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1 General introduction 

 

1.1 Essential fatty acid status 
 
1.1.1 Introduction 

The importance of essential fatty acids and long-chain polyunsaturated fatty acids 

(LCPUFAs) in human development finds its origin in 1929 when Burr and Burr 

demonstrated the essentiality of linoleic acid
1
. They demonstrated that the removal of 

linoleic acid from the diet leads to symptoms of deficiency in laboratory animals, such as 

dermatitis, growth retardation and infertility
1
. These findings inspired Hansen and co-

workers to study fatty acid deficiency in humans
2
. The discovery of the essentiality of 

omega-3 fatty acids in infant nutrition was not acknowledged until Holman's demonstration 

in 1982 that lack of omega-3 fatty acids was associated with clinical abnormalities, 

including paresthesia, weakness, inability to walk and impaired vision in a 6-year-old child 

maintained on total parenteral nutrition
3
. Meanwhile, evidence was accumulating that 

omega-3 deficient diets induced visual abnormalities in subhuman primates
4
. Since then 

considerable progress has been made in the understanding of the physiological functions of 

essential fatty acids in animals and humans and their role in chronic diseases. The role of 

essential fatty acids in the development of the human central nervous system will be the 

focus of this thesis. First, a general overview will be given on essential fatty acids. Next, 

the effects of LCPUFA supplementation during early human development will be reviewed. 

 
1.1.2 Nomenclature of fatty acids 

Fatty acids consist of a long linear hydrocarbon chain with a carboxylic acid group. 

Naturally occurring fatty acids contain even numbers of carbon atoms in straight chains that 

vary in length from 6 to 26 carbon atoms. By convention, the carbon-atoms are numbered 

from the carboxylic acid end onwards (Figure 1). The double bonds in the naturally 

occurring fatty acids in humans are methylene-interrupted. Almost all naturally occurring 

double bonds have a cis configuration, which indicates that the two hydrogen atoms 

adjacent to the double bond point to the same side of the molecule as opposed to the trans 

configuration. Apart from the systematic and common (trivial) names of fatty acids, a 

shorthand notation can be used. The first number is the number of carbon atoms in the 

molecule. The second number, after the colon, is the number of double bonds. The last 

number indicates the number of methylene carbons form the methyl carbon end (written as 

‘n minus’ or ω) to the nearest double bond. See figure 1, last collumn. Unsaturated fatty 

acids can be divided in four families according to the position of the first double bond: n-9, 

n-7, n-6, and n-3. This thesis focuses primarily on polyunsaturated fatty acids of the n-6 and 

n-3 families. By definition, polyunsaturated fatty acids have two or more double bonds. 

LCPUFAs of the n-3 and n-6 families consist of 20 or more carbon atoms and have two or 

more double bonds. Consequently, linoleic and α-linolenic acids are excluded when using 

the term LCPUFA (Table 1). Arachidonic acid (AA; 20:4n-6) and docosahexaenoic acid 

(DHA; 22:6n-3) are the most abundantly present LCPUFAs in the central nervous system. 

A short list of the most relevant fatty acids of this thesis is presented in table 1.  
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FIGURE 1. Naming and molecular structure of fatty acids. 

 

 

 

 
TABLE 1. List of the most relevant fatty acids of this thesis 

 

Shorthand notation  Trivial name 

16:0    palmitic acid 

18:0   stearic acid 

18:1n-9   oleic acid 

18:2n-6   linoleic acid 

18:3n-3   α-linolenic acid 

20:3n-9   mead acid 

20:4n-6   arachidonic acid (AA) 

22:6n-3   docosahexaenoic acid (DHA) 
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1.1.3 Essentiality of linoleic and α-linolenic acid 

Vertebrate animals and humans cannot synthesize essential fatty acids by definition. 

Removal of essential fatty acids from the diet leads to symptoms of deficiency
5-7

. Linoleic 

(18:2n-6) and α-linolenic acid (18:3n-3) are the parent essential fatty acids. It is important 

to note that the parent essential fatty acids can be converted into LCPUFAs by humans, 

most animals, some algae, bacteria and fungi, but not in plants
8
. To summarize, the 

essentiality of nutritional components indicates the distinction between nutrients which can 

be endogenously synthesized and which cannot be synthesized and consequently must be 

externally supplied.   

  

1.1.4 Metabolism of essential fatty acids 
From the parent essential fatty acids, two families (n-3 and n-6 series) of polyunsaturated 

fatty acids can be synthesized. Alpha-linoleic acid (ALA) is the precursor of n-3 

polyunsaturated fatty acids such as DHA. Linoleic acid (LA) is the precursor of n-6 

polyunsaturated fatty acids such as arachidonic acid (AA). There is no interchange between 

n-3, n-6 and n-9 fatty acids possible. Figure 2 shows a schematic overview of the 

conversion of essential fatty acids into polyunsaturated fatty acids by various enzymes. The 

parent essential fatty acids are transformed into LCPUFAs by enzymes, which subsequently 

add two carbon units and insert double bonds into molecules. Three different desaturases 

are present in human tissue which can introduce double bonds at specific places in fatty 

acid molecules
9
. The desaturases are embedded in the membranes in an interconnected 

network of tubules, vesicles and sacs of the endoplasmic reticulum. These enzymes are 

highly preserved across kingdoms of species to provide unsaturated fatty acids for the 

synthesis of lipid membranes. Stearoyl CoA desaturases (SCD or ∆9-desaturase) catalyse 

the synthesis of monounsaturated fatty acids. As the name implies this enzyme introduces a 

double bond at the ninth position from the carboxyl end of fatty acids to produce the n-9 

series of unsaturated fatty acids. Delta-5 and delta-6-desaturases catalyse the synthesis of 

LCPUFAs and are widely expressed in human tissues, especially in the liver
10,11

. To 

synthesize DHA, one last step is necessary in the peroxisome for a β-oxidation reaction. 

The synthesis of DHA from the precursor α-linolenic acid is variable and inefficient (less 

than 4%)
12

. The inefficient synthesis of DHA combined with the low intake of DHA and 

the high intake of linoleic acid (see below) in the Western diet provides the rationale to 

investigate the consequence of marginal DHA deficiency for brain development and health 
13,14

.  
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FIGURE 2. Schematic overview of conversion of essential fatty acids into polyunsaturated fatty acids. In 

addition, the conversion of dietary n-7 and n-9 fatty acids is shown.  
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1.1.5 Regulation of LCPUFA metabolism
 

The total LCPUFA content such as in the brain and retina is relatively constant because of 

feedback regulation mechanisms. The rate-limiting step in LCPUFA synthesis is the 

desaturation by ∆6-desaturase which activity is negatively regulated by polyunsaturated 

fatty fatty acid end products (Figure 2)
15

. Also the ∆5 enzyme is suppressed when sufficient 

polyunsaturated end products are available
10,11,16

. This negative feedback mechanism helps 

to maintain LCPUFA levels. Deficiency of solely n-3 polyunsaturated fatty acids is 

compensated by an increase in 22:5n-6 synthesis as has been demonstrated in young adult 

rats and baboons
17,18

. Makrides et al. found an inverse relationship between 22:5n-6 and 

DHA status in the human cortex
19

. Furthermore, the n-3 and n-6 polyunsaturated fatty acids 

inhibit ∆9-desaturase, while the endproduct 18:1n-9 has no suppressing effect on ∆9-

desaturase
20

. Limited availability of both n-3 and n-6 polyunsaturated fatty acids leads to 

more synthesis of n-9 fatty acids which partially could compensate for a low 

polyunsaturated fatty acid status. Delta-6-desaturase has an increasing preference for its 

substrates in the order α-linolenic acid, linoleic acid, oleic acid (18:1n-9). Consequently one 

particular member of the n-9 fatty acids named mead acid (20:3n-9) has an inverse 

relationship with EFA status and can be used as a marker for EFA deficiency
21,22

. The ratio 

between 22:5n-6 (docosapentaenoic acid; DPA) and DHA can be used as a marker for 

DHA deficiency
22

.  

 

1.1.6 Inverse relationship between trans fatty acids and LCPUFAs 

Trans fatty acids are unsaturated fatty acids with at least one double bond in the trans 

configuration. The properties of trans fatty acids resemble those of saturated fatty acids due 

to the more rigid molecule than cis-unsaturated fatty acids. The most important source of 

trans fatty acids in humans is external supply via the diet, because no endogenous synthesis 

of trans fatty acids is possible. Trans fatty acids originate mainly from industrial 

hydrogenated fatty acids which e.g. can be found in margarines, baked goods and fast foods 

(80-90% of intake) and from dairy products which contain by-products of ruminating 

bacteria (2-8% of intake)
23

. Trans fatty acids cross the placenta, and maternal milk reflects 

the daily intake of trans fatty acids
23

. Trans fatty acids are incorporated in body tissues, but 

not in the central nervous system. Umbilical and blood lipid trans fatty acids are inversely 

related with LCPUFA status
23,24

, which has also been demonstrated in our study 

population
25

. A partially inhibitory effect of trans fatty acids on the ∆-6 fatty acid 

desaturase activity has been found in pregnant rats fed high amounts of trans fatty acids
26

. 

In preterm and term infants trans fatty acids are inversely correlated to infantile birth 

weight
27,28

. However, multigenerational animal studies do not demonstrate any detrimental 

effect of high trans fatty acid intake on weight, growth and longlevity
23

. This does 

however, not preclude subtle negative effects of trans fatty acids on brain development of 

human infants. At present, it is unclear whether trans fatty acids, apart from  the well 

established relationship with coronary heart disease
29

, exert also negative effects on the 

neurodevelopmental outcome of healthy term infants. We therefore measured the umbilical 

trans fatty acid status at birth in a subpopulation of the LCP-project which enables us to 

study the relationships between prenatal trans fatty acids and neurodevelopmental outcome 

at birth and at the follow-up ages of 3 and 18 months.     
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1.1.7 Regulation of  LCPUFAs by transcription factors 

Another important mechanism for the regulation of LCPUFA-metabolism is the induction 

of desaturases by various transcription factors. Some transcription factors cause an increase 

in enzyme synthesis by preventing the repression of the gene responsible for enzyme 

synthesis at the level of the promoter region. Two transcription factors play a key role in the 

regulation of desaturases: sterol regulatory element binding protein (SREBP) and 

peroxisome proliferators activated receptor-α (PPARα). In turn, highly complex 

mechanisms regulate the transcription of those two transcription factors (see review of 

Nakamura & Nara 2004
30

). In short, an isoform of SREBP-1c activates target genes 

involved in fatty acid synthesis. Polyunsaturated fatty acids suppress SREBP-1c. Because 

SREBP-1c is also involved in monounsaturated fatty acid synthesis, it has been 

hypothesized that SREBP-1c maintains the total unsaturated fatty content in cell-

membranes. PPARα is a transcription factor that is believed to induce fatty acid oxidation. 

Polyunsaturated fatty acids, including LCPUFAs activate PPARα and thereby stimulate 

fatty acid oxidation. In summary, the two mentioned SREBP-1c and PPARα transcription 

factors are somesort of sensors of LCPUFA-status and induce fatty acid synthesis and fatty 

acid oxidation, respectively, to regulate the unsaturated fatty acid content in the cell.  

 

1.1.8 Biochemical functions of LCPUFAs  

An important function of fatty acids is deposition of energy that in turn can be used for 

cellular processes by means of β-oxidation. Fatty acids are stored in adipose tissue as 

triacylglycerols. Triacylglycerol molecules consist of the trihydric alcohol glycerol 

esterified with three fatty acid molecules. In adipose tissue, twelve till sixteen percent of 

fatty acids consist of linoleic acid, whereas the storage capacity of α-linolenic acid is 

limited (≈1%)
31

. Only small amounts of AA are present in adipose tissue. In addition, 

essential fatty acids are used as an energy source. Eighteen carbon polyunsaturated fatty 

acids are even preferentially oxidized for energy. For instance, it has been estimated that 

linoleic acid is oxidized about 50% faster than palmitic acid (16:0) and three times faster 

than stearic acid (18:0). Αlpha-linolenic acid is oxidized even more than linoleic acid
32

. 

These findings suggest that humans have evolved in an environment with abundant sources 

of essential fatty acids. As described in detail in the previous section on LCPUFA 

metabolism, n-3 and n-6 polyunsaturated fatty acids are not regulated independently, which 

suggests that humans have evolved in an environment with a balanced ratio of n-3 and n-6 

polyunsaturated fatty acids. An alternative explanation may be that most symptoms of  n-3 

polyunsaturated fatty acid deficiency which affect survival, can be alleviated by n-6 

polyunsaturated fatty acid intake alone. See section 1.2.2 for more details concerning the 

role of the ancient diet on present day dietary requirements.  

Fatty acids are also used for the formation of membrane lipids. Especially DHA and AA 

become incorporated into membranes. Cell membranes predominantly consist of 

phospholipids (around 75%), sphingolipids and plasmalogens which have a hydrophilic 

head and a hydrophobic tail. The chemical structure of a phospholipid is depicted in figure 

3. A phospholipid consists of a glycerol part of which the three adjacent carbons are 

numbered sn-1, sn-2, and sn-3 according to their stereospecific position. The sn-1 position 

is mostly occupied by saturated fatty acids, primarily stearic (18:0) and palmitic acids 

(16:0). The sn-2 is variably occupied by unsaturated fatty acids such as DHA and AA, 

depending on phospholipid class and cell type. The sn-3 position is occupied by a 

phosphate group with variable hydrophilic head groups that determine phospholipid class 

such as choline in phosphatidylcholine (PC). Phospholipids, which are highly unsaturated, 
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because of incorporation of LCPUFAs, can influence the biophysical properties of 

membranes. Especially DHA is readily incorporated into phospholipids. DHA-rich 

membranes affect acyl chain order and “fluidity”, phase behaviour, elastic compressibility, 

permeability, fusion, flip-flop and protein activity in the cell membrane
33

. The exact 

interactions between DHA and specific cellular proteins are beginning to be unravelled
34

. 

Because of the overall effects of DHA on general biophysical properties, one can surmise 

that DHA has a general effect on a variety of cellular functions.  
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FIGURE 3. Chemical structure of a phospholipid with three adjacent carbons named sn-1, sn-2 and sn-3. Various 

head groups can be placed at the phosphate group at the sn-3 position: choline in phoshatidylcholine (PC), serine 

in phoshatidylserine (PS), ethanolamine in phosphatidylethanolamine (PE) and inositol in phosphatidylinositol 

(PI). R1, R2 = hydrocarbon chain. 

 

LCPUFAs do not only affect cell function by modulation of cell membrane properties, but 

also act as precursors of important autocrine and paracrine mediators (e.g. eicosanoids and 

resolvins) which possess anti-inflammatory and neuroprotective properties
35

. The relative 

proportions of n-3 polyunsaturated fatty acids and AA at the sn-2 position of phospholipids 

or diacylglycerol affect the balance of these many different mediators. Especially AA is the 

precursor for potent eicosanoids that play an eminent role in the inflammation response. 

This could also explain the relative absence of AA in triglycerides in adipose tissue because 

of the potential harmful effects of free AA when released from triglycerides by lipases.   

LCPUFAs also are ligands for nuclear receptors such as PPARs and retinoid X receptor that 

regulate gene expression. LCPUFAs do not only affect expression of genes involved in the 

regulation of LCPUFA synthesis and oxidation, but also affect expression of many other 

genes that play a role in the development of the brain
36

. Furthermore, a recent study of 

Kawakita et al. 2006 demonstrated that DHA promotes neurogenesis in both vitro and in 

vivo
37

. These discoveries imply that DHA does not only affect membrane properties but 

also has an effect on gene expression. 
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The recent discovery of these mechanisms may enhance our understanding of the complex 

interactions between diet and the expression of the genome in the developing nervous 

system.     

 

1.1.9 Transport of LCPUFAs 

During intra uterine life, LCPUFAs are supplied to the fetus via the placenta. The LCPUFA 

supply is dependent on the maternal dietary intake, maternal adipose tissue stores, and fetal 

and maternal endogenous synthesis. Pregnant women may have an increased capacity to 

convert the parent essential fatty acids into LCPUFAs in order to meet the high LCPUFA 

requirements during gestation
38

. Crawford has coined the term ‘biomagnification’ to 

describe the observed progressive increase in DHA concentration in phospholipids from 

maternal blood, cord blood, fetal liver, to the fetal brain
39

. Both AA and DHA are 

preferentially transferred from the maternal to the fetal circulation, which could be 

explained by preferential binding of LCPUFAs to placental plasma membrane fatty acid 

binding protein (p-FABPpm)
40

. During prenatal life the fetus accumulates DHA in the liver 

and adipose tissues which act as a reservoir during early postnatal life. After birth, 

breastfeeding serves as an external dietary source of LCPUFAs. The LCPUFA content in 

human milk is highly influenced by maternal diet
41,42

. About 30% of the milk fatty acids 

derive directly from dietary intake of the mother. The other 70% derive directly from 

adipose tissue stores
40

. To summarize, during gestation LCPUFAs are preferentially 

transported to fetal tissues.  The maternal LCPUFA supply to the fetus is at least partially 

dependent on maternal dietary intake of LCPUFAs. Maternal dietary intake also influences 

the LCPUFA supply to the breastfed infant during lactation.  

 

1.1.10 Endogenous synthesis of LCPUFAs 

Human fetus and neonates are able to convert linoleic and α-linolenic acids into AA and 

DHA, respectively. In other words, endogenous synthesis of LCPUFAs by means of the 

rate-limiting step of ∆-6 desaturase occurs in both preterm and term infants. As has been 

demonstrated in newborn rodents, the ∆-6 desaturase activity in the liver is relatively low at 

birth and high in the adult, whereas an opposite pattern exists of the ∆-6 desaturase activity 

of the brain
43,44

. It has also been demonstrated that the ∆-6 desaturase activityin the liver of 

human infants is also lower compared to adults
45

. The conversion of α-linolenic acid and 

the incorporation of DHA in the infant brain in this period of rapid brain growth is high
40

. 

Some studies indicate that endogenous synthesis in the preterm and term infant is not 

sufficient to meet the high requirements of LCPUFAs during the rapid brain growth shortly 

before and after birth 
40,46

. In other words, LCPUFAs may be conditionally essential. 

 

1.1.11 Dietary sources 

Dietary sources of linoleic acid can be found in seeds of most plants, except for coconut, 

cocoa and palm vegetable oils
47

. Dietary sources of AA are meat, eggs and certain 

seafoods. Αlpha-linolenic acid can be found in green leafy vegetables, nuts and some 

vegetable oils such as canola (rapeseed) and soybean oils. DHA and 20:5n-3 (EPA) are 

most abundant in fish and shellfish, particularly fatty fish such as salmon, tuna, mackerel, 

herring and sardines
47

. Table 2 shows the fatty acid composition of common nutrients
48

. 

Data are presented in g/100 g. The presented compositions can vary and represents only a 

gross indication of fatty acid compositions in every day used nutrients.   
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TABLE 2. Fatty acid composition of commonly used nutrients in g/100g48 

 
 

Total 

FA 

Saturated 

FA 

Mono-

unsaturated 

FA 

Polyunsaturated 

FA 

(n-6 + n-3) 

n-3 FA 

Fats and oils     ALA EPA DHA 

Olive oil 100 14 73 8 0.7 - - 

Sun flower oil 100 12 21 63 0.1 - - 

Soya bean oil 100 15 22 59 7.3 - - 

Rapeseed oil 

(canola oil) 

100 7 59 29 10 - - 

Flax seed oil 100 10 16 65 55 - - 

Walnut oil 100 9 16 70 11.5 - - 

Safflower oil 100 10 12 74 0.1 - - 

Corn oil 100 14.5 30 51 0.9 - - 

Palm oil 100 48 37 10.5 0.3 - - 

Cocoa oil 100 87 6 1.5 - - - 

Butter 82 51 24 2 ≈ 1 - - 

Margarine (60% fat) 60 12 17 26 4 - - 

Fryer fat 100 46 27 8 ≈ 1 - - 

Fryer oil 100 13 23 59 - - - 

Mayonnaise 67 8 21 36 1-2 - - 

        

Meat        

Pork meat 30 10 12 4 <0.5 - - 

Lean pork meat 9 4 3.5 1 <0.5 - - 

Beef 15 6 7 1 <0.5 - - 

Lean beef 6 3 2 0.5 <0.5 - - 

Chicken fillet 4 1.5 1 1 <0.5 - - 

        

Fish oil        

Trout (raw) 5 1 2 2 0.1 0.2 0.8 

Herring (raw) 13 4 6 2 0.2 0.5 0.7 

Mackerel (raw) 16 3 8 3 0.2 0.7 1.1 

Salmon 8 1.5 3 3 0.1 0.6 0.9 

Fish oil (salmon) 100 19 29 40 1.0 13 18 

Cod liver oil 100 22 46 22 0.9 7 11 

Sardines (can) 16 4 4 7.5 0.4 0.9 0.8 

Fish sticks 13 2.6 1.7 5.8 - 0.1 0.2 

        

Nuts        

Walnuts 68 5 13 46 7 - - 

Peanuts 52 9.5 26 15 0.4 - - 

Hazelnuts 69 5 53 7 0.1 - - 

Cashew nuts 51 10 30 9 - - - 

Pastiche nuts 48 6 33 7 - - - 

        

Other        

Avocado 10 1.1 7.2 0.8 - - - 

Olives 11 1.6 8.1 0.9 - - - 
FA = fatty acids 

 
1.1.12 Distribution of LCPUFAs in the central nervous system 

LCPUFAs are not evenly incorporated into the various human tissues. The highest 

concentrations of DHA and AA are found in the nervous system and in the retina. Other 

polyunsaturated fatty acids, such as ALA, LA, EPA are only incorporated in small 

quantities in neuronal tissues. The human adult frontal cerebral cortex contains about 14 

wt% DHA and 9.5 wt% AA
31

. Adipose tissue of humans living in Western societies does 

not contain large amounts of n-3 polyunsaturated fatty acids (≈ 1%)
31

. The small amounts 

of n-3 polyunsaturated fatty acids in adipose tissue derive from limited intake of DHA in 

the Western world. The storage capacity of DHA in adipose tissue is greater than 1% 

because Alaska natives who consume high amounts of n-3 fatty acids have higher amounts 

of DHA in adipose tissue
49

. A study that investigated the distribution of DHA and AA in 
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neonatal brain of breastfed baboons showed that DHA and AA is especially abundant in 

gray matter. The regions richest in DHA were all involved in motor function, i.e. the motor 

cortex (gyrus precentralis), basal ganglia and the superior colliculus. Noteworthy DHA 

content of the cerebellum, another structure that plays a large role in motor control, was 

relatively low
18

. The same study also investigated the effects of formula feeding with and 

without DHA/AA on the fatty acid composition of various brain regions. DHA levels in 

neonatal brains were lower in the non-supplemented formula group compared with the 

breastfed reference group. AA levels were relatively independent of AA in the diet. DHA 

levels in brains of DHA/AA supplemented baboons were the same as in brains of breastfed 

baboons except for the cerebral cortex, which showed lower DHA levels
18

. The 

aforementioned insights into the effects of LCPUFA supplementation on the topographical 

distribution of the increase in DHA composition of the non-human primate cerebrum could 

give valuable clues which neurological functions are involved in the observed beneficial 

effects of LCPUFA supplementation.  

 

1.1.13 LCPUFA accretion and brain growth 

The exponential increase in brain weight during the so-called brain growth spurt coincides 

with an increase in DHA content in the brain (Figure 4)
40

. Important ontogenetical events in 

brain development occur simultaneously during the brain growth spurt (third trimester to 

about 2 years after birth)
40,50

. During the third trimester and during the first year after birth 

axon and dendrite sprouting, axon elimination, synapse formation, myelination and glial 

cell proliferation take place after neuronal proliferation and migration have occured
51

. Since 

LCPUFAs have a general influence on the neuronal membranes and on neuronal gene 

transcription, it is possible that LCPUFA supply during pregnancy and after birth could 

have long-term effects on the neurodevelopment of children
33,36

. Active placental transfer 

of LCPUFAs ensures adequate supply of LCPUFAs during foetal development that is 

partly dependent on maternal dietary intake of LCPUFAs
52,53

. After birth, infants do not 

seem to synthesize sufficient amounts of LCPUFA from their precursors to cover their high 

needs because conversion of LCPUFAs from parent essential fatty acids is inefficient in 

humans (conversion rate of ALA into DHA is less than 1%). Red blood cell and plasma 

DHA concentrations decrease about 50% within 4 months after birth in the absence of 

dietary supply of DHA
31

. This drop in DHA content has also been demonstrated in the 

brain. Infants who received bottle-feeding without LCPUFAs had a 20% lower LCPUFA 

content in their brains compared to breastfed infants
19,46

. One can surmise that dietary 

supply of LCPUFAs during the growth spurt of the brain is essential for optimal brain 

development
50

.  
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FIGURE 4 

A. The increase of brain weight in grams shortly before and after birth. 

B. Accretion of DHA in mg DHA/g brain according to the estimation of an increase in concentration of DHA of 

approximately 35 mg/wk which is in agreement with other estimates40. 
* Reprinted from “Lauritzen, Hansen, Jørgensen, Michaelsen. The essentiality of long chain n-3 fatty acids in relation to development and function of 

the brain and retina. Progress in Lipid Research 40;1-94 2001, with permission form Elsevier”. 
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1.2 Essential fatty acid deficiency 
 
1.2.1 Clinical essential deficiency 
Classical symptoms of essential fatty acid deficiency (dermatitis, growth retardation, 

infertility) can be reversed by n-6 fatty acids alone, whereas n-3 polyunsaturated fatty acids 

only partly can alleviate the deficiency symptoms
6
. Clinical essential deficiencies are 

extremely rare under normal physiological circumstances. Long-term parental nutrition 

without adequate amounts of essential fatty acid can cause clinical essential deficiency in 

humans
3
. Some of the symptoms of severe protein-energy malnutrition in the third world 

could be explained by essential fatty acid deficiency
54

. Important biological functions, that 

relate to the deficiency symptoms, are: (1) linoleic acid acts as an important constituent of 

the water barrier of the skin
40

; (2) arachidonic acid is a precursor of eicosanoids which are 

local hormones with a wide array of functions in physiological and inflammatory processes. 

Evidence of the essentiality of α-linolenic acid has been demonstrated in animals. Isolated 

α-linolenic acid deficiency induces minor cerebral dysfunctions as demonstrated in 

animals
55

. In 1982, Holman described a case of a 6-year-old child with α-linolenic acid 

deficiency involving neurological abnormalities caused by total parental nutrition rich in 

linoleic acid but low in α-linolenic acid
3
. The child experienced episodes of numbness, 

paresthesia, weakness, inability to walk, pain in the legs, and blurring of vision
3
. Other 

conditions in which clinical essential fatty acid deficiency is present are peroxismal 

metabolic disorders such as Zellweger’s disease. Infants with extremely low levels of DHA 

in the brain caused by Zellweger’s disease, show progressively severe neurological 

dysfunctions. In addition, and even more convincing, supplementation of DHA markedly 

improves the symptoms of these children
56

. 

 

 

1.2.2 Subclinical deficiency 

 

Current Western diet is possibly DHA-deficient as compared with our ancient diet 

An interesting evolutionary view concerning the importance of LCPUFA availability for 

brain development of our ancestors has emerged. According to this view, humans with 

large brains could not have been evolved without the availability of abundant sources of 

LCPUFAs during the evolution of the human brain
57

. Archaeological evidence thus far 

supports an African origin of modern humans that settled near coastlines where plentiful 

LCPUFA rich food was available (fish, shellfish and marine sea bird eggs)
58

. Terrestrial 

food resources may not supply sufficient amounts of LCPUFAs  to maintain a brain which 

has evolved from 450 g to 1.3 kg
57

. Others criticize the premise that an aquatic diet was 

necessary to maintain the evolvement of the human brain
59

. According to Langdon various 

premises behind the so called n-3 hypothesis are unsupported. Firstly, variations in DHA 

availability in human nervous tissue do only induce subtle and generally reversible effects 

on brain function. Secondly, the aquatic food chain is not the only effective dietary source 

for DHA. Estimates of the composition of hunter-gatherer and ancestral diets show that the 

diets were more nutritional balanced and healthy compared with the current Western diet. 

Thirdly, prolonged dietary deficiency of DHA is buffered by various compensatory 

mechanisms such as shifting DHA in and out of other body tissues and the (very low) 

endogenous synthesis of DHA from ALA. Fourthly, DHA availability is not believed to be 

the rate-limiting step in animal and human brain evolution. For instance, the elephant has 
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the largest terrestrial brain (with large amounts of DHA) and subsists on a great variety of 

terrestrial plant foods containing trace amounts of DHA
59

. Although the brain/bodyweight 

ratio in men is much higher than in the elephant, the absolute quantities of DHA 

accumulated in the brain are much higher in the elephant than in men. Since the agricultural 

revolution some 10,000 years ago, we gradually changed our diet. From the beginning of 

the industrial revolution 100-200 years ago, our diet has changed even more compared with 

our ancestral diet. Among numerous other changes in diet composition, we consume 

nowadays considerable less n-3 polyunsaturated acids
60

. For instance, the dependence on 

agricultural grains and grain-fed animals induced a higher n-6/n-3 ratio in our diet
59

. The 

considerable changes in diet composition and lifestyle since the industrial revolution may 

explain numerous ‘typically Western diseases’, such as cardiovascular disease, diabetes 

mellitus type 2, osteoporosis and certain types of cancer
14

. From an evolutionary point of 

view, the relatively fast changes in our diet and environment since the agricultural 

revolution could not have resulted in adjustments of our genome to our contemporary 

environment. An intriguing hypothesis is that our genome has not yet adapted to the low   

n-3 LCPUFA intake, or a high ratio of n-6/n-3 LCPUFA intake, which could have – 

amongst others - unfavourable consequences for brain development.        

 

Early nutrition and subclinical LCPUFA deficiency 

Although linoleic acid and α-linolenic acid deficiency is extremely rare under normal 

physiological circumstances, the relatively inefficient conversion of parent essential fatty 

acids into LCPUFAs and the relatively low intake of n-3 polyunsaturated fatty acids could 

lead to a state of subclinical deficiency, which cannot be detected at the individual level. It 

has been surmised that the low n-3 polyunsaturated fatty acid status could explain the 

increase in typical Western chronic diseases like cardiovascular and psychiatric diseases 

(e.g. ADHD and mood disorders)
14

. The focus of this thesis is whether LCPUFAs, 

especially n-3 LCPUFAs could be conditionally essential for normal brain function during 

the brain growth spurt
40

. Formula fed infants who do not receive formula feeding with 

LCPUFAs have a lower LCPUFA content in the cerebral cortex than infants who received 

breastfeeding, as has been studied in children who have died from the sudden infant death 

syndrome
19,46

. Furthermore, our group has demonstrated that a lower prenatal LCPUFA 

status negatively affects the neurological condition immediately after birth
62

. Infants with 

an abnormal neurological condition (n=27) had a higher DHA deficiency index and lower 

essential fatty acid index in their umbilical veins than neurologically normal infants. 

Furthermore, AA, the DHA suficiency index and the essential fatty acid index were 

positively associated with the neurological optimality score. The latter consists of the 

summation of all scores considered to be optimal (max 60 items) of the neurological 

examination according to Prechtl
63

. Whether a lower LCPUFA status has an influence on 

neurodevelopmental outcome at later ages and whether LCPUFA supplementation leads to 

a better neurodevelopmental outcome after birth is discussed in the next section.    
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1.3 Overview of evidence of the effect of LCPUFA 

supplementation on neurodevelopment 
 
1.3.1 Evidence from animal experiments 

A recent review of McCann & Ames in 2005, summarizing all evidence from cognitive and 

behavioural tests (visual function studies were excluded) in animals and humans, concluded 

that animal studies provided the most convincing and consistent evidence that DHA 

deficiency during development impairs cognitive and behavioural performance in early life. 

The authors also noted that the observed effects under severe dietary conditions were not 

substantially large and that these results are difficult to extrapolate to the human situation
50

. 

Another review concluded that animal studies have shown that the brain retains both DHA 

and AA even during prolonged dietary deficiency
64

. When DHA concentrations in brain 

tissue drop, it is accompanied by an increase in n-6 polyunsaturated fatty acids that 

maintains the total polyunsaturated fatty acids in the brain constant. However, during 

extreme n-3 fatty acid depletion resulting in reduced DHA concentrations in nervous tissue, 

cognitive and behavioural changes in animals has been observed
64

. These animal studies 

point at a possible functional role of DHA in the nervous system. This overview is focused 

on the effects of LCPUFA supplementation during early human development. For more 

details about animal studies on LCPUFA deficiency, the reader is referred to the review of 

Innis and McCann & Ames
50,64

  

Animal supplementation studies that evaluate developmental outcomes using dietary 

circumstances resembling the human situation are rare (Table 2). One rodent study could 

not demonstrate an effect of DHA and/or AA supplementation during postnatal day 5-18 

compared to a standard diet on water maze performance and working memory at 6 and 9 

weeks, although supplementation resulted in higher LCPUFA content in the brain (Table 

2)
65

. Another rodent study evaluated the effect of a diet containing essential fatty acids 

enriched with fish oil (n-3 LCPUFA rich) or palm oil (saturated fatty acid rich) during the 

pre- and postnatal period on various behavioural outcomes at different ages 

(young/adolescent mice, middle aged mice and old mice) (Table 2). They confirmed that 

there was no effect on the performance in the water maze test, but they did find that the fish 

oil enriched diet induced more explorative and more active avoidance behaviour in 

young/adolescent mice on the first day of the diet compared with the palm oil diet
66

. 

However, less explorative and active avoidance behaviour was found in the fish oil 

supplemented group at old age (17-19 months). To the best of our knowledge, only one 

study evaluated the effect of LCPUFA supplementation on motor development in primates. 

One of the reasons why the authors evaluated LCPUFA supplementation in non-human 

primates and not in human subjects was to reduce variability as much as possible in the 

study population. Furthermore, they studied the effects of higher amounts of LCPUFAs 

(0.9 wt% DHA and 1.0 wt% AA) than any prior human infant study. Previous studies used 

concentrations that are considered to be more ecological valid (see also section 1.1.5). The 

rhesus macaque infants who received LCPUFA supplementation for 6 months exhibited 

stronger orienting and motor skills than infants who received standard formula at postnatal 

day 7 and 14. No effect was found on activity or state-control
67

.  
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TABLE 2. Overview of animal LCPUFA supplementation studies which resemble realistic dietary human 

circumstances (1999-2004). 
Authors  Subjects  Groups1 DHA 

content 

(wt%) 

AA  

content 

Duration of 

supplementation 

Testing age Assessments Results2 

Wainwright 

et al 199965 
Long-

Evans rat 

pups 

BF 

E1 

E2 

SF* 

 

 

- 

2.5  

- 

 

2.5  

- 

- 

Postnatal day 5-

18 

6 and 9 wk Morris water-maze 

 

Working memory test 

BF=E1=E2=SF 

 

SF<BF 

E1=E2=BF=SF 

Carrié et al 

200066 
Swiss OF-

1 mice 

SF (n=66)† 

E (n=75) 

 

0.94§  

 

0.11 

Whole prenatal 

period + till 

testing ages 

Young (7-11 wk) 

Mature (9-11 m) 

Old (17-19 m) 

Growth and 

development 

 

Open field 

 

Habituation 

 

 

 

 

 

 

 

Morris water maze 

Active avoidance 

Weight: E>SF 

 

 

Young: E>SF 

 

Level of activity: 

Young; E>SF 

Mature; E=SF 

Old; E<SF, E=SF 

 

 

 

 

Young; E>SF 

Champoux 

et al 200267 
Rhesus 

macaques 

infants 

C (n=13) 

E (n=14) 

 

- 

0.9 

 

0.04 

1.0 

Until 6 months of 

age 

Postnatal day 7, 

14, 21, and 30 

Adjusted Brazelton 

Neonatal Assessment 

Scale 

Day 7 and 14; 

motor maturity 

and orientation: 

E>C 
1BF = breastfed group, E = experimental formula with LCPUFA, SF = saturated fatty acid group, C = control 

formula with ALA and LA. 
2E<C: experimental formula significantly better outcome than control formula; E=C: no significant difference 

between experimental and control formula group. 

* Number ranged from 19-21 per group 

† Number of subjects at follow-up at 18 m (+/- 50% mortality) 

§ Fish oil 

 
1.3.2 LCPUFAs and retinal function 

Almost 36% of the fatty acids of the retina is composed of LCPUFAs. DHA is especially 

highly concentrated in retinal tissue (20%), and even more in the retinal photoreceptor 

outer-segments (50%)
68,40

. When light hits the photoreceptor rhodopsine-retinal complex, 

which is embedded in the DHA rich membrane of the outer rod photoreceptor, a quick 

change in the structure of the complex occurs which involves membrane conformational 

changes. It is assumed that the function of the high DHA content of the retinal 

photoreceptor outer-segments is to facilitate the high frequency of conformational changes 

in the membrane surrounding the visual pigment rhodopsin
69

. Dietary changes in DHA 

intake only modestly induce modifications in the DHA content of the retina
40

. In DHA-

deficient animals no alterations in the rate of light-induced rhodopsin conformational 

changes was observed, but DHA-deficiency impaired the photon-catching ability of 

rhodopsine
40

. The exact functional properties of DHA in the retina are far from clear.  

The effects of LCPUFA, notably DHA on retinal function have been extensively studied in 

animals and human infants; because visual function is one of the easiest ways to objectively 

assess the function of the central nervous system. N-3 fatty acid depletion studies in animals 

have indicated that n-3 fatty acids are important for the development of optimal visual 

function. Some studies indicated that n-3 fatty acid depletion leads to irreversible 

impairment of visual function during early development
40

. Lauritzen et al. 2001 concluded 

that it is unwise to extrapolate the results of animal studies with extreme depletion of n-3 

fatty acids to non-clinical human infant conditions. To our knowledge two new studies have 

been published since 2001 regarding the effect of LCPUFA supplementation on visual 

function of infant monkeys which resemble human LCPUFA supplementation studies 
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(Table 3). The study of Jeffrey et al. did not find a beneficial effect of postnatal LCPUFA 

supplementation on visual evoked potentials (VEP) or on the electroretinogram of term 

rhesus monkeys at 3 months
70,71

. The study of Diau et al. found that preterm infant baboons 

which did not receive LCPUFA supplemented formula feeding had worse 

electroretinograms than preterm infant baboons receiving LCPUFA supplemented formula 

feeding until 4 wk after term age (Table 3)
72

. Furthermore, the DHA levels in the retina of 

the baboons in this study were positively correlated with the retinal response.  

 
TABLE 3. Two recent LCPUFA supplementation studies of infant monkey studies resembling human dietary 

conditions. 
Authors Subjects Groups1 DHA 

content 

(wt%) 

AA 

content 

(wt%) 

Duration of 

supplementation 

Testing age Assessments2 Results3 

Jeffrey et 

al. 200270 
Infant 

rhesus 

monkeys 

C (n=?) 

E (n=?) 

 

 

 

1.0 

 

1.0 

3 m 3 m VEP 

 

ERG (23 parameters) 

 

Plasma DHA and AA 

C=E 

 

C=E 

 

Both DHA and AA 

increased 

Diau et al. 

200372 
Preterm 

and term 

infant 

baboons 

BF (n=4) 

E (n=4) 

P (n=4) 

PE (n=4) 

0.68 

 

 

0.61 

0.62 

 

 

1.21 

Until the age of 4 

wk after term age 

0 and 4 wk 

adjusted age 

ERG (0wk) 

 

 

ERG (4wk) 

 

 

Retinal fatty acid 

concentrations 

 

No differences 

 

 

BF>C, 

BF, C, PE > P 

 
DHA: 19% less in C and 

P compared with B 

B=PE 

No effect of 

prematurity: P=C 

AA: BF=C=P=PE 
1BF = breastfed group, E = experimental formula with LCPUFA, C = control formula, P = preterm/formula-fed, 

PE = preterm with experimental formula with LCPUFA. 
2VEP = visual evoked potentials, ERG = electroretinogram. 
3E<C: experimental formula significantly better outcome than control formula; E=C: no significant difference 

between experimental and control formula group. 

 
In summary, the large amount of evidence from animal studies, together with support from 

basic research of the biophysical properties and biological functions of LCPUFAs lead to 

the conclusion that LCPUFAs are needed for an optimal functioning of the central nervous 

system. Total restriction of n-3 fatty acids in early life results in behavioural and visual 

dysfunctions in animals
73

. Nevertheless variations in LCPUFA status might not 

significantly affect neurodevelopment in physiologically relevant human circumstances, 

possibly because of the presence of compensatory mechanisms such as an increase in 

22:5n-6 brain content. To test the hypothesis that LCPUFA supplementation has a 

beneficial effect on neurodevelopment in circumstances relevant to humans, large 

randomized controlled trials are needed, which are discussed in the next section. 

  



 32 

1.3.3 Overview of randomized clinical trials regarding LCPUFA 

supplementation on visual and neurodevelopmental outcomes 

 
1.3.3.1 Overview of supplementation studies during pregancy  

A few intervention studies evaluate the effects of LCPUFA supplementation during 

pregnancy and later developmental outcome of the child. To summarize, Helland et al.
74 

found that cod liver oil supplementation (rich in n-3 fatty acids, 2494 mg/day; n=41)  

during pregnancy and lactation resulted in higher concentrations of n-3 polyunsaturated 

fatty acids at birth, at 4 weeks and 3 months of age compared with a corn oil  

supplementation group (rich in n-6 fatty acids; n=35). At the age of four years, children 

born to mothers receiving cod liver oil scored higher on the Mental Processing Composite 

of the Kaufman Assessment Battery for Children than children born to mothers receiving 

corn liver oil
74

. Note that the maternal supplementation was also given during lactation 

until 3 months after delivery
74

. The maternal DHA supplementation study of Malcolm et 

al.
75

 during pregnancy (n=100) indicated that DHA supplementation (200 mg/day) did 

increase the maternal DHA status but not the DHA status of the infant at birth. They found 

an effect of maternal DHA supplementation on visual evoked potential maturation in 

healthy term infants compared with infants who were born to mothers who received a 

placebo capsule. In addition, they found an association between the DHA status of infants 

at term and early postnatal development of the pattern-reversal visual evoked potentials
75

. 

According to these findings, the DHA status of the infant itself could better explain the 

observed improved visual maturation of the infants than maternal DHA status which was 

either enhanced with DHA supplementation or not.  

Two non-supplementation studies indicated that prenatal DHA status is not related to 

cognitive outcome: umbilical venous plasma and red blood cell phospholipid DHA and AA 

concentrations at birth were not related to cognitive outcome at 4 and 7 years of age
76,77

. 

A study of De Groot et al.
78

 investigated the effect of α-linolenic acid (precursor of DHA) 

supplementation during pregnancy on the woman’s cognitive functioning. No evident 

positive effect of maternal α-linolenic acid supplementation was found on the maternal 

DHA status
79

. In addition, no effect was found on cognitive outcomes at various ages until 

32 weeks after delivery. De Groot et al. even found an unexpected adverse association 

between plasma DHA levels at 14 weeks of pregnancy and at 32 weeks after delivery with 

reaction times on the finger-precuing task
78

.  

The above data indicate that we still know relatively little about the relationship between 

prenatal LCPUFA status and neurodevelopmental outcome. In order to test the hypothesis 

that a higher prenatal LCPUFA status enhances neurodevelopmental outcome, we measured 

the fatty acid composition umbilical walls immediately after birth. The fatty acid 

composition of the umbilical vessels enabled us to relate prenatal fatty acid status with 

neurodevelopment at 3 and 18 months. These relationships are discussed in chapter 3.  

 

1.3.3.2 Human LCPUFA supplementation studies and visual function 

Results of human postnatal LCPUFA supplementation studies are in line with the results 

obtained from animal studies. The review of Lauritzen et al.
40

 indicated that all four 

randomized trials in preterm infants on LCPUFA supplementation showed improved visual 

function in the supplemented group. The results of studies evaluating LCPUFA 

supplementation on visual function of term infants show inconsistent results
40,80

. An 

extensive review of San Giovanni based on 14 studies showed that in term infants the 
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positive effects are only relevant at two months and negligible thereafter
80

. However a 

recent large study of Birch et al.
81

 demonstrated that LCPUFA supplementation (0.36% 

DHA and 0.72% AA) till the age of 52 weeks induced better visual function as measured by 

visual evoked potentials (VEPs) at the ages 6, 17, 26, and 52 weeks of healthy term infants. 

Study characteristics which might explain the positive outcome of this study are the long 

duration of supplementation, the relatively high DHA concentration in the experimental 

formula group, the relatively large sample size (n=103), and use of a relatively sensitive 

outcome parameter (VEP)
81

. To date, no comparable studies are known which can confirm 

these remarkable findings. To summarize, LCPUFA supplementation improves visual 

development in preterm infants and possibly in term infants.     

 

1.3.3.3 Human LCPUFA supplementation studies and neurodevelopmental outcomes 
Numerous studies haven been performed to evaluate the effect of LCPUFA-

supplementation on neurodevelopment. Compared with the evidence regarding the effects 

of LCPUFA supplementation on visual function, the effects on neurodevelopment are less 

pronounced. LCPUFA supplementation studies in preterm infants show inconsistent results. 

Table 4 shows the study characteristics of all randomized trials regarding LCPUFA 

supplementation in preterm infants. The studies are rank-ordered according to DHA-content 

of the supplementation. Two Cochrane meta-analyses (updated until October 2003) 

concluded that that there is insufficient evidence to show that supplementation improves 

visual function, neurodevelopment and cognition of preterm and term infants
82,83

. Since 

then, two additional randomized controlled trials investigating LCPUFA supplementation 

in preterm infants have been published. Clandinin et al.
8 

found a beneficial effect of 

LCPUFA supplementation for 52 weeks on neurodevelopment at 18 months of age. 

However the study of Fewtrell et al.
85

 with a similar design could only find a beneficial 

effect on the mental developmental index (MDI) of boys, but not in the total study 

population
85

. The longer duration of supplementation in the study of Clandinin et al.
84

 

compared with the study of Fewtrell et al.
85

 could explain the inconsistent results of the 

studies. In addition, the high attrition rate of both studies precludes firm conclusions. 
 

Only a minority of LCPUFA supplementation studies in term infants showed positive 

results at early age. A review of Hadders-Algra in 2005 indicated that postnatal LCPUFA 

supplementation in term infants may exert beneficial effects on neurodevelopmental 

outcome till 4 months of age, but not beyond (See table 4 and 5 for an updated version of 

all LCPUFA supplementation studies till 2006 which are rank-ordered according to the 

DHA-content of the supplementation)
86

. Studies, which used relatively high DHA 

concentrations (≥ 0.30%), showed more positive results of LCPUFA supplementation than 

studies using LCPUFA in lower concentrations. Two high quality Cochrane meta-analyses 

investigating the effects of LCPUFA supplementation in preterm (updated until October 

2003) and term infants (updated until June 2001) conclude that there is insufficient 

evidence for a beneficial effect of LCPUFA supplementation on neurodevelopment
82,83

. No 

definite conclusion can be made on the effect of LCPUFA supplementation on various 

neurodevelopmental outcomes, because of inconsistent results that in turn could be 

explained by specific study characteristics such as dosage, duration of supplementation, 

type of assessment and age at investigation. Nevertheless, the general picture emerges that 

LCPUFA supplementation induces subtle differences in developmental outcome at most. 

This conclusion does not rule out that such subtle effects could have a relevant impact in 

the general population. At present, no studies have addressed the long-term effects of 

LCPUFA supplementation at school age. 
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1.3.4 Concluding remarks 

LCPUFAs are important constituents of the central nervous system. The high accumulation 

of LCPUFAs in brain tissue during prenatal and postnatal development together with the 

fact that breastfeeding contains relatively high amounts of LCPUFAs led to the hypothesis 

that LCPUFA supplementation in standard formula feeding might be beneficial for infant 

neurodevelopment. Many double blind randomized controlled trials have been performed to 

evaluate the potential positive effects of LCPUFA supplementation in both preterm and 

term infants. Until now, a relevant beneficial effect of LCPUFA supplementation of 

preterm infants on visual development has been found in several high quality randomized 

trials. Whether LCPUFA supplementation during early life also exerts effects on other 

neurodevelopmental outcomes is still debated. It seems that LCPUFA supplementation 

under normal Western human circumstances has only subtle transient beneficial effects on 

neurodevelopment at early ages; a conclusion that is consistent with the results of the 

double blind randomized controlled trial subsequentely described in the present thesis.  
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TABLE 4. Overview of LCPUFA supplementation studies in preterm infants. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

E = experimental formula with LCPUFA, C = control formula without LCPUFA, BF = breastfed group. (A)GA = 

(adequate) gestational age, mean ± SD; PCA = post conceptional age; EPA = eicosapentaenoic acid; ERG = 

electroretinogram; VEP = visual evoked potential; Fagan = Fagan Test of Intelligence; BW = birth weight; BPD = 

bronchopulmonary dysplasia; Teller = Teller Acuity Card procedure; BAEP = Brainstem auditory evoked 

potentials; BSID = Bayley Scales of Infant Development; MCDI = McArthur Communicative Development 

Inventories; KDSI = Knoblock, Passamanik & Sherrard’s Developmental Screening Inventory.  

*Randomization and intervention were not blinded. ‡Unclear whether assessment was blinded. §Methodology of 

assessment for VEP and ERG deviate from international standards ║Term infants’ reference breastfed group.  
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TABLE 5. LCPUFA supplementation in term infants and outcome until 4 months86 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

E = experimental formula with LCPUFA, C = control formula LCPUFA, BF = breastfed group, BC = Breast 

feeding control group, BE = Experimental maternal supplementation breastfed group. FPL = Forced-choice 

preferential-looking test; VEP = visual evoked potential; BAEP = Brainstem auditory evoked potentials.   
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TABLE 6. LCPUFA supplementation in term infants and outcome beyond 4 months86 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

IPT = Infant Planning Test 

BC = Breast feeding control group 

BE = Experimental maternal supplementation breastfed group 

BR = Reference breastfed group whose mothers have a high fish intake (upper quartile) 

*Breast feeding control group whose mothers have a low fish intake (below population median) 



 38 

1.3.5 Infant requirements of essential fatty acids 
 

To estimate the requirements of essential fatty acids for infants, the US Food and Nutrition 

Board (Institute of Medicine of the National Academies) uses several indicators
117

. The 

Recommended Dietary Allowance (RDA) is used to indicate the average daily dietary 

nutrient intake sufficient to meet the nutrient requirement of nearly all (97 to 98 percent) 

healthy individuals in a particular life stage and gender group. Because no sufficient 

scientific evidence is available to conclude on a RDA for n-6 and n-3 polyunsaturated fatty 

acids, the Adequate Intake (AI) is used, instead of the RDA. The AI indicates the 

recommended average daily intake level based on observed or experimentally determined 

approximations or estimates of nutrient intake for a group of apparently healthy people that 

are assumed to be adequate. In addition to the recommendations of the Food and Nutrition 

Board, a workshop was held to establish the recommended dietary intakes for n-6 and n-3 

fatty acids that also included specific AIs for DHA, eicosapentaenoic acid and AA
118

. These 

AI values are also included in table 6. Note that a potential drawback of the AI indicator is 

that systematic historical shifts in the mean intake of specific nutrients that could have 

general negative effects on health are not taken into account. Observational, 

epidemiological and experimental studies are needed to demonstrate lower and upper limits 

of dietary intake of essential fatty acids that could harm infant health, growth or 

development.   

 
TABLE 6. Adequate Intake (AI) for infants aged 0-12 months 

 

Adequate intakes of the US Food and Nutrition Board117 

    

Fatty acid Life stage group Criterion AI (g/d) 

Total n-6 PUFAs 0 through 6 months Average consumption of total n-6 

fatty acids from human milk 

4.4 

 7 through 12 months Average consumption of total n-6 

fatty acids from human milk and 

complementary foods 

4.6 

Total n-3 PUFAs 0 through 6 months Average consumption of total n-3 

fatty acids from human milk 

0.5 

 7 through 12 months Average consumption of total n-3 

fatty acids from human milk and 

complementary foods 

0.5 

    

    

Workshop on the essentiality of and recommended dietary intakes for n-6 and n-3 

polyunsaturated fatty acids118 

  

Fatty acid Percentage of fatty acids of infant formula or diet 

Linoleic acid 10.00 

α-linolenic acid 1.50 

AA 0.50 

DHA 0.35 

EPA (upper limit) <0.10 
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1.4 Various ways to assess neurological 

development 

 
1.4.1.1 Introduction 

The assessment of neurological development generally has three main purposes; (1) to 

diagnose neurological disorders with or without significant developmental delay and (2) to 

evaluate the changes in neurological condition over time and  (3) to compare outcomes with 

typically developing healthy children. Various instruments can be utilized to assess 

neurological development in clinical and research situations. For instance, the neurological 

examination according to Touwen can both be used as an instrument to detect neurological 

disorders and as an instrument to monitor neurological condition over time in children aged 

4 to 18 years
119

. Furthermore, the Van Wiechen assessment, which is widely used in The 

Netherlands, is an example of a neurological instrument, which is suitable for the screening 

of major developmental delays, but is not regarded appropriate for evaluating subtle 

differences in neurological condition
120

. The selection of the appropriate instrument is 

therefore dependent on the initial purpose of the neurological investigator. When applied to 

the present thesis, the neurodevelopmental assessments should be sufficiently 

discriminative, even under non-pathological circumstances in order to study the influences 

of nutrition on neurological development in a healthy term population of infants. 

In general, the measurement of neurological development should be objective, which means 

that both reliability and the validity should be sufficient. Several issues emerge considering 

the measurement of neurological condition in developing children. Until now, no ‘crucial’ 

simple neurological test is available which can measure the overall integrity of the brain
119

, 

because the central nervous system is a complex system consisting of many intertwined 

subsystems. Only a few subsystems can be tested independently. In general, the 

significance and predictive values for observational neurodevelopmental assessments at 

early age are limited.  This is not only due to minor random or systematic errors in the 

measurements, but also due to inherent physiological variability of the observational 

phenomena and dynamical developmental changes of the central nervous system over time. 

Therefore, the neurological assessment must be well standardized, e.g. the test conditions, 

the behavioural state of the child, and the scoring procedure must be clearly described to 

prevent unwanted interrater variability. The inherent neurophysiologic variability in the 

observations that often occur under normal circumstances during development and the 

occurrence of dynamical developmental changes in time must be accepted when measuring 

the neurological development of children. Those sources of uncertainty partly explain the 

relative unpredictability of neurological development. It is important to realize that until 

now, the professional literature concerning neurodevelopmental testing has paid relatively 

little attention to the inherent neurophysiologic variability in the responses as opposed to 

the well-studied random variability due to measurement errors and the changes in the 

neurodevelopmental outcomes at various ages. The aforementioned inherent limitations in 

assessing neurological development must be kept in mind when one reviews the 

psychometric properties of neurodevelopmental assessments that will be discussed in 

section 1.4.2.  

The following considerations concerning the different approaches of assessing neurological 

development used in the present thesis are being discussed, namely; (1) the classical 
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approach, including the traditional neurological examination and the assessment of the 

onset of motor milestones and (2) the assessment of the quality of motor behaviour. The 

two approaches will be discussed below. 

 

1.4.1.2 Approach I. Classical approach of assessing neurological development  

The classical approaches to the assessment of neurological development are based on the 

ideas of the so-called neuronal-maturation theory developed in the mid-1900s. Important 

pioneers were Gesell and Amatruda who studied motor development of children. They 

believed that motor development could be regarded as the gradual unfolding of 

predetermined patterns in the central nervous system
121

. The maturation of brain regions 

were considered as the underlying mechanisms that caused the observed orderly onset of 

motor milestone achievements in developing children in a healthy general population. In 

addition, the maturation of cortical regions was considered responsible for the progressive 

inhibition of ‘primitive reflexes’ generated in the spinal cord and brain stem. Based on the 

premises that motor development was a fixed process that is determined by genetic 

processes in which environmental stimuli played a minor role, general developmental rules 

were formed, such as the cephalocaudal and central-to-distal sequences of development
122

. 

However, discoveries of critical or sensitive periods in neurodevelopment have indicated 

that at least a minimal amount of environmental stimuli was required for brain development 

of animals and humans. This convinced many investigators that environmental factors also 

played a role. For instance, during the 1960s, the Nobel Prize winners Hubel and Wiesel 

demonstrated the essential role of environmental visual stimulation in the formation of 

structure and function of the visual system
123,124

. These insights led to a general notion that 

a minimal amount of environmental input during a specific time window might be 

necessary for normal development of cortical regions. The acknowledgement that 

environmental input could improve motor development provided an important rationale for 

paediatric physiotherapists to develop intervention programs to facilitate motor behaviour 

of infants in an orderly prescribed way based on the developmental rules described by the 

neuronal-maturation theory. The developmental principles underlying the neuronal-

maturation theory also provided the basis for the classic paediatric neurological 

examination and various methods to assess motor behaviour of children that provide 

important information concerning the integrity of nervous system. The classical 

neurological examination of children is generally composed of the following neurological 

domains; mental status, cranial nerves, the motor system (motor behaviour, active power, 

tone, reflexes, coordination, involuntary movements), and the sensory system
125,126

. 

Abnormal findings during the neurological examination usually localize the specific area(s) 

of neurological dysfunction and may confirm the working diagnosis. Many aspects of the 

classical neurological examination of children differ from that of adults, because of the age-

specific expression of neuronal functions. The age-specific expressions in neuronal 

functions reflect the profound changes in the functional architecture of the developing brain 

that can be seen as the ongoing maturation of the brain. Therefore, interpretation of 

pathological neurological signs and symptoms must always be related to the developmental 

stage of the child. Neurological responses such as developmental reflexes or ‘primitive’ 

reflexes and postural reactions of infants are good examples of age-specific neurological 

expressions of the developing brain. The onset and achievement of motor, social and 

language developmental milestones are an integral part of the classical neurological 

examination of children
125,126

. Several instruments have been developed to assess 

developmental milestones, such as the Bayley Scales, Alberta Infant Motor Scale, Peabody 
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Developmental Motor Scales, Van Wiechen-assessment, and the Denver Developmental 

Screening Test
127-130

. All these instruments are norm-referenced measures to identify 

developmental delays. The instruments also are used as an evaluative tool used in research 

settings. 

To summarize, the classical approach of assessing neurological development in children is 

based on the principles of the neuronal-maturation theory that states that neurological 

development is mainly determined by gradual maturation of innate structures in the central 

nervous system.   

 

1.4.1.3 Approach II. Assessment of quality of motor development 

The assessment of the quality of motor repertoires of children is a promising approach to 

assess neurological development of children with or without significant neurological 

abnormalities. Especially the observation of variation in motor behaviour is a sensitive 

instrument to assess the integrity of the central nervous system
131

. Normal development is 

characterized by abundant variation manifesting itself in variable motor repertoires, the 

duration of developmental stages and in the sequence of the achievement of developmental 

milestones
131

. Variation in motor repertoires manifests itself for instance when a 4-months-

old child reaches for an interesting toy in many different ways. The absence of variability 

of motor repertoires and consequently the presence of stereotypic motor behaviour is 

associated with abnormalities in neurological development such as in cerebral palsy and 

minor neurological dysfunction
131,132

. Children with cerebral palsy, for example, show 

striking little variability in reaching and grasping during the development of those functions 

compared with typical developing children
133

. However, persistence of variability in 

reaching and grasping beyond the normal time window for the development of these 

functions might be observed in children with cerebral palsy. 

In order to explain the occurrence of variation in motor development, Sporns and Edelman 

proposed a theoretical framework called the Neuronal Group Selection Theory (NGST)
135

. 

The NGST is based on the following assumptions: (1) variable functional groups of 

neuronal networks are organized in the central nervous system by genetic and epigenetic 

mechanisms that are formed by evolution. (2) Neuronal groups, which show self-generated 

variable activity, compete with each other for survival (primary variability). (3) The most 

efficient functional neuronal groups are being selected on the basis of innate selection 

criteria. (4) Variable activation patterns emerge from neuronal groups that are being 

activated by afferent neuronal information caused by task-specific circumstances 

(secondary variability). (5) Neuronal groups, which generate the most efficient motor 

solution, will be selected from a pool of neuronal groups and will be used again in similar 

task situations in the future, so that the best available motor solution for each specific motor 

task will be learned. The previous assumptions are supported by computer simulations of a 

simple motor system that works according the principle of selecting the most efficient 

motor solution out of variable motor repertoires described by Sporns and Edelman
135

. Note 

that this type of evidence is not sufficient for accepting that the principles of this artificial 

computer model will also be present in the human brain. Therefore, more evidence from 

natural neuronal networks are needed to support the NGST theory. Fundamental research in 

the field of neurodevelopmental biology has revealed that variability in properties of the 

functional neuronal networks are formed by dynamic epigenetic regulation of cell division, 

adhesion, migration, death and neurite extension and retraction
131

. These processes 

potentially could be influenced by nutritional influences such as LCPUFA supplementation. 

As already been described earlier in this thesis, incorporation of LCPUFAs in neuronal 
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membranes influence the general biophysical properties of the nervous system, especially 

in areas involved in motor tasks
33,72

. In addition, LCPUFAs modulating the regulation of 

gene expression of many genes involved in developmental processes in the brain
36

.  It is 

known that during development, variable self-generated neuronal activity is present in the 

central nervous system
136

. Self-generated variable neuronal activity is caused by complex 

electrophysiological properties of ion-channels in neuronal tissues, which produces self-

generated activity in neuronal networks
137

. The development of the mammalian visual 

pathway is a good model for illustrating that self-generated neuronal activity is necessary 

for synaptic refinement during early development
136

. Self-generated activity in the neuronal 

networks involved in the formation of visual pathways during early development has been 

documented in different animal species
138-143

. Evidence is accumulating that synapse 

formation on the basis of spatiotemporally correlated activity induces precise network 

wiring by selective survival of synchronous activity of synapses
144

. The exact mechanisms 

governing the selection of the best functional circuits remain to be elucidated but the 

selection could be governed by fixed genetic programs or by rewarding centres in the brain 

during the phase of secondary variability. All these fascinating findings support the NGST.   

When the NGST theory is applied to observable motor phenomena of children, two phases 

of variability of motor activity can be observed; the primary and secondary phase of 

variability. The length of the primary phase and consequently the onset the secondary phase 

of motor variability may vary for each motor function. For instance, the primary variability 

phase of sucking motor behaviour is relatively shorter than that of reaching and grasping 

and as a result the onset of secondary variability in sucking behaviour is earlier than that of 

reaching and grasping behaviour. It is essential for survival that sucking behaviour, which 

is an important feeding motor skill, is fully functional after birth, whereas reaching and 

grasping behaviour is not necessary for survival immediately after birth. The primary phase 

of variability is characterized by means of self-generated neuronal activity, and 

consequently by self-generated afferent information which is not yet adapted to specific 

motor task situations as opposed to the secondary phase of variability which is adapted to 

specific motor tasks
131

. An illustrative example of primary variability in motor development 

is a specific class of spontaneous movements of the human foetus and young infant. This 

class of spontaneous movements is called general movements (GMs) which are 

characterized by endogenously generated motor patterns that occur without external stimuli. 

GMs consist of variable and complex movements occurring in all body parts
146-148

. The 

assessment of the quality of general movements can be used to measure neurological 

condition that will be discussed later on, especially when combined with other neurological 

tests
149-151

. After the phase of primary variability and selection of primary motor repertoires 

have occurred, motor variability manifests itself in another phase called secondary 

variability. During the phase of secondary variability, the child is increasingly able to select 

the most efficient motor pattern for a whole range of specific motor tasks. Ultimately, 

motor variability in goal directed behaviour is not prominent anymore, but can become 

manifest in learning new motor tasks
131,152

.  

The framework of the NGST is suitable to explain variability in normal motor behaviour of 

children in an age-specific manner. Knowledge regarding the developmental trajectory of 

the quality of variation in motor behaviour is available and could provide valuable 

additional knowledge, which can be used to distinguish normal from abnormal 

neurodevelopment in children. For a general overview of the developmental trajectories of 

the variability of motor functions, postural adjustment and language performance, see 

Touwen 1993 and Hadders-Algra 2000
131,132

. It should be kept in mind that the study of the 
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developmental course and expression of quality, including variability, of motor behaviour is 

still an ongoing field of research. Nevertheless, evidence is accumulating that there is an 

association between impaired quality of motor development and neurodevelopmental 

outcome. For instance, in a mixed group of infants with or without a high risk for 

neurodevelopmental problems, the observation of the variation, complexity and fluency of 

general movements (GMs) of infants until 3-4 months after term is a valuable instrument to 

assess the risk for the development of cerebral palsy or minor neurological 

dysfunction
149,150

. Furthermore, the assessment of the quality of neurodevelopment at later 

ages can be evaluated in a reliable and sensitive way by means of the methods described by 

Prechtl, Touwen, and Hempel examination
63,153,154

. A more detailed description of the 

neurological assessments used in the present thesis is presented in the next section. 
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1.4.2 Assessments of neurodevelopment in this thesis 
 

 
Neurological assessment at 3 months: quality of General Movements 

The evaluation of the quality of general movements (GMs) has been shown to be an 

promising technique for evaluating the quality of brain function in young infants
155-157

. 

GMs are complex movements that involve the head, trunk, arms, and legs which lack a 

distinctive sequencing of the body parts
157

. GMs arise during early foetal life and persist 

until 3–4 months after full term age. During prenatal and postnatal development the gestalt 

of GMs changes. Three distinct phases in the development of GMs can be described: (1) 

preterm GMs from about 28 to 36-38 weeks are characterized by extremely variable 

movements, including many pelvic and trunk movements; (2) writhing GMs from 36-38 to 

46-52 weeks are characterized by somewhat forceful (writhing) movements that are 

superimposed on the variable movement patterns; (3) fidgety GMs from 46-52 to 54-58 

weeks and can be described as a characteristic continuous flow of small and elegant 

movements occurring irregularly all over the body
157

. Normal GMs are characterized by 

fluency, variation, and complexity. These characteristics disappear when movements 

become abnormal. Movement fluency is the first property to disappear, which means that 

subtle dysfunctions of the nervous system already result in movements with a jerky or stiff 

appearance. Movement complexity and movement variation, which in fact can be 

considered as two forms of movement variation, are the major characteristics of GM 

quality. Four classes of GM quality can be distinguished: two forms of normal GMs 

(normal-optimal and normal-suboptimal) and two forms of abnormal GMs (mildly and 

definitely abnormal). The assessment of the quality of GMs consists of a standardized 15-

minutes video recording of spontaneous mobility in the supine position. The inter-rater 

agreement on GM quality, determined with several random samples of videos was good 

(Kappa = 0.81)
150

. The quality of GMs during the last phase (fidgety phase; 2-4 months 

after term) is the best period to predict neurological condition at later age, as has been 

demonstrated by various prospective longitudinal studies in a mixed group of infants who 

have either a high or a low risk for neurodevelopmental disorders. These studies have 

indicated that infants who show definitely abnormal GMs during the last stage of GM-

development (fidgety phase) have a high risk (70-95%) for the development of cerebral 

palsy
146,154,158,159

. One should be aware that the variable risks reported in the literature are 

possibly due to the slight differences in the criteria of definitely abnormal GMs used in the 

literature and the high a priori chance of the development of cerebral palsy and other 

developmental problems due to the mixed study population. Recent studies have 

demonstrated that infants with definitely abnormal GMs at fidgety age who do not develop 

cerebral palsy usually show other developmental problems, such as minor neurological 

dysfunction (MND) and behavioural problems
151

. Mildly abnormal GMs at 3 months of age 

are, to a limited extent, related to MND, attention problems and aggressive behaviour
149,150

. 

However, the positive predictive value is poor, because of the many false positive cases of 

children without neurological disturbances. The power to predict minor developmental 

problems improves considerably when combined with other neurological assessments such 

as neurological examination and the cranial ultrasound scan
151

. More longitudinal studies 

are needed in populations of low risk infants to assess the predictive value of the quality of 

GMs in infants without a high risk for developmental disorders. Future follow-up of the 
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healthy term infants in the cohort presented in this thesis give valuable insights into the 

significance of the quality of GMs in a representative low risk Dutch population. 

 

1.4.2.1 Neurological assessments at 18 months 

 
Bayley Scales of Infant Development 

The Bayley Scales of Infant Development (BSID-II) is a discriminative instrument that 

assesses the mental and psychomotor development of children aged 1 month to 3.5 years
160

. 

The Bayley Scales are also used widely for evaluation purposes in the context of 

research
82,161

. The mental developmental index (MDI) and the psychomotor developmental 

index (PDI) score are based on the number of tasks successfully completed. The MDI 

assesses memory, problem solving, discrimination, classification, language, and social 

skills. The PDI measures control of gross and fine muscle groups, including walking, 

running, jumping, grasping, and imitation of hand movements. The scores are converted 

into age-normalized scores that can be used to compare children with known reference 

norms derived from several populations. The normalized scores presented in this thesis are 

derived from the recently developed Dutch norms
160

. An important limitation of the BSID-

II motor scale is the inability to differentiate gross and fine motor development and the 

emphasis on cognitive motor performances rather than pure motor performance. As already 

discussed previously, the BSID-II is not designed to assess qualitative aspects of motor 

development. The inter-rater and test-retest reliability of the PDI and the MDI is good, 

although the reliability of the PDI is somewhat less than that of the MDI
162

.  The concurrent 

validity of the BSID-II is good when age equivalent scores are used, but not when 

standardized scores are used
163-165

. The predictive validity of the BSID-II is poor which 

partly could be attributed to the inherent variance of the central nervous system itself which 

is analogous to a high biological variance (see also section 1.4.1.1)
166

. However, Hack et al. 

did demonstrate that the combination of low Bayley scores and severe abnormalities on 

cranial ultrasound are reliable early markers of poor cognitive outcome
166,167

.   

 

Examination according to Hempel 

The Hempel assessment is a standardized assessment technique designed for the detection 

of minor signs of neurological dysfunction during toddler age (1.5-4 years)
154

. Hempel 

developed the examination in cooperation with professor Touwen during the early 1990s. 

The Hempel assessment does not only assess traditional signs of neurological dysfunction, 

such as mild abnormalities in muscle tone regulation and motor milestones, but also the 

quality of motor behaviour. Besides the ability to detect minor neurological dysfunctions, 

neurological abnormalities can also be detected. The examination regarding the quality of 

motor functions is based on criteria based items and age-normalized data. An integral part 

of the assessment is the observation of spontaneous motor behaviour in a free field play 

situation. This enables the investigator to observe the important qualitative aspects of 

spontaneous motor behaviour without compromising the cooperation of the child. The 

following motor functions are observed during the examination
154,168

:  

1 Prehension function, including mode of grasping, posture during grasping, 

hindering associated movements and quality of hand motility;  

2 Sitting behaviour, including the ability to sit up, sitting posture, trunk rotation 

and qualitative aspects;  
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3 Crawling behaviour, including symmetry of movements, posture of the head, 

coordination, variability in speed and fluency of movements;  

4 Standing behaviour, including variability in standing up, posture, distance 

between feet, balance, trunk rotation, fluency and reaction to push;  

5 Walking behaviour, including the ability to walk, fluency of trunk and leg 

movements, reciprocal arm swing, posture, gait width, balance, abduction of 

shoulders, spontaneous walking on tiptoe, variability in speed, 

manoeuvrability, ability to avoid objects; 

6 Head, i.e. evaluation of cranial nerve functions; 

7 Sensorimotor function by means of manipulation, including the assessment of 

muscle tone, muscle power, range of movements, intensity and threshold of 

deep tendon reflexes, and the extensor plantar response. 

 

There are 94 items in the assessment. The inter-rater reliability of 20 items considered 

difficult to score, vary between kappa’s of 0.62 and 1.00 (mean value 0.93)
154

. The findings 

of the Hempel assessment result in a clinical classification: presence or absence of cerebral 

palsy or minor neurological dysfunction (MND). The classification of definitely abnormal 

implies the presence of a distinct neurological syndrome, which leads to severe limitations 

in function and social participation, such as cerebral palsy. MND implies the presence of a 

functional impairment, which may be associated with some degree of disability. Examples 

are mild deviations in gross and fine motor function or mild abnormalities in muscle tone 

regulation or reflexes. Two optimality scores are calculated to quantify small neurological 

deviations in neurological condition. The two optimality scores are derived from 57 

representative items in terms of optimality. For each item, criteria for optimality are 

defined
169

. The neurological optimality score (NOS) is the sum of all optimality items being 

scored or omitted during the investigation. The fluency score consists of the sum of 13 

items of the NOS, dealing with the fluency of motor behaviour. Note that optimality is not 

equal to normality, since optimality has a more narrow range than normality. Up till now 

limited information is available regarding the concurrent and predictive validity of the 

Hempel assessment. The Hempel assessment has been used for the evaluation of the effect 

of prenatal exposure to polychlorinated biphenyls (PCBs), dioxins, and breastfeeding on 

neurodevelopment of healthy term infants
169-171

. These studies could demonstrate the subtle 

influences of PCB’s and breastfeeding on neurodevelopmental outcome by means of the 

Hempel assessment
169-171

.  

 

1.4.2.1 Concluding remarks 
To summarize, in this thesis both functional and qualitative instruments were used to assess 

neurological development in order to evaluate the effects of pre- and postnatal nutrition on 

neurodevelopmental outcome at 3 and 18 months. The strength of the evaluation of the 

quality of motor behaviour is the ability to assess minor neurological deviations. This 

qualitative approach is employed for evaluating the subtle influences of pre- and postnatal 

nutrition on neurodevelopmental outcome of healthy term infants.  
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1.5 Specific questions addressed in the thesis  

 
This thesis has been divided into two main parts. The first part reports the results of the 

double blind randomized trial regarding the effect of LCPUFA-supplemented formula 

feeding on neurodevelopmental outcome of healthy term infants at 3 and 18 months. See 

for a general outline of the LCP-project see figure 5, page 50. The following research 

questions will be evaluated: 

• Is postnatal LCPUFA supplementation for two months beneficial for 

neurodevelopment as derived from the quality of general movements at the age of 

3 months?  

• Has the duration of breastfeeding a beneficial effect on the quality of general 

movements at the age of 3 months? 

• Is LCPUFA supplementation for two months beneficial for neurodevelopmental 

outcome at 18 months of age as derived from the Hempel neurological 

examination and the Bayley Scales? 

 

The second part will focus on the relationship between neonatal fatty acid status and 

neurodevelopmental outcome at 3 and 18 months. The following specific research 

questions will be addressed: 

• Are there differences in prenatal fatty acid status between infants exhibiting 

normal and mildly abnormal general movements at 3 months? 

• Is there an association between prenatal fatty acid (especially LCPUFAs and trans 

fatty acid) status on the one hand and the neurological optimality score and the 

Bayley scales at 18 months of age on the other hand?  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
5
0
 

        474 healthy term infants enrolled at birth*

Randomization

n=314

Breast feeding 

group

n=160

LCPUFA formula 

for 2 months‡

n=145

Control formula 

for 6 months

n=169

Fatty acid samples of 

umbilical wall

Subpopulation n=311

Neurological examination§

Anthropometric measurements till 
the age of 18 months

Assessment of general 

movements

Subpopulation n=397

Bayley Scales of Infant 
Development

Neurological examination 

according to Hempel

At birth

Postnatal 

day 10-14

3 months

18 months

n=131 n=119 n=147

n=157 n=135 n=154

n=104 n=100 n=107

n=157 n=133 n=154

Figure 5. Study design of the LCP-project. *Two of the 474 infants met the exclusion criteria and were excluded from analyses. ‡After 2 months the infants received control 

formula till the age of 6 months. §The relationships between umbilical fatty acid content and the neurological examination at postnatal day 10-14 are published elsewhere by Dijck-

Brouwer et al. 2005.
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