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Original Article

Childhood growth patterns following CHD

David C. Aguilar,' Gary W. Raff,” Daniel J. Tancredi,' Ian J. Griffin'

"Department of Pediatrics; °Department of Surgery, UC Davis Children Hospital, University of California-Davis,
Sacramento, California, United States of America

Abstract Introduction: Prenatal and early postnatal growth are known to be abnormal in patients with CHD.
Although adult metabolic risk is associated with growth later in childhood, little is known of childhood growth
in CHD. Patients and Methods: Retrospective data were collected on 551 patients with coarctation of the aorta,
hypoplastic left heart syndrome, single ventricle physiology, tetralogy of Fallot, transposition of the great arteries,
or ventricular septal defects. Weight, height, and body mass index data were converted to Z-scores. Body size at
2 years and growth between 2 and 20 years, 2 and 7 years, and 8 and 15 years were compared with Normative
data using a sequential series of mixed-effects linear models. Resu/ts: A total of 4660 weight, 2989 height, and
2988 body mass index measurements were analysed. Body size at 2 years of age was affected by cardiac diagnosis
and gender. Abnormal growth was frequent and varied depending on cardiac diagnosis, gender, and the time
period considered. The most abnormal patterns were seen in patients with tetralogy of Fallot, hypoplastic left
heart syndrome, or single ventricle physiology. Potentially high-risk growth, a combination of small body size at
2 years and rapid subsequent growth, was seen in several groups. Conclusions: Childhood and adolescent growth
patterns were gender- and lesion-specific. Several lesions were associated with abnormal patterns of childhood
growth known to be associated with an increased risk of adult adiposity or metabolic risk in other populations.
Further information is needed on the long-term metabolic risks of survivors of CHD.

Keywords: Adiposity; CHD; growth; metabolic syndrome

Received: 30 April 2014; Accepted: 25 July 2014

infants born with CHD and has led to increased
interest in the longer term morbidities among
Survivors.

Early growth is known to be abnormal in patients
with CHD. The incidence of small-for-gestational age
status at birth is significantly increased in many forms of
CHD,' and subsequent failure to thrive is common.”’
For example, in staged surgical repair of hypoplastic left
heart syndrome, weight Z-score falls between birth and
Stage I repair falls further between Stage I and Stage II
repairs, and then variable amounts of catch-up growth
occurs after Stage I1.%* Poor growth is known to be a

LONG—TERM SURVIVAL HAS INCREASED MARKEDLY IN

Correspondence to: lan J. Griffin, Department of Pediatrics, University of
California-Davis, 2516 Stockton Blvd, Sacramento, CA 95917, United States of
America. Tel: +916 703 5015; Fax: +916 456 4490; E-mail: ijgriffin@ucdavis.
edu

risk factor for poor surgical outcomes.* The longer
term growth of patients with complex CHD is poorly
described, although there are limited data that they
remain lighter and shorter than their peers.’

In other populations, a rapid gain in weight or
body mass index during childhood is a risk factor
for cardiovascular mortality, type 2 diabetes, and
hypertension, especially in those who were smallest
at birth.®’ For example, body mass index at 11 years
is a risk factor for CHD, particularly in those whose
body mass index is low at 2 years.® A 1 SD increase
in weight Z-score or height Z-score between 7 and
15 years of age has been associated with increased
odds of developing type 2 diabetes.” Despite this,
patterns of weight and body mass index gain during
childhood have not been well described in CHD.

In this study, we examined the weight, height, and
body mass index growth in a large retrospective

37
38
39
40

41

43
44
45
46
47
48
49
50
51
52
53
54



69

70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101

102
103
104
105
106
107
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cohort of children born with six common CHD
diagnoses: coarctation of the aorta, hypoplastic left
heart syndrome, single ventricle physiology, tetral-
ogy of Fallot, transposition of the great arteries, and
ventricular septal defects. We hypothesised that both
gender and cardiac diagnosis would affect measures of
body size — weight, length, or head circumference —
at 2 years of age and growth in body size — weight,
length, or head circumference — in early childhood
(2—7 years), mid/late childhood (8—15 years), and for
the entire childhood/ adolescent period (2—20 years),
and that the measures would differ from the healthy
reference population.

Materials and methods

Data collection

This was a retrospective mixed cross-sectional and
longitudinal chart review. Institutional Review Board
approval was obtained, including a waiver of the need
for written consent.

Patients were identified by a search of the University
of California-Davis electronic medical record using
the proprietary Cohort Discovery tool (based on i2b2,
National Center for Biomedical Computing). Data
were extracted from the electronic medical record for all
patients with an International Statistical Classification
of Diseases and Related Health Problems version 9
(ICD9) code for a congenital heart diagnosis who
were aged <25 years of age during the period July,
1987—July, 2012.

Each individual patient chart was then reviewed
to confirm the diagnosis, gender, and other relevant
data. We collected weight and height measurements
from electronic medical records, in-patient records,
out-patient records, subspecialty clinical records, scan-
ned notes from outside medical record systems, and
from dictated notes uploaded to the electronic medical
record. Additional data including genetic diagnoses or
chromosomal abnormalities were determined by review
of laboratory and cytogenetic data, notation within a
physician’s dictated note of a confirmed diagnosis, or a
presumptive diagnosis documented by a paediatric
geneticist. The same sources were used to determine
whether patients had been preterm (gestational age
< 36 weeks at birth). All information was entered into
a database with patient identifiers removed.

For this analysis, patients were included if they had
one of the following six diagnosis:

e coarctation of the aorta;

« hypoplastic left heart syndrome;
* single ventricle physiology;

« tetralogy of Fallot;

* transposition of the great arteries;
* ventricular septal defects.

2014

Patients were excluded if they were preterm
(gestational age <36 weeks) or had any genetic,
chromosomal, or syndromal diagnoses. Data from
eligible patients were included if they were aged
between 2.0 and 19.99 years of age at the time the
measurement was made.

To prevent over-sampling of data from periods
when patients presented to the medical system more
frequently, for example, perioperatively, we imposed
an a priori limit of the frequency of data sampling.
If >1 data point was available for a given subject
within a 1-month period, only the first measurement
was included in the analysis.

Quality control

Anthropometric data were plotted and potential
outliers identified using a scatter gram. Questionable
data, including all data that were >3 SDs from the
mean, were reviewed in the patients’ chart to confirm
accuracy. Any weight or height that was >5 SDs from
the age- and gender-specific mean were omitted.

The cardiac diagnosis was reviewed, and a final
determination of diagnosis made by one of the authors
(G.W.R.).

Calculations

Body mass index was calculated from the equation,
Body mass index = (Weight in kg)/(Height inm)’

Weight, height, and body mass index were converted
to age- and gender-specific Z-scores using the pub-
lished age-specific lambda, mu, and sigma data from
the Center for Disease Control and Prevention
growth chart data set.”

Statistical analysis

The effect of cardiac diagnosis on weight, height,
body mass index, weight Z-score, and body mass
index z-score was assessed using a series of mixed-
effects linear models.

In the initial model, the anthropometric outcome
of interest (e.g. weight Z-score) was the dependent
variable; age, gender, and cardiac diagnosis were
entered as fixed independents, and “subject” was
entered as a random-effect independent. To assess
whether cardiac diagnosis affected the relationship
between age and the anthropometric variable, the
interaction between age and diagnosis was included
in the model. If there was an interaction between
age and diagnosis, this was taken to mean that the
relationship between anthropometry and age varied
according to the cardiac diagnosis, and analysis was
repeated for each diagnosis separately.
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Table 1. Total number of patients, weight measurements, height measurement, BMI measurements in the entire cohort, and for patients

with CoA, HLHS, SV, TGA, ToF, and VSD.

Total number of weight

Total number of height Total number of BMI

Diagnosist Patients (n) measurements measurements measurements
All diagnoses 551 4060 2989 2988

HLHS 26 269 221 221

NY 34 528 431 431

TGA 65 449 340 340

ToF 66 561 469 468

CoA 79 548 446 446

VSD 281 1705 1082 1082

BMI = body mass index; CoA = coarctation of the aorta; HLHS = hypoplastic left heart syndrome; SV = single ventricle physiology; TGA = transposition

of the great arteries; ToF = tetralogy of Fallot; VSD = ventricular septal defects

In the second set of analysis, models were con-
structed for each of the six cardiac diagnoses separately.
Age, gender, and the interaction between age and
gender were the fixed-effect independents, “subject”
was a random-effect independent, and the anthropo-
metric outcome of interest (e.g. weight Z-score) was
the dependent. If there was no interaction between age
and gender, the main effect p-values for the intercept at
2 years, for age, and for gender were calculated. If there
was an age by gender interaction, each gender was
analysed separately, and the main effect p-values for age
and the 2-year intercept were calculated.

The effect of age on weight, length, and body mass
index Z-score was assessed for the entire age ranging
from 2 to 20 years, as well as for periods 2—7 years and
8-15 years separately. Comparisons of body size —
weight, height, and body mass index — at 2 years
between cardiac patients and the normal patients were
made from the model covering the entire age range. If
the 2-year intercept was significantly different from
zero, the patients were significantly different from the
normal data set at the age of 2 years. Similarly, if
the coefficient for the effect of age was significantly
different from zero, the rate of growth (of weight,
height, or body mass index) was significantly different
from the age- and gender-specific normal data.

A p-value of < 0.1 was taken as a suggestion of an
interaction between independent variables, otherwise
a p-value of <0.05 was taken to be significant. Data
are given as mean * SD for normally distributed data,
and as mean (interquartile range) for skewed data,
unless otherwise noted. All analyses were carried out
using JMP-Pro 11.0 (SAS Institute, Cary, North
Carolina, United States of America).

Results

Patient demographics

Data were available on 551 patients. There were more
male (n=300) than female (n=251, p=0.0368)
patients. The number of patients with each of the

individual cardiac diagnoses, the total number of
weight, height, and body mass index measurements,
as well as the mean (interquartile range) of measure-
ments per patients are summarised in Table 1 and
Table 2. The largest number of data points was
available for ventricular septal defects (Table 1), but
the largest number of measurements per patient was
for single ventricle physiology (Table 2). The median
age of data collected was 7.5 years — interquartile
range from 4.1 to 12.7 years — with more data col-
lected at earlier ages (Figure 1).

Growth age 2—20 years

Weight Z-score. In the mixed-effect linear model,
weight Z-score was significantly affected by cardiac
diagnosis (p < 0.0001), age (p < 0.0001), and gender
(p =0.0064). There was also significant interaction
between cardiac diagnosis and age (p < 0.0001), and
therefore the effect of age on weight Z-score was
assessed for each diagnosis individually.

There was a significant interaction between the
effects of age and gender on weight Z-score for patients
with hypoplastic left heart syndrome, single ventricle
physiology, or ventricular septal defects. Therefore, the
effect of age on weight Z-score in these specific diag-
noses was assessed for each gender separately (Table 3).
There was no significant age—gender interaction for
patients with coarctation of the aorta, transposition
of the great arteries, or tetralogy of Fallot. For these
diagnoses, the effect of age on weight Z-score was
assessed for both genders combined (Table 3).

Weight Z-score at the age of 2 years was signi-
ficantly reduced in female patients with hypoplastic
left heart syndrome, but significantly increased in
male patients with ventricular septal defects or single
ventricle physiology, and in male and female patients
with tetralogy of Fallot (Table 3). Gain in weight
Z-score between ages 2 and 20 years was increased
in patients with coarctation of the aorta, hypoplastic
left heart syndrome, tetralogy of Fallot, and in male
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Table 2. Median (interquartile range) of number weight, height, and BMI measurements for patients with CoA, HLHS, SV, TGA, ToF,

and VSD.
Mean (IQR) of weight Mean (IQR) of height Mean (IQR) of BMI

Diagnosis¥ Patients (n) measurements per patient — measurements per patient  measurements per patient
ALL diagnoses 551 S (2-11) 4 (2-7) 4 (2-7)

HLHS 26 5 (2-19.5) 5 (1.25-17) 5 (1.25-17)

Y 34 18 (5.25-21) 13 (4-19) 13 (4-19)

TGA 65 4(3-9) 3 (1-7) 3 (1-7)

ToF 66 7 (4-12.5) 6 (3-10) 6 (3-10)

CoA 79 5(3-9 5 (2-8) 5 (2-8)

VSD 281 4(2-9) 3 (1-5) 3 (1-5)

BMI = body mass index; CoA = coarctation of the aorta; HLHS = hypoplastic left heart syndrome; SV = single ventricle physiology; TGA = transposition

of the great arteries; ToF = tetralogy of Fallot; VSD = ventricular septal defects

600 -

Number of Datapoints

2 3 45

6 7 8 9 10 11 12 13 14 15 16 17 18 19
Age (years)

Figure 1.
The number of data points collected ar different ages for the entire
cohort.

patients with single ventricle physiology or ventri-
cular septal defects (Table 3).

Height Z-score.  Height Z-score was significantly
affected by age (p < 0.0001), diagnosis (p =0.0003),
and gender (p=0.0017), and there was a signi-
ficant age—gender interaction for coarctation of the
aorta, hypoplastic left heart syndrome, transposition
of the great arteries, and ventricular septal defects
but not for single ventricle physiology or tetralogy
of Fallot.

Height Z-score at 2 years of age was significantly
reduced in hypoplastic left heart syndrome, single
ventricle physiology, and tetralogy of Fallot, and
significantly increased in ventricular septal defects
(Table 4). Change in height Z-score between 2 and
20 years was abnormal in all groups except female
patients with transposition of the great arteries
(Table 4). Gain in height Z-score was increased in
hypoplastic left heart syndrome, single ventricle
physiology, tetralogy of Fallot, and in male patients
with transposition of the great arteries. Height
Z-score fell significantly in female patients with

coarctation and male patients with ventricular septal
defects, but increased in male patients with coarcta-
tion and female patients with ventricular septal
defects (Table 4).

Body mass index Z-score. Body mass index Z-score
at 2 years of age was significantly increased in
transposition of the great arteries, and in coarctation
of the aorta (male only) and decreased in hypoplastic
left heart syndrome (female only). Body mass index
Z-score gain between 2 and 20 years was increased in
coarctation of the aorta (female only), hypoplastic left
heart syndrome (female only), and ventricular septal
defects, and decreased in single ventricle physiology
(female only) and in transposition of the great arteries
(both genders) (Table 5).

Body size at 2 years

This was determined from the final models developed
for the assessment of growth over the entire range of
2-20 years. The intercept (at 2 years) was used to
evaluated the body size at 2 years and is reported in

Tables 3, 4, and 5.

Growth 2—7 years

Weight Z-score. Weight Z-score was significantly
affected by diagnosis (p =0.0014) and age (p < 0.0001).

Weight gain between 2 and 7 years was greater
than normal for male patients with hypoplastic left
heart syndrome or transposition of the great arteries,
female patients with coarctation of the aorta and for
male, and female patients with ventricular septal
defects or tetralogy of Fallot. Gain in weight Z-score
was lower than expected in female patients with
single ventricle physiology or hypoplastic left heart
syndrome, and in male patients with coarctation of
the aorta. The only groups with normal weight
Z-score gains were the male patients with coarctation
of the aorta and female patients with single ventricles
or hypoplastic left heart syndrome (Table 6).
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Table 3. Results of mixed linear model examining the effects of age and gender on weight Z-score for patients with CoA, HLHS, SV, TGA,
ToF, and VSD.

Weight Z-score at age 2 years AWeight Z-score 2-20 years

Diagnosis Gender mean + SE (p-value) mean + SE (p-value)
CoA Fand M 0.093+0.152 (p=0.54) 0.028 +0.008 (p =0.0006)
HLHS F -1.881 +0.385 (p =0.0009) 0.087 £0.015 (p <0.0001)
M -0.667 £0.339 (p=0.06) 0.033 +0.015 (p =0.0243)
SV F -0.563 +£0.278 (p=0.06) -0.013£0.014 (p= 0.34)
M -0.427 £0.309 (p=0.18) 0.0399 + 0.040 (p =0.0060)
TGA Fand M 0.2711+0.180 (p=0.13) -0.0165 +0.008 (p=0.05)
ToF Fand M 0.509 +0.145 (p =0.0007) 0.0600 + 0.008 (p <0.0001)
VSD F 0.192+0.116 (p =0.009) 0.011 £ 0.007 (p=0.14)
M -0.012%0.106 (p=0.91) 0.052 +0.008 (p <0.0001)

CoA = coarctation of the aorta; HLHS = hypoplastic left heart syndrome; SV =single ventricle physiology; TGA = transposition of the great arteries;
ToF = tetralogy of Fallot; VSD = ventricular septal defects

If there was a significant interaction between age and gender, the analysis was carried out separately for male (M) and female (F) patients. If there was no
significant age—gender interaction, the interaction term was removed, and the main effect coefficients and p-values given for the two genders were
combined (F and M). Data are given as mean * SE (p-value). Statistically significant values are emboldened. Main effect p-values are given in parentheses

Table 4. Results of mixed linear model examining the effects of age and gender on height Z-score for patients with CoA, HLHS, SV, TGA,
ToF, and VSD.

Height Z-score at age 2 years A Height Z-score 2-20 years

Diagnosis Gender mean + SD (p-value) mean + SD (p-value)
CoA F 0.297+0.180 (p=0.11) -0.020 +0.009 (p =0.0409)
M -0.308 £0.259 (p=0.24) 0.055 +0.016 (p =0.0006)
HLHS F -1.758 +0.348 (p =0.0010) 0.036 +0.012 (p =0.0056)
M -1.344 +0.434 (p =0.0046) 0.161 +0.029 (p < 0.0001)
SV Fand M -0.998 +£0.130 (p <0.0001) 0.032+0.012 (p=0.0082)
TGA F 0.262+0.266 (p=0.33) -0.015£0.015 (p=0.32)
M -0.219£0.234 (p=0.35) 0.040 +0.015 (p=0.0124)
ToF Fand M -0.528 +0.113 (p <0.0001) 0.052+0.011 (p <0.0001)
VSD F 0.318+0.102 (p=0.0021) -0.033 +£0.008 (p=0.0001)
M 0.109+0.136 (p=0.42) 0.027 +£0.012 (p=0.0316)

CoA = coarctation of the aorta; HLHS = hypoplastic left heart syndrome; SV =single ventricle physiology; TGA = transposition of the great arteries;
ToF = tetralogy of Fallot; VSD = ventricular septal defects

If there was a significant interaction between age and gender, the analysis was carried out separately for male (M) and female (F) patients. If there was no
significant age—gender interaction, the interaction term was removed, and the main effect coefficients and p-values given for the two genders were
combined (F and M). Data are given as mean * SE (p-value). Statistically significant values are emboldened. Main effect p-values are given in parentheses

Height Z-score. Height Z-score between 2 and 7
years differed significantly between cardiac diagnoses
(p=0.0105).

Height Z-score fell with increasing age in all
groups except single ventricle physiology, where it
was unchanged, and female patients with tetralogy of
Fallot, where it increased.

Body mass index Z-score. Body mass index Z-score
increased significantly in 3 groups during early child-
hood (2—7 vyears): ventricular septal defects, and
female patients with coarctation of the aorta or
hypoplastic left heart syndrome (Table 7). The
magnitude of increase was large. Average body mass
index Z-score increased by >1 unit over the 5-year
period in female patients with coarctation of the aorta
or hypoplastic left heart syndrome, and increased by

2/3 of a unit in patients with ventricular septal

defects (Table 6).

Growth 8—15 years

Weight Z-score.  Changes in weight Z-score between
8 and 15 years were in opposite direction to the changes
seen in weight Z-score between 2 and 7 years for several
of the groups, for example, hypoplastic left heart
syndrome. However, increases in weight Z-score were
seen in patients with tetralogy of Fallot and in male
patients with ventricular septal defects during both
time periods (Table 7).

Height Z-score.  Once again, the changes in height
Z-score during this period (8—15 years) were often in
the reverse direction to the prior period (2—7 years), for
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Table 5. Results of mixed linear model examining the effects of age and gender on BMI Z-score for patients with CoA, HLHS, SV, TGA,

BMI Z-score at age 2 years
mean + SD (p-value)

A BMI Z-score 2-20 years
mean + SD (p-value)

ToF, and VSD.
Diagnosis Gender
CoA F

M
HLHS F

M
NY% F

M
TGA Fand M
ToF Fand M
VSD Fand M

~0.161+0.239 (p=0.50)
0.565 +0.182 (p =0.0025)
-0.856+0.353 (p = 0.0405)
~0.138+0.267 (p=0.62)
0.138+0.259 (p=0.60)
0.377£0.254 (p=0.15)
0.778 +0.124 (p < 0.0001)
~0.066+0.100 (p=0.51)
~0.067 +0.072 (p=0.36)

0.046 +0.013 (p =0.0008)
-0.018£0.013 (p=0.15)

0.073 +0.020 (p =0.00006)
-0.033 £0.018 (p=0.0613)

-0.051£0.018 (p=10.0052)

0.003 £0.014 (p=0.82)

-0.068 +0.013 (p <0.0001)

0.006 £0.010 (p=0.54)
0.041 +0.008 (p < 0.001)

BMI = body mass index; CoA = coarctation of the aorta; HLHS = hypoplastic left heart syndrome; SV = single ventricle physiology; TGA = transposition
of the great arteries; ToF = tetralogy of Fallot; VSD = ventricular septal defects
If there was a significant interaction between age and gender, the analysis was carried out separately for male (M) and female (F) patients. If there was no
significant age—gender interaction, the interaction term was removed, and the main effects coefficients and p-values given for the two genders were

combined (F and M). Data are given as mean * SE (p-value). Statistically significant values are emboldened. Main effect p-values are given in parentheses

Table 6. Rate of change in weight, height, and BMI Z-score between 2 and 7 years of age. Data are given as mean £ SE (p-value).

Rate of change in Z-score (units/year)

Diagnosis Gender Weight Height BMI
Coarctation of the aorta Female 0.133 +£0.029 -0.058 +£0.021 0.209 +0.329
(p <0.0001) (p =0.0068) (p <0.0001)
n=280 n=158 n=02
Male -0.080 +0.026 -0.081£0.038
(p=0.00206) (p=0.0369)
n=114 n=96
Hypoplastic left heart syndrome Female 0.140+0.051 -0.132 +0.041 0.282 +0.084
(p=0.0091) (p =0.0023) (p=0.0021)
n=44 n=72 n=36
Male -0.145 +0.042 -0.054 +£0.085
(p=0.0011) (p=0.53)
n=>53 n=36
Single ventricle physiology Female -0.156+0.397 -0.017 £0.029 -0.171 +0.065
(p <0.0001) (p=0.56) (p=0.0114)
n=066 n=166 n=51
Male -0.001 £0.035 0.026 £ 0.0369
(p=0.99) (p=10.49)
n=137 n=115
Transposition of the great arteries Female -0.019£0.039 -0.159+0.028 0.031 £ 0.034
(p=0.63) (p <0.0001) (p=0.37)
n=063 n=153 n=153
Male -0.103 +0.021
(p<0.0001)
n=159
Tetralogy of Fallot Female 0.064 +0.023 0.095 +0.033 0.060£0.035
(p=0.0053) (p=0.0061) (p=0.0911)
n=250 n=99 n=209
Male -0.086 +0.043
(p=0.0485)
n=111
Ventricular septal defects Female 0.079+0.014 -0.004 +0.018 0.131 +0.022
(p<0.0001) (p=0.83) (p <0.0001)
n=956 n=0626 n=0626
Male

BMI =body mass index; n = number of observations
Significant values are shown emboldened. Main effect p-values are given in parentheses
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Table 7. Rate of change in weight, height, and BMI Z-score between 7 and 15 years of age.

Rate of change in Z-score (units/year)

Diagnosis Gender Weight Height BMI
Coarctation of the aorta Female 0.029£0.016 0.047 +£0.019 0.046+0.016
(p=0.0756) (p=0.0149) (p=0.0032)
n=99 n=191 n=191
Male 0.119 £0.024
(p <0.0001)
n=127
Hypoplastic left heart syndrome Female 0.068 +0.029 0.119 +0.020 -0.072+0.021
(p=0.0279) (p <0.0001) (p=0.0009)
n=35 n=35 n=112
Male -0.042+0.016 0.031 £0.024
(p=0.0090) (p=0.20)
n=94 n=77
Single ventricle physiology Female 0.104+0.015 0.188 +0.026 -0.059+0.018
(p <0.0001) (p <0.0001) (p=0.0012)
n=066 n=56 n=199
Male -0.055+0.015 0.002£0.014
(p =0.0003) (p=0.87)
n=189 n=141
Transposition of the great arteries Female -0.076+0.023 -0.014+0.024 -0.057 £0.017
(p=0.0021) (p=0.56) (p=0.0008)
n=70 n=>56 n=142
Male 0.0291+0.017 0.118 +£0.026
(p=0.10) (p <0.0001)
n=104 n=386
Tetralogy of Fallot Female 0.137 +£0.019 0.055 +0.021 0.039+£0.014
(p <0.0001) (p=0.0117) (p=0.0065)
n=069 n=>59 n=187
Male 0.059+0.014 0.075+0.027
(p <0.0001) (p=0.0062)
n=149 n=128
Ventricular septal defects Female -0.024+0.013 -0.063 +0.017 0.011£0.016
(p=0.0569) (p=0.0003) (p=0.48)
n=311 n=180 n=306
Male 0.055 +0.016 0.086 +0.022
(p=0.0010) (p=0.0002)
n=199 n=126

BMI = body mass index; n=number of observations

Data are given as mean 1 SE (p-value). Significant effects are shown emboldened. Significant values are shown emboldened. Main effect p-values are given

in parentheses

example, in coarctation of the aorta, and in female
patients with hypoplastic left heart syndrome (Table 7).
However, height Z-score declined in female patients
with ventricular septal defects during both periods.

Body mass index Z-score. Body mass index Z-score
fell in patients with hypoplastic left heart syndrome,
single ventricle physiology, and transposition of the
great arteries during this time period. However, it
increased in those with coarctation of the aorta and
tetralogy of Fallot, and was unchanged in those with
ventricular septal defects (Table 7).

Discussion

We have examined the growth of a large retrospective
cohort of patients with six common CHD diagnoses,

and compared them with age- and gender-specific
norms. Growth in weight, height, and body mass
index was often abnormal in this population, and
varied based on the specific cardiac lesion, the
patient’s gender, and whether early or mid-childhood
growth was considered (Figure 2).

The most sticking abnormalities at the age of
2 years were seen in hypoplastic left heart syndrome,
single ventricle physiology, and tetralogy of Fallot.
Patients with hypoplastic left heart syndrome had
significantly reduced weight and height at 2 years of
age, although the difference in weight in male
patients just failed to reach statistical significance.
Patients with single ventricle physiology were short
at 2 years of age, but had relatively normal body
weights, and those with tetralogy of Fallot were short
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Figure 2.

Summary of growth rates — change in weight, beight, and body mass index Z-score — between 2—7 years and 8—15 years in patients with
coarctation of the aorta, hypoplastic left heart syndrome (HLHS), single ventricle physiology, transposition of the great arteries, retralogy of

Fallot, or ventricular septal defects (VSD).

at 2 years of age, but relatively overweight. Patients
with these three diagnoses also had abnormal growth
after 2 years of age. Female patients with hypoplastic
left heart syndrome and single ventricle physiology
had catch-down weight gain during early childhood
(2—7 years), and male patients with the same condi-
tions had catch-down weight gain during later
childhood (8—15 years), and a fall in body mass index
Z-score during childhood. In contrast, patients with
tetralogy of Fallot had excessive weight gain during
childhood, and this was true for the entire period of
childhood (2—20 years) and for the periods 2—7 years
and 8-15 years individually. This resulted in a signi-
ficant increase in body mass index Z-score during
childhood, which was more apparent in mid/late
childhood rather than in early childhood.

Childhood growth was also abnormal in a more
common form of CHD: ventricular septal defects.
Female but not male patients with ventricular septal
defects were heavier and taller than the reference
population at 2 years. Both genders showed excessive
gains in weight and body mass index Z-score in early
childhood but slower than expected gains in height.

The consequences of these abnormal growth patterns
in children with a history of CHD are unknown.
However, in healthy term infants, similar childhood
growth patterns are known to be associated with
increased metabolic risk. For example, in the retro-
spective Helsinski birth cohort studies, small body size
at 2 years of age and rapid growth after 2—3 years of age
are known to be risk factors for CHD, hypertension,
and diabetes.®° Larger body size at any time in
childhood was a risk factor for adult obesity." The data
from prospective observational cohorts of term infants
are similar. In the population-based Avon Longitudinal
Study of Pregnancy and Childhood, greater childhood

weight gain between 2 and 10 years of age was asso-
ciated with higher blood pressure in later life."" In the
Stockholm Weight Development Study, the rate of
weight gain between 3 and 6 years of age was a risk
factor for increased adiposity at 17 years.'” “Rapid
growth” between 3 and 6 years of age, defined as an
increase in weight Z-score of >0.67, was associated
with a sifgniﬁcant increase in body fat at the age of
17 years.'” This definition of rapid growth is used in
many studies as a marker for increased metabolic risk, "
and in our study several of the groups had mean rates of
weight gain that would qualify as rapid between 2 and
7 years — for example, female patients with coarctation
of the aorta, single ventricle physiology, or hypoplastic
left heart syndrome — or 8-15 years — for example,
female patients with single ventricle physiology, or
tetralogy of Fallot. Therefore, the growth abnormalities
we have described are relatively large and could have
significant effects on subsequent health and well-being,
and later on the quality of life.

There is some evidence that obesity is common
in children with a history of CHD, although it may
be poortly recognised by caregivers.'” Systolic blood
pressure is higher in obese children than in over-
weight children, and higher in overweight children
than in normal weight children, and this effect is
more pronounced for children with a history of CHD
than for their peers.'’

We are aware of only one study that has carried out
glucose tolerance tests in adults with a history of
childhood CHD.” Ohuchi et al studied 205 adults
(between 16 and 60 years) with a history of unre-
paired or repaired childhood CHD and 27 healthy
controls.” After a 75 g oral glucose load, the glucose
area under the curve was significantly higher in the
CHD groups than in the controls, indicating poorer
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glucose tolerance.” Among the CHD group, 37%
had impaired glucose tolerance compared with 4% of
the controls. An additional 9% of the patients in the
CHD group met the diagnostic criteria for diabetes
mellitus, whereas none of the controls did.’

Although our study raises important questions
about growth in children with CHD, it has a number
of limitations. The data were collected for clinical
care rather than research reasons and the quality
control of data collection, and entry reflects clinical
standards, not research standards. However, we went
to considerable lengths to exclude spurious data
points, and the additional variability caused by
transcription or measurement errors would be more
likely to cause a Type II error, not a Type I error. Data
were collected from patients when they presented to
the health system, irrespective of the reason. The data
set may therefore over-represent sicker or more com-
plex patients who may present for medical care more
often. Alternatively, children with more challenging
social or family circumstances may be unrepresented
if they presented less often to the health-care system.
Finally, it is possible that times of acute illness, when
patients are in-patients in hospital and weighed fre-
quently, may be over-represented. However, to limit
over-sampling of data points during times of hospital
admissions and acute illnesses, we limited growth
measurements used in the analysis to no more fre-
quently than once every month.

In this retrospective study, it is not possible to
assess the causes of growth abnormalities. The in
utero or ex utero hemodynamic effects of the specific
lesions might alter growth and development of
the organs during critical periods, leading either to
long-term effects on organ size, or to epigenetic
modifications; the abnormal growth in the first few
years of life owing to critical illness and surgeries may
play a part either directly or indirectly. Medications
such as diuretics and corticosteroids commonly used
in these patients may also have a role. Alternatively,
behavioural factors may be in play. Growth, and
weight gain, is a major focus of the care provided to
patients with critical heart lesions, and in staged
repairs adequate weight may be a requirement for
surgery. It is possible that this focus is carried on by
parents through the rest of childhood, and weight
gain and larger body size may be seen as the visible
manifestations of “good health”. Alternatively, nutri-
tional modifications utilised to improve infantile
growth may lead to behavioural effects or taste pre-
ferences that may lead to excessive weight gain later
in life. Finally, parental anxiety may be reflected by
limiting or discouraging vigorous physical activity
such as playing sports in patients with CHD.

Irrespective of the reasons for the abnormal childhood
growth observed in this population, the magnitude of

the effect in some sub-groups is large and could be
associated with clinically significant increases of meta-
bolic diseases. These risks should be further evaluated in
prospective studies.
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