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ABSTRACT 

 
Background: Approximately 30,000 to 35,000 infants per year are born with a 

congenital heart defect (CHD); the defects range from mild to more severe in 

complexity and often affect other aspects of infant health. Infants with congenital heart 

disease (CHD) often fail to maintain a normal growth pattern when compared to 

healthy infants of a similar age. Poor growth in infancy can affect many aspects of 

health such as neuro-developmental attributes, immune function, wound healing, and 

subsequent growth in childhood. The growth failure observed in some infants with 

CHD is hypothesized to be due to a combination of inadequate energy intake and 

increased energy expenditure. There is a gap in the literature, however, regarding 

contemporary infants with CHD, feeding practices, and total energy expenditure in 

this population. 

Objective: This study has two primary aims. The first aim is to design a study to 

examine factors that affect breastfeeding exclusivity and duration in infants with CHD 

post-surgical intervention (Aim 1). The second aim is to determine if total energy 

expenditure (TEE) of infants with CHD post-surgical intervention, differs from 

healthy (control) infants (Aim 2). 

Hypothesis: We hypothesize that the challenges of breastfeeding infants with CHD 

will be similar, in part, to those reported by mothers of healthy infants, with a greater 
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emphasis on concerns related to growth of the infant. It is hypothesized that TEE in 

infants with CHD, post-surgical intervention, would not be increased compared to 

healthy controls  

Design: To address Aim 1, a longitudinal study of breastfeeding in infants with CHD 

was designed. This study will recruit 75 infant-mother dyads from the Children’s 

Hospital of Philadelphia’s Cardiac Intensive Care Unit. Infant-mother dyads will be 

followed for 12 months and questionnaires regarding breastfeeding, growth, and other 

aspects of infant feeding will be administered 9 times over a 12-month period. This 

study is currently under review with the Institutional Review Board at the Children’s 

Hospital of Philadelphia. To address Aim 2, 26 infants with CHD were recruited at 

birth from the Children’s Hospital of Philadelphia Cardiac Intensive Care Unit and 24 

healthy control infants were recruited from the surrounding area.  Total energy 

expenditure was assessed at 3 months and 12 months in healthy control infants and 

infants with CHD after surgical intervention.. 

Results:  

The longitudinal study of breastfeeding in infants with CHD is currently under review 

by the Institutional Review Board at the Children’s Hospital of Philadelphia. The 

study of TEE in infants with CHD after surgical intervention found that TEE for CHD 

infants was not significantly different from healthy infants at 3 months and 12 months; 

TEE in CHD infants was 36.4 kcal/day higher (95% CI: -46.3, 119.2; p = 0.37) and 

31.7 kcal/day higher, (95% CI: -71.5, 134.8; p = 0.53) at 3- and 12- months, 

respectively, compared to healthy infants. 
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Conclusion: There was no significant difference found in measured TEE between 

infants with CHD who had undergone surgical intervention within the first 30 days of 

life and healthy age-matched controls, at 3 months or 12 months of age.  As such, the 

growth failure observed in these infants is likely due to decreased energy intake rather 

than increased energy expenditure. A focus on understanding and optimizing nutrient 

intake in this population is needed to support age appropriate growth in infants with 

CHD.
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Chapter 1 

INTRODUCTION 

 
Congenital heart disease occurs during fetal development and includes a 

myriad of structural and physiologic variations such as: conotruncal defects, 

pulmonary venous anomalies, left-sided defects, septal defects, right-sided defects and 

others 1.  The etiology of CHD is not well understood however environmental and 

genetic factors are thought to play key roles in the development 1.  Environmental 

factors could include maternal illness, intake of teratogenic materials and possibly 

parental age 1.  Genetic factors can include numerical chromosomal abnormalities, the 

microscopic deletion on certain chromosomes and single gene mutations, which can 

also affect other organs besides the heart 1. The majority of infants diagnosed with 

moderate to severe forms of CHD undergo palliative or corrective surgery, this ranges 

from catheter procedures to surgical repairs 1.  Infants with CHD often fail to maintain 

a normal growth pattern in comparison to their healthy counterparts 1-6, suggesting 

malnutrition, which can also affect cognitive and motor development.  The reason(s) 

for poor growth observed in these infants is unclear, but is thought to be due to a 

combination of insufficient energy intake and increased energy expenditure. A better 

understanding of nutrient intake and energy expenditure during this time period is 

needed to inform practices that support age appropriate growth. 
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Chapter 2 

REVIEW OF THE LITERATURE 

2.1 Congenital Heart Disease  

 Amidst all birth defects, the leading cause of infant mortality is congenital 

heart disease 1.  Eight in every 1,000 live births results in a congenital heart defect 

totaling approximately 30,000-35,000 occurrences per year, in the United States 2,4-6.  

Common types of congenital heart defects include ventricular septal defect (VSD), 

tetralogy of Fallot (TOF), and pulmonary valve stenosis (PVS) 1,7-9.   

In a properly functioning heart, the blood flows as follows: oxygen poor blood 

from the body enters the right atrium of the heart and empties through the tricuspid 

valve into the right ventricle.  From the right ventricle, blood is pumped through the 

pulmonary valve into the pulmonary artery and into the lungs.  The lungs oxygenate 

the blood and return oxygenated blood to the heart via the pulmonary veins to the left 

atrium.  From the left atrium, the blood flows through the mitral valve into the left 

ventricle of the heart which pumps the oxygen rich blood through the aortic valve into 

the aorta and out to the body 7.   

Prior to surgical repair, the normal flow of blood through the heart in an infant 

with CHD is disrupted 7.  Acyanotic defects include left to right shunts and obstructive 

physiologies.  Left to right shunts shuffle-oxygenated blood from the left heart to the 
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right heart or the aorta through a hole between the two sides. Obstructive physiologies 

are caused by a blockage of the blood flow, which results in a pressure gradient.  This 

gradient can lead to hypertrophy or heart failure. Cyanotic anomalies result in un-

oxygenated blood shunting from the right heart to the left heart. These defects are 

developed during the first eight weeks of fetal development and cause the infant to 

turn blue after birth, called cyanosis.  Consequences of these defects vary from an 

asymptomatic heart murmur to circulatory collapse 1. 

 

2.1.1 Surgical Procedures 

Over the past decade, there has been a decrease in morbidity and mortality 

rates in infants with CHD due to improved corrective and palliative surgeries 5.  These 

improvements have decreased the mortality rate in this population by 2.8%, in recent 

years, with 85% percent of children born with CHD now surviving into adulthood and 

leading normal, active lives  7,10-12. 

Infants with CHD are either treated via catheter or surgical procedures.  

Catheter procedures are the preferred method for simple defects, such as atrial septal 

defect, and can repair holes within the heart walls or enlarge a narrow valve.  For more 

complex defects or multiple defects, surgery can close holes in the heart, repair heart 

valves and repair problems with the location of blood vessels 1.  Heart transplants do 

occur, but these are rare and only in very extreme cases with multiple defects 7.  
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2.1.2 Single Ventricle and Biventricular Physiologies 

Infants with CHD are often classified as having a single ventricle or 

biventricular physiology. A single ventricle defect is characterized by one functioning 

ventricle compared to the normal heart, which is biventricular 3.  Single ventricle 

defects are rare, occurring in 5 of every 100,000 live births 3.  Surgeries for these 

defects are usually palliative, meaning the problem is not completely corrected but 

rather alleviated.  Surgeries often occur in multiple steps and aim to restore 

oxygenation by connecting the blood without oxygen to the pulmonary arteries.  

Following the procedures, these infants still have single ventricle physiologies 3.  This 

ventricle, which supplies both systemic and pulmonary blood flow, has a significant 

volume load 13.  Biventricular physiologies have two functioning ventricles.   

2.2 Growth of Infants with CHD 

With improvement in survival rates, the focus of caring for infants with CHD 

now includes managing growth after surgery 12.  After surviving surgery, adequate 

weight gain is a common stressor for parents of infants with CHD 13.  Malnutrition and 

growth failure are common comorbidities for infants with CHD with almost half of 

infants younger than 2 years old being stunted 10,12-16.  These less than optimal growth 

rates can continue through adolescence for some infants 2,4,5.  Growth can be a strong 

indicator of nutritional status and a predictor of future health and wellbeing 17.  A 

study of 89 children with CHD found that 65% and 41% of infants were below the 5th 

percentile for weight and height, respectively 18.  Attempting to provide feedings with 
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adequate calories to support nutritional status and age appropriate growth is a goal for 

infants with CHD.   

Energy imbalance, and energy intake less than total energy requirements, is a 

major contributing factor to poor growth in children with CHD.  It can influence the 

metabolic response to injury and also the outcome after corrective cardiac surgery 16.  

Insufficient energy intake with the CHD population could be due to a number of 

factors including a hypermetabolic state, inadequate caloric intake, swallowing 

dysfunction, malabsorption, gastroesophageal reflux, immaturity of the 

gastrointestinal tract, genetic factors or decreased accrual of fat mass 13,14.  Growth 

failure, while likely multifactorial in nature, is thought to be related to inadequate 

energy intake and/or increased energy expenditure 15,19.  This imbalance affects not 

only growth but also cognitive and motor development, wound healing and immune 

function 13,16.  The energy required for growth during infancy includes energy put 

towards developing new tissue and the energy to sustain these tissues 16.  Growth 

occurs when energy intake exceeds total energy expenditure (TEE) 19.  A study by 

Irving et al, suggests that low weight for age z scores found in this population are due 

to low fat mass, and not fat free mass, further supporting the notion of insufficient 

energy intake.  Infants with cyanotic versus acyanotic physiologies have been reported 

to grow differently.  Infants with cyanotic defects often demonstrate decreases in both 

weight and height compared to healthy infants.  Infants with acyanotic defects and left 

to right shunts have been found to have less weight gain but age appropriate linear 

growth during infancy  16.   
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2.3 Feeding in Infants with CHD 

Infants with CHD have also been reported to have more difficulties feeding 

compared to healthy infants.  Feedings are frequently postponed due to clinical status, 

medical tests, and/or gastrointestinal issues, all of which may contribute to insufficient 

energy intake.   

According to the American Academy of Pediatrics, breastfeeding is the 

preferred form of feeding for all infants, healthy, ill and preterm infants 20.  

Breastfeeding confers numerous positive effects including nutritional, immunological, 

and emotional benefits 4,21.  These benefits are even more profound for premature 

infants and infants with special medical needs.  For infants with CHD, human milk is 

better absorbed than formula and provides growth factor that support intestinal mucosa 

maturity 13.  For years it had been thought that breastfeeding was more difficult than 

bottle-feeding for infants with CHD, but this has recently been refuted 2,22.  In fact, a 

recent study found that breast-feeding maybe be less physiological work for the infant 

with CHD compared to bottle-feeding 22.  Another study of 45 infant mother pairs 

found that infants with CHD who were breastfed had shorter hospital stays compared 

to their bottle-feeding counterparts 21.  Furthermore, infants who were bottle-fed fell 

significantly further off the normal growth curve than their breastfeeding counterparts 

21.  Discouraging breastfeeding on the basis that weight gain is poor is not appropriate 

for all infants with CHD; breastfeeding appears to be equal to or less than the 

physiologic work of bottle-feeding, and breast milk may be fortified with additional 

nutrients for infants for whom insufficient intake volume is an issue. Given the 
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benefits of breastfeeding, it is surprising that few studies have examined breastfeeding 

in infants with CHD post-surgery.  

 

2.3.1 Frequency of breastfeeding in infants with CHD 

Healthy People 2020 set a target for 81.9% of all infants to be breastfed at least 

once; as a point of reference, data from 2006 show that 74% of infants achieved 

breastfeeding at least once.  In a study performed in Norway, researchers found 

mothers of infants with moderate/severe CHD and CHD with comorbidities were at an 

increased risk to wean their infants from breast-milk feedings earlier than mothers of 

healthy infants 23.  The prevalence of breastfeeding in infants with CHD, post surgical 

intervention in the US is currently unknown, but most likely is lower in comparison 

with the healthy infant population 4.  Mothers of infants with CHD must overcome 

barriers specific to this population, which mothers of healthy infants may not 

experience.  These obstacles can affect initiation, duration and exclusivity of 

breastfeeding for mothers of infants with CHD.   

 

2.3.2 Obstacles to breastfeeding infants with CHD 

There is a paucity of data on the normal duration for breastfeeding an infant 

with CHD.  Parental exhaustion in mothers is a possible barrier to breastfeeding in 

infants with CHD.  Mothers have reported feeling their baby was constantly feeding, 

with feedings sometimes lasting up to 2 hours 5,24.  Infants with CHD have been 

described as difficult to feed as they will often take a small volume each feed and 
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become dyspnoeic during sucking 5,13,25.  Other barriers include lack of privacy in the 

hospital and medical treatments that affect feeding.  Vomiting can also be an issue for 

infants with CHD, specifically those being tube fed, as they often do not signal when 

they are satiated 5,15,24.  Vomiting can lead to less weight gain and, for mothers, a sense 

that the feeding was wasted 5.  Both the severity and the longevity of these feeding 

difficulties can have significant long-term effects on both the infant and the family as 

a whole 25.  Infants with single ventricle physiologies are prone to these feeding 

difficulties and growth failure in particular.  These problems can be life-long issues 24. 

With respect to breastfeeding, one study reported that mothers of infants with 

CHD had received negative feedback on breastfeeding their infant from health care 

providers.  Mothers were told that breastfeeding was more work for their infant than 

bottle-feeding 4.  In a study of 7 infants with CHD, researchers used pulse oximetry to 

measure oxygen saturation rates during both breast and bottle-feeding 22.  Oxygen 

saturation measures the amount of oxygen carried by the infant’s red blood cells.  

Commonly lower in infants with CHD, low blood oxygen concentrations cause 

shortness of breath and a lack of oxygen supplied to cells and tissues for normal 

function 26.  The study found that oxygen saturation was actually higher during 

breastfeeding compared to bottle-feeding and was less variable; and while nursing, 

none of the infants with CHD completely desaturated, whereas 4 of the infants with 

CHD did desaturate completely during bottle-feeding 22. 
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2.3.3 Initiation, Duration & Exclusivity of Breastfeeding 

Breastfeeding initiation usually occurs in the nursery when infants are stable 

and are able to show oro-motor cues 6.  However, infants with CHD often exhibit a 

delay in feeding cues and may not signal when they are hungry or satiated 12,17,20,24.  

Infants with cyanotic heart defects have been shown to have significant delays in the 

time of initiation and the time until maximum nipple and gavage feeds 6,13.  Feeding 

issues in infants with CHD include difficulty suckling, prolonged stays in the intensive 

care unit, tube feeds and breathlessness 17.  Also, the length of time infants with CHD 

require respiratory support has been shown to affect the age at which maximum bottle 

and nipple feeding occurred 6; resulting in delayed feedings for infants who were on 

support longer.   

Pre- and post-operative fasting restrictions can also be an obstacle to initiation 

and duration of breastfeeding 2.  Most infants can resume breastfeeding 2.5 to 3.5 days 

post-surgery, but that is not always the case and some infants require a longer time 4.  

With the necessary support and education, mothers of infants with CHD can 

successfully breastfeed their infants.  Teaching mothers to adjust their breastfeeding 

plans to fit the special needs of an infant with CHD, which could include adding 

supplemental calories and sometimes foregoing feedings at the breast in order to pump 

for the infant, can create a more successful breastfeeding experience 2. 

Even with the best intention to breastfeed, obstacles do occur. One study found 

that 83% of mothers whose infants were born with CHD had intended to breastfeed 

their infant, however only 68% of mothers were able to achieve this 24.  This study also 
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found a significant association between breastfeeding at discharge and continuing to 

breastfeed at 6 months; more than half of the infants breastfeeding at discharge had 

achieved full breastfeeds and there was a significant association between breastfeeding 

at discharge and breastfeeding at 6 months post discharge 24.   

2.4 Energy Expenditure in Infants with CHD 

The energy expenditure of infants with CHD has often been a topic of research 

given growth issues observed in this population.  Studies regarding total energy 

expenditure (TEE) and resting energy expenditure (REE) in infants with CHD have 

yielded conflicting results 10,16, possibly due to the many factors that affect energy 

expenditure such as age, type and severity of cardiac defect, and surgical status (pre- 

or post-surgical intervention); further these studies are often limited by small sample 

sizes. 

TEE is composed of three parts: basal metabolic rate, thermic energy of food 

and energy expenditure of activity 19,27.  Basal metabolic rate (BMR) is the energy 

utilized by the body during absolute rest; this energy is used for the maintenance of 

activities of basic life such as heart function, breathing and basic cellular operation 16.  

It is measured in a supine position, after a night’s sleep and 10-14 hour fast.  Resting 

energy expenditure (REE) or resting metabolic rate (RMR) is similar to BMR, 

however it is measured in the supine position, after a person has been lying still for 20-

30 minutes, with variable post-absorptive states 27.  Thermic effect of food includes the 

energy expended to digest, absorb and store food.  Energy expenditure of activity 



  11 

includes both activities of daily life considered non-exercise activity thermogenesis 

and exercise activity thermogenesis 27.  The difference between REE and TEE reflects 

the energy cost of physical activity 10. 

REE is typically measured using open circuit indirect calorimetry and TEE 

may be measured using the doubly labeled water method.  Both of these methods 

gather data on oxygen consumption and carbon dioxide production in order to 

calculate energy expenditure. The doubly labeled water method is a stable isotope 

technique used to measure TEE in free-living subjects.  The method requires dosing 

the infant with water enriched with the stable isotopes oxygen-18 and deuterium (2H). 

The isotopes are eliminated from the body in normal metabolic processes; oxygen -18 

is eliminated via CO2 and H2O and deuterium is eliminated via H2O.  The difference 

in the elimination rates of these two isotopes is used to determine CO2 production 

which in turn is used to calculate TEE 10.    

Interestingly, TEE in infants with CHD has not been widely studied, especially 

in a contemporary population, post-surgical intervention.   

 

2.4.1 Body Composition Prior to Surgical Intervention 

Prior to surgery, infants with VSD have been found to be smaller in weight and 

length compared to healthy infant controls.  Additionally these infants gained 

significantly less weight since birth compared to healthy counterparts.  Fat mass in 

infants with VSD and other left to right shunt defects was found to be lower than that 

of healthy controls 10,15,19,28.  Fat mass accretion relates directly to energy intake while 
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fat free mass tends to be positively and significantly correlated to REE and TEE 14,29.  

The mean percentage of body fat in infants with CHD pre-surgical correction was 

found to be 10.5% while normal body fat is 25% 28.   Infants who were experiencing 

congestive heart failure (CHF) had even lower fat masses 19.  Total body water (TBW) 

and fat free mass were found to be significantly smaller in infants with VSD in one 

study 10.  In another, on infants with left to right shunts, TBW was significantly higher 

than that of healthy infant controls.  This could be explained by lower fat mass, 

increased hydration of the fat free mass or a combination of the two 15.   

 
2.4.2 Energy Expenditure Prior to Surgical Intervention or No Intervention 

Two studies of REE in infants with CHD and no surgical intervention, have 

found no significant difference in expenditure between infants with CHD and healthy 

control infants 10,15.  With respect to TEE, four studies have shown that TEE prior to 

surgical correction was elevated in infants with VSD and left to right shunts compared 

to healthy infants, with the highest TEE in infants with CHF 10,15,19,30.  The TEE of 

infants with VSD in the study by Ackerman et al was 40% higher than the TEE of the 

healthy infant controls 10.  In a study by van der Kuip, infants with CHD had 

significantly higher TEE than healthy controls 15.  Farrell et al found a significant 

difference in TEE between infants with CHD, infants with CHF and healthy controls 

with CHF having the highest and healthy controls the lowest 19.  Leitch et al performed 

a study published in 1998 on 10 infants with CHD and compared the TEE results to 

healthy controls at two separate time points, 2 weeks and 3 months.  At the 2-week 
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time point, TEE was not significantly different in infants with CHD compared to 

healthy controls.  At the 3-month time point, TEE was significantly increased in 

infants with CHD compared to healthy controls 30.  The growth retardation observed in 

this population of infants is likely due to elevated energy demands prior to surgery.  

 

2.4.3 Energy Expenditure Post-Surgical Intervention 

Leitch and colleagues reexamined energy expenditure in 7 infants from their 

previous study in 1998 29.  At 5 years of age, approximately 2.6 years after surgical 

repair, there were no significant differences in TEE compared to healthy infants.  

 

2.4.4 Energy Expenditure Pre- and Post-Surgical Intervention 

Reports of TEE in infants with CHD post-surgical correction have been 

conflicting.  Two studies have measured TEE prior to and after surgical intervention. 

In agreement with the four studies on TEE in infants with CHD prior to surgical 

intervention, a study by Barton et al measured TEE in 8 infants with CHD prior to 

surgical intervention and found TEE was significantly greater in infants with CHD.  

They repeated the study in 4 of the infants post surgical intervention and found no 

consistent pattern in TEE 28.  A study by Mitchell et al, measured TEE in 18 infants 

with CHD prior to surgery and again in 17 post-surgical intervention compared to 

healthy age-matched controls.  Their results prior to surgical intervention at the group 

level showed no significant difference in TEE between healthy infants and those with 

CHD.  When assessed at the individual level, energy expenditure was 20% above 

normal values in 5 of the 18 infants.  When measured post-surgical intervention, 
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energy expenditure fell below preoperative levels and significantly below normal 

levels 31. These three post surgical intervention studies show conflicting results in a 

non-contemporary cohort 28,29,31.   
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Chapter 3 

SPECIFIC AIMS 

3.1 Statement of the Problem 

 Growth failure in infants with CHD is common, and can affect other aspects of 

health such as motor and cognitive development and immune function.  A factor that 

likely contributes to poor growth is insufficient energy intake.  While breastfeeding is 

accepted as a suitable feeding method for infants with CHD, there is lack of 

information about the factors that affect breastfeeding in these infants.   

The growth failure observed in some infants with CHD may also be related to 

energy expenditure. Total energy expenditure prior to surgery is elevated for infants 

with CHD; however studies on TEE in infants who have undergone surgical 

intervention are conflicting.  A better understanding of both breastfeeding obstacles 

and TEE in infants with CHD is needed to guide nutrition interventions and promote 

age appropriate growth within this population.   

3.2 Specific Aims 

This thesis has two primary aims:  
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Aim 1: Design a study to examine factors that affect breastfeeding initiation, 

exclusivity and duration in infants with CHD post-surgical intervention  

Aim 2: Determine if total energy expenditure (TEE) of infants with CHD post-surgical 

intervention differs from healthy (control) infants in the first year of life  

Additionally we will: 

•  Determine which of the predictive equations used to calculate TEE in infants 

with CHD post-surgical intervention is most accurate.  (Aim 2a) 
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Chapter 4 

METHODS 

4.1 Aim 1: Breastfeeding the Infant with Congenital Heart Disease 

4.1.1 Description of Participants  

Seventy-five infant-mother dyads will be recruited from the Cardiac Intensive Care 

Unit at the Children’s Hospital of Philadelphia and will be followed for 12 months. 

The following inclusion and exclusion criteria must be met for participation in the 

study. 

Inclusion criteria: 

Subjects must meet all of the following criteria to be enrolled in the study. 

At birth: 

1. Infants must be a healthy, term (≥37 and ≤42 week gestation at birth), 

singleton, appropriate for gestational age infant. 

At the time of enrollment:  

1. Infants must have been diagnosed with preoperative form of congenital heart 

disease 

2. Infants must have undergone corrective surgery with single or biventricular 

post surgery physiologies 
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3. Infants must be receiving breast milk feedings. 

Mother must be:  

1. ≥ 18 years of age. 

 

Exclusion criteria: 

Presence of any of the following criteria will exclude the subject from enrollment in 

the study. 

1. Infant must not have any other known anomalies 

 

4.1.2 Description of Variables 

 Information regarding infant feeding practices will be recorded using a 

standardized questionnaire (see accompanying submission documents).  The 

questionnaires collect information related to: breastfeeding practices, obstacles to 

breastfeeding, pumping and feeding breast milk, frequency of feedings, bottle feeding 

and formula feeding practices. Weight and length at hospital discharge will also be 

recorded.  The infant’s weight and length throughout the first year of life will be 

obtained from the outpatient medical record. 

 

4.1.3 Procedures 

Women and their infants will be recruited at the Children’s Hospital of Philadelphia’s 

Cardiac Intensive Care Unit.  Initial interviews using a standard script (see Appendix) 

will be conducted in person to determine initial interest and preliminary eligibility.  If 
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a parent is interested in participating, the first study visit will be scheduled.  At the 

first study visit, the informed consent process will occur and mothers/parents will be 

given the opportunity to ask any questions they may have about the study. If the IRB -

approved ICF is signed by the mother, the mother-infant pair will be assigned a 

subject number. All subjects who sign an informed consent will be listed on the 

Subject Master List.  Each mother-infant dyad will be screened for all inclusion and 

exclusion criteria. If a mother- infant dyad complies with all of the inclusion and 

exclusion criteria, the pair will be enrolled into the study.  If the mother-infant dyad 

does not comply with one or more of the inclusion or exclusion criteria the pair will be 

defined as a screening failure, and the reason for screening failure will be recorded on 

the Subject Master List.   

 

Study Visit Procedures 

The informed consent process will be completed at the beginning of the first study 

visit.  After the informed consent is signed, study visit 1 procedures include: 

• Inclusion, exclusion screening 

• Collect contact information 

• Complete the following questionnaires:  

o Parent and Infant Demography  

o General Interview  

o Infant Medical History 

o Infant Feeding History 
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o Infant Anthropometry 

o Monthly Infant Feeding 

o Medications 

 

Subsequent study visits (2-9): 

If infant is still in the hospital, will be in person visit and forms for in hospital 

(designated ‘a’) will be used.  If infant is at home, will be a telephone contact and 

forms for home (designated ‘b’) will be used. 

• Complete the following questionnaires: 

o Infant Anthropometry 

o Monthly Infants Feeding (A or B) 

o Medications 

 

4.1.4 Statistical Analysis 

All data will be inspected for normality after collection.  Parametric statistics will be 

used for normally distributed data and non-parametric models will be used for data 

that is not normally distributed.  Numeric data will be summarized and reported as 

means ± standard deviations.  Categorical data will be reported as numbers and 

percentages.  
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4.2 Aim 2: Total Energy Expenditure in Infants with Congenital Heart Disease 

4.2.1 Description of Participants  

Fifty infants were recruited from either the Children’s Hospital of Philadelphia’s 

(CHOP) Cardiac Intensive Care Unit (CICU) or it’s well-child care clinics across the 

city of Philadelphia and surrounding suburbs.  The study sample contains 26 infants 

with CHD and 24 healthy control infants.   

 

Inclusion criteria: 

All subjects met the following criteria for enrollment in the study. 

1. ≥ 36 weeks gestational age 

2. ≥ 2500 g at birth 

For infants with CHD, the following criterion was also satisfied for enrollment:  

1. Corrective surgery was performed within the first 30 days of life 

 

Exclusion criteria: 

Meeting any of the following criteria excluded subjects from participation. 

1. Congenital anomalies other than CHD 

2. Facial, chromosomal, neurologic or complex gastrointestinal anomalies  

 

4.2.2 Description of Variables 

  Information regarding anthropometric measurements including weight, length 

and head circumference were collected using standard techniques.  Body composition, 
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a two-compartment model comprised of fat mass and fat free mass, was determined 

using Total Body Electrical Conductivity instrument (TOBEC).  Total energy 

expenditure was measured using the doubly labeled water (DLW) technique.  

Formulas used to calculate total energy requirements included: The Academy of 

Nutrition and Dietetics Pediatric Nutrition Care Manual (120 kcal/kg), Pediatric 

Nutrition in Chronic Diseases and Development (120-170 kcal/kg), the 1989 

Recommended Dietary Allowance for 0-6 months and 6-12 months and the Dietary 

Reference Intakes Estimated Energy requirements (EER) for 0-6 months and 7-12 

months.   

4.3 Procedures 

Study Visit Procedures 

The informed consent process was completed at the beginning of the first study visit. 

 

4.3.1 Description of Instruments 

  Instruments used include the TOBEC for determination of body composition, 

a digital scale to measure weight, an infantometer for recumbent length measurement, 

a non-elastic tape measure for head circumference, and doubly labeled water for TEE.   

 

4.3.2 Statistical Analysis 

Descriptive statistics were used to describe the subject population and cardiac 

defects.  Data were analyzed across the three sub-populations in the study: a healthy 
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infant control group, infants with CHD and biventricular post-surgery physiology, and 

infants with CHD and single ventricle post-surgery physiology.  Multiple linear 

regression models were used to examine associations between TEE and health status 

(healthy versus CHD); separate regression models were run for TEE at 3-months of 

age and 12-months of age and fat free mass was a covariate in all models.  To evaluate 

the accuracy of equations used to estimate energy intake at the group level, the 

difference between calculated TEE and measured TEE as well as the ratio of 

calculated TEE relative to measured TEE was determined.  To evaluate the accuracy 

of equations at the group level, calculated TEE was regressed onto measured TEE and 

the root mean square error, Wald-statistic P value and squared multiple coefficient of 

determination were examined.  
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Chapter 5 

RESULTS 

5.1 Aim 1: Breastfeeding the Infant with Congenital Heart Disease 

The protocol, informed consent, and data collection forms have been submitted 

to the Internal Review Board (IRB) at the Children’s Hospital of Philadelphia for 

review. Upon IRB approval, recruitment will be initiated and the electronic study 

database will be developed. 

5.2 Aim 2: Total Energy Expenditure in Infants with Congenital Heart Disease 

5.2.1 Subject Characteristics 

A total of 50 subjects had complete data and TEE measurements at 3 months, 

12 months or both time points.  At 3 months, there were 12 healthy infants and 15 

infants with CHD.  At 12 months, there were 12 healthy infants and 11 infants with 

CHD.  Of the 26 total infants with CHD at both time points, 8 had single ventricle 

physiologies and 18 had biventricular physiologies.  The three most common 

physiologies were hypoplastic left heart syndrome (HLHS), D-transposition of the 

great arteries (D-TGA) and tetralogy of fallot (TOF) (Table 1). 

The majority of subjects in both the healthy cohort and the infants with CHD 

were male.  There were no significant differences in the proportion of males in the 

single ventricle versus biventricular physiology CHD groups nor between the healthy 

infants and all infants with CHD (Chi-square p=0.59 and p=0.62 respectively) (Table 
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2).  There were no significant differences in race or ethnicity between the single versus 

biventricular physiology CHD groups nor between all infants with CHD versus 

healthy infants (Chi-square for race: p=0.19 and p=0.13; Chi-square for ethnicity: 

p=0.22 and p=0.27) (Table 2).  There were no significant differences between the 

healthy infants and the infants with CHD regarding birth weight or birth weight z 

scores.  (t-test, p=0.2813 and p=0.4021 respectively) (Table 2).   

5.2.2 Body Composition and TEE  

At 3 months of age, there were no significant differences in age, weight, weight for 

age z score, length for age z score, head circumference z score, weight for length z 

score, fat free mass, total body water or TEE between healthy infants and all infants 

with CHD.  There was a significant difference in the dilution space ratio, which was 

slightly higher in the infants with CHD (p=0.05), but still within the normal range 

(Table 3).  At 12 months of age, there were no statistically significant differences 

among the groups, however, weight for length z score and length for age z score 

approached significance (p=0.07 and p= 0.08 respectively), with infants with single 

ventricle and biventricular physiologies having lower weight for length z-scores 

compared to healthy infants.   

 

The results from multiple linear regression analysis showed a non-significant 

association between health status (healthy versus CHD) and TEE, with adjustment for 

fat free mass, at both the 3 and 12-month time points.  At 3 months, TEE for infants 

with CHD was 36.4 kcal/day higher when compared to healthy infants, (95% CI: -

46.3, 119.2 kcal/day; p=0.37), although this difference did not reach significance.  At 

12 months, the average TEE for infants with CHD was 31.7 kcal/day higher when 
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compared to healthy infants (95% CI: -71.5, 134.8; p=0.53), again this did not reach 

significance.   

5.2.3 Accuracy of formulas for calculating TEE 

To determine which of the commonly used equations for estimating total 

energy requirements in infants with CHD was most appropriate for this population, 

summary statistics and a linear regression analysis were performed (Table 4).  For 

group level performance, the smallest difference between calculated total energy 

requirements and measured TEE was the DRI equation 32.  For individual 

performance, the equation that resulted in the highest R2 and lowest root mean square 

error was from the 1989 RDA 33.  Figure 1 shows the relationship between calculated 

total energy requirements and measured TEE.   
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Chapter 6 

DISCUSSION 

The first aim of this thesis was to examine factors that affect breastfeeding 

initiation, exclusivity and duration in infants with CHD post-surgical intervention. 

Breastfeeding is universally acknowledged as the best source of nutrition for ill, 

preterm and healthy infants 20,21.  Despite this information, mothers of infants with 

CHD are more likely to use bottle-feeding as the first method of feeding their baby 

more often than mothers of healthy infants 17.   

Previous studies on breastfeeding infants with CHD have reported that mothers 

often receive mixed information on whether or not their child is capable of 

breastfeeding from health care professionals 2.  Other concerns include frequent 

vomiting, caring for NG tubes, anxiety and pressure regarding weight gain and lengthy 

feed times 5.  Another common point of stress for parents feeding an infant with CHD 

is their lack of feeding cues signaling when they are satiated 5.  This can often lead to 

the infant vomiting and the mother feeling the feeding was wasted, increasing concern 

over adequate weight gain.  However with support, a high percentage of mothers may 

be able to breastfeed their infants with CHD.  One study reported that after 

implementation of a lactation support program, 85.3% of mothers whose infants had 

CHD were breastfeeding at 3 months and 64.7% were breastfeeding at 5 months.  This 
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data shows that lactation support can positively influence breastfeeding rates in infants 

with CHD. 

Another aspect of infant feeding that may be affected by CHD status, is age at 

weaning from breast-feeding.  A study performed in Norway by Tandberg et al, 

collected information regarding feeding practices in 196 infants with CHD.  They 

compared this data to a healthy cohort who completed the same questionnaire.  The 

results showed that mothers of infants with moderate/severe CHD and CHD with 

comorbidities were at increased risk of weaning their infant earlier than mothers of 

healthy infants.  At 6 months of age, 74% of infants with moderate/severe CHD were 

still receiving some form of breast milk compared to 84% of healthy infants. 

We designed a study to further evaluate breastfeeding initiation, exclusivity 

and duration rates in a contemporary cohort of infants with CHD post-surgical 

intervention.  The results of our study will provide detailed information on 

breastfeeding infants with CHD and factors that can be addressed to improve 

breastfeeding in this population. 

The second aim of this thesis was to determine if total energy expenditure 

(TEE) of infants with CHD post-surgical intervention differs from healthy (control) 

infants in the first year of life.  We found TEE, after adjustment for FFM, did not 

differ significantly between healthy infants and infants with CHD at 3 months and 12 

months of age.  

 When comparing the results of our study to the literature, it is important to 

consider the populations studied (type of defects, whether surgical correction has 
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occurred, and the age of the infant).  Previous studies by Ackerman et al, van der Kuip 

et al, Farrell et al and Leitch et al (1998) analyzed TEE in infants with CHD who had 

not received surgical intervention.  Ackerman et al studied 8 infants with VSD aged 3-

5 months old and compared their TEE measurements to 10 healthy controls.  They 

found TEE was 40% higher in infants with CHD compared to healthy controls.   Van 

der Kuip et al studied 11 infants with CHD compared to historical data of healthy 

infants.  They also reported the infants with CHD had increased energy expenditure.  

Farrell et al studied 17 infants with VSD, 10 with congestive heart failure (CHF), 

compared to 13 healthy controls aged 3-5 months old.  TEE was significantly different 

among all three groups with the lowest in healthy infants and the greatest in infants 

being treated for CHF.  Leitch et al studied 10 infants with cyanotic congenital heart 

disease (CCHD) at two separate time points; 2 weeks and 3 months and compared 

results to 12 controls.  They reported a slightly higher TEE for CCHD infants at 2 

weeks, but not statistically significant.  At 3 months, TEE was reported to be 

significantly increased.   

 Studies reporting TEE in infants with CHD who have undergone surgical 

intervention include Barton et al, Mitchell et al, and Leitch et al.  Barton et al studied 8 

infants prior to surgical intervention with severe CHD and found mean TEE was 

significantly greater than healthy infants.  However, after reexamining 4 of the infants 

with CHD, post surgical procedure, no consistent pattern of energy expenditure was 

observed.  Energy expenditure was dramatically decreased in one infant and slightly 

lower in another two while the fourth infant’s energy expenditure was increased.  
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Mitchell et al performed a similar study in 18 infants with CHD 4-33 months in age.  

Prior to surgical intervention, TEE was not significantly different from normal values 

when assessed at a group level, however, when assessed individually expenditure was 

20% above normal values in 5 of the 18 infants.  In 17 infants reexamined 

immediately after surgical intervention, energy expenditure levels fell sharply below 

preoperative levels and significantly below normal levels.  Finally, Leitch et al (2000) 

measured TEE in CHD after surgical intervention when they were 5 years of age.  

This study found no difference in TEE in infants with CHD compared to age matched 

healthy controls (Leitch 2000).  Taken together, the results of these studies of TEE 

post surgical intervention show no consistent pattern.   

The present study added to current literature by studying a sample size 

comparable to or larger than previous literature and by studying TEE in a more 

modern population with more advanced surgical intervention techniques.  The study of 

TEE in infants with CHD did have limitations.  The sample size was small, yet it was 

similar to or larger than the majority of the literature to date.  The majority of the 

infants in our study had severe defects, thus the results may not apply to infants with 

more mild defects.  Nor would the results be generalizable to infants without surgical 

intervention.  In addition, energy intake was not measured during the study.   

In summary, in our study of infants with CHD and complex diagnoses and 

surgical intervention, TEE of these infants was similar to healthy age-matched infants.  

The results of this study and those of others suggest that inadequate energy intake has 

the larger role in the poor growth observed in this population of infants following 
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surgical intervention.  As such, energy intake should be considered one of the clinical 

and research priorities for prevention and treatment of poor growth in infants with 

CHD.  
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Figure 1: Relationship between calculated energy requirements and measured TEE.   
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