scores for height and BMI did not differ from the Swiss population (P > 0.1). Z-scores for
weight and HC were significantly below the norm (—0.38 and — 0.71, P < 0.01). From 1 to 10 years, all growth
parameters except BMI increased significantly (P < 0.001, BMI: P = 0.14). Lower gestational age and longer
length of hospitalization were associated with either impaired head circumference or length at 10 years, while
lower socioeconomic status was associated with higher BMI and weight at 10 years (all P < 0.05).

Conclusion: Despite partial catch-up, somatic growth remains impaired in children with CHD with weight and HC
below the norm at 10 years. The only cardiac factor associated with impaired longitudinal growth was duration
of hospital stay. Furthermore, lower socioeconomic background may pose a risk of overweight at older age. Close
monitoring of growth parameters and parental counselling in all CHD children is advisable beyond early
childhood to ensure optimal somatic growth.

1. Introduction including type and severity of the CHD, [2,3] weight at birth, [6,7]

nutritional factors, [4,7,8] and hemodynamic instabilities. [8,9]

Thanks to the advanced medical treatment options, the vast majority
of children with congenital heart disease (CHD) requiring open-heart
surgery reach adulthood. [1] It is well known that children with CHD
are at risk of impaired somatic growth [2-4] and neurodevelopment. [5]
Multiple cardiac and patient factors are considered to impact growth,

For early childhood, several studies have shown some catch-up for
weight and height after corrective surgery [2,10] in children with CHD.
Nonetheless, growth parameters may remain below the expected values
for preschool aged children. [11,12] Similarly, lower head circumfer-
ence at birth is frequently reported in infants with CHD. [10,13]

Abbreviations: CHD, Congenital heart disease; HC, Head circumference; BMI, Body mass index; CPB, Cardiopulmonary bypass; SES, Socioeconomic status; IQ,
Intelligence quotient; SD, Standard deviation; IQR, Interquartile range; ECC, Extracorporeal circulation.
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a clinical registration number.
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In contrast, information on growth parameters at school age is scarce
and studies mainly include univentricular defects. [7,14] Further, there
is little information on longitudinal growth. [3,15,16] In contrast to the
impaired growth in younger children with CHD, studies in teenagers and
young adults with CHD report a risk of overweight and obesity [15,17]
comparable to the general population. Yet, little is known about BMI in
prepubertal children. [3,15,16]

Thus, the aim of this study was to describe growth in a current
population of 10-year-old children with CHD who underwent cardio-
pulmonary bypass (CPB) surgery. First, we compared growth parameters
(height, weight, HC, and body mass index (BMI)) at the age of 10 years
to the general population. Secondly, we investigated longitudinal
growth trajectories until 10 years. Lastly, we aimed to identify cardiac
and noncardiac risk factors for impaired long-term growth.

2. Patients & methods
2.1. Study population and measurements

The Reachout study is a prospective cohort study at the University
Children’s Hospital Zurich. Children received follow-up assessments at
1, 4, 6 and 10 years of age. The study was approved by the Ethics
Committee of the Canton Zurich (May 16, 2014, KEK-ZH-Nr. 2014-
0071) and written informed consent was obtained from each partici-
pant’s parents or legal guardians.

Children born with CHD who underwent CPB surgery between 2004
and 2009 at the University Children’s Hospital Zurich were prospec-
tively enrolled. At the 10-year examination, children with a genetic
disorder were excluded.

Neonatal growth data, cardiac diagnoses and medical risk factors
were collected from hospital charts of the University Children’s Hospital
Zurich, growth at 1, 4, 6, and 10 years was assessed by a pediatrician or
study nurse. HC was measured twice by means of a non-elastic tape,
measuring the largest area of a child’s head with the tape measure held
above the eyebrows and ears. Length measurements were acquired using
a roll-up measuring tape with wall attachment. Weight was measured
using a digital scale. Heart defects were classified into univentricular or
biventricular CHD. Furthermore, we recorded the total number of car-
diopulmonary bypass surgeries and catheter interventions, and the use
of cardiac medication at 10 years of age. Children requiring diuretics,
angiotensin-converting-enzyme-inhibitors, beta-blockers or phosphodi-
esterase type 5 inhibitors were considered to have a cardiac insuffi-
ciency. A feeding disorder was considered if a child was tube fed, had
swallowing difficulties or recurrent vomiting before the first CPB sur-
gery. Socioeconomic status (SES) was calculated based on maternal
education and paternal occupation at birth, ranging from 2 (lowest) to
12 (highest). [18] Additionally, intelligence quotient (IQ) was deter-
mined using the German version of the Wechsler Intelligence Scale for
Children (WISC-1V). [19]

2.2. Statistics

Statistical analyses were conducted using SPSS version 24.0 (IBM
Corp, Armond, New York) and R (R Foundation for Statistical
Computing, Vienna, Austria). Categorical variables are presented as
frequencies and continuous variables as mean and standard deviation
(SD) or median and interquartile range (IQR). All growth variables were
converted into age- and gender-adjusted z-scores (standard deviation
scores, SD) based on the Swiss growth charts. [20] Z-score of O repre-
sented the median of Swiss growth charts. For children born prema-
turely (<37 weeks of gestation), z-scores were corrected for gestational
age [21] at birth and 1 year (except for BMI for which such adjustment is
not available). Overweight was considered as BMI >90th (z-score >
1.282) and obesity as BMI >97th percentile (z-score > 1.881). [22]

For group differences, the Mann-Whitney-U test was applied. The
association of growth measurements at 10 years with the corresponding
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Table 1
Patient characteristics and cardiac factors for the total cohort (N = 135).
Univentricular Biventricular p?
N = 28 (21%) N =107
(79%)
Patient characteristics”
Gestational age (weeks)* 39.02 (1.7) 39.02 (2.2) 0.568
Birth weight (kg) 3.34 (0.7) 3.15 (0.6) 0.359
Length at birth (cm) 49.2 (3.2) 48.8 (2.8) 0.455
Head circumference at birth (cm) 34.6 (1.6) 34.1(1.7) 0.167
BMI at birth (kg/mz) 13.6 (1.7) 13.1 (1.7) 0.448
SES, median (IQR) 8(7;9 8 (7;10) 0.660
Cardiac factors”
Fe(eisl)ng disorder before 1st CPB, N 6 (21.4%) 25 (23.4%) 0.867
0

A 1 PB h

ge at 1st CPB surgery (months), 2.9 (0.3; 5.3) 1.3(0.3;4.9) 0792

median (IQR)

5 d

Mean preoperative SpO2° at 1st CPB 82.6 (8.8) 87.4 (10.4) 0.006

surgery
Lo(vcvg;t body temperature at 1st CPB 29.5 (5.9) 29.1 (3.6) 0.459
ECC time at 1st CPB surgery, min 157.2 (52.9) 166.5 (76.6) 0.534
Hospitalization at 1st CPB (days), 30.5 (17.5; .

median (I0R) 67.0) 23 (14; 33) 0.022

SD: standard deviation, IQR: interquartile range, BMI: body mass index, SES:
socioeconomic status, CPB: cardiopulmonary bypass, ECC: extracorporeal
circulation.

@ Mann-Whitney-U test.

Y Mean and standard deviation (SD) are presented if not otherwise stated (e.g.
median and IQR).

¢ Of the total cohort, 16 (12%) children were born prematurely (<37 weeks of
gestation).

4 Arterial oxygen saturation (%).

growth parameter at birth was assessed using Spearman correlations.
Risk factors from previous studies were considered; [4,7,8,23] those
with too many missing data, low variance, or collinearity were not
included into our risk factor analysis. Thus, cardiac risk factors included
uni- vs. biventricular CHD, mean arterial blood saturation before the
first CPB, feeding disorders, age at first CPB (log-transformed), lowest
intraoperative temperature and extracorporeal circulation (ECC) time
during first CPB, and length of hospitalization of first CPB (log-trans-
formed). Patient characteristics included: SES, gestational age and
growth parameters at birth.

The number of bypass surgeries was not analyzed as it strongly
correlated with uni- vs biventricular CHD.

Multivariable regression analyses were performed with the different
growth measurements at 10 years as outcome variables and the corre-
sponding growth measurement at birth (e.g. height at birth for the
outcome height at 10 years) as well as the above-mentioned risk factors
as independent variables. Longitudinal analyses for each growth
parameter (height, weight, HC, BMI) throughout childhood to 10 years
of age were carried out using linear mixed models. A random child effect
was included into the model to take into account dependencies due to
repeated measurements of the same child along the years. Of note, only
1 to 10 year-measurements were included in the model, enabling us to
summarize the catch-up growth of children with CHD over the years
using just a linear slope, the observed drop in growth from birth to 1 year
being already described in other studies. [9,24] In addition, risk factors
that showed significant association with the growth outcome at 10 years
were also introduced in the model, as main effect or interacting with
age, enabling us to compare the growth trajectories for different levels of
a risk factor. For the linear mixed models, z-scores higher in magnitude
than +/-4 were set back to +/-4 in order to avoid our results to be driven
by a few outlying values. Two-sided p-values <0.05 were considered
statistically significant.
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Table 2
Distribution of univentricular and biventricular congenital heart disease in total
cohort (N = 135).

Univentricular heart defects N =28
(21%)
Double inlet left ventricle 8 (6%)
Hypoplastic left heart syndrome 7 (5%)
Pulmonary atresia (PA) with ventricular hypoplasia 4 (3%)
Double outlet right ventricle with ventricular hypoplasia 4 (3%)
Atrioventricular septal defect with ventricular hypoplasia 1(1%)
Crisscross heart 1 (1%)
Functional single ventricle with dextro-transposition of great arteries 1 (1%)
(d-TGA)
Ebstein anomaly 1 (1%)
Tricuspid atresia 1 (1%)

Biventricular heart defects N =107 (79%)

Dextro-transposition of great arteries (d-TGA) 36 (27%)
Ventricular septal defect 21 (16%)
Tetralogy of Fallot 12 (9%)
Atrioventricular septal defect 7 (5%)
Aortic coarctation 5 (4%)
Truncus arteriosus 5 (4%)
Pulmonary atresia (PA) 4 (3%)
Total anomalous pulmonary venous connection 4 (3%)
Aortic stenosis 3 (2%)
Atrial septal defect 3 (2%)
Pulmonary stenosis 2 (1%)
Double outlet right ventricle 2 (1%)
Anomalous left coronary artery from the pulmonary artery 1 (1%)
Taussig-Bing-anomaly 1 (1%)
Levo-transposition of great arteries (I-TGA) 1 (1%)

3. Results
3.1. Study population

In total, 300 children with CHD were prospectively enrolled (Sup-
plemental Fig. 4). At the 10-year examination, only children without
genetic disorders were assessed (exclusion of 75 children). Overall, 63
children were lost to follow up and 27 died. Consequently, the popula-
tion at 10 years accounted for 135 children.

Patient characteristics and cardiac factors stratified for uni- and
biventricular CHD are presented in Table 1. The 63 children lost to
follow up by the 10-year examination did not differ from the final study
population regarding patient characteristics except for SES, which was
significantly lower in the children lost to follow up (P < 0.047).
Regarding cardiac factors, age at first CPB surgery was older in the
children lost to follow up (P < 0.005), mean preoperative blood satu-
ration and lowest body temperature were significantly higher (P < 0.005
and P = 0.007), ECC time and hospital stay were significantly shorter in
the children lost to follow up (P = 0.013 and P < 0.005). Detailed car-
diac diagnoses of our final study population are listed in Table 2. Most
children (67%) underwent one CPB until the age of 10 years (range 1-4)
and were operated within their first year of life (95%). The majority
(76%) had one interventional heart catheterization until 10 years (range
0-11). Mean age at 10-year follow-up was 10.2 years (SD: 0.3 years)
with 81 (60%) male participants. At 10 years, 11 children were
considered to have a cardiac insufficiency based on the need for cardiac
medication (univentricular: N = 6). Mean IQ at 10 years was within the
normal range, but significantly lower than in the normal Swiss popu-
lation (mean IQ 96, SD = 13, P = 0.023).

3.2. Longitudinal growth from 1 to 10 years of age
As illustrated in Fig. 1, median z-scores for height, weight, and HC

significantly increased from 1 until 10 years of age (height: P < 0.001,
weight: P = 0.001, HC: P < 0.001), except BMI (P = 0.136). Of note,
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between birth and 1 year, all growth parameters but BMI significantly
decreased (height: P < 0.001, weight: P < 0.001, HC: p < 0.001, BMI: P
= 0.134).

3.3. Risk factors for longitudinal growth from 1 to 10 years of age

Table 3 summarizes the results of the linear mixed models describing
growth trajectories from 1 to 10 years of age. When introducing the
corresponding growth parameter at birth as a main effect in the linear
mixed model, we found a significant result for height (P < 0.001),
weight (P < 0.001) and HC (P < 0.001), but not for BMI (P = 0.121),
while an interaction with age was never significant (all P > 0.1). This
meant that the catch-up growth between 1 and 10 years of age described
in the previous paragraph was on average similar for those children with
a high value and for those children with a low value of height, weight or
HC at birth, the former remaining at higher levels than the latter over the
years, the growth trajectories being thus roughly parallel. Length of
hospitalization at first CPB was significant as a main effect for height (P
= 0.007) and for weight (P = 0.021), but not for HC (P = 0.137) and for
BMI (P = 0.357), while not interacting significantly with age (all P >
0.3), children with a shorter hospitalization remaining on average taller
and heavier over the years than those children with a longer hospitali-
zation (see Fig. 2 for an illustration). The risk factor SES was never
significant as a main effect (all P > 0.05), but significantly interacted
with age for weight (P = 0.045) and BMI (P < 0.001), resulting in a more
pronounced increase in weight and BMI along the years for children with
lower SES compared to those with higher SES (see Fig. 3 for an illus-
tration). Gestational age as a main effect was significant only for height
(P = 0.004), children being on average taller over the years when the
gestational age was higher, while an interaction of gestational age with
the age of the child was significant only for weight (P = 0.004), the
catch-up in weight along the years being more pronounced when the
gestational age was low than when it was high (see Supplemental Fig. 5
for an illustration). Finally, we similarly introduced IQ at 10 years in the
linear mixed model and found no significant interaction with age (all P
> 0.1), meaning that the growth trajectories were not significantly
associated with IQ at 10 years.

3.4. Growth at 10 years of age

Growth parameters from birth until 10 years of age of our cohort are
depicted in Fig. 1. At 10 years, median height z-scores did not differ from
the normal Swiss population (P = 0.363), while median weight and HC
z-scores were significantly below the norm (P = 0.007 and P < 0.001,
respectively). Median BMI z-scores were similar to the normal Swiss
population (P = 0.236) and the number of overweight (N = 11, 8.2%)
and obese children (N = 9, 6.7%) was only slightly elevated (P = 0.043).
The 11 children with cardiac insufficiency had a larger HC compared to
children without (median z-scores: 0.74 vs —0.79, P = 0.015). Other
growth parameters did not differ in children with cardiac insufficiency
(P > 0.05). IQ was not significantly correlated with HC (rho = 0.160, P
= 0.072), weight (rho = —0.079, P = 0.365), height (tho = 0.043, P =
0.625), or BMI (rtho = —0.154, P = 0.076) at 10 years of age. There was
no significant sex difference in height, weight, HC or BMI (P > 0.05).

3.5. Risk factors for growth at 10 years of age

Height, weight, and HC, but not BMI at 10 years were significantly
correlated with the corresponding growth parameter at birth (height:
rho = 0.284, P = 0.001, weight: rho = 0.172, P = 0.048, HC: rho =
0.432, P < 0.001, BMIL: rho = 0.015, P = 0.862). Table 4 illustrates the
results of the multivariable linear regression analysis examining risk
factors for growth at 10-years of age. When adjusting for the corre-
sponding growth parameter at birth, length of hospitalization at first
CPB was associated to height and head circumference at 10 years.
Gestational age was associated with height and BMI and SES was
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Fig. 1. Growth parameters (z-scores) at different ages from birth until 10 years of age.

The blue box shows the median (black horizontal bar) and is defined by the interquartile range (IQR). The black lines above and under the blue box indicate the
minimum and maximum values. For better readability outliers are not marked. The tables below the boxplots show the corresponding median z-scores and p-values of
median z-scores when testing for difference between median z-scores and 0 as median of normal population. (For interpretation of the references to colour in this

figure legend, the reader is referred to the web version of this article.)
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Fig. 2. Growth trajectories in function of length of hospitalization for A: height, B: weight, C: head circumference, D: BMI. Length of hospitalization has been here
divided into two groups (below 25 days and above/equal 25 days) for illustration purpose, but was kept as a continuous variable in the model to test for its sig-
nificance as a main effect (p main), or for its interaction with age (p inter). Circles/triangles represent the empirical means of the growth parameters over the years
(calculated from the raw data for the different groups) and lines show the linear fit achieved by the model.

age range, different demographics, and different percentile curves.
Despite our cohort being from high SES, we found low SES to be asso-
ciated with increasing BMI over time. Similarly, Andonian et al. [17]
reported significant differences in risk of obesity in children and adults
with CHD depending on the level of health education. Thus in our
cohort, children with low SES in particular may face a similar risk of
abnormally elevated BMI as the general population.

We were able to demonstrate a long-term influence of growth pa-
rameters at birth on growth beyond early school age. Other factors
associated with an altered growth pattern in our cohort were gestational
age and length of hospitalization at first CPB. Similarly to healthy
preterm-born children, our preterm-born CHD children showed a more
pronounced increase of weight than term-born children. [29] In contrast
to other studies, [7,11,25,26] and as mentioned above, we did not find
any influence of CHD type on somatic growth. The only cardiac factor
associated with growth in our cohort was length of hospital stay: chil-
dren with longer hospitalization at first CPB showed similar growth over
time but on a lower growth trajectory than those with shorter hospi-
talization. Similar findings have been reported for younger children with
CHD. [4,30] Length of hospital stay may be considered a proxy for the
overall health of a child, reflecting a complex interplay of several
medical and environmental factors before and after corrective surgery

for CHD.

Our study has limitations worth mentioning. Although a broad range
of different types of CHD was included in the study, we were not able to
perform subanalysis for specific types of CHD or prolonged cyanosis due
to the small sample sizes. Further, the data on nutritional parameters
was evaluated retrospectively and was only available at preoperative
assessment.

In conclusion, partial catch-up growth can be found in children with
CHD up to 10 years of age, but somatic growth remains impaired with
weight and HC below the norm. The only cardiac factor significantly
associated with impaired growth was duration of hospital stay. Despite
normal prepubertal BMI, children from lower socioeconomic back-
grounds may be at risk for overweight at older age. Close monitoring of
growth parameters in all CHD children is advisable beyond early
childhood to ensure optimal growth.
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Fig. 3. Growth trajectories in function of SES for A: height, B: weight, C: head circumference, D: BMI. SES has been here divided into three groups (2-5, 6-8 and
9-12) for illustration purpose, but was kept as a continuous variable in the model to test for its significance as a main effect (p main), or for its interaction with age (p
inter). Circles/triangles/diamonds represent the empirical means of the growth parameters over the years (calculated from the raw data for the different groups) and
lines show the linear fit achieved by the model.
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Table 4

Multivariabel risk factor analysis for growth parameters at 10 years of age.

BMI at 10 years

Head circumference at 10 years

Weight at 10 years

Height at 10 years

CI 95%

CI 95%

CI 95%

CI 95%

0.18 0.52 <0.001

0.35

Height at birth (z-score)

0.17 0.52 <0.001

0.35

Weight at birth (z-score)
HC at birth (z-score)

0.61 <0.001

0.25

0.43

0.047
0.016
0.948
0.297
0.663
0.360
0.742

0.46

0.01

0.23

BMI at birth (z-score)
Gestational age

—0.05
0.19
0.08
0.15
0.11
0.17
0.11
0.12

—0.50
—0.18
—0.27

-0.27
0.01

0.806
0.484
0.922

0.22
0.26
0.21
0.01
0.17
0.23
0.00

-0.17
—0.12
—0.19
—0.38
—0.25
—0.19
—0.41
—0.54
—0.08

0.02
0.07
0.01

0.632

0.13
0.12
0.08
0.16
0.16
0.12
0.17
0.04

-0.21
—0.23
-0.27
-0.21
-0.21
-0.27
-0.23
—0.39
—0.42

—0.04
—0.05
—0.10
—0.02
—0.08
—0.08
—0.03
-0.18
-0.25

0.012

0.39
0.10
0.12
0.14
0.14
0.10
0.20

0.05

0.22

0.546
0.272
0.798
0.463
0.443
0.752
0.105
0.003

0.412

—0.25
—0.22
-0.22
—0.26
—0.29
—-0.20
—0.48
—0.18

—0.07
—0.05
—0.04
—0.06
—0.10

0.00

Uni- vs. biventricular CHD

—0.10
—0.04
—-0.10
—0.03
—-0.10
—-0.10
—0.32

0.594
0.685

Feeding disorder pre 1st CPB

-0.23
-0.31
—0.24

0.068
0.695

—0.18
—0.04

0.02

Mean saturation pre 1st CPB

ECC time 1st CPB
Age 1st CPB

0.534
0.341

0.853
0.059

0.364
0.362

—-0.30
-0.32
—0.49

—0.20
—0.32

0.09

0.999
0.016

Lowest T° 1st CPB
LOH (log)

SES

0.005

-0.10
0.27

—-0.05
0.15

—0.26
—0.01

<0.001

-0.14

0.305

—0.09

0.893

Adjusted R? = 0.171, p < 0.001 Adjusted R? = 0.243, p < 0.001 Adjusted R? = 0.112, p < 0.010

Adjusted R? = 0.188, p < 0.001
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