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Abstract 

Background 

Children with complex congenital heart disease (CHD) and very low birth weight 
(VLBW) infants with a patent ductus arteriosus (PDA) are two distinct groups of 
patients with different clinical care needs. Irrespective of the type of heart 
condition, nutritional intake and growth is largely affected in these individuals 
during infancy. Although medical care for these conditions has significantly 
improved in the last several decades, there is still a considerable need for 
improvement in nutritional support to reach satisfactory growth and 
development in both these patient groups. In children with complex CHD, there 
often is underlying malnutrition related to the type and severity of cardiac defect, 
which constitutes the reason for increased energy metabolism and feeding 
difficulties. In VLBW infants with a haemodynamically significant PDA (hsPDA), 
additional fluid regulation may result in a subsequent decrease in macronutrient 
intake. Current knowledge regarding the consequences of growth restrictions and 
nutritional intake during infancy, as well as body composition and nutritional 
intake later in childhood, is scarce. The overall aim of this thesis was to explore 
energy and nutritional intakes in infants, children and adolescents with complex 
CHD or hsPDA, as well as investigate growth and body composition in these 
patient groups.  

Methods  

In this thesis, four observational studies were conducted. In paper I, the study 
population consisted of 11 CHD infants and 22 matched controls. A follow up 
study (paper III) was conducted on these CHD infants at 9 years of age and 
compared to a new set of age-matched controls (n=10). In paper II, 42 VLBW 
infants with hsPDA, and 48 referents with VLBW were studied. In paper IV, 44 
children and adolescence with Fontan circulation were compared to 38 matched 
controls. From infancy to adolescence, data on energy, macro- and micronutrient 
intakes was retrieved from hospital records, from 3-day food diaries or from food 
frequency questionnaires. Further, anthropometric measures and dual-energy X-
ray absorptiometry (DXA) scans were performed and venous blood samples were 
analysed.   

Results 

In paper I, infants with complex CHD had a higher dietary fat intake and lower 
carbohydrate and iron intakes compared to controls. Additionally, energy intake 
did not meet the requirements for growth in the CHD infant cohort, resulting in 
significantly lower Body Mass index (BMI) for age z-score. In paper II, fluid 
intakes was restricted after hsPDA diagnosis in VLBW infants resulting in a 
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decrease in energy and protein intakes. The z-score of weight change during the 
first 28 days of life depended on both PDA status and energy intake. In the follow-
up study of the complex CHD infants (paper III), growth was comparable to 
controls at 9 years of age suggesting a catch-up effect. Despite comparable BMI 
z-scores, the children with CHD had a higher abdominal fat mass index (FMI) 
and higher daily intake of fat, particularly from saturated fats, compared to 
controls. In paper IV, the Fontan population had a daily mean vitamin D intake 
of 9.9 µg and a mean serum 25-hydroxyvitamin D of 56 nmol/L however, 42% 
had below sufficient levels. These factors were not associated with lean mass 
index (LMI), Fat mass index (FMI), or biomarkers of liver status. The Fontan 
population had significantly less LMI, but higher FMI than controls. Male 
adolescents with Fontan circulation had a greater mean abdominal FMI than 
male controls and higher cholesterol levels than females with Fontan circulation. 

Conclusion 

Infants with complex CHD, and VLBW infants with hsPDA did not grow as 
expected with the energy and nutrition provided to them. Follow-up at 9 years of 
age showed children with complex CHD had caught-up in growth but had 
increased abdominal FMI and higher intake of saturated fatty acids. In children 
and adolescents with Fontan circulation, vitamin D levels and intake was not 
associated with body composition or liver biomarkers. However, it was noted that 
the Fontan population had a lower LMI and higher FMI compared to controls. 
Nutritional progress in children with heart conditions can promote growth and 
improve dietary quality between infancy and adolescence, potentially working to 
counteract later health risks. 
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Enkel sammanfattning på svenska 

Bakgrund Barn med komplexa medfödda hjärtfel och prematura barn med 
mycket låg födelsevikt (<1500 g) och med ett öppetstående fosterkärl (PDA) är 
två skilda grupper av patienter med olika behov av klinisk vård. Gemensamt för 
båda grupperna är dock att spädbarnens behov av näring och deras tillväxt 
påverkas negativt av sjukdomstillståndet. Även om den medicinska vården för 
dessa spädbarn har förbättrats avsevärt under de senaste decennierna, finns det 
fortfarande ett stort behov av förbättring av näringsstödet för att de ska nå 
tillfredsställande tillväxt och utveckling. Hos barn med komplexa medfödda 
hjärtfel finns det ofta en underliggande undernäring som är relaterad till typen 
och svårighetsgraden av hjärtfelet och som ofta orsakar en förhöjd 
energimetabolism och ökade matningssvårigheter. Hos prematura barn med 
mycket låg födelsevikt och med en betydelsefull PDA kan en ytterligare 
vätskereglering de första dagarna i livet resultera till en minskning av 
näringsintaget. Nuvarande kunskaper om konsekvenserna av otillräckligt 
näringsintag och försämrad tillväxt under spädbarnstiden, samt 
kroppssammansättningen och näringsintaget senare i barndomen, är mycket 
begränsad. Det övergripande syftet med denna avhandling var att utforska energi 
och näringsintag hos spädbarn, barn och ungdomar med komplexa medfödda 
hjärtfel eller prematura barn med PDA, samt att undersöka tillväxt och 
kroppssammansättning i dessa patientgrupper. 
 
Metod I denna avhandling genomfördes fyra observationsstudier. I artikel 1 
bestod studiepopulationen av 11 spädbarn med komplexa medfödda hjärtfel och 
22 matchade kontroller. En uppföljningsstudie (artikel 3) genomfördes på dessa 
spädbarn vid 9 års ålder och jämfördes med en ny uppsättning åldersmatchade 
kontroller (n = 10). I artikel 2 studerades 42 prematura barn med mycket låg 
födelsevikt och PDA och 48 prematura barn med mycket låg födelsevikt utan 
PDA. I artikel 4 jämfördes 44 barn och ungdomar med enkammarhjärta med 38 
matchade kontroller. Data om intag av energi, makro- och mikronäringsämnen 
hämtades från sjukhusjournaler, från 3-dagars matdagböcker eller från 
frekvensformulär av matintag. Vidare utfördes antropometriska mätningar och 
röntgenundersökningar (DXA) och venösa blodprover analyserades. 
 
Resultat I artikel 1 hade spädbarn med komplexa medfödda hjärtfel högre 
fettintag samt lägre intag av kolhydrater och järn jämfört med kontroller. Hos 
spädbarnen med komplexa medfödda hjärtfel uppfyllde energiintaget inte 
behoven för en optimal tillväxt, vilket resulterade till signifikant lägre BMI z-
score. I artikel 2 sågs ytterligare begränsningar av vätskeintaget efter PDA 
diagnosen hos prematurer med mycket låg födelsevikt vilket resulterade i en 
minskning av energi- och proteinintaget. Viktförändringarna i z-score under de 
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första 28 dagarna av livet var beroende av både PDA status och energiintaget. I 
uppföljningsstudien av spädbarn med komplexa medfödda hjärtfel (artikel 3), var 
tillväxten jämförbar med kontroller vid 9 års ålder, vilket tyder på en 
upphämtning av tillväxten. Trots jämförbara BMI z-score hade barnen med 
komplexa medfödda hjärtfel en högre andel bukfett och ett högre dagligt intag av 
fett, särskilt mättade fetter, jämfört med kontroller. I artikel 4 hade barn och 
ungdomar med enkammarhjärta ett dagligt genomsnittligt D-vitaminintag på 9,9 
µg och ett genomsnittligt 25-hydroxy-vitamin D i serum på 56 nmol/L, dock hade 
42 % lägre nivåer än normalt. Dessa faktorer var inte associerade med fettfri 
massa (inklusive muskelmassa), fettmassa eller biomarkörer för leverstatus. Barn 
och ungdomar med enkammarhjärta hade betydligt mindre fettfri massa, men 
högre fettmassa än kontroller. Manliga ungdomar med enkammarhjärta hade en 
högre mängd bukfett än manliga kontroller och högre kolesterolnivåer än 
kvinnliga deltagare med enkammarhjärta. 
 
Slutsats Spädbarn med komplexa medfödda hjärtfel och prematurer med 
mycket låg födelsevikt med en betydelsefull PDA, växte inte som förväntat med 
den energi och näring som de fick. Uppföljning vid 9 års ålder visade att barn med 
komplexa medfödda hjärtfel hade återhämtat sin tillväxt men de hade en ökad 
mängd bukfett och högre kostintag av mättat fett. Hos barn och ungdomar med 
enkammarhjärta fanns indikationer på låga nivåer av D vitamin i serum trots ett 
adekvat intag via kosten. D vitaminnivåerna var inte associerade med 
kroppssammansättning eller leverbiomarkörer. Det noterades dock att barnen 
och ungdomarna med enkammarhjärta hade högre fettmassa och lägre fettfri 
massa jämfört med kontroller. Förbättringar i energi och näringsintag hos barn 
med hjärtsjukdom bör prioriteras för att främja tillväxt och påverka 
kostkvaliteten från spädbarnsålder till tonårstid. Dessa åtgärder kan ytterligare 
motverka senare hälsorisker. Fortsatt näringsforskning i en större kontext behövs 
för att bekräfta våra forskningsresultat. 
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Personal point of departure 

Being a paediatric dietitian is to have one of the best professions: It is a joy to 
follow the development of a child who, despite severe illness or disability, goes 
from struggling to provide themselves with adequate nutrition in the first few 
months of life to a thriving individual. I have had the privilege as a doctoral 
student to follow the same children (and their parents), who I have met working 
as a dietitian, from infancy into childhood and adolescence. Lastly, it is fantastic 
to be able to transform their struggle with food and growth for the better, whilst 
answering my own questions about the nutrition which are explored in this thesis. 
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Introduction  

Congenital heart disease in the paediatric setting 

The heart is a rhythmic electromechanical pump with the essential function of 
maintaining blood circulation to provide the human body with oxygen and 
nutrients. The heart has four chambers: the left atrium and ventricle and the right 
atrium and ventricle. The atria receive blood and the ventricles transport blood. 
Pressure generated by the right ventricle drives blood through the lungs, where 
carbon dioxide is exchanged for oxygen. The oxygenated blood returns from the 
lungs, to the left atrium, then passes through the mitral valve to enter the left 
ventricle which generates pressure to drive the oxygenated blood through the 
body. The blood then returns back to the right atrium after exchanging nutrients 
and oxygen for waste products at the tissues. These two circuits, the pulmonary 
and systemic circulations respectively, are connected by a system of blood vessels 
(Figure 1). 

                                           
Figure 1. The normal healthy heart. Red sections show oxygenated blood in the left atrium, left 
ventricle and aorta. Blue sections show non-oxygenated blood in the right atrium, right ventricle and 
pulmonary arteries. Illustration taken from http://www.chd-diagrams.com. Creative Commons 
License Illustrations are licensed under Creative Commons Attribution-NonCommercial-
NoDerivatives 4.0. International License by the New Media Center of the University of Basel. 
 

Congenital heart disease (CHD) is a structural defect of the heart muscle, cardiac 
valves or major vessels associated with the heart, which one is born with. A CHD 
can thus affect the circulation at many levels and may lead to severe 
hemodynamic sequelae depending on the malformation. World-wide, CHD is the 
most common congenital anomaly (1) and the defects can be detected prenatally 
by ultrasound (2). 
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CHD can be divided into shunt defects, stenotic defects, complex or combined 
defects and the most complicated, univentricular heart defects (3). There is a 
spectrum from mild to severe CHD and treatment depends on the type and 
severity of the defect. Mild defects may require medical treatment or a minor 
surgical correction during infancy. More severe or complex lesions may lead to 
several surgical repairs throughout infancy and childhood, lifelong treatment and 
medication, as well as impact on health and quality of life (4-6).  

Univentricular heart malformations are classified as severe congenital heart 
defects. There are various types of heart defects and anatomical arrangements 
and combinations which ultimately result in one single complete ventricle, 
functioning as a systemic ventricle, i.e. one ventricle receives blood from both 
atria and maintains systemic pump function. (7, 8). To maintain and ensure the 
function of the circulatory system, several steps of surgical interventions are 
required resulting in a Fontan circulation. In a Fontan circulation, both inferior 
and superior vena cava are directly surgically connected to the pulmonary artery. 
The blood then flows directly from both caval veins to the pulmonary artery and 
subsequently passively, with support of the central venous pressure, through the 
lungs to the systemic chamber (Figure 2). The liver is located between the 
capillary bed of the gastrointestinal tract and the new portal system created by 
the Fontan circulation. Due to the increased central venous pressure and passive 
venous congestion, changes in liver perfusion in Fontan patients may lead to 
hepatic complications (9). 

                                         
Figure 2. Fontan circulation. Total cavopulmonary anastomosis with an extracardiac conduit for 
palliation of univentricular physiology. The original concept was introduced by Francis Fontan in 
1971. Illustration taken fromhttp://www.chd-diagrams.com. Creative Commons License Illustrations 
are licensed under Creative Commons Attribution-NonCommercial-NoDerivatives 4.0. International 
License by the New Media Center of the University of Basel. 
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Infants and children with CHD are regularly followed by a paediatric cardiologist 
in a Paediatric Cardiology Outpatient Clinic or by a paediatrician in their county- 
or regional hospital. In Sweden, all surgical procedures carried out on children 
with CHD take place at Children’s Heart Centre in Gothenburg or Lund. Care for 
a child with CHD requires a multidisciplinary approach. Children and their 
parents often require support from, for example; nurses, physiotherapists, social 
workers, speech -and language therapists and dietitians, as the condition can 
affect the family situation and the child's physical capabilities as well as eating, 
feeding and growth (10-13). 

Premature infants with patent ductus arteriosus 

In healthy new-born infants, the ductus arteriosus is spontaneously closed within 
the first few days post birth, completing the conversion from in utero foetal 
circulation to the normal ex utero circulation. In two-thirds of premature infants 
with very low birth weight (VLBW), i.e. <1500 g, the duct closure is absent or 
delayed, thus resulting in a patent ductus arteriosus (PDA) (14). The diagnosis of 
PDA (Figure 3) in VLBW infants is not classified a CHD, however it is a circulatory 
condition which can have a large hemodynamic effect and is associated with 
adverse outcomes (15-17).  

 

                                   
Figure 3. Patent ductus arteriosus (PDA). 
Oxygenated blood flow back into the pulmonary artery from the aorta. Illustration taken 
from http://www.chd-diagrams.com. Creative Commons License Illustrations are licensed under 
Creative Commons Attribution-NonCommercial-NoDerivatives 4.0. International License by the New 
Media Center of the University of Basel. 
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Heart defects with nutrition and growth issues  

In infants with heart conditions, malnutrition and growth failure can occur as a 
direct or indirect consequence of a malformation or defect which in some way 
compromises feeding, digestion or transportation of nutrients. In the CHD 
population there are also children with co-morbidities which, in addition to the 
primary diagnosis, may affect nutrition and growth. Consequently, infants with 
more than one cardiac lesion, a syndrome or co-morbidities have an increased 
risk for malnutrition and growth inhibition. Table 1 summarise CHD diagnoses 
suggested to increase the risk of challenges related to nutrition, feeding and 
growth (18).  

Table 1. Congenital heart diseases with high nutritional risk 

Congenital heart diseases 
Ventricular septal defect (moderate to large)  
Atrioventricular septal defect 
Patent ductus arteriosus (large/delayed surgery) 
Aorto pulmonary window 
Truncus arteriosus 
Ebstein anomaly 
Hypoplastic left heart syndrome 
Tricuspid atresia 
Pulmonary atresia 
Double-outlet right ventricle 
Total anomalous pulmonary venous drainage 
Cor triatriatum 
Coarctation of aorta 
Partial anomalous pulmonary venous drainage 
Atrial septal defect (severe lesion) 

Paediatric Nutrition 

To develop, grow, maintain body heat, and move the child’s body requires energy 
and oxygen for cellular function. Energy is measured in units of kilojoules (kJ) or 
kilocalories (kcal) and is extracted from the macronutrients, proteins, fats and 
carbohydrates in the foods we eat. Micronutrients is the collective term for all 
vitamins and minerals essential for the body and are required for tissue synthesis. 

For the new-born infant, all macronutrients and micronutrients are obtained 
from human milk or infant formula. Human milk is the normative standard for 
infant feeding in the first 6 months of life, with continued breastfeeding up until 
1 to 2 years of age. Breast milk is a supreme nutritional source as it contains 
bioactive substances that protect against infection and inflammation, contribute 
to the maturation of the infant’s immune system and organ development, whilst 
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also individualising healthy microbial colonization for the infant (19). The human 
milk or an infant formula will cover the overall needs for the healthy infant (20). 
After 6 month of age and for the rest of life, macro-and micronutrient 
requirement should be covered from a varied diet adjusted for weight and age.  

There is a well-established scientific background for the recommendations used 
as nutritional guidelines. In Scandinavia, the Nordic Nutrition 
Recommendations (21) form the theoretical basis for guidelines of energy and 
nutritional requirements. Recommended daily intake of energy and fluid for 
children is calculated based on their requirements per kilogram of body weight, 
while recommended daily intake of micronutrients is calculated based on 
requirements at a certain age (21). The energy recommendations at different ages 
are derived from energy expenditure calculations performed using the doubly 
labelled water technique (22, 23). The main goal of these recommendations is to 
maintain good health for the general population from infancy through childhood 
and into adulthood, but also to decrease the risk of diseases such as 
cardiovascular disease, obesity, and diabetes later on in life. These guidelines, 
however, are also used as a reference when energy and nutrient intakes need to 
be estimated on an individual level to ensure adequate intake. 
                                                

                                                  EH 

Energy- and nutrient requirements in children with diseases 

According to the World Health Organisation (WHO), the definition of 
malnutrition can be divided into subcategories, three of them mentioned below:  

a) Undernutrition; which includes wasting (low weight-for-height), stunting (low 
height-for-age) and underweight (low weight-for-age). 

b) Micronutrient-related malnutrition; which includes micronutrient deficiencies 
or micronutrient excess. 

c) Overweight, obesity and diet-related non-communicable diseases, including 
cardiovascular diseases.  

Malnutrition is therefore not only associated with poverty and poor socio-
economic conditions, but can also be related to a disease, and can therefore affect 
economically developed countries (24). Malnutrition in this thesis therefore 
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refers to the nutritional condition that can occur in children with severe diseases 
living in an economically developed country. 

Infants and children with more severe diseases are a group of patients where 
monitoring of nutrition is essential. Monitoring is essential as the results of their 
energy and nutritional intakes affect medical treatment, health improvements 
and facilitates growth and development (25, 26). Compared to adults with severe 
illness, the risk of malnutrition is increased for infants and toddlers due to their 
higher metabolism and the specific energy costs of growth, regardless of the 
paediatric disease or diet therapy. Hence, there is an impending risk in all 
childhood illness that malnutrition or failure to thrive will adversely affect clinical 
treatment (27). Paediatric nutrition is therefore an important part of medical care 
and disease management. Energy requirements in children with an illness or 
disease depends on the type of illness or disease, their physical activity level and 
if a catch-up growth is required (28). The energy requirements for these children 
are commonly based on requirement for healthy children or disease-specific 
guidelines. It is essential that the total energy intake is maintained at a level that 
will not risk protein being used for energy consumption, which would thus limit 
protein availability and thus development, growth and maintenance of muscles 
and other tissues (29).  

Micronutrient recommendations are based on the requirements of healthy 
children since there is limited knowledge of the micronutrient requirements for 
children with serious illness. In a review, several studies found that during critical 
illness micronutrient levels including thiamine, riboflavin, folate, vitamin B6, 
vitamin B12, vitamin A, beta-carotene, zinc, selenium and iron were decreased or 
altered (30). In critically ill children on intensive care units, a low weight, fluid 
restriction and the severity of disease are typical factors associated with failure to 
meet recommendations for micronutrient intakes (31).  

Nutritional requirements in infants, children, and adolescents 
with CHD 

Infants with complex or severe CHD may develop malnutrition in the first months 
of life when the energy cost for growth are at their highest. Additionally, they may 
be at greater risk of insufficient energy intake due to gastrointestinal 
malabsorption (32), swallowing dysfunction (33), oral aversion and feeding 
difficulties (34). The total energy expenditure (TEE) has been shown to be higher 
in infants with cyanotic CHD as well as in 3-5 months old infants with moderate 
to large unrepaired ventricular septal defect (VSD) or atrioventricular septal 
defect (AVSD) accompanied by large left-to-right shunts (35-37). A left-to-right 
shunt also occurs in infants with PDA, and results in excessive blood flow to the 
lungs, often resulting in pulmonary congestion or hypertension, and or 
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congestive heart failure. With increased respiratory work (tachypnoea) and 
cardiac work (tachycardia), food intake is further complicated, for example, it is 
challenging to receive and swallow food when the respiratory rate is increased. 
Due to heart failure and hepatomegaly, early satiety can occur, which in turn 
increases the frequency of vomiting (11). Table 2 shows the aetiology of 
malnutrition in CHD infants (11, 36, 38). 

 
Table 2. The aetiology of malnutrition in CHD infants. 

 

Energy and macronutrients 

In the months before surgery in CHD infants without congestive heart failure and 
who are experiencing faltering growth, energy requirements may need to increase 
up to 10 percent above the recommended daily intake and protein requirement 
may need to increase 30-50 percent above the recommended intake (18). Energy 
requirements are even higher in infants with congestive heart failure with fluid 
restriction or poor growth, and may increase up to 20 percent above the 
recommended levels, whilst protein intake can increase by up to 50-100 percent 
above the recommended intake (18). Unfortunately, infants with complex CHD 
still experience malnutrition and growth failure despite high-energy 
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supplements. The challenges posed by high energy requirements and symptoms 
from CHD are complex and difficult to overcome, and not yet been fully explored. 
Suggestions of a nutritional pathway for infants with CHD before surgery are 
shown in Figure 4. Depending on the risk of nutrition and growth failure, 
nutritional care plan A, B or C can be chosen (Figure 4). A dietitian and a speech 
and language therapist are involved in care plans B and C (18). Postoperatively, 
or in the months after heart surgery, the energy requirements progressively 
decrease, and after 2 years of age the energy and nutrient intakes will be similar 
to a healthy child’s intake, although children with pulmonary hypertension are 
more likely to experience ongoing malnourishment (39). 

 
Figure 4. Overview of nutritional pathway for infants with congenital heart disease before surgery. 
After assessed growth and nutrition risk, feeding and eating skills, the appropriate nutrition plan A, 
B or C can be determined. Marino LV, et al. The development of a consensus-based nutritional 
pathway for infants with CHD before surgery using a modified Delphi process. Reprinted by 
permission from Creative Commons (http://creativecommons.org/licenses/by/4.0/). Published by 
Cardiol Young. 2018 Jul; 28(7): 938–948. 

Micronutrients 

Micronutrient requirements in infants and children with CHD may be higher 
compared to healthy infants and children as a consequence of a higher 
metabolism and to allow a catch-up growth. Micronutrient intakes are reported 
as below recommended daily intake (RDI) in several studies (Table 3). There are 
still many unanswered questions about the need of various micronutrients in this 
population. Specific nutrients may also be of focus when it comes to conditions 
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secondary to a CHD diagnosis. In individuals with a univentricular heart 
malformation with Fontan circulation, Vitamin D is of increased interest as liver 
function is affected by chronic venous congestion (40, 41). This state can cause 
later hepatic complications and may also affect the 25-hydroxylation required for 
vitamin D to become biologically active (9, 42). In the Fontan population, there 
is a suggested association between low levels of S-25 (OH) D and lower leg lean 
mass (43). 

Table 3. Micronutrient intakes below recommended daily intake (RDI) in 4 studies on 
children with congenital heart disease. 

 
Benzecry SG, et.al. Interdisciplinary approach improves nutritional status of children with heart 
diseases. Nutrition. 2008 ; Vieira TC, et al. Assessment of food intake in infants between 0 and 24 
months with congenital heart disease. Arq Bras Cardiol, 2007; Hansson L, et al. Dietary intake in 
infants with complex congenital heart disease: a case-control study on macro- and micronutrient 
intake, meal frequency and growth. J Hum Nutr Diet 2014; Al-Fahham MM, et al. Nutritional 
Assessment of Children with Congenital Heart Disease – A Comparative Study in Relation to Type, 
Operative Intervention and Complications. EC Paed. 2017. 

Nutritional requirements in premature infants with PDA  

Very low birth weight infants, including infants with PDA diagnosis, commonly 
have inadequate nutritional intakes (44, 45). Energy and protein intakes during 
the first week of life, may have a significant impact on outcomes associated with 
short-term morbidity, growth and neurological development (46-49). Human 
milk is the superior nutrition for extremely premature infants (50), and can 
reduce the risk of developing necrotizing enterocolitis (51). Breast milk is highly 
variable between individuals. Mother’s milk to a preterm infant is higher in 
protein compared to term milk. However, in all human milk there is a decrease 
in protein over time, and after 3 months of lactation, it is suggested that preterm 
milk is similar to term milk (52). Analysed human milk, both from mothers and 
donors, is the best nutritional option to ensure quality and to facilitate calculation 
of additional fortifiers, specifically tailored to the individual premature infant. 
According to the Swedish national guidelines, the premature infant should 
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receive full-dose nutrition from day four of life with a fluid intake of 130-160 
mL/kg, energy intake 105 – 125 kcal/kg and protein intake of 3.5-4.5 g/kg (53). 
In the few days after birth, there is an increased risk of fluid overload in all 
premature infants and it is therefore important to regulate fluid intake (54). 
However, if clinical symptoms of a haemodynamically significant PDA (hsPDA) 
occur, additional fluid restriction may be required. Hence, a fluid restriction as a 
first step in PDA management may reduce the intakes of energy and nutrients 
from the enteral and parenteral intake. There are no specific nutritional 
guidelines for VLBW infants with PDA, however fluid restriction can be 
considered if it is possible to ensure adequate nutrition. 

Local guidelines from the Neonatal Intensive Care Unit (NICU) at Umeå 
University Hospital, recommend fluid restriction the first three days of life to 60– 
100 mL/kg/24 hours (24h). From the day of birth, parental nutrition is 
individually prescribed and reviewed on daily basis. Enteral feeding from breast 
milk of 10–15 mL/kg/24h is recommended from birth, with a goal of full-dose 
enteral nutrition of 150 mL/kg/24h at days 9 to 15 after birth, depending on the 
degree of prematurity. Recommended initial protein intake is 2.0–2.4 g/kg/24h, 
with a minimum intake of 3.5 g/kg/24h at day 4 of life.  

Consequences of malnutrition  

There is a body of evidence suggesting that the impact of nutrition in the first 
1000 days of life, from conception through 2 years of age, is important and 
influential for human health (55-57). This 1000-day concept is one of the current 
leading theories on how gene expression and environmental factors can affect 
development and later health, with nutrition stated as one of the major 
environmental contributors. 

The development of various brain functions begins in foetal life or shortly after 
birth and development continues and is most active during the 2 postnatal years. 
Both malnourished CHD infants and low birth preterm infants are at risk for 
neurodevelopmental impairment (58, 59). Iron, iodine, zinc and fatty acids are 
important nutrients for cognitive development and nutrient deficiencies may 
affect later behaviour and cognition (60-63).  

The Barker hypothesis established that undernutrition during foetal life 
permanently affected developmental programming and contributed to adult 
cardiac and metabolic disorders (64-67). Earlier studies have suggested that 
reduced early growth rate, as a consequence of relative undernutrition in preterm 
infants, predisposes the individual to a lower insulin resistance and increased risk 
of non-insulin-dependent diabetes mellitus later in life (68). These studies are 
based on nutrition given to preterm infants born in the 1980's, and do not live up 
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to the standard of preterm nutrition given today. More adequate nutrition may 
counteract some of the later consequences. For example, in a recent study, a lower 
blood pressure was found in school children with low birth weights, who had 
received iron supplements during infancy (69).  

The Barker hypothesis was accompanied by the growth acceleration hypothesis 
(70), which suggested that malnourished infants born at term who experienced a 
rapid weight gain, i.e., catch-up growth, also had an increased risk of diabetes, 
hypertension and obesity later in life. It may be complicated to balance the 
malnourished infant who needs to be fed in order to achieve better nutritional 
status, gain weight and health in childhood, whilst avoiding the rapid catch up 
growth that may have adverse health effects later in life (71). This puts additional 
pressure on the healthcare system to work to avoid malnutrition in the first weeks 
of a term but ill infant's life, to lower the risk of an excessive weight gain a few 
weeks later.  

For the population of children with complex CHD, and a background of 
malnutrition in infancy followed by catch-up growth as toddlers, this may be a 
serious disadvantage and increase the risk of metabolic changes affecting health 
later in life.  

Paediatric growth  

A healthy infant will triple its body weight during the first year of life. In the first 
months after birth, the energy cost of growth is highest with approximately 25% 
of the energy intake dedicated to growth and development. At 6 months of age 
the energy costs for growth has decreased to 6%, and by the third year to 2 % (22). 
It should be emphasised that infancy is the only time in a human’s life where 
growth is mainly dependent upon nutrition. The quality of nutrition, in addition 
to hormonal and genetic factors, provides an essential base for maintained 
growth, health, and development.  

Progressive monitoring of a child’s growth gives an indication of health and 
development and is a tool used globally (72). Satisfactory growth is a sensitive 
indicator regarding whether energy needs are being met or not (73). Growth 
charts are used to assess the progression of growth by plotting weight, height and 
head circumference around a mean value based on standard deviations (SD) or 
median based on percentiles over time. In Sweden, growth charts with ± 3 SD are 
used (74). Length and head circumference are normally distributed variables in a 
population. About 80 percent of healthy children have a weight within ± 1 SD of 
their height (75). When energy intake is below maintenance needs, growth will 
cease. 
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Growth in infants, children and adolescents with CHD 

Normally, no differences are seen in growth parameters between infants with 
CHD and healthy infants at birth, as growth is still influenced by intrauterine 
nutrition however, lower foetal growth rates for head circumference in CHD 
infants have been suggested in some studies (76). Conversely, there is well-
established knowledge of growth failure in infants and toddlers with CHD starting 
from the first weeks or months of life (38, 77-80). In a large retrospective cohort 
study of CHD infants divided into single ventricle, complex or single repair and 
no repair, the trajectories for all growth parameters in height, weight and head 
circumference were negatively affected until three years of age (81). This 
observation was most pronounced in the group of children and toddlers with 
single ventricle malformations (Figure 5). 

 

Figure 5. Growth in children with congenital heart disease with single ventricle (SV), complex repair 
(CR), single repair (SR) and no repair (NR). WFAZ: weight for age z-score, LFAZ: length for age z-
score, WFLZ: weight for length z-score, HCFAZ: head circumference for age z-score. Means and 95% 
confidence intervals at typical ages for preventive visits for WHO z scores for cases and controls. 
Statistically significant differences (P < .05 using Student’s t test) are marked with a small plus. Carrie 
Daymont, et al. Reproduced with permission from the Journal of Pediatrics Vol. 131(1) Page e238. 
Copyright © 2013 by the AAP. 
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Infants with malnutrition often experience a growth recovery, in weight and 
height, after 2- years of age as the energy costs for growth decreases. However, 
many children with CHD defects experience a slower growth rate. Toddlers with 
hypoplastic left heart syndrome have a reduced weight and height at 2 years of 
age, and children with single ventricle malformations are shorter, but have 
comparable body weights, to healthy children at 2-6 years of age. Additionally, 2-
year-old toddlers with tetralogy of Fallot are shorter but may be overweight (82-
84). This pattern of growth during childhood, a low weight in infancy and 
thinness at two years of age and thereafter a rapid weight gain, is suggested to be 
associated with insulin resistance and obesity later in life (85). 

Children and adolescents with CHD are at risk of increasing weight and obesity 
(86, 87), a risk they share with non-CHD children (88). Along with obesity, 
increased fat mass and changes in body composition create metabolic change, 
these changes in turn increases the individual’s cardiovascular burden.  

Growth in premature infants with PDA  

In preterm infants, the first 2 weeks after birth are a sensitive growth period (68). 
It is suggested that preterm infants are at increased risk of later becoming 
overweight if they exhibit an accelerated catch up growth within the first 4 
months of life (89). The major risk factor for developing PDA is low gestational 
age (90, 91) and PDA is often present in VLBW preterm infants (92). Risk factors 
associated with growth delay and malnutrition in VLBW infants includes low 
gestational age, small size for gestational age, low Apgar scores, low total fluid 
intakes, blood or plasma transfusions and treatment with postnatal steroids 
and/or antibiotics (53). Additionally, consequences of hsPDA include 
intraventricular haemorrhage, necrotizing enterocolitis and congestive heart 
failure (91). The postnatal growth delay, particularly during the first 4 weeks of 
life, is multifactorial but may be explained typically by malnutrition (45).  

Body composition 

Body composition measurements are important for assessing nutritional status 
and monitoring clinical outcomes. In younger children with CHD, the 
anthropometric changes with increased weight but not height at preschool age, 
rarely show an increased BMI later in childhood. However, when children with 
severe CHD undergo a body composition examination, they often display a 
different distribution and composition of fat and lean mass (78, 82). Lower lean 
mass, particularly leg lean mass (muscles), may be due to decreased exercise 
capacity. In children with univentricular heart disease and Fontan circulation, the 
leg lean mass plays an important role as strong peripheral muscle contraction is 
an essential part of the systemic venous return (43). However, the impact of a 
different body composition is still uncertain. 
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The body composition of the preterm infant is different compared to infants born 
at term, with a higher fat mass (93) and lower lean mass (94), however, questions 
remain unanswered. Further research is needed in this group of vulnerable 
infants. 

This introduction briefly covers the current knowledge regarding paediatric 
nutrition and growth, however it is recognized that there are still many 
unexplored areas in this field. Prospective studies describing nutritional intake 
and growth over time in children with severe CHD and premature infants with 
PDA populations are currently scarce. In the CHD population, patterns and 
mechanisms for alterations of body composition have not been fully studied, 
especially in terms of fat mass. Furthermore, few studies have examined the 
nutritional intake of premature infants with PDA.  
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Overall aim 

The overall objective of this thesis was to explore the energy and nutrient intake 
of children with cardiac disease and to study the growth and body composition.  

The specific aims are as follows (respective paper in parenthesis):  

 To prospectively investigate growth, energy, and nutrient intake in 
infants with complex CHD at 6, 9 and 12 month of age (I).  
 

 To explore if fluid regulation in preterm infants with a haemodynamically 
significant PDA affects the energy intake, protein intake and growth (II).  
 

 To study if young school children with complex CHD and growth 
restriction in infancy have a different body composition, and if their 
present dietary intake reflects the higher energy density of their diet in 
infancy (III). 
 

 To explore the vitamin D intake and vitamin D status of children with 
Fontan circulation, to identify if vitamin D levels correlate with liver 
biomarkers and lean mass. In addition to determine if Fontan children 
have a different body composition regarding fat and lean mass (IV).  
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Overview of included studies 
Thesis at a glance 
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Methods and study populations 

This thesis includes four observational studies. An overview of included studies, 
aims, methods, outcomes and conclusions are presented in Thesis at a glance on 
the previous page, and the methods are described in the material and method 
section in each paper (I-IV). A summary is presented below.  

Study Designs 

There were different groups of children, as well as diagnoses of CHD, or heart 
condition in papers I, II and IV. An overview of study designs is shown in Table 
4. 

Table 4. Study designs and populations in paper I to IV. 

 
CHD: Congenital heart disease, PDA: Patent ductus arteriosus 

Study populations 

Patients 
All included patients in papers I, II and III, were recruited from the paediatric 
clinic at Umeå University Hospital. Infants with complex CHD were recruited 
from the Paediatric Cardiology Outpatient Clinic between 2007 until 2010, and 
studied at 6, 9 and 12 months of age. These infants were recruited based on 
severity of congenital disease, where malnutrition and failure to thrive are most 
pronounced. The same children (one deceased) were re-recruited at 9 years of age 
(paper III) and examined between 2016 to 2018.  
In paper II, we included prematurely born infants with a birth weight less than 
1500 g admitted to the neonatal intensive care unit (NICU) during the years 2009 
to 2012.  
Study participants, 6 to 18-year-old with Fontan circulation in paper IV, were 
recruited from the Paediatric Cardiology Outpatient Clinics in Umeå, Sunderbyn 
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and Sundsvall in northern Sweden, and from the Stockholm region during 2017 
and 2018. Table 5 shows the CHD diagnoses of included children in papers I, III 
and IV. 
 
Table 5. Cardiac anomalies in children included in the studies I, III and IV. 

 
AS, aortic valve stenosis; AVSD, atrioventricular septal defect; CoA, coarctation of the aorta; DCMP, 
dilated cardiomyopathy; DILV, double-inlet left ventricle; DORV, double-outlet right ventricle; 
IVS, intact ventricular septum; PA, pulmonary atresia; TAPVR, total anomalous pulmonary venous 
return; TGA, transposition of the great arteries; VSD, ventricular septal defect.  

Exclusion criteria 
The exclusion criteria regarding studies investigating children with CHD (papers 
I, II and IV) were; a diagnosis of a syndrome or medical co-morbidities for 
example, Down’s syndrome, 22q11.2 deletion syndrome or severe respiratory 
insufficiency respectively. In paper II, preterm infants were excluded if they 
exhibited congenital or chromosomal anomalies, hydrocephalus, necrotising 
enterocolitis, severe cholestasis or death within the first seven days. 

Controls and referents 
All included controls in papers I, III and IV were recruited from the Umeå city 
area and nearby municipality of Örnsköldsvik. In paper I, the controls were 
matched based on age and feeding method (formula feeding), as none of the 
children with CHD were breastfed, and feeding method may affect weight 
development in infancy. In paper II, the cohort consisted of infants with a 
birthweight < 1500 g, admitted to the same NICU. Infants diagnosed with hsPDA 
were recruited as cases in this study and prematurely born infants without hsPDA 
served as referents. In papers III and IV, all controls were matched based on their 
sex and age.  
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Data Collection 

Clinical data 
Data on date of birth, gestational age, sex, medical diagnoses, and date of surgical 
intervention in the patient groups were identified by reviewing medical records. 
Furthermore, information of a non-existent cardiac defect for the healthy control 
inclusion, were verified with echocardiography when required.  

Dietary registrations and nutritional calculations 
In all four papers, data regarding macronutrients, micronutrients or both were 
assessed. In papers I and III, data on macro- and micronutrient intakes were 
extracted from 3-day food diaries, which recorded the type and quantity of all 
foods and drinks consumed by each infant or child. Food quantities were stated 
in grams, millilitres or based on household measures. In paper II, nutrient intake 
data of prematurely born infants was retrieved from daily bedside nursing reports 
and neonatal records. Data included all input fluids from parenteral nutrition, 
supplements, mothers and donors breast milk, glucose contents of drug 
solutions, as well as blood products. In paper IV, vitamin D intake data was 
retrieved from a validated food-frequency questionnaire of food items known to 
be important sources of vitamin D (95) (Appendix 1). Food diaries and food items 
in the frequency questionnaire were calculated in the dietary software Dietist XP/ 
Dietist Net Pro (Kost och Näringsdata, Stockholm, Sweden) which includes the 
Swedish food composition database from the Swedish National Food 
Administration. In paper II, nutrient intakes were calculated using the Nutrium 
software (Nutrium AB, Umeå, Sweden). 

Anthropometrics  
Measurements of body weight (0.1 kg) and length/height (0.1 meter) were 
assessed in all papers. The anthropometric measures of infants and 4-year-old 
children in papers I, II and III were collected from medical records at the 
paediatric clinic, Umeå University Hospital, or from medical records at Children’s 
health centres (controls). In papers III and IV measures of weight and length were 
performed at the time of DXA scanning. Anthropometric data was converted to 
z-scores as in weight for height (WHZ), height for age (HAZ), and body mass 
index for age (BAZ) using the WHO Anthro+ software for personal computers, 
version 3.2.2, 2011 (Geneva, WHO, 2010) except for the preterm infants who’s z 
scores were calculated from Swedish sex-specific growth reference data (96).  

DXA scan 
To assess body composition in school children with CHD (papers III and IV), a 
Dual-energy X-ray absorptiometry (DXA) scan (iDXA, Lunar iDXA, enCORE, 
version 16, GE Health Care/ Lunar Corp, Madison, WI, USA) was carried out in 
accordance with the manufacturer’s protocol. A whole-body DXA scan is 
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comprised of three-compartment model, i.e. fat mass (FM), lean mass (LM), and 
bone mineral content (BMC). For more appropriate estimations, body 
composition was indexed to lean mass and fat mass, resulting in the lean mass 
index (LMI=LM kg/m2) and fat mass index (FMI=FM kg/m2) respectively.  

                                                 
One of the study participants being prepared for a DXA scan. Photo: Gun-Louise Åkerlund-Bergström 

Biochemical analyses 
To evaluate vitamin D and liver status (paper IV), venous blood samples were 
drawn and sent for biochemical analyses. Local anaesthetic cream (EMLA; 
AstraZeneca) was used before blood sampling. Fasting venous blood samples 
were taken and analysed at the Department of Clinical Chemistry, Umeå 
University Hospital in Umeå, and at Karolinska University Hospital in 
Stockholm, Sweden. 

Statistical methods 

In papers I-IV statistical analysis was carried out using IBM SPSS Statistics for 
Windows, Version 22.0 to 26.0 (IBM Corp. Armonk, New York, USA) and Matlab 
R2018b (Mathworks Inc., Natick, Minnesota, USA). Continuous data was 
represented as means and standard deviations (SD) and categorical data was 
presented as numbers and percentages. Anthropometric data (papers I, III, IV) 
was converted to z-score using the WHO Anthro for personal computers, version 
3.2.2, 2011: Geneva: WHO, 2010, or calculated from Swedish sex-specific growth 
reference data (paper II). In paper IV, z-scores were calculated using reference 
values of biochemical analyses. Statistical significance in papers I to IV was set at 
p<0.05. The statistical methods used in papers I-V are presented in Table 6. 
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Table 6. Overview of statistical methods or technique used in paper I to IV. 

 

Ethical approval and considerations 

Written informed consent was obtained from all legal guardians or study 
participants of age (papers I, III and IV). In paper II, due to the retrospective 
nature of the study, parental informed consent was not considered necessary. The 
studies were approved by the Regional Ethical Review Board in Umeå, Sweden 
(Diary no. 05-034M, 2011-417-31M, 2015-42-32M, and 2018-07-32M).  

All studies in this thesis were carried out in accordance with The Helsinki 
Declarations (97) and compliant with the STROBE statements (98).  

Studies on food intake, weight, height, and body composition are non-invasive, 
and the examinations are therefore painless for the child. Blood samples were 
only included in study IV. Before blood sampling, each child was offered a local 
anaesthetic cream to minimize the discomfort. 
For young people, participation in a study where fat mass is assessed, can be a 
difficult. A few adolescents in the Fontan population chose not to participate in 
the DXA examination for this reason. Included children with vitamin D deficiency 
were informed and given dietary advice or, when required, a prescription for 
vitamin D and calcium supplements.  

Some of the children had been or were still current patients of mine. Although a 
dietitian is not the primary health care giver in a Paediatric Cardiology Outpatient 
Clinic, some ethical considerations must be made. Parents of severely ill children 
may be fragile and help-seeking. Both patients and parents were informed that 
discontinued participation in the study will not have any immediate or 
subsequent effect on need for health care. This is important as there must be an 
awareness of their dependence on you as a caregiver.  
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Results 

Main findings 

Paper I: Infants with CHD studied between 6 and 12 months of age, had a 
significantly higher fat intake at 9 months of age and significantly higher 
percentage of energy (E %) from fat, and lower E% from carbohydrates at 12 
months of age. Growth represented as mean z-score for height or, weight for age 
and BMI for age were significantly lower at all time-points compared to healthy 
infants. 

Paper II: In 42 prematurely born infants <1500 g, diagnosed with hsPDA, fluid 
intakes was restricted after diagnosis, resulting in decreased energy and protein 
intakes. Multivariate analysis established that the z-score for weight change 
depended on both the ductus arteriosus status and energy intake. Hence, infants 
with hsPDA did not grow as expected with the energy provided to them. 

Paper III: In children with CHD, growth represented as z-scores significantly 
changed in weight for height (WHZ) and height for age (HAZ) from 12 months to 
9 years of age. No growth differences were seen compared to healthy controls at 
9-years of age, however children with CHD had significantly higher abdominal 
fat mass and higher daily fat intake, especially from saturated fats. 

Paper IV: In Fontan children 6-18 years of age, we found a daily mean vitamin 
D intake of 9.9 µg and S-25 (OH) D levels of 56 nmol/L. These findings were not 
associated with LMI, FMI or status of liver biomarkers. The Fontan population 
had a lower LMI, but significantly higher FMI compared to controls. Male Fontan 
adolescents had significantly higher abdominal FMI compared to male controls 
and significantly higher cholesterol levels compared to female Fontan 
participants. 
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Study populations 

Cases 

Participants with congenital heart disease  
During the recruitment period for paper I, 16 infants were born with complex 
CHD suitable for this study. However, except for the syndromes visible at birth, 
co morbidities and other syndromes were detected during the first few months of 
life. This led to exclusion of 4 infants. Furthermore, two families declined 
participation and one infant was seriously ill and therefore included later at 9 
months of age. In total, 11 infants (6 male, 5 female) with complex congenital 
heart disease completed the study. When these children were 9 years old they 
were re-recruited in a follow-up study. Unfortunately, one child was deceased and 
therefore 10 children (6 male, 4 female) were able to complete the follow-up study 
(paper III).  

In paper IV, 78 CHD children and adolescents with Fontan circulation were 
identified. Of these, 32 declined participation due to lack of interest, discomfort 
regarding examination and/or DXA scanning and some did not reply to the 
invitation despite reminders. Two children were excluded due to co-morbidities 
(Morbus Down). In total, 44 children with Fontan circulation were recruited in 
paper IV. The 32 Fontan children who declined participation in the study did not 
differ in age or sex compared to the included children. Of the 44 children with 
Fontan circulation, 38 were available for DXA scanning.  

Participants with VLBW and PDA  
The study population in paper II did not have CHD. This population consisted of 
preterm infants with VLBW < 1500 g. A total of 151 VLBW infants with < 1500 g 
were admitted to the neonatal intensive care unit (NICU) at Umeå University 
Hospital during the study period and 90 of these infants (gestational age 22+3 to 

32+4 weeks) met the inclusion criteria. Forty-two VLBW infants were diagnosed 
with hsPDA and the other 48 VLBW infants did not have hsPDA (referent 
information, see below).  

There were no differences between included and the 61 excluded VLBW infants 
regarding gestational age, birth weight, sex, or Apgar scores. A large proportion 
of the excluded infants (44 %) were admitted to another hospital during their first 
days of life or transferred early from the NICU in Umeå to another municipality 
hospital. Data from their first 28 days of life was thus incomplete or difficult to 
compare due to different registration systems for nutrition, fluid and medications 
between hospitals. Eight VLBW infants were diagnosed with a small PDA that 
was not haemodynamically significant and were therefore excluded. Within the 
first week, 10 infants died and a total of 12 infants were excluded due to congenital 
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anomalies or severe illness, another 4 infants were excluded due to incomplete 
data.  

Controls and referents 

Control subjects for participants with CHD  
The infants with complex CHD in paper I, had not been breast fed for more than 
a few days or weeks after birth, mostly due to their heart condition. Since infants 
who receive infant formula have a different growth compared to children who are 
breastfed (99), formula fed infants were recruited to match the infants with CHD. 
To strengthen the study design, 2 controls were recruited per CHD case. We 
encountered difficulties when recruiting controls of the same age, sex and 
breeding since most infants are breast fed for the first 4-6 months of life in 
Sweden (100). We therefore chose to match age and breeding method. 
Nutritional recommendations for infant females and males did not differ between 
6 to 12 months of age at the time this study was conducted (2007-2011). Twenty-
two controls (8 male, 14 female) were enrolled in the study. The controls came 
from child healthcare centres in the local Umeå area and were recruited with the 
help of research nurses. All children were living in the northern Swedish counties 
of Västerbotten and Västernorrland. 
In the follow-up study which assessed the same complex CHD infants again when 
they were 9 years old (paper III), 10 sex and age matched controls were recruited, 
6 males and 4 females. The healthy controls were school children from Umeå 
municipality and were not the same controls as in the earlier infant study. The 
parents of the healthy controls were contacted via email by a dietitian (LH), with 
help from experienced research nurses.  
 
In paper IV controls were recruited for comparison of body composition with the 
Fontan population. Thirty-eight age and sex matched healthy children and 
adolescents from the Umeå municipality were contacted by e-mail or telephone, 
by an experienced research nurses or other employees from the Paediatric 
Cardiology outpatient Clinic in Umeå. Eligibility criteria for inclusion in the study 
was; 6-18 years of age and without any co-morbidities. The controls were 
screened prior to study enrolment with echocardiography, all findings were 
normal. 

Participants with VLBW and no PDA 
No controls were recruited in paper II. In the cohort of VLBW infants admitted 
at the NICU in Umeå, 48 infants without hsPDA were used as referents. The 
referent cohort had a higher mean gestational age and weight since the incidence 
of hsPDA is highest in the smallest preterm infants. Data on fluid, energy and 
protein intakes was converted to z-scores based on the daily mean intakes of the 
referents.  
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Energy, macro- and micronutrients 

Paper I 

Energy, macro- and micronutrient intakes in CHD infants at age 6, 9 and 12 
months are presented in Table 7. The total energy intake per kg in the CHD 
infants was higher than recommended daily intake (RDI) at 6, 9 and 12 months 
of age (85 kcal/kg), however below the energy intake of 120-150 kcal/kg, 
recommended for this CHD population. Protein intake (g/kg) was higher than 
RDI but not when expressed as percentage of total energy intake (E %) in the 
CHD infants.  
 
 
Table 7. Energy, macro- and micronutrient intakes at 6 to 12 months of age in infants with 
CHD, compared to recommended daily intake.  

 
RDI; recommended daily intake, E%; percentage of total energy intake. 
 

Fat intake (g/kg) was significantly higher at 9 months of age (p= o.05) compared 
to controls, and fat also contributed to significantly higher proportion of the total 
energy intake in the CHD group at 12 months of age (p<0.01) (Figure 5). 
Consequently, the carbohydrate intake in E%, was lower compared to both RDI 
and controls (p=0.03). Compared to the healthy infants, CHD infants had a lower 
intake of fibre at 12 months of age (p= 0.02), thus no RDI exists in this young 
population. At 6 months of age, CHD infants had significantly lower intake of iron 
compared to controls (p=0.01), and lower iron, phosphorus, potassium, zinc, 
magnesium, selenium and vitamin D levels (despite vitamin D supplementation) 
compared to recommendations (Table 7). At 9 and 12 months of age, both groups 
had lower intake of selenium than the RDI.  
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Figure 5. Intakes of energy (kcal/kg), protein (g/kg) and fat (g/kg and E %) in infants with CHD and 
healthy controls at 6, 9 and 12 months of age. Statistically significant differences are marked with  
* (P< 0.05) or ** (p<0.01). 
 

Paper II 
In the group of VLBW infants with hsPDA, fluid intakes significantly decreased 
in the days after diagnosis, followed by a reduction in energy intakes. This had a 
negative impact on growth in the first 28 days of life.  

In all 90 VLBW infants in the cohort, there was an increase in fluid, energy and 
protein in ml/kg and g/kg during the first week of life. However, the rate of 
increase was less in the hsPDA group compared to non-hsPDA infants when fluid, 
energy and protein were expressed as z-scores, based on the daily means (SD) of 
the non-PDA infants. 

Fluid intake 
Infants diagnosed with hsPDA between days 1 to 6 of life, had significantly higher 
fluid intakes per kg, than infants without hsPDA during their first 3 days of life 
(p≤0.001). However, after the day of hsPDA diagnosis, regardless what day of life 
the infant was at, fluid intakes were significantly lower 2-7 days after diagnosis 
(p<0.05).  

Energy intake 
Infants diagnosed with hsPDA between days 1-3 of life had lower energy intakes 
than non-hsPDA infants. Infants diagnosed with hsPDA after day 3, had 
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significantly higher energy intakes than non-hsPDA (p=0.03). However, when 
intakes were expressed as z-score, energy intake constantly decreased in the 
group of hsPDA infants (Table 8). Additionally, regardless of the specific day of 
diagnosis of each infant, energy intakes were significantly lower during days 2-7 
after diagnosis (p<0.05). 

 

Table 8. Mean energy intakes expressed as z-score in very low birthweight infants on different 
days of life. Infants without patent ductus arteriosus were compared to infants with 
haemodynamically significant patent ductus arteriosus diagnosed on days 1–3 or 4–6. 

Energy 
intake Non-hsPDA 

n=48 

hsPDA 
diagnosed on 

day 1-3 
n=20 

hsPDA diagnosed 
on 

day 4-6 
n=14 

Day of life z-score z-score (SD) z-score (SD) 

1-3 0 -0.19 (0.9) 0.58 (0.9)* 

4-6 0 -0.71 (1.0)* -0.49 (0.6) 

7-9 0 -0.92 (0.7)** -1.21 (0.8)** 
Z-scores are based on the daily means (SD) of the non-hsPDA infants (z-score = 0).  
hsPDA = haemodynamically significant patent ductus arteriosus.  
*p < 0.05, **p < 0.001 for differences between hsPDA and non-hsPDA infants. 
 

Protein intake 
Compared to non-hsPDA, all infants diagnosed between days 1-6 of life received 
more protein on days 1-6 of life (p ≤ 0.03). However, protein intake expressed as 
z-scores, decreased over the 9 first days of life and protein intakes was 
significantly lower during days 5-7 after diagnosis (p<0.05). 
Compared to the non-hsPDA, fluid and protein intakes reached comparable levels 
at day 28, however, energy intake remained lower in the hsPDA group.  

 

Figure 6 shows an example of a VLBW infant with hsPDA and the change over 
time in fluid, energy and weight, from day of birth to day 28 of life.  
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Figure 6. A) The change over time in fluid, energy and weight for a VLBW infant, gestational age 
22+3 weeks with hsPDA, from birth to day of life 28. The absolute values for the infant are compared 
to mean (SD) in the groups of non-hsPDA infants. B) Changes in z-scores for fluid and energy. Z-
scores are based on the daily means (SD) of the non-hsPDA infants (z-score=0). Black ring: diagnosis 
day. Black star: start of treatment. 

Paper III 
In the follow-up study on infants with CHD at age 9 years, the energy (55±15 vs. 
53±15 kcal/kg), protein (2.0±0.6 vs. 2.1±0.8 g/kg), and carbohydrate intakes 
(5.9±1.9 vs. 6.4±2.0 g/kg), did not differ from healthy controls. However, 
children with CHD had a significantly higher intake of fat (2.5±0.6 vs. 2.0±0.6 
g/kg, p = 0.05) and percentage of energy from fat (41±3.3 vs. 34±5.1 E %, 
p=0.036). When fat intake was divided into various fatty acids, dietary saturated 
fatty acids (SFA) (1.1±0.3 vs. 0.8±0.2 g/kg) were significantly higher in the CHD 
group compared to the control group (p=0.01). Sucrose intake (0.8±0.5 vs. 1.0 
±0.6 g/kg, p=0.036) and the percentage of energy from carbohydrates (42±4.8 
vs. 48±5.3 E %, p=0.036) were significantly higher in the control group. There 
were no differences in micronutrient intakes between the groups. The frequency 
of food items eaten differed between the groups. Children with CHD had a lower 
intake of healthy foods (combined intakes of vegetables, fruit, low-fat milk, low-
fat bread spread, and whole-grain bread). Although no such difference could be 
seen in “typically unhealthy food” (pizza, hamburgers, French fries, high-fat milk, 
and butter), the CHD group consumed less food that is recommended as 
favourable to health (21).  
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Paper IV 
The intake of vitamin D rich foods such as fish, dairy products, and eggs was 
examined (Table 9). Mean intake of vitamin D from foods was in line with the 
recommended intake of 10 µg/day.  

Table 9. Daily intake, weekly intake and monthly intake of food containing vitamin D in 
39 children with Fontan circulation. 

 

Anthropometry 

Paper I 
There were no differences in birth weight (kg) or birth length (cm) between 
infants with CHD and healthy controls, nor length at 6, 9 and 12 months of age. 
Weight and length were converted to z-scores based on the WHO reference 
population in weight for length (WLZ), weight for age (WAZ), length for age 
(LAZ) and Body Mass Index (BMI) for age (BAZ). The CHD infant group had 
lower growth in WLZ, WAZ and BAZ compared to healthy controls (Table 10).  

Table 10. Mean (SD) weight for length, length for age, weight for age and BMI for age z-
scores at 6, 9 and 12 months of age in CHD infants and healthy controls 

 
BAZ, BMI for age z-score; BMI, Body mass index; CHD, Congenital heart disease; LAZ, length for age 
z-score; WAZ, weight for age z-score; WLZ, Weight for length z-score. Statistically significant 
differences are indicated by asterisks: *P < 0.05 or **P < 0.001 (Mann–Whitney U-test). 
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Paper II 
The mean weight, length and head circumference, expressed as z-scores, 
decreased from birth to 28 days of life in the cohort of 90 VLBW infants born at 
<1500 g. In infants with hsPDA, the decrease in mean weight, length and head 
circumference z-scores was larger than in their cohort peers without hsPDA (–1.5 
versus –1.0, –2.1 versus –0.9 and –2.2 versus –1.0, respectively). During day 22 
to 28 days of life, changes in mean weight z-scores were significantly lower in 
hsPDA infants than in non-hsPDA infants (p< 0.05).  

To assess the effects of PDA-status and energy intake on weight changes in the 
first 28 days of life, a multivariate regression analysis was used. The analysis 
revealed that weight change z-score depended on both hsPDA status and energy 
intake. This model explained 46% of the variation in the mean weight z-score 
change, thus demonstrating that the energy given to infants with hsPDA during 
the first 28 days of life did not contribute to a positive change in mean-weight z-
score. We also explored a number of variables representing the burden of disease, 
for example; number of days on nasal continuous positive airway pressure 
(CPAP), days receiving steroid treatment and small for gestational age (SGA) 
status, however these variables did not significantly contribute to the overall 
growth outcomes. 

Paper III 
The growth changes during early childhood, investigated at age 12 months, 4 and 
9 years, in CHD children were followed as z-scores in reference to BMI for age 
(BAZ), weight for height (WHZ), and height for age (HAZ). BAZ and WHZ 
increased from 12 month to 9 years of age. HAZ were decreased from 12 months 
to 4 years of age, however this reduction was not statistically significant, HAZ was 
again increased at 9 years of age. Changes over the three time points in WHZ and 
HAZ were statistically significant with the largest differences were between 4 and 
9 years of age in both WHZ (p=0.01) and HAZ (p=0.02). These results indicate 
that a catch-up in growth was more pronounced after 4 years of age. In 
comparison with healthy controls there were no differences in body weight (kg) 
or height (m), nor BAZ, WHZ, or HAZ at 9 years of age.  

Paper IV 
Compared to healthy children and adolescents, the Fontan population in paper 
IV were significantly shorter (Table 11), however no differences were seen 
between groups regarding weight, BMI or BAZ. 
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Table 11. Mean (SD) weight, height and BMI z-score in 38 children with Fontan 
circulation and 38 healthy controls. 

 
Statistically significant difference (< 0.01) using Paired samples test 

Body Composition 

Paper III 
Despite comparable BMI, abdominal FMI was significantly higher in 9 year-old-
children with complex CHD compared to healthy controls (p=0.038). However, 
no difference in FMI was seen in other parts of the body, there was also no 
significant differences in body composition regarding LMI.  

Paper IV 
Children and adolescents with Fontan circulation had significantly lower LMI in 
both arms (p=0.02) and legs (p=o.001) compared to controls. FMI was 
significantly higher in the arms, abdomen and total body. Younger Fontan 
children between 6-12 years old, had a significant higher abdominal FMI 
compared to controls (p<0.001). The Fontan adolescents, 13 -18 years of age, 
showed significantly higher abdominal FMI (p=0.005), total body FMI 
(p=0.036), and had also a significantly lower LMI in the arms (p=0.03), legs 
(p=0.001) and total body (p=0.05) compared to healthy adolescent controls.  
 

Biochemical measurements 

Paper IV 
The Fontan population in paper IV were examined regarding levels of S-25 
(OH)D (vitamin D), parathyroid hormone (PTH), gamma-glutamyltransferase 
(GGT) and total cholesterol (TC). The mean level of S-25 (OH)D was 56 nmol/L 
which is above the sufficient level of 50 nmol/L, however 42% of the Fontan 
population had insufficient levels below 50 nmol/L (Table 12). Only one of the 
participants had severe vitamin D deficiency (15 nmol/L). PTH levels were within 
normal range. Male Fontan participants had significantly higher TC expressed as 
z-score than females (p<0.001). The variables GGT and TC were not associated 
with S-25(OH)D.  
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Table 12. Levels of Serum 25(OH) D divided into fractions, in 36 children with Fontan 
circulation 

 
 
 
 
 
 

 

         
                                                       Illustration by Elin Hansson 

Serum 25(OH) D nmol/L n (%) 

< 25 nmol/L 1 (3) 

> 25 nmol/L 14 (39) 

> 50 nmol/L  14 (39) 

> 75 nmol/L 7 (19) 
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Discussion 

In this thesis we wanted to explore the macro - and micro- nutrient intakes, as 
well as the growth and body composition of children in VLBW premature infants 
with hsPDA, term CHD infants, and children and adolescents with complex CHD 
and Fontan circulation. These investigations could not have been implemented 
without a suitable research method. The following section discusses the chosen 
research methods used in this thesis.  

Research methodology  

A clinical study is a scientific study conducted on humans to examine biomedical 
or health-related issues. Different study designs involve various data collection 
methods and may use different analysis methods. Each design has its own 
strengths and limitations in terms of ethical-, financial-, and logistical concerns. 
There is also a certain hierarchy regarding the robustness and strengths of the 
causal inference among the designs, where intervention studies, particularly 
randomised control trials, have the most robust form of scientific evidence (101).  

In contrast to intervention studies, where participants are exposed to some form 
of intervention, such as a medication or a diet, an observational study aims to 
observe and compare outcomes among participants with and without an 
exposure of interest for example a disease. Observational study designs were used 
in papers I-IV in this thesis.  

Observational studies  
Observational research designs are commonly conducted in medical settings, and 
can be, for example, cross-sectional, cohort or case-control studies (101). 
Variations of these designs exist combining elements from different designs to 
customise an appropriate study method for a given context. Since the quality of 
observational studies may vary, a checklist of items that should be addressed, 
called the STROBE checklist, was developed (98). Recently, an extension of the 
STROBE checklist for observational nutritional studies was added (102).  

In this thesis, all studies were performed in a paediatric cardiology setting with 
seriously ill infants and children, and therefore interventional study designs were 
not preferable or appropriate. The observational study designs were sometimes 
difficult to distinguish methodologically and therefore tended to be combined. 

Selection of study designs 
In paper I, a case-control design was selected. The case-control design made it 
possible for us to study how the energy intake of infants with severe heart diseases 
affected growth, compared to healthy aged matched controls from the same 
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geographical area. We followed two groups of infants longitudinally and 
prospectively, to increase the strength of causation. However, case-control 
studies are commonly retrospective with the aim to examine the risk of an 
exposure (103). Thus, our study in paper I, with its prospective design, did not 
strictly follow the criteria of a typical case-control study. The alternatives would 
have been cohort study design or cross-sectional design. In cross-sectional study, 
a population is investigated and compared with controls, at a single time-point. 
As this was not our aim of the study, this design was not relevant. Prospective 
cohort studies have a stronger ability to test hypotheses and confirm associations, 
but are limited for rare diseases or diseases with a low incidence, and therefore 
usually require more long-term observations of larger populations (101). When 
our study started, a long-term study was not relevant, either from a time or cost 
perspective, even though it had given us a larger number of cases, decreased the 
possibility of selection bias and increased generalisability.  

In paper III, the same CHD population as in paper I was examined. We wanted 
to investigate if a higher fat intake and a lower energy intake in infancy affected 
the fat and energy intakes, growth and body composition after the toddler phase, 
i.e., some years after exposure, and compare the CHD cohort with age and sex 
matched controls from the same geographical area. The assessment of body 
composition and food intake was conducted at one time-point, as a cross-
sectional design with controls, however we retrospectively investigated the 
children with CHD to examine an exposure, therefore the overall study design 
was difficult to determine. As in paper I a cohort design was not appropriate, 
therefore a case-control design was considered more suitable than cross-sectional 
design, based on population size and the follow-up time dimension with respect 
to the CHD population. However, we do acknowledge that the small sample size 
of cases and controls increased the risk of confounders, i.e., of not assigning the 
effect of nutrient intake and body composition to the correct cause. 

In Paper II, a cohort of VLBW infants admitted to the same NICU was studied. 
VLBW infants with hsPDA were examined for fluid- and nutrition intakes and 
growth over time. The non-hsPDA infants in the same cohort were used as 
referents based on birth weight and condition of similar morbidity but without 
hsPDA (104). It was not however possible to match birth weight or gestational 
age which would have been preferable in order to increase validity and causal 
inference.  

In paper IV, a cross-sectional design was selected. We examined the status of 
vitamin D and biomarkers at one time-point within the Fontan population, as 
well as body composition compared to healthy controls at that same time-point. 
A considerable number of children with Fontan circulation declined participation 
in our study. No differences were seen regarding the age and sex between 
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participants and those who declined participation; however, we could not confirm 
other similarities, and this could potentially have led to selection bias. We did not 
have access to documentation on the level of puberty in our study participants; 
thus, an additional limitation was that we could not determine the potential 
impact of puberty on our results. 

The recruitment of controls in papers I, II and IV was conducted in the area of 
Umeå city, and also in the nearby municipality of Örnsköldsvik. Controls were 
obtained from child healthcare centres and schools with the assistance of 
research nurses from Umeå university hospital, or recruited by e-mail or 
telephone by other employees from the paediatric cardiology outpatient clinic in 
Umeå.  

                             
An infant with CHD and a healthy control. 
Illustration by Elin Hansson 

 

No randomization was used in papers I-IV. The cases were selected on the basis 
of the occurrence of complex or severe congenital heart defects or a heart 
condition (hsPDA), and the controls and referents on the basis of birthweight 
(paper II), age (paper I, III, IV), sex (paper III, IV), method of feeding (paper I) 
and living near Umeå city (paper I-IV). In paper I sex matching was not possible 
thus resulting in a larger control group of females. If the difference in sex 
distribution affected the result, there may have been a possible underestimation 
of energy intake from the controls, since infant females (nowadays) are estimated 
to have a slightly lower energy requirement than infant males (21). One can only 
speculate if the differences in energy intake in CHD infants and controls would 
have been even more pronounced if there were more males in the infant control 
group. Due to the observational study designs and risk of selection bias, we 
compared educational levels and/or parental body mass index (BMI) (paper I, III 
and IV), however this was not possible for paper II. The small sample size in 
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papers I and III could potentially affect the outcome (105), although sample size 
was difficult to improve, since we wanted to investigate the CHD infants with 
more severe cardiac diseases. CHD is often associated with non-cardiac diseases 
and syndromes that affect both nutrition and growth, thus limiting the number 
of eligible participants. Therefore, the low sample size contributed to a decrease 
in the external validity of our results in the CHD population. We adjusted or 
matched the analyses for confounding variables associated with the exposure 
and/or results, when appropriate. Hence, the possibility that an unknown 
confounder has influenced the results cannot be excluded (106). 

Methods of assessing dietary intake 
Different methods were used to assess dietary intake in papers I-IV. 

In papers I and III, a 3-day food diary was used. In paper II, nutrient data was 
extracted from patient journals and analysis of breast milk. In paper IV, a 
validated food frequency questionnaire was used to assess vitamin D intake from 
food. In all methods, unidentified confounding factors could have been present, 
such as sample bias, recall bias or coding bias. The data of the exact nutritional 
content of food from manufacturers, the normal variation of nutrients in food, 
and the families’ socio-economic status are additional factors that could have 
contribute to the complexity of our dietary assessments. 

In papers I and II, the population were infants. It may be easier to ensure ingested 
amounts and content of nutrients when fewer products are used, especially if they 
are in liquid form as they can be expressed in milliliters or grams. Parents of 
infants are less likely to underestimate their infants' intake of food, which could 
decrease the information bias. In papers III and IV older children participated, 
mostly with the help of an adult to describe quantities of food items. A food diary 
was also used in paper III. To ensure the correct assessment of nutrient intake 
validation using double-labeled water technique or the recovery biomarker 24-
hour urine excretion of nitrogen could have been performed in order to allow for 
more accurate calculation of energy intake and for validation of protein intake 
respectively. For cost and practical reasons, this was not possible. The food 
frequency questionnaire in paper IV has previously been validated (95). 

In this thesis we have explored the energy and nutritional intakes, as well as 
growth and body composition of children with CHD. A general discussion of the 
findings of nutrient intakes, anthropometrics and body composition follows 
below. 
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Energy and macronutrient intakes 

VLBW status may cause increased difficulty in providing infants with sufficient 
energy for growth (107). The findings in paper II suggests that, due to fluid 
restrictions, energy intake in VLBW infants with hsPDA was limited after 
diagnosis. Consequently, these infants did not grow as expected from birth to day 
28 of life, with the energy provided to them. In the infants with hsPDA, energy 
intakes expressed as z-score, decreased from day 1 to 9 of life, when most infants 
were diagnosed. The decrease was significantly larger than in the non-PDA 
infants, and thus supports our theory that fluid restriction in the first days of life 
affects energy intake in hsPDA infants. Results from other studies have also 
highlighted the importance of optimal energy and nutrient intakes during the first 
week of life to prevent energy deficits (108, 109). In a study by Stoltz Sjöström et 
al., of extremely low birth infants, energy and protein was decreased during the 
first week of life. The authors found that nutrient intakes were independent 
predictors of growth, even after adjusting for severity of illness (45). In 
concordance with the results of these studies we noted that a low energy and 
protein intakes resulted in the hsPDA infants in our study not achieving 
recommended enteral protein intake from the fourth day of life (3.5-4.5 g/kg/d) 
(50). Protein intake reached comparable levels with non-hsPDA infants at day 28, 
although energy intake remained lower in the hsPDA group. One explanation may 
be that when nutrient intake declines during the days after diagnosis due to fluid 
restriction, it is difficult to increase energy intake over the following days of life 
up until days 28 of life. This therefore results an energy deficit.  

In recent years, after the discharge of our study population, updated versions of 
parenteral nutrition have been introduced in most NICUs including ours at Umeå 
University hospital. This update has resulted in improved nutrient intakes and 
growth (110). Nevertheless, improved nutritional administration to ensure more 
adequate growth in the hsPDA population is desirable (44). 
 
Insufficient energy intake seen in CHD infants most likely results from their 
morbidity, hyper metabolism and feeding difficulties in infancy (111). In infants 
age 6-12 months with complex CHD (paper I), the energy intake was comparable 
with healthy controls (91 -107 kcal/kg vs. 89-100 kcal/kg), but did not reach the 
more appropriate requirements for infants with higher energy expenditure (120-
150 kcal/kg). In the early 2000s, several studies were using the doubly labelled 
water technique (DLW) to measure energy expenditure in CHD infants (35, 37, 
112, 113). These studies reported higher energy expenditure in CHD infants 
however, in line with our study there were no differences in mean energy intake 
between CHD infants and healthy controls. In our study, protein intake was 
comparable to controls (2.5-3.0 g/kg vs. 2.2-3.5 g/kg) and slightly higher than 
RDI for healthy infants. More than 50 % of the CHD infants were having protein-
enriched formulas to enhance protein intake. However, to achieve growth, the 
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recommended protein intake for this patient group may be as high as 4.0 g/kg 
(18).  
 
Further, in the CHD infant group, approximately 40 % of total energy intake was 
retrieved from fat at 6, 9 and 12 months of age. This was significantly higher 
compared to controls at 9 and 12 months of age, but within the recommend range 
for infants at 6 to 9 months of age (35-45 E %), although the intake in gram per 
kilo was higher compared to controls at all time-points. A high fat intake can 
increase satiety and thus limit the protein intake in food. At 6 months of age all 
healthy infants had started with more solid complementary foods, whereas most 
of the CHD infants still used enriched formulas due to feeding difficulties. When 
solid food in small amounts was given to the CHD infants, they may have 
contained more fat compared to the food given to healthy controls. However, this 
was unable to be confirmed as the differences in specific food-items was 
unfortunately not investigated. When later complementary food was included in 
their diet, the significantly higher fat intake at 9 and 12 months of age in the CHD 
group supports the impression that fat was still used to increase energy density 
as opposed to protein.  
 
Despite a higher fat intake, there was only a minor effect on the total energy intake 
and weight gain in CHD infants. This suggests that it is of upmost importance to 
frequently monitor energy intake in infants with complex CHD. In addition, the 
intake of different macronutrients needs to be redistributed so that the amount 
of protein largely exceeds 2.5 g/kg and approaches 15 E% at this age, in order to 
optimize growth (18).  
 
In paper I, the number of participants in the study was small and therefore we 
could not extrapolate our results to cover the majority of infants with complex 
CHD. However, with almost 50 days of dietary records in the study showing fat 
enrichment in CHD infants, and from a clinical experience point of view, it is 
evident that an increased energy intake from fat is a common dietary support for 
many children with reduced food intake and faltering growth. 
 
Fat is the most efficient source of energy and has the highest energy density 
regardless of the quality. Parents of infants with growth failure are often informed 
by healthcare providers that they should enrich foods provided with more fat. 
Since this has been a common advice from healthcare providers in the last few 
decades, it may also have contributed to the fact that a higher consumption of fat 
seems to have followed our CHD infants into childhood (paper III). In a recently 
published study (114), parents of children with CHD stated that they received 
conflicting advice from healthcare professionals about how to enrich foods. They 
also state that their infant often felt sick from too much fat, and parents lacked 
information on how to make food both nutrient rich and energy dense. Marino et 
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al, have suggested nut butter of any sort to enrich the infant complementary food. 
In contrast to enrichment with oil, butter and double cream, nut butter will enrich 
the food with both protein and healthier fatty acids (114).  
 
In paper III, fat intake, considered as daily intake and percentage of total energy 
intake, was significantly higher compared to controls at 9 years of age. The E% of 
fat was above the recommended intake (1/3 of the daily total energy intake), 
although it must be noted that quality is more important than the total amount 
of fat when it comes to general health (21). In CHD children the intake amount of 
saturated fatty acids (SFA) was significantly higher compared to controls. 
Increased SFA intake is a risk factor for cardiovascular disease (115), and if a 
broader population of children with CHD would have a higher intake of SFAs, it 
would be an additional disease burden in a population with an already high risk 
of developing future cardiovascular disease (116, 117). In a study of 200 young 
survivors of CHD (33% with complex CHD), from Jackson, et al., the authors 
found the young survivors had poor risk knowledge of their disease and a high fat 
consumption regardless of educational level (118). In conclusion, a high SFA 
intake in this population is not favourable. 
To our knowledge, our study (paper III) is the first study that has been able to 
follow the dietary intake, particularly the fat intake, in a group of CHD children 
longitudinally. However, one can only speculate if their fat intake would have 
been different if their parents had received other dietary advice when their child 
was an infant.  
 

               
                                                        Illustration by Elin Hansson 
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Micronutrients 

Studies on micronutrient intakes in the CHD populations are scarce. In two 
Brazilian studies, micronutrient intakes in infants and toddlers with CHD was 
assessed (119, 120). Benzecry et al., evaluated the nutrient intake of 35 infants 
with severe CHD, age 10±7.5 months. They found iron, zinc, thiamine, folic acid, 
calcium, magnesium, phosphorus, vitamin C, vitamin A and E, below RDI levels. 
Vieira and et al., examined the micronutrient intakes in 38 hospitalized CHD 
infants, age 0-24 months, and also found levels below RDI for age in fibre, 
sodium, potassium, iron and vitamin A.  

Consistent with findings in these studies, we found low intakes of vitamin D, 
phosphorus, potassium, zinc and selenium in both CHD infants and controls at 6 
months of age, compared to RDI for age (paper I). Magnesium and iron intakes 
were lower than recommended in the CHD infants, and iron was also significant 
lower compared to the controls at 6 months, which in turn had an iron intake 
above RDI. None of the results regarding micronutrient intakes in afore 
mentioned studies have been verified by biomarkers indicating deficiencies. 
However, low iron intake was detected in all these studies, including our research 
presented in paper I. At 6 months of age, our CHD infants and controls received 
iron-fortified infant formulas which should have covered their nutritional needs. 
One explanation for the lower micronutrient intake may be that CHD infants did 
not eat sufficient volumes, and that healthy controls had not progressed far 
enough in complementary feeding at 6 months of age and were therefore “in 
between” two feeding procedures. However, the fact that controls had a high iron 
intake suggesting a sufficient intake from food. Nonetheless, iron and zinc are 
important micronutrient during infancy, requiring high intakes to cover the 
demands of growth and brain development (121, 122). A study on micronutrient 
intakes including biomarkers would be desirable to detect real deficiencies in this 
group of patients. At 9 months of age the micronutrient intakes, for all 
micronutrients except for selenium, was sufficient compared to RDI in both 
groups. The higher selenium intake in the CHD group compared to controls could 
be explain by the selenium enriched infant formulas still used in this group.  

Vitamin D deficiency has been well reported in children with Fontan circulation 
(40, 43, 123). In a study from Germany, mean level of serum 25-hydroxyvitamin 
D (S-25 (OH)D) was 35 nmol/L, in a population of 8-year old Fontan children, 70 
% had below 50 nmol/L and 22 % had hyperparathyroidism (40). A recent study 
of 10 Fontan children aged 12 in USA, found a mean S-25 (OH)D of 75 nmol/L, 
but referred the population as “borderline low”. Mean PTH were within reference 
values (123). Additionally, a smaller leg lean mass has been observed in Fontan 
adolescents with vitamin D deficiency (43). In our study of 44 children and 
adolescents with Fontan circulation (paper IV), the mean level of S-25 (OH)D was 
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56 ±18 nmol/L, hence above the sufficient level of 50 nmol/L. However, despite 
the sufficient mean levels, 42 % were tested Vitamin D deficient.  

In our study, we also examined the dietary content of vitamin D rich foods 
frequently consumed by our Fontan population. None of the other studies 
presented above have investigated the vitamin D content of consumed food items. 
Our results showed that the mean intake of vitamin D was 9.9 ±5 µg/day and in 
accordance with the RDI of 10 µg/day (21). The general vitamin D fortification of 
dairy products, bread spread and the free servings of school meals with at least 
one fish-based meal/week are factors that likely contribute to the vitamin D 
intake in our Fontan population. However, the sufficient vitamin D intake did not 
have a beneficial effect on S-25 (OH)D levels in our Fontan population.  

Anthropometrics and body composition 

Weight and length/height were assessed in all papers I-IV and z-scores were 
calculated to enhance comparisons with reference cohorts. In accordance with 
other studies (107, 124), growth was affected in our population of VLBW infants 
with hsPDA (paper II). It is known that there are several factors associated with 
growth failure in VLBW infants, these may include gestational age, sex and 
morbidity (125). When we explored potential contributing factors associated with 
the burden of disease, for example days with nasal CPAP and days with steroid 
treatment, in relation to the mean weight z-score in our population, these 
variables did not significantly contribute to the link between energy intake and 
growth. In a recent study by Asbury et al., the authors investigated factors 
associated with in-hospital weight, length, and head circumference trajectories of 
VLBW infants with a birth weight below 1500 g (44). They found that a PDA 
diagnosis and the achievement of recommended macronutrient intakes was 
associated with the largest differences in anthropometric gains.  

Children with complex CHD often struggle with their weight during the first two 
years of life (81), and growth in relation to length is not seen in children with a 
selection of heart defects until after the age of 4 years (82). In a study by Aguilar 
et al., the rate of changes in height z-score decreased in several CHD diagnoses 
between 2-7 years of age, however between 8-15 years of age was seen to increase. 
These results indicate a catch-up in height from early childhood into adolescence. 
In accordance with these studies, CHD infants in our studies had lower BMI z-
score at 6,9, 12 months of age, differed in height at age 4, but were comparable in 
all anthropometrical measurements with controls at 9 years of age. They had by 
then a caught-up in growth. To our knowledge, this is the only follow-up 
investigating growth from infancy to school age in this population. Considering 
the severity of the heart disease and consequential nutritional difficulties these 
children experienced in infancy, these increases are an admirable recovery of 
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length/height and overall growth, already at early school age. One explanation for 
the improved growth may be that most surgical procedures are performed in the 
immediate few years after birth and thus positively affect the ability to catch-up 
in growth.  

An increased BMI and decreased lean mass have be seen in children and 
adolescents with complex heart defects and Fontan circulation (82-84, 87). These 
findings suggest a normalised weight and height, but different body composition 
compared to healthy children of the same age. Such increase in BMI were not 
seen in papers III and IV included in this thesis. However, in the Fontan 
population (paper IV) lean mass was lower in both arms and legs and fat mass 
significant higher in the arms, abdomen and total body. Additionally, in paper III 
abdominal fat mass was higher compared to controls. Studies on fat mass in this 
population are scarce (126), in children with Fontan circulation the lean mass is 
often of more interest due to the fact that the lower limb muscle pump is key to 
ensuring venous return from the systemic circulation to the heart. Hence, when 
lean mass is lower, there is a risk that the amount of fat mass is underestimated 
when BMI is calculated. An increased visceral fat mass, especially over the 
abdomen, is an additional risk factor for later cardiovascular disease (127-129). A 
large prospective cohort study carried out in Boston followed the abdominal 
visceral fat increase of more than 1000 participants, mean age 45 years old, over 
a period of 6 years (130). The authors found an increase in visceral fat volume 
was associated with higher risk (odds ratio, OR) of hypertension (OR 1.3), 
hypertriglyceridemia (OR: 1.56), and metabolic syndrome (OR: 1.82). When we 
divided our Fontan population in study IV into two age groups, 6-12 and 13-18 
years old, we found that, compared to controls, the abdominal fat mass was more 
frequently presented in both age group.  

In paper IV, we attempted to find associations with vitamin D and lean mass 
deficit, or possible associations with other liver biomarkers. No such associations 
were found. This is in line with a recent study of young adults with Fontan 
circulation (126). The authors found low lean mass however, no associations with 
S-25 (OH)D. The Fontan males in our study had higher total cholesterol 
compared to females, although this population showed levels within the normal 
reference range. 

Clinical implications and future research 

In this thesis we have explored nutrition and growth of children with cardiac 
diseases and conditions. We hope that our studies will inspire others to confirm 
the results in larger settings in order to improve future healthcare for the 
populations studied in this thesis.  
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Clinical implications 
In the population of VLBW infants admitted to NICU, the process of optimising 
nutrition continues with enhanced feeding protocols and guidelines (50, 131, 
132). Additionally, the concentrated parenteral solution regimes used today may 
also improve nutrient intake and promote increased weight and height in VLBW 
infants (110) and also importantly, decrease the fluid intake, especially in the 
VLBW infants diagnosed with PDA. Fluid restriction as a treatment for hsPDA 
are not evidence-based, however this practice is applied in varying degrees by 
different neonatologists, even within the same NICU. To increase energy and 
protein intakes and improve growth in the first 28 days, and thereafter, a separate 
nutritional protocol should be created specifically for premature infants with 
hsPDA.  

Unfortunately, in the population of infants and young children with CHD, the 
journey to improved nutritional health and growth has just begun. Over the last 
few decades research focused on medical and surgical treatment to correct severe 
defects has resulted in increased survival for children with CHD, and at present 
the majority of CHD children reach adulthood. This creates the need for new 
focus and knowledge on healthy lifestyle choices for this patient group, in order 
to achieve optimal health and to prevent further complications later in life. 
Fortunately, research has increased regarding physiotherapy, cognition and 
mental health as well as nutrition on this population, however there is still a lot 
we do not know.  

In recent years, efforts have been made to reach a consensus on guidelines and 
care plans regarding individualisation of nutrition for CHD infants with different 
energy and nutritional needs (18). It has been very welcome and will be vital tools 
for dietitians around the world. These developments have however not yet been 
fully implemented in Sweden.  

As described in this thesis, there is an additional need for a follow-up of CHD 
infant and children’s nutritional intake. Some suggestions of nutritional 
improvements and possible research areas are discussed in the following section. 

CHD infants with faltering growth within the first few months of life should, 
without delay, receive nutritional support to avoid further growth failure and 
lower the risk of metabolic disturbances and later consequences of a catch-up 
growth. Nutritional support would have to be designed with higher energy, and 
importantly, with intensified focus on the increased protein levels required for 
growth in this population. All patients with nutritional support during infancy 
should receive a follow-up of their nutritional intake when they are toddlers or 
pre-schoolers, even if growth has normalised, to ensure diet has also been 
normalised, i.e. within RDI for the child’s age. It may be difficult to justify such 
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additional visits to the dietitian both from a healthcare point of view and to the 
parents, when the child´s most immediate and critical health issues appear over. 
However, it may be presented as a concluding visit to confirm the child's 
improved growth and provide reassurance to the parents that a normalised 
healthy diet can be introduced. A follow-up visit could be included as part of a 
follow-up program made by dietitians, the cardiac team or in the national follow-
up program. This would also benefit research into the long-term effects and 
changes seen in this population.  

Vitamin D intake within RDI and reference levels is important. This is perhaps 
especially true in the population with Fontan circulation where the liver is 
affected, and muscle mass is additionally important for circulatory function. To 
ensure that vitamin D status falls within the reference range, it should be included 
in the annual sample of liver biomarkers in the Fontan population, and 
supplements should be given liberally in case of suspected deviation from normal 
ranges. 

Further research 
This population of complex CHD infants may be at risk of low energy and nutrient 
intake. It would be desirable to carry out studies on micronutrients, and more 
specifically on the iron intake and status. If studies, with a higher power regarding 
sample size, would suggest an iron deficiency, an intervention study could then 
verify whether there is a need for iron supplementation in infants with complex 
CHD and nutritional difficulties. 

The body composition followed over a period of time in infants with complex 
CHD remains unexplored. Information and research regarding the change in 
body composition in these infants longitudinally would increase the knowledge 
regarding whether growth is linked to body composition already in infancy when 
the growth faltering starts. 

The food intake in children with CHD, particularly the fat quality, is of interest 
due to this populations increased risk of experiencing adverse cardiovascular 
outcomes later in life. To increase the external validity, fat quality should be 
evaluated in a larger study including energy validation. 

The increased fat mass found in our studies may be associated with an increased 
risk of metabolic disturbances later in life and should be evaluated in larger 
prospective studies. 
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Furthermore, it would be of interest to follow the vitamin D status over time in a 
larger cohort of young adult Fontan patients, age 18 to 25 year, with progressive 
liver complications.  

In summary, it may be important to guide families of CHD children towards other 
ways of providing energy and nutritious food in order to ensure continued growth 
and health. It is, in many ways important to ensure that the nutrient intake is in 
accordance with the nutritional recommendations. Foremost, it is necessary to 
establish a good distribution of macronutrients and fat quality to possibly 
counteract later adverse health-related outcomes. Continued nutrition research 
in a larger context is needed to confirm our research findings. 

Strength and limitations  

The four studies in the thesis have different designs and study populations and 
therefore various strengths and limitations. A more comprehensive description 
of the strengths and limitations of the studies comprising this thesis are 
summarised below. 

Strengths of this thesis included the longitudinal, prospective design and follow- 
up of complex CHD in paper I and III. We applied strict criteria for inclusion and 
exclusion in all studies, and we therefore believe that we have recruited 
homogeneous and representative groups. In all studies accurate nutrition 
analyses was carried out. All forms of dietary data were collected by an 
experienced dietitian (paper I-IV) (LH) and the comprehensive nutritional data 
in paper II was collected and double-checked by several dietitians. Experienced 
paediatric nurses performed all anthropometric measurements in all studies and 
DXA scans were performed by the same research nurse in Umeå for studies III 
and IV, and experienced “DXA-nurses” in Stockholm (paper IV), limiting the risk 
of measurement bias. 

The main limitation was the observational study designs which has an inherent 
risk of un-identified confounding factors. Additionally, the low number of 
patients available to participate in each study contributed to small sample sizes 
and further increased the limitation regarding drawing comprehensive 
conclusions. The retrospective study design in paper II, exclusion of patients in 
paper II and the number of patients which declined participation in paper IV was 
unavoidable and not ideal.  
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Conclusions  

A significant risk of decreased energy and nutritional intake has been established 
in studies of children with CHD and VLBW infants, including preterm infants 
with PDA. The findings of this thesis support these established theories. 
Additionally, our research found a decrease in nutritional intakes in VLBW 
infants with hsPDA after fluid restriction and insufficient intakes in 6 to 12-
month-old infants with complex CHD, even with fat-dense nutrition. This 
suggests that the nutritional intakes were insufficient and did not lead to infant 
growth. 

The higher fat intake found in infancy was also found in the same CHD children 
at 9 years of age, and more specifically, a higher intake of saturated fatty acids 
was found. We theorise that the reason for a higher fat consumption in this 
population may be the altered proportions of macronutrients ingested in infancy, 
which is still affecting the dietary pattern of these children later in childhood.  

Furthermore, growth, regarding weight and height, were within normal 
references ranges at 9 years of age, indicating a catch-up in growth of the CHD 
population studied during infancy. However, we found unfavourably higher 
abdominal fat mass levels in this young CHD population and a higher abdominal 
fat mass was also found in our study of children and adolescents with Fontan 
circulation, in addition to a lower lean mass.  

 It is hypothesised that a lower leg lean mass is linked to a lower vitamin D status 
in the Fontan population. We could not confirm this hypothesis with studies 
carried out and results gained from this thesis. We found no associations between 
vitamin D and other biomarkers or lean mass, however we found insufficient 
vitamin D status in the Fontan population.  

In summary, inadequate energy and nutritional intake affect growth, including 
children with CHD and hsPDA. Nutritional health aspects should be considered 
and monitored from infancy to adolescence to avoid future health risks in the 
CHD population. 
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Appendix 1 

 

 

 

Frågeformulär D-vitamin Enkammarstudien Personnummer, namn

Frågeblanketten besvaras av Datum

modern fadern annan

Hur ofta äter ditt barn något från nedanstående grupper? Kryssa för (X) i lämpligaste ruta. 
1 gång

per
vecka

2 ggr per 
vecka 

3 ggr per 
vecka 

4-6 ggr 
per

vecka

1 gång
per
dag

2-3 ggr
per
dag

4 ggr 
per dag
eller mer

Margarin tex Lätta, Milda

Bregott/Norrgott

Mjölk 

Fil eller Yoghurt

Ägg

Fet fisk

Mager fisk 

Ost

Hur mycket äter ditt barn per gång av nedanstående grupper? Ifylles av dietist

Margarin tsk/gång

Bregott tsk/gång

Mjölk/fil dl/gång     

Ägg st/gång

Fet fisk ex lax port/gång (normalportion barn 75g)

Mager fisk ex sej port/gång (normalportion barn 75g)

Ost port/gång (10g/port) 
Brukar barnet få vitamintillskott

Ja Sort: Mängd/d:
Nej

Brukar barnet få fiskolja/Omega-3 fetttsyror
Ja Sort: Mängd/d:
Nej

Aldrig
2-3 ggr

per
månad

1 gång
per

månad

                    FREKVENS 

LIVSMEDEL

Frågeformulär D-vitamin Enkammarstudien Personnummer, namn

Frågor om solvanor och benvärk

Hur lång tid har barnet vistas utomhus mellan 10.00-14.00 Antal tim/dag helgdag
under den senaste månaden ? Antal tim/dag vardag

Använder barnet solskyddsmedel på Ja, solfaktor nr:

sommaren och/eller vid utlandsvistelse? Nej

Har barnet varit på solsemester utomlands senaste året? Ja        Mellan vilka datum? Från:______________Till: ______________

Nej Om ja, var har ni varit_____________________________________

Har ditt barn värk i benen eller i kroppen? Var?_________________________När?_________________________(nattetid?)


