
 

TECHNISCHE UNIVERSITÄT MÜNCHEN 

Lehrstuhl für Ernährungsmedizin 

 

 

 

 

The effect of lowering the ω-6/ω-3 long-chain polyunsaturated fatty acid 

ratio in the diet of pregnant and lactating women on fatty acid levels and 

body composition of the women and their newborns 

 

Christiane Vollhardt 

 

 

 

Vollständiger Abdruck der von der Fakultät Wissenschaftszentrum Weihenstephan 

für Ernährung, Landnutzung und Umwelt der Technischen Universität München 

zur Erlangung des akademischen Grades eines 

Doktors der Naturwissenschaften 

genehmigten Dissertation. 

 

Vorsitzender:    Univ.-Prof. Dr. M. Klingenspor 

Prüfer der Dissertation: 

1. Univ.-Prof. Dr. J. J. Hauner 

2. Univ.-Prof. Dr. K.-Th. M. Schneider 

 

 

Die Dissertation wurde am 19.01.2010 bei der Technischen Universität München 

eingereicht und durch die Fakultät Wissenschaftszentrum Weihenstephan für 

Ernährung, Landnutzung und Umwelt am 14.05.2010 angenommen. 



 



 



 



Table of contents  I 

Table of contents 

Table of contents .................................. ....................................................................... I 

Figures............................................ .............................................................................V 

Tables ............................................. .............................................................................V 

Abbreviations...................................... ......................................................................VII 

1 Introduction....................................... ............................................................... 1 

2 Survey of existing literature...................... ...................................................... 3 

2.1 Long-chain polyunsaturated fatty acid physiology .............................................. 3 

2.2 Fatty acids as biomarkers of fatty acid intake..................................................... 6 

2.3 Adipose tissue ................................................................................................... 6 
2.3.1 Human adipose tissue development .................................................................. 7 
2.3.2 The role of LC-PUFAs in adipocyte differentiation.............................................. 9 

2.4 Transport of lipids across the placenta............................................................. 12 

2.5 Fetal and infant lipid accretion.......................................................................... 16 

2.6 Metabolism in pregnancy and lactation ............................................................ 17 
2.6.1 Anthropometry ................................................................................................. 17 
2.6.2 Lipid metabolism.............................................................................................. 18 

2.7 Programming - impact on birth weight and body composition........................... 20 

2.8 Birth weight - association with later body composition and obesity................... 23 

2.9 Lipids in human milk ........................................................................................ 25 

2.10 n-3 LC-PUFA supplementation in pregnancy and lactation .............................. 27 

3 Aim of the thesis .................................. .......................................................... 32 

4 Materials and Methods .............................. .................................................... 33 

4.1 Study design .................................................................................................... 33 

4.2 Recruitment ..................................................................................................... 38 

4.3 Supplementation.............................................................................................. 38 

4.4 Dietary intervention .......................................................................................... 39 

4.5 Dietary intake................................................................................................... 40 

4.6 Maternal anthropometric measurements.......................................................... 40 
4.6.1 Growth parameters and skinfold thickness....................................................... 40 
4.6.2 Body fat and lean body mass........................................................................... 41 

4.7 Anthropometric measurements of infants......................................................... 43 
4.7.1 Growth parameters .......................................................................................... 43 



Table of contents  II 

4.7.2 Skinfold and circumference measurements...................................................... 43 
4.7.3 Assessment of subcutaneous and preperitoneal fat by ultrasound................... 44 
4.7.4 Assessment of adipose tissue volume by MRI ................................................. 45 

4.8 Maternal blood count ....................................................................................... 46 

4.9 Blood and milk fatty acid pattern analysis ........................................................ 46 
4.9.1 Plasma Phospholipids...................................................................................... 46 
4.9.2 Red blood cells ................................................................................................ 48 
4.9.3 Breast milk ....................................................................................................... 48 

4.10 Placental tissue preparation............................................................................. 49 

4.11 Sample size calculation and statistical analysis ............................................... 49 

4.12 Data management and legal requirements....................................................... 51 

5 Results............................................ ................................................................ 52 

5.1 Trial profile and sample size ............................................................................ 52 

5.2 Baseline characteristics of the participants....................................................... 53 

5.3 Compliance, maternal dietary intake and the effect of dietary intervention ....... 56 

5.4 Maternal anthropometry ................................................................................... 58 

5.5 Maternal biochemical parameters .................................................................... 59 
5.5.1 Maternal blood count ....................................................................................... 61 
5.5.2 Blood lipids ...................................................................................................... 62 
5.5.3 Blood glucose and coagulation ........................................................................ 63 

5.6 Fatty acid pattern in maternal plasma PL and red blood cells .......................... 64 
5.6.1 Plasma PLs...................................................................................................... 64 
5.6.2 Red blood cells ................................................................................................ 70 
5.6.3 Relation of PL and RBC fatty acids in maternal blood samples........................ 75 
5.6.4 Relation of PL and RBC fatty acids and blood lipids......................................... 75 

5.7 Fatty acid pattern in cord blood plasma PL and red blood cells........................ 76 
5.7.1 Plasma PL ....................................................................................................... 76 
5.7.2 Red blood cells ................................................................................................ 77 
5.7.3 Relation of maternal and cord blood fatty acid pattern ..................................... 78 

5.8 Fatty acid pattern in infant red blood cells 16 weeks pp ................................... 79 

5.9 Fatty acid pattern in breast milk ....................................................................... 80 
5.9.1 Relation of maternal PL and RBC fatty acid and BM fatty acid pattern ............. 81 

5.10 Birth outcomes................................................................................................. 82 
5.10.1 Mother ............................................................................................................. 82 
5.10.2 Infant................................................................................................................ 85 

5.11 Infant anthropometry and body fat during the first week pp .............................. 89 
5.11.1 Association of cord blood fatty acids and infant anthropometry ........................ 91 
5.11.2 Association of maternal PL and RBC fatty acids and infant anthropometry ...... 92 
5.11.3 Association of maternal and infant anthropometry............................................ 92 



Table of contents  III 

6 Discussion......................................... ............................................................. 93 

6.1 Baseline characteristics and compliance.......................................................... 93 

6.2 Dietary intake................................................................................................... 93 

6.3 Maternal anthropometry ................................................................................... 95 
6.3.1 Skinfold Thickness and body composition........................................................ 95 
6.3.2 Gain in total body weight.................................................................................. 96 
6.3.3 Gain in fat mass............................................................................................... 97 
6.3.4 General remarks .............................................................................................. 97 

6.4 Maternal biochemical parameters and blood lipids........................................... 97 

6.5 Fatty acid pattern of maternal plasma PL and red blood cells .......................... 99 

6.6 Breast milk ..................................................................................................... 103 
6.6.1 Fatty acid pattern ........................................................................................... 103 
6.6.2 Implications for the breast-fed infant .............................................................. 104 

6.7 Fatty acid pattern of cord blood...................................................................... 106 

6.8 Maternal and infant birth outcomes and infant body fat .................................. 109 
6.8.1 Maternal GWG and anthropometry ................................................................ 109 
6.8.2 Maternal GWG and implications for the infant ................................................ 115 
6.8.3 Length of gestation ........................................................................................ 116 
6.8.4 Placental retention ......................................................................................... 117 
6.8.5 Birth weight .................................................................................................... 118 
6.8.6 Infant anthropometry...................................................................................... 119 

7 Conclusion and perspectives ........................ ............................................. 122 

8 Summary ............................................ .......................................................... 124 

Danksagung ......................................... ................................................................... 126 

Appendix A: Analytical methods: .................... ...................................................... 128 

A.1 Lipid extraction modified according to Bligh & Dyer ............................................ 128 

A.2 Separation of lipid classes with HPLC ................................................................ 129 

A.3 Derivatisation according to Lepage & Roy .......................................................... 130 

A.4 Capillary gas chromatography of methylated fatty acids ..................................... 130 

A.5 Capillary gas chromatography conditions ........................................................... 131 

A.6 Placenta preparation .......................................................................................... 132 

Appendix B: Documents used in the study ............ .............................................. 133 

B.1 Flow chart........................................................................................................... 133 

B.2 Flyer für Schwangere ......................................................................................... 134 

B.3 Teilnehmerinformation........................................................................................ 135 

B.4 Einverständniserklärung ..................................................................................... 138 

B.5 Anleitung 7-Tage Schätzprotokoll ....................................................................... 139 



Table of contents  IV 

B.6 Beispiel für einen Tagesplan .............................................................................. 140 

B.7 Merkblatt Ernährungsempfehlungen - arachidonsäurearm ................................. 141 

B.8 Einverständniserklärung Muttermilchentnahme .................................................. 144 

B.9 Supplement Marinol D-40 ................................................................................... 145 

B.10 Ausschnitt CRF................................................................................................. 146 

B.11 Perzentilkurve Geburt Größe & Gewicht ........................................................... 147 

Appendix C: Tables ................................. ............................................................... 148 

C.1 Dietary intake ..................................................................................................... 148 

C.2 Maternal anthropometry ..................................................................................... 149 

C.3 Infant red blood cell fatty acid profile .................................................................. 150 

C.4 Spearman-Rho correlations between maternal PL and RBC fatty acids ............. 151 

C.5 Spearman-Rho correlations between maternal PL FAs and blood lipids............. 151 

C.6 Spearman-Rho correlations between maternal (32nd wk) and cord blood PL and 
RBC fatty acids .............................................................................................. 152 

C.7 Spearman-Rho correlations between maternal PL + RBC FAs and BM FAs ...... 153 

C.8 Spearman-Rho correlations between infant SFT and body fat at S1................... 154 

C.9 Linear Regression analysis tables ...................................................................... 155 

C.10 Comparison of maternal and cord blood fatty acids .......................................... 156 

Appendix D: Figures................................ ............................................................... 157 

D.1 Dietary intake ..................................................................................................... 157 

D.2 Maternal anthropometry ..................................................................................... 158 

D.3 Maternal biochemical parameters and blood lipids ............................................. 160 

D.4 Maternal plasma PL fatty acid profile.................................................................. 162 

D.5 Maternal red blood cell fatty acid profile ............................................................. 165 

D.6 Cord blood plasma fatty acid profile ................................................................... 168 

D.7 Infant red blood cell fatty acid profile .................................................................. 171 

D.8 Breast milk fatty acid profile................................................................................ 174 

D.9 Birth outcomes ................................................................................................... 177 

D.10 Infant anthropometry ........................................................................................ 179 

References ......................................... ..................................................................... 183 

Curriculum Vitae ................................... .................................................................. 212 



Figures  V 

Figures 
Figure 1 Fatty acid desaturation / elongation (A ILHAUD 2006).................................. 4 
Figure 2 Pathways and LC-PUFAs implicated in adipog enesis (A ILHAUD 2006) ... 10 
Figure 3 Placenta, longitudinal cut, schematic (T HEWS ET AL . 1999)...................... 13 
Figure 4  Placental fatty acid uptake and metabolism (C AMPBELL ET AL . 1998) ...... 15 
Figure 5 Characteristics of the trials (S ZAJEWSKA ET AL . 2006) .............................. 29 
Figure 6 Study design .............................................................................................. 34 
Figure 7 Density of maternal lean body mass (R AAIJ ET AL 1988) .......................... 42 
Figure 8 Equations for the assessment of infant fat  mass .................................... 44 
Figure 9 Assessment of infant fat mass by ultrasoun d (left) and MRI (right) ....... 45 
Figure 10 Trial profile ............................................................................................... 53 
Figure 11 Maternal triacylglyceride concentration ................................................. 62 
Figure 12 Maternal plasma AA content ................................................................... 67 
Figure 13 Maternal plasma AA/DHA ratio ................................................................ 69 
Figure 14 Maternal RBC DHA content ..................................................................... 73 
Figure 15 Maternal RBC ratio of AA/DHA ................................................................ 74 
Figure 16 Cord blood plasma PL ratio of AA/DHA .................................................. 77 
Figure 17 Association of maternal PL and cord blood  PL DHA content (n = 37) . 79 
Figure 18 Association of maternal PL and breast mil k DHA content (n = 30) ....... 82 
Figure 19 Birth weight (n = 46) ................................................................................. 87 
Figure 20 Ponderal Index (n = 46) ............................................................................ 87 
Figure 21 Change of plasma PL fatty acids in % from  baseline to 32 nd wk 

gestation ...................................................................................................... 100 

 

Tables 
Table 1 Maternal baseline characteristics 1 ............................................................ 54 
Table 2  Maternal baseline characteristics 2 ........................................................... 55 
Table 3 Adverse events ............................................................................................ 56 
Table 4 Dietary intake ............................................................................................... 57 
Table 5 Maternal anthropometry .............................................................................. 58 
Table 6 Maternal biochemical parameters .............................................................. 60 
Table 7 Maternal plasma PL fatty acid profile ......................................................... 65 
Table 8 Maternal RBC fatty acid profile ................................................................... 71 
Table 9 Cord blood plasma PL fatty acid profile .................................................... 76 
Table 10 Breast milk fatty acid profile ..................................................................... 80 
Table 11 Maternal birth outcomes ........................................................................... 83 
Table 12 Birth outcomes .......................................................................................... 84 



Tables  VI 

Table 13 Birth complications ................................................................................... 85 
Table 14 Infant birth outcomes ................................................................................ 86 
Table 15 Birth weight percentiles ............................................................................ 88 
Table 16 Breast feeding duration ............................................................................. 89 
Table 17 Skinfold Thickness at S1 ........................................................................... 90 
Table 18 Estimation of infant fat mass .................................................................... 91 
Table 19 Comparison of dietary intake during pregna ncy ..................................... 94 
Table 20 Recommended GWG (IOM, 2009) ........................................................... 110 

 



Abbreviations  VII 

Abbreviations 
AA Arachidonic acid (C20:4n-6) 

ALA α-linolenic acid (C18:3n-3) 

Apgar score  Score to assess the condition of a newborn after birth (1-10)  

AT Adipose tissue 

BF Body fat 

BM Breast milk 

BMI Body mass index 

BW Birth weight 

cAMP Cyclic adenosine monophosphate 

CG Control group 

CNS Central nervous system 

DHA Docosahexaenoic acid (C22:6n-3) 

DHyLA Dihomo gamma linolenic acid (C20:3n-6) 

DPA Docosapentaenoic acid (C22:5n-3) 

EDTA Ethylene diamine tetraacetic acid 

EFA Essential fatty acids 

EPA Eicosapentaenoic acid (C20:5n-3) 

FA Fatty acid 

FABP Fatty acid binding protein 

FAME  Fatty acid methyl esters 

FAT Fatty acid translocase 

FATP Fatty acid transport protein 

FFA Free fatty acids 

FFM Fat free mass 

FM Fat mass 

GLC Gas liquid chromatography 

GWG Gestational weight gain 

HDL High density lipoprotein 

IG Intervention group 

IGF-1 Insulin-like growth factor 1 

INR International normalized ratio 

IOM Insitute of Medicine (USA) 



Abbreviations  VIII 

LA Linoleic acid (C18:2n-6) 

LCP Long-chain polyunsaturated fatty acid 

LC-PUFA Long-chain polyunsaturated fatty acid 

LDL Low density lipoprotein  

MCH Mean corpuscular haemoglobin 

MCHC Mean corpuscular/cellular hemoglobin concentration 

MCV Mean corpuscular volume 

MUFA Monounsaturated fatty acid 

MRI Magnetic resonance imaging 

ns Non-significant 

PC Prostacyclin = PGI2 

p-FABPpm Placental plasma membrane fatty acid binding protein 

PGI2 Prostacyclin = PC 

pL Pico Liter 

PL Phospholipid 

pp Post partum 

PPAR Peroxisome proliferator-activated receptor 

PTT Partial thromboplastin time 

PUFA Polyunsaturated fatty acid 

RBC Red blood cells 

RCT Randomized controlled trial 

RDW Red blood cell distribution width 

SD Standard deviation 

SFA Saturated fatty acid 

SFT Skinfold thickness 

TFA Trans fatty acid 

TAG Triacylglycerid 

VLDL Very low densitiy lipoprotein 

WMD Weighted mean difference 

wk Week 

 



1 Introduction  1 

1 Introduction 

Childhood obesity continues to be a serious public health problem. Children who are 

overweight are at risk of health conditions that include dyslipidemia, hypertension, 

and type 2 diabetes. Childhood obesity is also a risk factor for adult obesity and its 

associated diseases. In a recent survey of German children and adolescents, it was 

shown, that of children between the ages of 3 and 17, 15 % are overweight and 6.3 

% suffer from obesity. The prevalence of obesity in Germany is 2.9 % for 3-6-year-

olds, 6.4 % for 7-10-year-olds and 8.5 % for children aged 14-17, respectively (KURTH 

AND SCHAFFRATH ROSARIO 2007). The development of overweight and obesity seems 

to be the result of complex interactions between environmental, genetic, and 

psychological variables that occur throughout the life span of an individual. The 

earliest influences may already occur within the intrauterine development and the 

early postnatal period (LUCAS 1991). The notion that health and disease may be 

programmed in early life has been demonstrated in research examining intrauterine 

exposures such as maternal smoking and gestational diabetes and their influence on 

growth (GILLMAN ET AL. 2003). Recent evidence from animal and human studies favor 

the possibility that changes in the balance of essential polyunsaturated fatty acids 

can influence the early stages of adipose tissue development, particularly during fetal 

life and infancy, periods showing a high adaptability and vulnerability to external 

influences. In cultured cells and rodent models, eicosanoids derived from arachidonic 

acid, a long-chain polyunsaturated fatty acid of the omega-6-family, appear to modify 

adipogenesis, thereby providing a molecular link between fatty acid uptake and fat 

cell development. These fatty acids stimulate the differentiation of preadipocytes into 

mature adipocytes and play a crucial role in the hyperplastic growth of adipose 

tissue. Eicosanoids derived from eicosapentaenoic and docosapentaenoic acid, two 

long-chain polyunsaturated fatty acids of the omega-3-family, in contrast, have the 

opposite effect on adipogenesis, both inhibiting fat cell differentiation and 

development (GAILLARD ET AL. 1989; AMRI ET AL. 1994; GREGOIRE ET AL. 1998). This led 

to the hypothesis that the composition of fatty acids and in particular the ratio of 

omega-6- to omega-3-long-chain polyunsaturated fatty acids in the maternal diet 

during pregnancy and lactation may play a role in early adipogenesis and affect 

adipose tissue development (AILHAUD AND GUESNET 2004). The purpose of the 
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present study was to examine if a diet with a low ratio of omega-6- to omega-3-long-

chain, polyunsaturated fatty acids during pregnancy and lactation will lead to a less 

expansive development of adipose tissue in the infants. Supplementation of pregnant 

women with long-chain omega-3-fatty acids together with a reduction of arachidonic 

acid intake may thereby represent a novel strategy for the primary prevention of 

childhood obesity. 

By understanding the early determinants of obesity, it may be possible to influence 

the course of excessive weight gain and help curtail the obesity epidemic. 
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2 Survey of existing literature 

2.1 Long-chain polyunsaturated fatty acid physiolog y 

The human organism is able to synthesize fatty acids from dietary precursors (acetyl-

CoA-molecules) by endogenous biosynthesis and to introduce double bonds to the 

molecules. However, humans lack the enzyme system for introducing double bonds 

between the methyl terminus and carbon atom (C) number nine. Long-chain 

polyunsaturated fatty acids (LC-PUFAs) with double bonds after the ninth C-atom 

have to be provided by the diet and are therefore called essential fatty acids. There 

are two essential fatty acids (EFA) for humans, called linoleic acid (LA; C18:2 n-6) 

and alpha-linolenic acid (ALA; C18:3 n-3). The distinction between n-6 and n-3 is 

based on the location of the first double bond counting from the methyl terminal 

carbon atom of the fatty acid (FA) molecule. Through alternate elongation and 

desaturation steps in the endoplasmatic reticulum (and for DHA: following partial ß-

oxidation in the peroxisomes) both LA and ALA are converted into their respective 

long-chain, more unsaturated metabolites which are - depending on their respective 

precursor - classified in one of the two families of FAs. Once consumed in the diet, 

LA can be converted via gamma-linolenic acid (C18:3 n-6), dihomo-gamma-linolenic 

acid (DHyLA; C20:3 n-6), arachidonic acid (AA; C20:4 n-6), and adrenic acid (C22:4 

n-6) into osbond acid (C22:5 n-6) by the pathway outlined in figure 1. Using the same 

enzymes, the n-3 FA ALA can be converted via stearidonic acid (C18:4 n-3), 

eicosatetraenoic acid (C20:4 n-3), eicosapentaenoic acid (EPA; C20:5 n-3) and 

docosapentaenoic acid (DPA; C22:5 n-3) into docosahexaenoic acid (DHA; C22:6 n-

3) (Fig. 1). Also, because mammalian tissues do not contain the ∆15-desaturase they 

cannot interconvert n-6 and n-3 FAs. EFA, can in part, be replaced in the diet through 

supply of their long-chain homologues. 

Both families compete for the same enzymes whereas the enzymatic affinity to the 

FAs decreases in the order of n-3, n-6, and n-9. Even trans-FA (TFA) compete for the 

same binding sites of the enzymes and may thus increase the requirement of EFA or 

handicap the conversion of EFAs into their long-chain homologues (COOK AND EMKEN 

1990; KOLETZKO AND DECSI 1997; STEINHART 1997). The conversion rate of the EFAs 

to their longer chain metabolites depends, among other factors, on the FA 

composition of the diet and accounts for a maximum of 10 % in the human organism 
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(GERSTER 1998). Previous studies have shown conversion of ALA to EPA of 6 – 21 % 

or lower values (0.1 – 0.2 %). Conversion of ALA to DHA is even lower and ranges 

from 4 – 9 % to almost 0 % (EMKEN ET AL. 1994; PAWLOSKY ET AL. 2001; BURDGE ET AL. 

2002; BURDGE AND WOOTTON 2002; PAWLOSKY ET AL. 2003; HUSSEIN ET AL. 2005). 

Hence, particularly in pregnancy and lactation, a sufficient dietary intake of preformed 

n-3 LC-PUFAs is essential. 

 

Figure 1 Fatty acid desaturation / elongation (A ILHAUD 2006) 

A ratio of LA/ALA of 5:1 or a daily intake of 2.5 % LA and 0.5 % ALA of total energy 

intake, respectively corresponds to the dietary reference intake recommendations of 

the German society of nutrition. Although EFA deficiency in Germany is rare, it does 

occur. n-6 FA deficiency augments the concentration of mead acid (C20:3 n-9) in 

plasma and tissue as oleic acid uses the enzymes of the n-6 biosynthesis pathway – 

otherwise hardly ever found long-chain n-9 homologues are formed. With n-3 

deficiency the organism starts biosynthesis of the n-6 homologues similar to the n-3 

FA; therefore, the concentration of osbond acid (C22:5 n-6) in plasma and tissue 

increases (DACH 2000). 

LA and ALA are found in all plant fats and oils whereas AA and DHA are only found 

in animal derived products, specifically, DHA is mainly found in fatty sea fish like 
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herring, mackerel or sardine. A typical western diet contains approximately 100 – 200 

mg EPA + DHA and ~ 130 – 150 mg AA per day (KRIS-ETHERTON ET AL. 2000; MEYER 

ET AL. 2003). In Germany, the mean dietary DHA intake is 140 mg/d for women, with 

much lower intakes (~ 85 mg/d) observed among young women (BAUCH ET AL. 2006). 

The mean ratio of n-6/n-3 PUFAs in the German diet is 7:1 as reported in the 

“ERNÄHRUNGSBERICHT 2004” and the “NATIONALE VERZEHRSTUDIE 2008” (DGE 2004; 

MAX-RUBNER-INSTITUT 2008). 

FAs are an important source of energy for the human organism, are irreplaceable 

structural components of all cell membranes and AA, EPA and DHyLA are all 

precursors of short-lived, highly potent, regulatory hormones collectively named 

eicosanoids. They are of great importance for growth, development, and cell 

differentiation and influence numerous metabolic functions like cardiovascular and 

immune functions, insulin action, neuronal development and visual function. They are 

also involved in the regulation of plasma lipid levels and the regulation of gene 

expression (JUMP 2002). 

The FA composition of the cell membrane influences its physio-chemical properties 

and has an impact on receptor function, ion transport and signal transduction 

(STORLIEN ET AL. 1998). Over 5000 scientific papers and studies dealing with possible 

functions in, and the impact of, LC-PUFAs on human metabolism were published in 

the past 2 decades (ARBEITSKREIS-OMEGA-3 2002).  

DHA and AA are of particular interest because they are important structural 

components in the highly specialized membrane lipids of the human central nervous 

system (CNS) and therefore highly important for visual function and neurological 

development of infants. They occupy a central place in the structure of fluid, 

excitable, metabolically active membranes such as photoreceptor outer segments in 

the human retina and synaptic membranes. DHA accounts for about 50 % of total 

fatty acids in the structural phospholipids of photoreceptor outer segment disk 

membranes, a concentration higher than in any other tissue. High concentrations of 

DHA in the phospholipids of the brains grey matter (in particular in the synaptic 

membranes) are primarily found in phosphatidylethanolamin and phosphatidylserin 

and high concentrations of AA are found in phosphatidylinositol. Their importance is 

demonstrated by the fact that a depletion of DHA in the brains of monkeys during 

fetal and early postnatal development results in permanent deficits of visual function 
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despite later biochemical repletion of brain and retinal DHA (FLIESLER AND ANDERSON 

1983; SASTRY 1985; NEURINGER AND CONNOR 1986). 

Large amounts of AA and DHA are needed for the synthesis of structural lipids for the 

CNS, muscle and other organs during fetal and postnatal development. Thus, an 

adequate, sufficient pre- and postnatal supply of EFA and LC-PUFAs is essential for 

fetal and postnatal growth, eye and CNS function and development, and later 

learning and behavior of the newborns and infants (UAUY ET AL. 1996; HORNSTRA 

2000). 

2.2 Fatty acids as biomarkers of fatty acid intake 

The FAs in chylomicrons reflect the FA intake until some hours after food intake. FAs 

in TAGs reflect the food intake over the last few hours, FAs in PLs and CEs reflect 

food intake over the last few days (KOHLMEIER 1995). Plasma lipid profile is, 

according to DOUGHERTY ET AL. (1987), KATAN ET AL. (1997) and MANSOUR ET AL. 

(2001) a sensible indicator for changes in dietary LC-PUFA intake. Red blood cell 

(RBC) lipids are suitable biomarkers for long-term dietary fat intake; they have a 

lifespan of ~ 120 days and thereby reflect dietary lipid intake over the last 3 – 4 

months (THEWS ET AL. 1999; ARAB 2003). 

Adipose tissue (AT) is considered the ideal biomarker of long-term dietary fat intake 

although changes of the lipid intake only become noticeable after quite some time 

(ARAB 2003, KATAN 1997). 

Quantifying the dietary intake of saturated FAs (SFA) and monounsaturated FAs 

(MUFA) on the basis of blood levels is quite difficult because these FAs are 

synthesized on a large scale by the human body itself and influence the results. Even 

the EFA content in blood lipids does not exactly reflect dietary EFA intake because of 

numerous complex metabolic processes like desaturation, elongation, acetylation 

and transport between body compartments in the human body (MA ET AL. 1995).  

2.3 Adipose tissue 
In recent years it became more and more clear that adipose tissue represents not 

only a passive tissue which merely responds to nutritional challenges, but that it is 

rather an organ actively involved in energy homeostasis and regulation of important 

metabolic functions. Furthermore, it was recognized that AT is not a homogeneous 

tissue: different anatomical depots display different metabolic properties and are 
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subject to different endocrine and neural regulation. One distinguishes between 

subcutaneous, visceral, retrorbital, and mammary white adipose tissue which serves 

as an energy reservoir, thermal and mechanical insulation, and endocrine organ, 

brown adipose tissue mainly responsible for thermogenesis and bone marrow fat 

which also acts amongst others as an energy reservoir. Normal ranges of relative 

body fat mass are 12 – 20 % and 20 – 30 % in normal weight men and women, 

respectively, with the larger portion present in subcutaneous depots. Depending on 

the anatomical location, adipose depots display considerable differences in metabolic 

activity which means that not fat mass alone but also body fat distribution can have 

profound effects on metabolic complications associated with obesity (KLAUSS 2001).  

Adipocytes represent roughly one half of the total number of cells in adipose tissue. 

The remaining stromal-vascular fraction consists of blood and endothelial cells, 

macrophages, pericytes, fibroblasts and AT precursor cells like adipoblasts and 

preadipocytes. Methods for determining adipocyte number and size are unfortunately 

not very accurate and only count cells with lipid vacuoles, i.e. preadipocytes which do 

not yet contain lipids are not counted. Preadipocytes are still able – in contrast to 

mature adipocytes - to divide, and therefore represent an important factor of adipose 

tissue development hard to evaluate (SPALDING ET AL. 2008). 

2.3.1 Human adipose tissue development 

Humans differ from most mammals by depositing significant quantities of body fat in 

utero. The human newborn has a body fat content of about 15 %, mainly in 

subcutaneous regions (WIDDOWSON 1950). Although humans are already born 

relatively plump, they still increase body fat in early infancy reaching an adiposity 

peak of approximately 25 % at 6 – 9 month of age which afterwards declines to 

leaner childhood values at 5 – 6 years of age of about 13 % and 16 % fat for boys 

and girls, respectively. About 40 – 65 % of body weight gain during the first 6 months 

is accounted for by body fat deposition (FOMON ET AL. 1982; MCLAREN 1987). This 

involves hyperplasia (formation of new adipocytes from precursor cells) and 

hypertrophy (increase in adipocyte size) of adipocytes.  

First adipocytes in the human fetus can be found between week 14 and 16 of 

gestation whereas fat cell numbers vary from one body site to another and some fat 

deposits appear to grow primarily through hypertrophy while others grow mainly by 

hyperplasia (POISSONNET ET AL. 1983; BURDI ET AL. 1985). More than 90 % of the fetal 
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fat deposition occurs in the last 10 weeks of pregnancy and reaches 7 g/d at term 

(HAGGARTY 2002). Both, adipocyte number and adipocyte size are determinants of 

body fat mass (SPALDING ET AL. 2008). The relative contribution of hyperplasia or 

hypertrophy to adipose tissue development is very controversial. On the one hand it 

is reported that the number of adipocytes increases during the first 2 years of life 

(KNITTLE ET AL. 1977; BAUM ET AL. 1986; HAUNER 1989; PRINS AND O'RAHILLY 1997) 

while other authors observed a cell enlargement during the first year (HAGER ET AL. 

1977; BOULTON ET AL. 1978), followed by cell multiplication up to the age of 8 years.  

Studies based on animal experiments in rats let to the “adipocyte-number hypothesis” 

which postulates that the number of adipocytes is fixed in early life and predestines 

an individual to be lean or obese depending on changes in the number of adipocytes 

(ROCHE 1981). Even if this theory was highly controversial some recent studies on 

the correlation of weight gain in the first weeks and months of life and the prevalence 

of overweight in later life seem to point in the same direction (STETTLER ET AL. 2002; 

DEHEEGER AND ROLLAND-CACHERA 2004; STETTLER ET AL. 2005; MACE ET AL. 2006). 

Compared to normal weight patients, the number of adipocytes and to a lesser extent 

the size of the adipocytes of obese patients were reported to be higher and 

depended on the age of obesity onset. Thus, the difference in adipocyte number 

between lean and obese subjects is established during childhood (KNITTLE ET AL. 

1979) and the total number of adipocytes for different weight categories stays 

constant during adulthood (SPALDING ET AL. 2008). The ability of clones of precursor 

cells to differentiate and proliferate in rats and humans is highest very early in life 

(DJIAN ET AL. 1983; HAUNER 1989; KIRKLAND ET AL. 1990). Taken together this indicates 

that early life may be a very sensitive period of AT development although the 

proliferation of precursor cells is undetectable at that time. Precursor cells are found 

to remain present lifelong in AT and the ability of proliferation and differentiation 

decreases with age but does not cease (KIRKLAND ET AL. 1990; AILHAUD 2004). The 

size and self-renewal of the adipose precursor pools as a function of age or in 

response to different diets is presently unknown in humans, owing to the absence of 

specific markers of these cells although they represent the true potential of adipose 

tissue development (AILHAUD AND GUESNET 2004). SPALDING ET AL. demonstrated that 

although the adipocyte number is static in adults, there is a remarkable turnover 

within this population of cells, indicating that the adipocyte number is tightly controlled 

and not influenced by energy balance. Altogether these observations emphasize the 
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fact that adipocyte formation is an irreversible process and that prevention of this 

phenomenon should represent a key issue from a health perspective (AILHAUD ET AL. 

2006). 

2.3.2 The role of LC-PUFAs in adipocyte differentia tion 

Regarding the molecular level of adipose tissue development, both in rodents and 

humans, LC-PUFAs act at the preadipocyte stage and trigger the formation of 

adipocytes. Fatty acids as well as eicosanoids, i.e. prostaglandins and leukotriens 

emanating from AA, behave as activators/ligands of PPARβ/δ and PPARγ which are 

in turn critically required for adipogenesis (AMRI ET AL. 1994; WU ET AL. 1995). 

Adipogenesis is a sequential process in which glucocorticoids, insulin and IGF-1 

have been identified as the major adipogenic hormones (WABITSCH 2000; AILHAUD 

2004). The first line of evidence that FAs are involved was obtained after purification 

of the main adipogenic component of fetal bovine serum which was characterized as 

AA. In vitro, AA is very adipogenic and plays in preadipocytes the role as precursor of 

prostaglandins (PG), a family of compounds including PGI2, PGJ2, PGE2 and PGF2α, 

which play an important role in cellular processes. Especially prostacyclin (PC = 

PGI2) is known, to promote adipogenesis in vitro (VASSAUX ET AL. 1992; REGINATO ET 

AL. 1998). In contrast, the two major metabolites of the ALA pathway (EPA and DHA), 

which are not metabolized to PC, are less potent promoters of adipogenesis than AA. 

The adipogenic effect of AA is partially blocked by COX inhibitors and anti-PC 

antibodies added externally, and is mimicked by carbacyclin, a stable analogue of PC 

(GAILLARD ET AL. 1989; NEGREL ET AL. 1989). This strongly suggests an adipogenic 

role of PC through the cell surface PC receptor IP as an autocrine / paracrine 

mechanism (Fig. 2). Among all natural FAs, only AA triggers cAMP production and 

activates, through the IP/PC system the protein kinase A pathway. EPA and to a 

lesser extend DHA, while being inactive as cAMP-elevating agents, inhibit the 

stimulatory effect of AA on cAMP production (VASSAUX ET AL. 1992; MASSIERA ET AL. 

2003). The second line of evidence that FA are important regulators of adipogenesis 

was obtained when it was shown that most of the long-chain FAs could act as 

transcriptional regulators of some lipid-related genes. The intracellular sensors of 

long-chain FAs have been identified as nuclear receptors of the family of PPARs. AA 

and some of its metabolites generated through COX and LOX are implicated in 

adipogenesis and behave as activators/ligands of PPARs (Fig. 2). First, AA up-
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regulates the expression of CCAAT / enhancer binding protein β (C/EBPβ) and 

C/EBPδ via the PC/IP receptor system and the protein kinase A pathway. C/EBPβ 

and C/EBPδ are trans-acting factors, which up-regulate the expression of PPARγ. 

Secondly, AA may also act through PC as activator / ligand of PPARβ/δ which in 

turn, up-regulate the expression of PPARγ. In in vitro experiments with PPAR 

agonists (MASSIERA ET AL. 2003), it was shown that in contrast to AA, saturated, 

monounsaturated and n-3 LC-PUFAs (EPA and DHA)  are not more adipogenic than 

a specific PPARβ/δ agonist, emphasizing the unique adipogenic and early role of AA 

in AT development. EPA and to a lesser extent DHA, while being inactive as cAMP-

elevating agents, inhibit the stimulatory effect of AA on cAMP production. Thus long-

chain FAs are not equipotent in promoting adipogenesis and AA appears as a 

remarkable adipogenic “booster” (AILHAUD ET AL. 2006). 

 

Figure 2 Pathways and LC-PUFAs implicated in adipog enesis (A ILHAUD 2006) 

AA, EPA and DHA are formed through a series of common desaturation and 

elongation steps as mentioned above. As the same enzymes are used, metabolic 

competition exists between LA and ALA. Therefore, manipulation of dietary LA/ALA 

ratio has a strong impact on the proportion of both AA and EPA/DHA accretion in 

tissues. To find out whether dietary intake of high levels of n-6 FAs could promote AT 

development in vivo, MASSIERA ET AL. carried out nutritional interventions in wild-type 

(wt) and prostacyclin-receptor knockout (ip-r-/-) mice (MASSIERA ET AL. 2003). Wild-

type mother mice were fed before mating and during the gestation and suckling 
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period with either a high-fat diet rich in LA, a precursor of AA, or the same isocaloric 

diet enriched in LA and ALA. The ratios of n-6 PUFAs vs. n-3 PUFAs were 59:1 and 

2:1. From weaning onwards body weight, fat mass, epididymal fat pad weight and 

adipocyte size at 8 weeks age were higher in the offspring of dams fed the diet with 

the high ratio of LA to ALA (59:1). Inclusion of ALA seems to prevent the 

enhancement of fat mass. The importance of the gestation/suckling period is 

demonstrated by the fact that when mother mice are fed a standard diet, i.e. a high-

carbohydrate, low-fat diet, the body weight of pups fed after weaning only with the 

ALA low diet remains similar to that of the pups fed the ALA rich diet. In contrast to 

wild-type mice, ip-r-/- mice showed no additional increase of body weight. The 

authors concluded that the consumption of LA as a precursor of AA in large amount 

during gestation and the suckling period may enhance adipose tissue development 

and later obesity through PC signaling. A study of JAVADI ET AL. seems to support this 

conclusion by demonstrating in 5 week old mice fed with five different high-fat diets, 

that the animals fed a diet rich in LA had the highest proportion of body fat while the 

animals fed a diet rich in ALA had the lowest (JAVADI ET AL. 2004). Nevertheless, 

other animal studies investigating the ratio of n-6 to n-3 FAs in the maternal diet 

could not confirm the adipogenic effect of LA (HAUSMAN ET AL. 1991; KOROTKOVA ET 

AL. 2002). In the study of HAUSMAN ET AL. the offspring of dams fed a high-fat diet 

before mating, during pregnancy and lactation, with a LA/ALA ratio of 41:1 or 9:1, 

respectively, had a similar body weight and fat mass at weaning. KOROTKOVA ET AL. 

showed similar results, comparing high-fat diets with a LA/ALA ratio of about 215 and 

9, respectively. 

The impact of the n-6 to n-3 LC-PUFA-ratio of maternal nutrition during pregnancy 

and lactation on infant AT development in humans has not yet been investigated. 

In two recent reviews of SIMMER ET AL. on LC-PUFA supplementation in infants born 

at term and in preterm infants (SIMMER ET AL. 2008; SIMMER ET AL. 2008), no 

consistent effect of LC-PUFA supplementation on infant growth was found. This was 

confirmed in an IPD (individual patient data) meta-analysis of LC-PUFA 

supplementation on infant growth at 18 month (ROSENFELD ET AL. 2009). As 

discussed in chapter 2.10 so far there is also limited information on the impact of n-3 

LC-PUFA supplementation during pregnancy on infant body composition and 

adipose tissue development. It remains to be elucidated whether a decrease in the 

ratio of n-6/n-3 LC-PUFAs affects early AT development in humans. 



2 Survey of existing literature  12 

2.4 Transport of lipids across the placenta 

The nidation of the blastocyst (differentiated into embryoblast and trophoblast) into 

the endometrium takes place at day 6 - 7 after fertilization. The trophoblast infiltrates 

the endometrium and the cells confluate to the syncytiotrophoblast. The remaining 

trophoblast cells are then called cytotrophoblasts. The nutrition of the embryo occurs 

exclusively through the proteolytic activity of the syncytiotrophoblast, which resorbs 

the released nutrients. This is called the histotrophic phase of embryonic nutrition. 

Maternal blood moves in and out of the eroded maternal tissue and lacunar networks, 

thus establishing the uteroplacental circulation between the 8th and 10th wk of 

gestation which marks the beginning of the haemotrophic phase of embryonic 

nutrition. The uteroplacental unit is composed of both fetal tissue (chorionic plate) 

and maternal tissue (basal plate). In between these tissues is the intervillous space, 

which contains the branched villous structures containing fetal blood vessels. 

Circulating maternal blood enters this space via spiral endometrial arteries, bathes 

the villi and drains back through endometrial veins. Oxygen-deficient fetal blood 

passes via two umbilical arteries and the chorionic arteries to the villi and returns 

well-oxygenated to the fetus via the chorionic veins and the single umbilical vein (Fig. 

3). Fetal blood is separated from maternal blood by the placental membrane (barrier), 

which is composed of 4 layers: the syncytiotrophoblast, the cytotrophoblast, villous 

stroma and the endothelium of the fetal capillaries. Around the 20th wk of gestation, 

the cytotrophoblast cell layer becomes attenuated and disappears facilitating the 

exchange of metabolites (DREWS 1993; THEWS ET AL. 1999; BÜHLING AND FRIEDMANN 

2004; GUDE ET AL. 2004; SCHNEIDER ET AL. 2004; HANEBUTT ET AL. 2008). 
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Figure 3 Placenta, longitudinal cut, schematic (T HEWS ET AL . 1999) 

The term human placenta is a discoidal organ with a diameter of 18 – 20 cm, a 

thickness of 2 – 3 cm and a weight between 400 – 700 g. 

The placenta acts to provide oxygen, water, carbohydrates, amino acids, lipids, 

vitamins, minerals, and other nutrients to the fetus whilst removing carbon dioxide 

and other waste products. It metabolizes a number of substances and can release 

metabolic products into maternal or fetal circulations. It also releases hormones (e.g. 

progesterone, estrogen, human placental lactogen (hPL), and human chorionic 

gonadotropin (hCG)) into both the maternal and fetal circulations affecting pregnancy, 

fetal growth and metabolism.  

Fatty acids cross the villi barrier only as non-esterified-FAs derived from the pool of 

free fatty acids (FFA) bound to albumin in maternal plasma or from TAG transported 

via LPs in maternal plasma (primarily form TAG rich LPs, i.e. post-hepatic LDL and 

VLDL). Lipoprotein-receptors, lipoproteinlipase, phospholipase A2 and intracellular 

lipase activity of the placenta (located at the maternal surface) permit the release and 

supply of the FFA for the fetus (NAOUM ET AL. 1987; RICE ET AL. 1998; HERRERA 2002; 

HAGGARTY 2004; DUTTAROY 2009). Most likely will occur the release of FFA from 

placental lipid depots through a placental lipase (WATERMAN ET AL. 1998; DUTTAROY 

2004). FFA can then cross the membranes of the syncytiotrophoblast by simple 
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diffusion or via the action of membrane-bound and cytosolic FA binding proteins like 

the FA translocase (FAT/CD36), FA- transport protein (FATP), plasma membrane FA 

binding protein (p-FABPpm), and other FA binding proteins (FABPs) of the cytoplasma 

like H-FABP (heart-FABP), and L-FABP (liver-FABP) (Fig. 4). Lipid transport depends 

on - and is driven by - the concentration gradient of non esterified FAs between the 

mother and the fetus and the placental plasma membrane binding sites. The non 

esterified FA concentration gradient increases steadily during pregnancy and, in 

maternal blood, is three times that of the fetal blood. In contrast, the concentration of 

albumin, the transport protein, is higher in fetal plasma when compared to maternal 

plasma (BENASSAYAG ET AL. 1997; BENASSAYAG ET AL. 1999).  

FAT and FATP are present in both placental membranes, microvillous and basal 

membranes, p-FABPpm only in the microvillous membrane facing fetal circulation 

(CAMPBELL AND DUTTA-ROY 1995; CAMPBELL ET AL. 1998). In contrast to the two other 

FA binding proteins, p-FABPpm shows a higher affinity and a higher binding capacity 

for AA and DHA compared to LA and oleic acid, indicating that it is involved in 

preferential uptake of LC-PUFAs by these cells and may allow a selective transport of 

FAs form the maternal to the fetal circulation (CAMPBELL ET AL. 1998). 

The preferential uptake of LC-PUFAs by placental membranes and Be Wo cells 

(human choriocarcinoma cells) was supported by a observation using a human 

placental perfusion system (HAGGARTY ET AL. 1999). They reported a selective, 

preferential transport of DHA > AA > ALA > LA in human placenta. Further evidence 

was provided by LARQUÉ ET AL. who showed in a study with radioactive labeled FAs a 

preferential uptake of DHA in placental tissue (LARQUE ET AL. 2003).  

TFAs originating from the maternal diet can also – like the other FAs – cross the 

placenta (KOLETZKO 1992; BERGHAUS ET AL. 1998). 
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Figure 4  Placental fatty acid uptake and metabolism (C AMPBELL ET AL . 1998) 

The presence of FAT and FATP in both membranes permits an exchange of FAs 

from the maternal into the fetal circulation and vice versa. (HAGGARTY 2002). The 

cytosolic FABPs bind the FFA and are possibly involved in effective FA transport and 

metabolism in the placenta (synthesis of storage and structural lipids, ß-oxidation, 

eicosanoids, PPAR activation) (DUTTAROY 2004; DUTTAROY 2009). 

The placenta itself also regulates the substrate supply with FFA through different 

mechanisms: on the one hand through the activity of the lipoproteinlipase 

(dramatically increased during the last trimester of pregnancy) and the number of 

lipoprotein-binding sites, on the other hand through the formation of leptin, released 

into maternal and fetal circulation, stimulating lipolysis (WATERMAN ET AL. 1998; 

HOGGARD ET AL. 2001; HAGGARTY 2002; HERRERA ET AL. 2006). 
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2.5 Fetal and infant lipid accretion 

Glucose is quantitatively the most important nutrient crossing the placenta, followed 

by amino acids, FA and glycerol (HAY 1994). The fetus is able to synthesize SFA and 

MUFA from glucose and keton bodies but is dependent on maternal EFA transfer 

(KIMURA 1989; KOLETZKO ET AL. 2008). Liver microsomes of human fetus and 

neonates demonstrate significant delta-6- and delta-5-desaturase activities (POISSON 

ET AL. 1993; RODRIGUEZ ET AL. 1998) and stable isotope technology has provided 

evidence that both term and preterm infants are able to convert LA to AA and ALA to 

DHA (CLARK ET AL. 1992; DEMMELMAIR ET AL. 1995; JENSEN ET AL. 1996; SALEM ET AL. 

1996; SAUERWALD ET AL. 1996; SAUERWALD ET AL. 1997; SZITANYI ET AL. 1999; BRENNA 

ET AL. 2009). However, whether the capacity of these metabolic systems proceeds at 

a sufficient rate to meet tissue demands is at present controversial and is influenced 

by genetics, gender, and the amount of precursor fatty acids available in the diet 

(CARNIELLI ET AL. 1996; HOFFMAN ET AL. 2000; UAUY ET AL. 2000; CARNIELLI ET AL. 

2007). LC-PUFAs have therefore to be regarded as essential for human infants. 

There is very little data on the accretion of LC-PUFA in the developing human brain. 

Available data indicates that accretion starts slowly early in fetal life (PERCY ET AL. 

1996). During the last trimester of pregnancy however, the lipid deposition of the 

fetus is vast. Intrauterine requirements for n-6 and n-3 FA of the human fetus have 

been estimated to be 400 mg/kg/d or 50 mg/kg/d, respectively. Autopsy analysis has 

estimated that the fetus accumulates approximately 30 – 70 mg/d DHA during the 

last trimester of gestation mainly deposited in white adipose tissue while AA accretion 

mainly occurs postnatally (CLANDININ ET AL. 1980; CLANDININ ET AL. 1981; MARTINEZ 

AND MOUGAN 1998; FLEITH AND CLANDININ 2005). CLANDININ and coworkers have also 

measured that the fetal brain incorporates PUFAs with an n-6/n-3 ratio of 

approximately 8:1, compared with a typical North American maternal diet with a ratio 

of > 10:1. 

Several studies on the FA composition of neonatal and maternal plasma at term 

delivery have been published. Whether the level of DHA is higher in the neonate than 

in the mother depends on which lipid pool is examined. The absolute concentration of 

all plasma lipids is higher in the mother than in the infant (FRIEDMAN ET AL. 1978; 

BERGHAUS ET AL. 1998). Therefore, the absolute concentration of DHA is higher in 

maternal than in fetal blood, in contrast to the percentage of DHA in total FAs in 

circulating PLs, which seems to be consistently higher in the neonate (AL ET AL. 1990; 
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RUYLE ET AL. 1990; BERGHAUS ET AL. 1998; ELIAS AND INNIS 2001; LAURITZEN ET AL. 

2001; HERRERA ET AL. 2004; INNIS 2005). This is also the case for AA and other LC-

PUFAs. There seem to be an even more pronounced difference in the relative 

contribution of DHA in the pools of plasma TAGs and CEs (VAN DER SCHOUW ET AL. 

1991; BERGHAUS ET AL. 1998), although this is not consistent with the results from the 

entire plasma lipid pool (YOUNG ET AL. 1997). The DHA content in percent of total FA 

in RBCs does not seem to differ between the mother and the infant. Before birth, 

FFAs in fetal blood are transported bound to albumin and to a lesser extent also 

bound to α-fetoprotein. They are returned to the fetal liver, are reesterified and 

released into the fetal blood circulation (BENASSAYAG ET AL. 1997). 

After delivery and during the first weeks and months of life, the high percentage of AA 

and DHA content of infant blood decreases, in contrast to an increasing content of 

LA. Additionally, the content of TAG rich LPs in infant plasma increases as the FA 

supplied by breast milk or formula after birth are mainly transported via this pathway 

(INNIS 2005). 

2.6 Metabolism in pregnancy and lactation 

2.6.1 Anthropometry 

In pregnancy, extra energy and nutrients are needed to cover the costs of maternal 

and fetal tissue accretion, and the rise in energy expenditure attributable to basal 

metabolism and physical activity. Because of uncertainties regarding desirable 

gestational weight gain (GWG), maternal fat deposition, putative reductions in 

physical activity and energetic adaptations to pregnancy, controversy remains 

regarding energy requirements during pregnancy. GWG is a major determinant of the 

incremental energy needs during pregnancy, since it determines not only energy 

deposition, but also the increase in basal metabolic rate and total energy expenditure 

due to the energy cost of moving a larger body mass. GWG comprises the increase 

of fetal and maternal tissues (e. g. placenta, amniotic fluid, uterus, breasts, blood), 

and the increases in maternal fat stores. In the early seventies, data from more than 

3800 primigravidae who were eating without restriction were analyzed to establish 

the physiologic norm for weight gain in pregnancy and the weight gain associated 

with the best reproductive performance (HYTTEN AND LEITCH 1971). Two decades 

later, the WHO Collaborative Study on Maternal Anthropometry and Pregnancy 
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Outcomes (WHO 1995) reviewed information on 110.000 births from 20 different 

countries in order to define those anthropometric indicators which are most predictive 

of optimal fetal and maternal outcomes. The study was used to define desirable birth 

weights and maternal weight gains associated with lower risk of fetal and maternal 

complications, i.e. low birth weight, intrauterine growth restriction (IUGR), preterm 

birth, preeclampsia, postpartum haemorrhage and assisted delivery. Birth weights 

between 3.1 and 3.6 kg (mean, 3.3 kg) were associated with the optimal ratio of 

maternal and fetal outcomes. The range of GWGs associated with birth weights 

greater than 3 kg was 10 – 14 kg (mean, 12 kg). Because of the interaction between 

the pre-pregnancy body mass index (BMI) and GWG on birth weight (BW), the 

Institute of Medicine (IOM) took into account the nutritional status of a woman before 

conception and recommends different ranges of GWG for women with low BMI (< 

18.5 kg/m2: 12.5 – 18 kg), normal BMI (18.5 – 24.9 kg/m2: 11.5 – 16 kg) and high 

BMI (overweight: BMI > 24.9 – 29.9 kg/m2: 7 – 11.5 kg or obese: BMI > 29.9 kg/m2: 5 

- 9 kg) (BUTTE 2005; IOM 2009). A review of ABRAMS ET AL. showed that GWG within 

the range recommended from the IOM was in fact associated with the best fetal and 

maternal outcomes (ABRAMS ET AL. 2000). The mean gain in adipose tissue mass 

associated with the mean GWG of 12 kg observed in the WHO Study was 3.7 (range: 

3.1 – 4.4) kg. LEDERMAN ET AL. and BUTTE ET AL. showed that GWG is positively 

correlated with fat gain and that excessive weight gain was primarily attributed to fat 

mass gain, not fat free mass (LEDERMAN ET AL. 1997; BUTTE ET AL. 2003). Body fat as 

a percent of total body weight of normal weight women, gaining weight as 

recommended by the IOM was 17.9 ± 5.4 % at week 14 and 21.7 ± 5.8 % at week 37 

of pregnancy, respectively. Of the 3.7 kg fat mass gained on average according to a 

total GWG of about 12 to 13 kg, approximately 400 – 450 g of fat is accumulated by 

the fetus and 2.5 – 3 kg by the mother. Of the remaining 9 kg, ~ 1 kg accounts for the 

deposition of protein and approximately 8 kg for water retention (PRENTICE ET AL. 

1996). 

2.6.2 Lipid metabolism 

Changes in hepatic and adipose tissue metabolism during pregnancy alter circulating 

concentrations of triacylglycerols (TAG), free fatty acids, cholesterol, cholesterolester 

and PLs. After an initial decrease in the first 8 wk of pregnancy, there is a steady 

increase in TAGs, FAs, cholesterol, cholesterolesters, lipoproteins and PLs in blood 



2 Survey of existing literature  19 

plasma. Changes in lipid metabolism promote the accumulation of maternal fat stores 

in early and mid pregnancy and enhance fat mobilization in late pregnancy, 

coinciding with the time of maximal fetal growth. During the first and second trimenon 

of pregnancy, increased estrogen, progesterone, and insulin concentrations favor 

lipid deposition and inhibit lipolysis. In late pregnancy, maternal metabolism shifts 

from an anabolic to a catabolic state and promotes the use of lipids as a maternal 

energy source while preserving glucose and amino acids for the fetus. Decreasing 

lipid uptake into adipose tissue through physiological relative insulin resistance and 

reduced lipoprotein lipase activity, and increased lipolysis and mobilization of lipid 

stores results in a constant increase of TAG, non esterified FA, cholesterol, 

phospholipid (PL) and lipoprotein concentrations in blood plasma until delivery and 

during the last trimester of pregnancy, respectively (KNOPP ET AL. 1986; LESSER AND 

CARPENTER 1994; ALVAREZ ET AL. 1996; BENASSAYAG ET AL. 1997; BUTTE 2000; 

PRENTICE AND GOLDBERG 2000). After the first 10 weeks of pregnancy, the serum 

TAG concentration in pregnant women is 20 % higher than in nonpregnant women; 

reaching a value of approximately 3 times that of nonpregnant women by term 

(DESOYE ET AL. 1987; LAIN AND CATALANO 2007; BASARAN 2009). Other serum lipids 

also increase during pregnancy, but the net change is less than that of TAG (KING 

2000).  

Not only lipid concentration in blood plasma changes during pregnancy but also the 

fatty acid pattern of the blood lipids. There is a progressive increase in the proportion 

of total saturated fatty acids in maternal plasma from the first trimester through to 

delivery. LA and oleic acid remain stable throughout pregnancy but the proportion of 

DHyLA, AA, EPA and DHA decreases (HERRERA ET AL. 2004). In RBCs a decrease of 

LA, expressed as percentage of total FAs, in contrast to a significant increase of ALA 

and DHA was observed during gestation (STEWART ET AL. 2007). 

Due to the increase of blood volume and the development of maternal 

hyperlipidemia, the absolute amounts of EFA and LC-PUFA in blood lipids and RBCs 

of pregnant women are higher than in nonpregnant women.  

The „Food and Agriculture Organization of the World Health Organization“ notes that 

approximately 2.2 g n-6- + n-3-FAs / d are deposited in maternal and fetal tissue 

during pregnancy (WHO 1993). This value may underestimate the dietary 

requirement in that FA turnover in eicosanoid synthesis, ß-oxidation, and membrane 

turnover is not considered (INNIS AND ELIAS 2003).  
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2.7 Programming - impact on birth weight and body c omposition  

The term “programming” was introduced over 30 years ago by G. DÖRNER, head of 

the Institute of Experimental Endocrinology, Charité, Berlin (DÖRNER 1975). He stated 

that “the concentrations of hormones, metabolites, and neurotransmitters during 

critical early periods of development are capable of pre-programming brain 

development, functional disturbances, and diseases as well as syndromes or 

reproduction and metabolism in human adulthood.” He also proposed a gene-

environment-interaction during early development to determine later function in adult 

life.  

There are many examples of this process observable within the natural world. One 

that is frequently cited describes the mechanisms that determine sex in crocodilians 

(MILNES ET AL. 2002), where the temperature of the eggs determines the expression 

of genes encoding aromatases that are responsible for synthesis of the sex steroids.  

“Nutritional programming” was introduced by A. LUCAS (LUCAS 1991) and is the 

process through which variation in the quality of nutrients consumed during 

pregnancy or early life or in more general terms: during a critical period of 

development - exerts permanent effects upon the developing fetus (LANGLEY-EVANS 

2008). 

Although the fetal genome determines the growth potential in utero, the weight of the 

evidence suggests that it plays a subordinate role in determining the growth that is 

actually achieved (SNOW 1989). Rather, it seems that the dominant determinant of 

fetal growth is the nutritional and hormonal milieu in which the fetus develops, and in 

particular the nutrient and oxygen supply. Whereas maternal diet during pregnancy 

appears to exert relatively modest effect on offspring BW, in contrast to the impact of 

maternal pregnancy metabolism (WELLS ET AL. 2007). 

Evidence supporting a long-term effect of absolute levels of maternal nutrient intake 

during pregnancy were shown in follow-up studies following the Dutch famine of 1944 

– 1945 which found that maternal energy restriction at different stages of pregnancy 

was variously associated with obesity, dyslipidaemia, and insulin resistance in the 

offspring (RAVELLI ET AL. 1998; ROSEBOOM ET AL. 1999; ROSEBOOM ET AL. 2000; 

ROSEBOOM ET AL. 2000; GODFREY AND BARKER 2003).  

In Western communities, randomized controlled trials (RCTs) of maternal 

macronutrient supplementation have had relatively small effects on birth weight 

(KRAMER 1993; KRAMER AND KAKUMA 2003; LAGIOU ET AL. 2004). Observational studies 
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point into the same direction (MATHEWS ET AL. 1999; MATHEWS ET AL. 2004). This 

suggests that mechanisms in the maternal and placental systems act to ensure that 

human fetal growth and development is little influenced by normal variations in 

maternal macronutrient intake and that there is a simple relationship between a 

women’s body composition and the growth of her fetus.  

In contrast, some studies indicate that the balance of macronutrients in the mother’s 

diet can have important short- and long-term effects on the offspring as shown in 

experimental studies in rats (LANGLEY-EVANS ET AL. 1994) and humans (CAMPBELL ET 

AL. 1996). These have found that maternal diets with a low ratio of protein to 

carbohydrates were associated with an increased risk of low birth weight and an 

increased risk of raised blood pressure in the offspring in adult life. 

In humans, few studies have examined the possibility of maternal nutrition during 

pregnancy having tissue-specific effects in the fetus, leading to greater alterations in 

neonatal proportions than in birth weight (GODFREY AND BARKER 2003). GODFREY ET 

AL. found that women with low diary protein intakes in late pregnancy tended to have 

babies that were thinner at birth but that maternal diary protein intakes were not, 

however, related to birth weight (GODFREY ET AL. 1996; GODFREY ET AL. 1997). 

In this context, the role of LC-PUFAs and their possible influence/impact on adipocyte 

differentiation and the development of adipose tissue in the infant seem to be of 

major interest, as postulated by AILHAUD and coworkers (AILHAUD AND GUESNET 

2004), already mentioned before. They could demonstrate in a rodent model that the 

ratio of n-6 to n-3 LC-PUFAs in the maternal diet during pregnancy and lactation 

seems to influence AT development and later body weight of the pups. However, up 

to now, the adipogenic effect of the n-6 FAs has not been clearly established in vivo 

and human data supporting a causal link between high n-6 LC-PUFA intakes and 

increased AT development, childhood obesity or elevated birth weight is lacking. 

Various factors other than nutrition such as genetic and environmental parameters 

are known to influence the size of newborns. Numerous studies have shown the 

significant effect of pre-pregnancy weight or BMI, GWG, height, maternal smoking 

(OKEN ET AL. 2008), age and parity on fetal and newborn anthropometry. These 

relationships are most likely modified by additional factors or interfere with each 

other. It has been explicitly recognized since at least 1990, when the first IOM 

recommendations for GWG were published, that both pre-pregnancy BMI and GWG 

are associated with the outcome of pregnancy (IOM 1990). A higher pre-pregnancy 
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weight or BMI was associated with increased infant BW in a number of studies 

(ABRAMS AND LAROS 1986; ROSSNER AND OHLIN 1990; KIRCHENGAST AND HARTMANN 

1998; THAME ET AL. 2004). Apart from this well known association, SEWELL ET AL. 

showed that the increase in birth weight seems to be attributable primarily to an 

increase in fat mass and not in LBM of the infant (SEWELL ET AL. 2006). The strong 

association between increasing GWG and increasing birth weight was reported in 

several studies (IOM 1990; ZHOU AND OLSEN 1997; CNATTINGIUS ET AL. 1998; 

LEDERMAN ET AL. 1999; BUTTE ET AL. 2003; CEDERGREN 2006; FORSUM ET AL. 2006; 

STOTLAND ET AL. 2006; DEVADER ET AL. 2007; KIEL ET AL. 2007; VISWANATHAN ET AL. 

2008). BUTTE ET AL. (2003) and LEDERMAN ET AL. (1999) showed that it was rather the 

gain in fat free mass (FFM) of the mother which was associated with the BW of the 

infant and not the gain in maternal fat mass. FORSUM ET AL. (2006) instead 

demonstrated a correlation of maternal fat mass with the overall BW of the infants, 

that was not correlated with the AT mass of the infant. 

Often, pre-pregnancy BMI and GWG have a combined effect on pregnancy outcome 

as analyzed in more detail in some of the studies (CEDERGREN 2006; CEDERGREN 

2007; DEVADER ET AL. 2007; KIEL ET AL. 2007; NOHR ET AL. 2008; CRANE ET AL. 2009). 

As mentioned before, BW also increases with maternal age up to 35 y of age and 

parity (MACLEOD AND KIELY 1988; COGSWELL AND YIP 1995; DHALL AND BAGGA 1995). 

The factors influencing fat storage measured by neonatal skinfold thickness (SFT) 

were found to be others than influencing the more common newborn dimensions like 

BW, birth length and head circumference. GUIHARD-COSTA ET AL. showed that 

subscapular SFT depends only on the nutritional status of the mother characterized 

by maternal pre-pregnancy BMI and GWG and is far less influenced by height for 

example (GUIHARD-COSTA ET AL. 2004). Another point of discussion is whether infant 

body fat or infant lean body mass or the relation of body fat/lean body mass 

increases with increasing BW. 

However, the two most notable maternal conditions that seem to predispose offspring 

to increased adiposity at birth are maternal obesity and maternal diabetes.  

Whereas maternal glucose is freely transferred to the fetus, maternal insulin does not 

cross the placenta. The developing fetal pancreas responds to a glucose load by 

producing insulin, which also acts as a fetal growth hormone (FREINKEL 1980). LGA 

infants of mothers with gestational diabetes mellitus appear to have increased fat 

mass and decreased lean mass in anthropometric measurements when compared to 



2 Survey of existing literature  23 

LGA infants born to non-diabetic mothers (CATALANO ET AL. 1992; DURNWALD ET AL. 

2004; SCHAEFER-GRAF ET AL. 2005; HILLIER ET AL. 2007). 

Parental adiposity is directly associated with offspring BW, with stronger associations 

for the mother than for the father (GUILLAUME ET AL. 1995; OKUN ET AL. 1997; 

EHRENBERG ET AL. 2004; WHITAKER 2004; CATALANO AND EHRENBERG 2006; CATALANO 

ET AL. 2009). 

2.8 Birth weight - association with later body comp osition and 

obesity 

As mentioned in chapter 2.7 BW and AT mass seem to be influenced by numerous 

parameters – among others maternal nutrition and metabolism. But is BW or 

adiposity at birth associated with later obesity? Numerous studies have addressed 

the association between birth weight and later attained BMI, traditionally interpreted 

as greater fatness or obesity. Almost all of the studies have found direct associations, 

i.e., that higher birth weight is associated with higher attained BMI later in life (FALL ET 

AL. 1995; RICH-EDWARDS ET AL. 1997; SORENSEN ET AL. 1997; RASMUSSEN AND 

JOHANSSON 1998; PARSONS ET AL. 1999; GALE ET AL. 2001; PARSONS ET AL. 2001; OKEN 

AND GILLMAN 2003; SCHAEFER-GRAF ET AL. 2005; APFELBACHER ET AL. 2008). 

Unfortunately, most of the studies include incomplete data on possible confounding 

factors like gestational age or parental body size. In the U. S. Growing Up Today 

Study, a 1 kg increment in BW among full term infants was associated with an 

increase in the risk of being overweight at ages 9 to 14 years of approximately 50 % 

(GILLMAN ET AL. 2003; OKEN AND GILLMAN 2003). Cigarette smoking may complicate 

the relationship between BW and later body size because mothers who smoke have 

infants with lower BW (HARRISON ET AL. 1983; ZAREN ET AL. 1996). In a recent review 

and meta-analysis it was shown, that prenatal exposure to smoking appeared to 

increase rates of overweight in childhood (OKEN ET AL. 2008). Similarly, social and 

economic factors may confound the association between BW and later adiposity. 

Furthermore, these studies do not necessarily imply a linear association between BW 

and later fatness across the entire range of BW. Some studies suggest a “U-shaped” 

association, implying a high prevalence of obesity in those of low or high BW 

(ROGERS 2003). Although a higher BMI is traditionally interpreted as “greater fatness”, 

it also reflects LBM or FFM and is therefore a somewhat poor indicator as an index of 

adiposity (WELLS ET AL. 2007).  
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More recently, several studies explored the relation of BW and later body 

composition in more detail, as summarized by CHOMTHO ET AL. (CHOMTHO ET AL. 

2008). The cited studies differ in the age range, body composition measurement 

techniques and statistical approaches. However, some of them have shown a 

positive association between BW and later FFM (GALE ET AL. 2001; LOOS ET AL. 2001; 

LOOS ET AL. 2002; LI ET AL. 2003; SINGHAL ET AL. 2003; SAYER ET AL. 2004; KENSARA ET 

AL. 2005; SACHDEV ET AL. 2005; WELLS ET AL. 2005; LABAYEN ET AL. 2006; MURPHY ET 

AL. 2006; ROGERS ET AL. 2006; ELIA ET AL. 2007). In contrast, the results have been 

less consistent for fat mass and fat distribution, reporting negative, positive and 

nonsignificant associations. COMTHO ET AL. investigated the associations between 

BW and later fat mass (FM), FFM and fat distribution using the 4-component model, 

which has the best precision of all techniques and is the most robust technique for 

detecting interindividual variability in the composition of FFM (BRAY ET AL. 2002). In 

this study, birth weight was significantly positively associated with height in boys and 

girls and significantly positively associated with FFM in boys. In contrast, BW was not 

related to percentage body fat or FFM in both sexes and the evidence for fetal 

programming of later FM or central adiposity was weak. 

Moreover, a growing body of literature suggests that not only birth weight, but also 

the first few weeks to months of life are a particularly sensitive period for the 

development of obesity. In 2005, BAIRD ET AL. published a systematic review of 10 

studies that assessed the relation of infant weight gain after birth with subsequent 

obesity (BAIRD ET AL. 2005). Relative risks of later obesity ranged from 1.17 to 5.70 

among infants with more rapid weight gain in the first year of life. In 2008, GILLMAN 

summarized the latest results of several studies concerning this topic, also showing 

strong evidence for a positive association between rapid infancy weight gain and 

later obesity (SACHDEV ET AL. 2005; STETTLER ET AL. 2005; DENNISON ET AL. 2006; 

BELFORT ET AL. 2007; EKELUND ET AL. 2007; GILLMAN 2008; TAVERAS ET AL. 2009). In 

accordance with these results, many other studies, summarized in systematic 

reviews or very recently published, concluded, that rapid weight gain in infancy is a 

significant risk indicator for later adiposity (TOSCHKE ET AL. 2002; MONTEIRO AND 

VICTORA 2005; ONG AND LOOS 2006; TAVERAS ET AL. 2009). However, the lack of 

experimental evidence in humans limits the ability to make causal inferences, 

especially in a context where unmeasured or unknown confounding factors could 

explain much of the observed associations without a real cause–effect relationship. 
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In addition, it is also plausible that prenatal factors may influence the association of 

BW and later obesity, such as maternal smoking, parity, gestational age, GWG, 

alterations in glucose-insulin homeostasis, or other nutrient-hormonal adaptions in 

the maternal-placental-fetal unit (FISCH ET AL. 1975; ONG AND DUNGER 2004; WHITAKER 

2004; REILLY ET AL. 2005; MOREIRA ET AL. 2007; GILLMAN ET AL. 2008; WROTNIAK ET AL. 

2008). In particular, GWG was directly associated with later BMI and risk of obesity in 

adolescence, as shown in a recent analysis of the U. S. Growing Up Today Study 

(OKEN ET AL. 2008). 

2.9 Lipids in human milk 

During the first days after delivery, the mammary gland secretes colostrum (1 to 5 

days post partum (pp)), breast milk (BM) especially rich in protein, immunglobulines 

and leukocytes. Over the course of lactation, the composition of breast milk is 

changing. The protein and mineral content of breast milk decreases, in contrast to an 

increasing fat and lactose concentration. The concentration of PL and cholesterol 

decreases with the course of lactation, as well (BITMAN ET AL. 1984; BOERSMA ET AL. 

1991; IDOTA ET AL. 1991). 

Mature breast milk is secreted from the 2nd / 3rd wk after delivery onwards. Breast 

milk composition also changes during one infant feeding with a pronounced, 2- to 3-

fold increase of the fat content by the end, without a change in the percentage of 

each fatty acid (HARZER ET AL. 1983; JENSEN 1999). The average fat content of BM is 

~ 4 %. In general it is assumed that the total lipid content of BM is not influenced by 

the diet. New studies seem to confirm the assumption that a high dietary intake of 

TFAs may reduce the total lipid content of BM from lean women (ANDERSON ET AL. 

2005). Furthermore, the lipid content of BM oscillates diurnally in undernourished 

women with a low fat and carbohydrate intake (JENSEN 1999). The fatty acid 

composition of breast milk lipids depends on nutrition, length of gestation, time of 

lactation, diseases of the mother like diabetes mellitus and other individual and 

genetic factors. Nutrition seems to have the most important impact on BM fatty acid 

composition. Observed differences in various regions of the world are primarily due to 

different dietary habits (FIDLER AND KOLETZKO 2000). The most important difference 

between BM from women who follow a typical “western-style-diet” and women who 

follow a “non-western-diet” are a lower percentage of LA and LC-PUFA in BM from 

women with a typical western-style-diet and a lower level of TFA in BM of women 
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following a non-western-style-diet. There are evident differences in the fatty acid 

profile of breast milk from Japan (IDOTA ET AL. 1991), Hungary (GERE ET AL. 1983), 

Nigeria (OGUNLEYE ET AL. 1991), Israel (BUDOWSKI ET AL. 1994), Canada (CHEN ET AL. 

1995), Iran (BAHRAMI AND RAHIMI 2005) and France (CHARDIGNY ET AL. 1995) as 

reviewed by JENSEN (1999).  

The fatty acids of human milk are either synthesized by the mammary gland or 

derived from the blood. Maternal diet, AT stores and hepatic metabolism also 

determine the FA composition of the blood. TAGs from chylomicrons and VLDL 

lipoproteins appear to supply most of the FAs for milk secretion (INSULL ET AL. 1959; 

MELLIES ET AL. 1979; VUORI ET AL. 1982; HACHEY ET AL. 1987; EMKEN ET AL. 1989; 

FRANCOIS ET AL. 1998). It is known from animal studies that TAGs are transported to 

the mammary gland and incorporated in chylomicrons, VLDLs and LDLs, where they 

are hydrolyzed through the lipoproteinlipase to free fatty acids and to 2-

monoacylglycerides and are incorporated after 6 – 8 hours into BM, TAGs, PLs, and 

CEs and then released as lipid droplets (BARRY ET AL. 1963; MCBRIDE AND KORN 

1964).  

Probably 12 % of total lipids account for the saturated, medium-chain FAs, 

synthesized by the mammary gland and 30 % for the long-chain FAs directly from the 

diet. The remaining 60 % originate from tissue synthesis and lipid depots. 

In a study with pregnant women and radioactive labeled LA, DEMMELMAIR ET AL. could 

also confirm that approx. 30 % of the LA in BM originates form the diet (DEMMELMAIR 

ET AL. 1998). These results indicate that each meal may influence the fatty acid 

composition in BM lipids. In contrast, the lipid stores of the body reflect the long-term 

average intake of dietary fatty acids and attenuate the variation of the FA 

composition in BM. A high proportion of carbohydrates and a low proportion of lipids 

in the diet stimulate the de novo synthesis of C8:0 – C14:0 FAs from glucose in the 

mammary gland. Their percentage can increase from 10 % to 20 % or more of total 

lipids in colostrum as demonstrated in a study from Nigeria (KOLETZKO ET AL. 1992). 

Lipids in breast milk are emulsified lipid globules with a diameter of 2 to 4 µm, 

surrounded by milk lipid globule membranes. BM lipids consist of 98 % TAGs, 0.8 % 

PL, 0.5 % cholesterol and other minor components (JENSEN 1999). They provide 40 

% to 50 % of the total energy intake of a breast-fed infant and also supply the infant 

with fat soluble vitamins, EFA, LC-PUFA, and cholesterol. BM also contains short-
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chain FA (C8:0 – C14:0) which can be metabolized easily and are therefore an 

appropriate energy source for the infant. 

Up to now, over 200 different FAs were identified in BM (JENSEN 1999). They are not 

evenly distributed overall theoretical possible positions of the glycerol molecule 

(MARTIN ET AL. 1993; WINTER ET AL. 1993) but the distribution determines the melting 

point of BM fat and thereby influences the digestibility (BRACCO 1994). 

Milk lipids are composed of approx. 40 % SFA, between 40 % and 45 % MUFA and 

approx. 15 % PUFA. LC-PUFAs account for approx. 3 %, TFA for 3.5 %, the sum of 

n6-FA between 10 % and 12 %, and the sum of n3-FA for 1.5 % of total fatty acids 

(FIDLER & KOLETZKO 2000; PRECHT & MOLKENTIN 1999; GENZEL-BOROVICZENY ET AL. 

1997; CHARDIGNY ET AL. 1995). The content of LC-PUFA is highest in colostrum and 

declines during the course of lactation (SALA-VILA ET AL. 2005; MINDA ET AL. 2004; Yu 

ET AL. 1998; GENZEL-BOROVICZENY ET AL. 1997; BOERSMA ET AL. 1991; HARZER ET AL. 

1983). LA content alternates between 8 % and 14 %, ALA content between 0.4 % 

and 1 %. The main LC-PUFAs of the n-6-family are: AA, DHyLA and eicosadienoic 

acid (C20:2 n6) and the main LC-PUFAs of the n-3-familiy are: DHA, DPA und EPA 

(FIDLER & KOLETZKO 2000). In most western populations the mean level of DHA in BM 

is between 0.2 and 0.4 % of total FAs. In a recent meta-analysis, BRENNA ET AL. 

(BRENNA ET AL. 2007) reviewed the AA and DHA concentration in mature breast milk 

worldwide. The mean levels of DHA and AA in BM were 0.32 ± 0.22 % and 0.47 ± 

0.13 %, respectively. Milk DHA content appears to be closely linked to maternal 

dietary DHA intake, with dose-dependent linear increases in BM concentrations of 

this nutrient with increased maternal intake (MAKRIDES ET AL. 1996). The response of 

milk AA levels to maternal dietary AA intake is less predictable than that of DHA and 

may be more sensitive to the profile of other maternal dietary FAs (SMIT ET AL. 2000). 

In other words, AA concentrations, on average, vary much less than do DHA 

concentrations indicating a tight control of the AA level in BM.  

2.10 n-3 LC-PUFA supplementation in pregnancy and l actation 

The effects of supplementing pregnant women with n-3 LC-PUFAs on pregnancy 

outcomes have been evaluated in a number of randomized controlled clinical trials, 

which provided daily DHA intakes ranging from 200 mg to 1200 mg DHA, and up to 

2.7 g total n-3 LC-PUFAs. Most of the studies aimed to prevent pre-eclampsia, to 

prolong the duration of gestation, to prevent preterm birth and to improve fetal growth 
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by modifying the synthesis of the eicosanoids involved in pregnancy and delivery. 

Others aimed to assess the efficacy of n-3 LC-PUFA supplementation during 

pregnancy and lactation on infant visual and cognitive development. SZAJEWSKA ET 

AL. (SZAJEWSKA ET AL. 2006) summarized the results of 6 RCTs (OLSEN ET AL. 1992; 

HELLAND ET AL. 2001; MALCOLM ET AL. 2003; SMUTS ET AL. 2003; SMUTS ET AL. 2003; 

SANJURJO ET AL. 2004), which included 1278 participants, regarding the effect of n-3 

LC-PUFA supplementation during pregnancy on pregnancy outcomes and infant 

growth measures at birth (Fig. 5). The duration, starting time of the supplemention 

and the sources and amounts of n-3 LC-PUFAs, EPA and DHA, varied between the 

trials. n-3 LC-PUFA supplementation was associated with a significantly longer 

duration of gestation (weighted mean difference (WMD): 1.57 d; 95 % CI: 0.35, 2.78 

d) compared to control subjects. There was no significant difference, regarding 

preterm or cesarean delivery, rate of low birth weight, pre-eclampsia or eclampsia 

and other maternal outcome parameters between the supplemented and the control 

subjects. 
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Figure 5 Characteristics of the trials (S ZAJEWSKA ET AL . 2006) 

There was no significant difference in birth weight and birth length, but n-3-

supplementation was significantly associated with a greater head circumference of 

the infants in the supplemented group. There was no indication of any safety 

concerns with respect to the use of n-3 LC-PUFA supplementation in pregnancy. 

In a Cochrane review (MAKRIDES ET AL. 2006) which aimed to estimate the effects of 

marine oil and other prostaglandin precursor supplementation during pregnancy on 

the risk of pre-eclampsia, preterm birth, low birth weight, small for gestational age 

(SGA) birth, and on other substantial measures of maternal morbidity and mortality 

for the child, some additional studies (D'ALMEIDA ET AL. 1992; ONWUDE ET AL. 1995) 

were considered. Data from this systematic review also indicates a small but 

consistent increase in the mean length of gestation associated with marine oil and 

other prostaglandin precursor supplementation during pregnancy (WMD: 2.5 d, 95 % 

CI: 1.03 - 4.07 d, 1621 subjects). Supplementation was also associated with a small 
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increase in birth weight that appears commensurate with the 2 – 3 day increase in 

the mean duration of gestation (WMD 47 g, 95 % CI: 1 - 93 g, 2440 subjects). Again, 

there was no indication of any safety concerns and the supplementation, although 

high doses were used, appeared to be safe. 

DECSI & KOLETZKO (DECSI AND KOLETZKO 2005) summarized the results of 6 RCTs on 

the potential effects of different levels of n-3 FA supply in pregnancy on biochemical 

and developmental outcomes of mothers and their children. In addition to the studies 

of HELLAND ET AL. (2001), SANJURJO ET AL. (2004) AND SMUTS ET AL. (2003), they 

discussed two further RCTs published by DUNSTAN ET AL. (2004) and MONTGOMERY ET 

AL. (2003) which only reported biochemical outcomes (MONTGOMERY ET AL. 2003; 

DUNSTAN ET AL. 2004). No unequivocal effect of n-3 LC-PUFA supplementation on the 

length of pregnancy or on the basic anthropometric data of the newborn was 

demonstrated. In contrast, supplementation of DHA in relatively high doses (> 1 g/d) 

led to a significant increase in infant DHA values.  

In another five RCTs, women were supplemented with various amounts of n-3 LC-

PUFAs during pregnancy. They are of minor importance in relation to the present 

study because of a very small number of subjects studied, a very short intervention 

period during pregnancy or because they do not provide biochemical data and were 

originally designed to assess, if n-3 LC-PUFA supplementation could improve infant 

visual and cognitive development (CONNOR ET AL. 1996; OTTO ET AL. 2000; VELZING-

AARTS ET AL. 2001; TOFAIL ET AL. 2006; JUDGE ET AL. 2007). As stated, there was no 

significant difference between the infant birth weights from mothers in the respective 

supplemented or control groups. In contrast, as also stated, the respective n-3 LC-

PUFA supplement effectively increased maternal and infant n-3 LC-PUFA status. 

A very recent study from Canada (INNIS AND FRIESEN 2008), a multicenter study from 

Europe (KRAUSS-ETSCHMANN ET AL. 2007) and a study from Germany (BERGMANN ET 

AL. 2007) support the former findings. In the canadian study, women were 

supplemented with 400 mg DHA/d from the 16th wk of gestation until delivery. There 

were no significant differences in infant birth weight or other pregnancy outcomes 

between the supplemented and the control group but supplementation effectively 

increased maternal RBC DHA status (INNIS AND FRIESEN 2008). 

The European trial showed that supplementation of pregnant women from gestation 

wk 22 with 0.5 g DHA and 0.15 g EPA was associated with a significant increase in 
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maternal and cord blood plasma DHA and EPA content. No obvious differences 

among the intervention groups regarding infant birth outcomes and anthropometry 

were found (KRAUSS-ETSCHMANN ET AL. 2007). 

Women in the German study were supplemented – together with vitamins, minerals 

and fructooligosaccharide - with 200 mg DHA/d from the 21 wk of gestation until the 

third month of lactation. Infant birth weight and length as well as infant anthropometry 

1, 3 and 21 month after birth were measured. Infants in the supplemented group 

were on average 1 cm shorter than infants in the control group. There was no 

significant difference in birth weight between the two groups but at the age of 21 

month, the infant body weight of the DHA supplemented group was lower by – 601 g 

(95 % CI: – 171; -1030 g) and BMI was lower by – 0.76 kg/m2 (95 % CI: – 0.07; - 

1.46) compared to the controls (BERGMANN ET AL. 2007). 

In some observational studies n-3 LC-PUFA intake during pregnancy has also been 

associated with a trend toward greater growth measures at birth (OLSEN AND JOENSEN 

1985; OLSEN ET AL. 1995; ELIAS AND INNIS 2001). Furthermore, some cohort studies 

reported positive associations of higher fish intake by pregnant women with higher 

infant cognitive capacity, verbal intelligence quotient, fine motor, communication and 

social development scores (OKEN ET AL. 2005; HIBBELN ET AL. 2007). However, the 

effect of n-3 LC-PUFAs on fetal growth and development is discussed controversial 

as some studies reported an unfavorable effect, lower birth weight in particular 

(GRANDJEAN ET AL. 2001; RUMP ET AL. 2001). Concerns about potential health risks 

from the environmental contaminants found in fish were raised in a recent study in 

Denmark (HALLDORSSON ET AL. 2007) and should be taken into account (DOMINGO 

2007). 
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3 Aim of the thesis 

The purpose of the INFAT-Study is to examine the association of fatty acids in the 

mothers’ diet during pregnancy and lactation with infant adipose tissue development 

during the first year of life in a prospective, randomized, controlled intervention trial 

with two parallel groups in pregnant and lactating women and their infants. 

It is hypothesized that a reduced ratio of n-6 to n-3 LC-PUFAs in the maternal 

nutrition during pregnancy and lactation may lead to a less expansive development of 

infant adipose tissue. The women consumed either a diet with a ratio of n-6 to n-3 

LC-PUFAs according to the average intake of pregnant women in Germany or a diet 

with a reduced ratio of n-6 to n-3 LC-PUFAs. The latter was achieved by increasing 

the n-3 LC-PUFA intake via supplementation with 1.2 g/d n-3 LC-PUFAs and 

reducing the n-6 LC-PUFA intake by normalizing the AA intake.  

The primary outcome variable is the mass of adipose tissue in the newborn and 

infant assessed by SFT measurement. Secondary outcome variables include the 

relative contents of n-6 and n-3 LC-PUFAs in maternal, infant, and breast milk lipids, 

plus the pregnancy outcome parameters of the women and their infants. 

The present work is an interim analysis of the INFAT-Study and the main objectives 

of the thesis are: 

• To analyze whether a reduction of the n-6 to n-3 LC-PUFA ratio in the 

maternal diet is reflected in the fatty acid pattern of maternal, cord blood and 

breast milk lipids. 

• To determine whether a reduction of the n-6 to n-3 LC-PUFA ratio in the 

maternal diet influences maternal anthropometry and biochemical parameters. 

• To investigate whether a reduction of the n-6 to n-3 LC-PUFA ratio in the 

maternal diet has an impact on maternal and infant birth outcomes such as 

length of gestation and birth weight. 

The present study is, to the best of our knowledge, the first study which was originally 

designed to investigate the effect of maternal n-3 LC-PUFA supplementation in 

combination with a reduced dietary AA intake on birth outcomes and infant adipose 

tissue development.  
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4 Materials and Methods 

The study “The Impact of Nutritional Fatty acids during pregnancy and lactation for 

early human Adipose Tissue development“ (INFAT-Study) was approved by the 

Ethics Committee (Faculty of Medicine) of the Technische Universtität München (Nr. 

1479/06 / 2006/2/21). 

4.1 Study design 

The INFAT-Study was a prospective, randomized, controlled dietary intervention trial 

with two parallel groups in pregnant and lactating women and their infants to assess 

the impact of fatty acids in maternal nutrition on the infants’ development of adipose 

tissue. A detailed description of the study design was recently published (HAUNER ET 

AL. 2009). 

The women consumed either a diet with a ratio of n-6 to n-3 LC-PUFAs according to 

the average intake of pregnant women in Germany or a diet with a reduced ratio of n-

6 to n-3 LC-PUFAs. The latter was achieved by increasing the n-3 LC-PUFA intake 

via supplementation and reducing the n-6 LC-PUFA intake by nutrition.  

The primary outcome variable was the mass of adipose tissue in the newborn and 

infant assessed by SFT measurement. Secondary outcome variables were the 

relative contents of n-6 and n-3 LC-PUFAs in maternal and infant plasma PL, red 

blood cells and breast milk plus pregnancy outcome parameters like duration of 

gestation and infant birth weight. The design and time schedule of the study is 

illustrated in Fig. 6. (see below) and all procedures during the course of the study 

including all visits and information on the samples that were taken under 

standardized conditions from both the mother and her infant are illustrated in the flow 

chart B.1 (see appendix). 
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Figure 6 Study design 
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Eligible for the study were women who fulfilled the following inclusion criteria and who 

did not meet one of the following exclusion criteria: 

Inclusion criteria: 

• Gestation ≤ 15th wk at enrollment  

• Singleton pregnancy 

• Age between 18 and 45 years 

• BMI before pregnancy between 18 and 30 kg/m2 

• Motivation and willingness to implement the nutritional intervention reliably 

Exclusion criteria:  

• High-risk pregnancy 

• Hypertension 

• Chronic diseases (e.g. diabetes mellitus) or diseases accompanied by  

maldigestion, malabsorption or elevated energy and nutritional requirement 

(e.g. gluten enteropathy), known metabolic defects  (e.g. phenylketonuria) 

• Psychiatric or psychosomatic diseases 

• Use of fish-oil supplements since the beginning of pregnancy 

• Hyperemesis gravidarum 

• Alcohol or drug abuse 

 

All participants received 50 Euros for their participation after successful completion of 

the study. 

Women were first contacted for a telephone-screening by a member of the study 

team (see 4.2) and asked to come to the study center at Klinikum rechts der Isar 

(Visit 1) before the 15th wk of gestation for screening and randomization if they were 

considered eligible for the study.  

Visit 1  represents the screening examination. The study details were carefully 

explained and the women received written information (appendices B.2 – B.4). 

Written informed consent of all participants was obtained. The screening examination 

included a detailed anamnesis and a detailed questionnaire on maternal lifestyle, 

education and any siblings. Maternal SFT was measured with a caliper (see 4.6). 

At Visit 2  (14th – 16th wk of gestation) the women were randomly assigned to the 

control or the intervention group. Randomization was performed using a random 
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envelope prepared by the Institute of Medical Statistics and Epidemiology of the 

Technical University of Munich and was conducted by a block length of 10 to ensure 

balanced group sample sizes during the whole recruitment period using SAS 

software Version 9.1. For the assessment of plasma PL and red blood cell fatty acids 

and a blood count, maternal venous blood was collected after an overnight fast (see 

4.8). A first 7-day dietary record was filled in after careful instruction of the women by 

a member of the study team (appendices B.5 & B.6; see 4.5). Women in both groups 

then received dietary counseling on a healthy diet according to the guidelines of the 

German society of nutrition, which represents a healthy balanced diet. Treatment was 

started for both treatment groups: 

• Intervention group: 

In order to reduce the ratio of n-6 to n-3 LC-PUFA intake during pregnancy and 

lactation, the intervention protocol combined two components: one is to increase 

n-3 LC-PUFA intake by asking the women to take a supplement (see 4.3) 

providing 1.2 g n-3 LC-PUFAs. The other is to reduce arachidonic acid intake to 

the recommended range of 50 to 90 mg per day. For this purpose, the women 

were advised - based on the guidelines of the German Society of Nutrition on a 

healthy balanced diet - to reduce their intake of AA-rich foods, particularly meat, 

meat products, and eggs (see 4.4 and appendix B.7). 

• Control group: 

The women in the control group were advised to retain their habitual diet within 

the recommendations of the German society of nutrition. They did not receive any 

supplements and are not allowed to take any fish oil supplements.  

If they wished to, the participants of both groups received individual nutrition 

counseling based on the 7-day dietary record. 

At Visit 3  (32nd wk of gestation) maternal venous blood was collected and the women 

of the intervention group were advised once again to reduce their AA-intake to the 

recommended range. Furthermore, all women were asked to fill in a second 7-day 

dietary protocol. Compliance was verified by counting leftover capsules and by the 

plausibility of the DHA increase in plasma PL and red blood cells. Maternal blood was 

collected at 32 weeks of gestation to avoid possible variables associated with labour 

and delivery. 
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At birth , pregnancy and birth outcomes of mother and infant, e.g. gestational age, 

birth weight and height, placental weight, mode of delivery, APGAR score and other 

data were documented in a standardized manner. Blood from the mother, umbilical 

cord blood, a piece of the umbilical cord and defined placental tissue samples were 

collected, aliquotted and immediately frozen at – 86° C (see 4.9 and 4.10). 

Eligible for the study were healthy newborns who fulfilled the following inclusion 

criteria and who did not meet one of the following exclusion criteria: 

Inclusion criteria for the newborns: 

• Gestational age at birth between 37th and 42nd wk  

• Appropriate size for gestational age (AGA) 

• APGAR score > 7 at 5 min pp 

Exclusion criteria for the newborns: 

• Severe malformations or diseases 

• Chromosomal anomaly 

• Metabolic diseases 

 

At Visit S1  (2 – 8 days after delivery) SFT measurements of the newborn were 

performed and the upper arm circumference of the infant was measured (see 4.7.2). 

In case of maternal inability to breastfeed her infant, infant formula was provided for 

free in both groups (Aptamil Pre/1/2 with LCP-Milupan® and Aptamil HA Pre/1/2 with 

LCP-Milupan® of Milupa) until the 6th month pp. Every formula contains LA and ALA 

in a ratio of 5.4 / 1; 0.35 g AA / 100 g fatty acids and 0.2 g DHA / 100 g fatty acids. 

At Visit S2  (6 wks after birth) venous blood and breast milk samples were collected 

from the mother if she was breast feeding her infant and gave written, informed 

consent (appendix B.8). A third 7-day dietary record was requested. In the newborn, 

SFT measurements were performed as well as an assessment of subcutaneous fat 

by ultrasound (see 4.7.3). Furthermore, body height, weight, head and upper arm 

circumferences were measured. In a sub-sample of the newborns and, with maternal 

consent, whole body composition was assessed by magnetic resonance imaging 

(see 4.7.4). 
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At Visit S3  (4 months after birth) the same anthropometric measurements were 

performed as described for Visit S2. In addition, a 1 – 4 ml blood sample of the infant 

was collected with maternal consent. 

At Visit S4  (12 months after birth), the final examination, SFT of the infant was 

measured and the subcutaneous fat was assessed by ultrasound. Furthermore, body 

height, weight, head and upper arm circumferences were measured. A 1 – 4 ml blood 

sample of the infant was collected again, with maternal consent. 

Beyond the first year of life, follow-up examinations are planned at months 18, 24, 36, 

48 and 60 after birth for the assessment of defined anthropometric parameters. 

Participation again requires the consent of both parents. 

4.2 Recruitment 

Recruitment started in July 2006 and was finished in July 2009. Gynecologists in 

private practices as well as out-patient clinics in the Munich area were contacted and 

invited to refer healthy pregnant women before the 14th wk of gestation to the study 

center at the University Hospital Klinikum rechts der Isar. In addition, the study was 

advertised in local newspapers (Süddeutsche Zeitung, Münchner Merkur) and 

pregnancy specific internet pages as well as in a monthly journal called “Baby & 

Familie”, which was produced for pregnant women and young families to give specific 

advice on topics related to pregnancy and baby care. The first screening was usually 

done by telephone or directly using a structured questionnaire.  

4.3 Supplementation  

The supplement was provided in capsule form (1 g), providing ~ 350 mg/g DHA and 

~ 60 mg/g EPA from fish oil in glyceride form (Marinol-D40, Lipid Nutrition, Loders 

Crocklaan, The Netherlands, see appendix B.9). The women were asked to take 3 

capsules / d in the evening. Three capsules provided ~ 30 kcal/d, 9 mg Vitamin E as 

an antioxidant, ~ 1.2 g n-3 LC-PUFAs and negligible amounts of LA and ALA 

compared with that in the usual diet. Apart from the n-3 LC-PUFAs, the capsules 

contained mainly C16:0, C18:0 and C18:1n-9. The decision for 1.2 g n-3 LC-PUFA 

was based on the calculations that daily consumption of the capsules would result in 

a ratio of n-6 to n-3 fatty acids of 3.5:1 in the diet of the intervention group compared 

to the ratio in the control group of ~ 7:1 (DGE 2004; MAX-RUBNER-INSTITUT 2008). The 
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choice of this ratio was based on guidelines for PUFA intake in pregnancy issued by 

various international authorities, which state that for optimum benefit, the ratio of n-6 

to n-3 fatty acids should not be lower than 2:1 (KOLETZKO ET AL. 2007; KOLETZKO ET 

AL. 2008; KRIS-ETHERTON ET AL. 2009).  

At Visit 2, the women were provided with the supplement for one month. They were 

carefully instructed about the storage and intake of the supplement. They were given 

a “capsule diary” in which they had to document the number of capsules they took 

and to document the reason why they did not take the supplement, if forgotten, as 

well as side effects or signs of illness. Forgotten capsules had to be preserved and 

were counted at the next visit at the study center. The women were asked to come to 

the study center one month later to pick up the supplement for the next 5 months. 

After delivery, they were provided for the third time with the supplement until the end 

of lactation. To support the intake of fish oil capsules and to maintain compliance, the 

women were called every 4 to 8 weeks by a member of the study team. 

The supplement was stored at 2°C in a refrigerator at the study center. The storage 

temperature was controlled and documented regularly in the storage temperature log.  

4.4 Dietary intervention 
Women of both groups were advised to keep a healthy balanced diet according to 

the guidelines of the German Society for Nutrition. Both got a short dietary counseling 

upon beginning the study.  

Dietary intervention was one of the two measures undertaken to reduce the n-6 to n-

3 LC-PUFA ratio in maternal nutrition of the intervention group. Women in the 

intervention group were therefore advised to reduce their consumption of AA-rich 

foods, particularly meat, meat products and eggs in order to limit their AA-intake to 90 

mg per day. The latter was primarily achieved by advising the women to limit their 

meat intake to 500 g (2 – 3 portions) per week. Written information about the AA 

content of common food and advice about how to replace AA-rich food adequately 

with food low in AA was provided (see appendix B.7). Great emphasis was placed on 

the identification of hidden sources of AA in foods or AA-rich foods, e.g. liver wurst or 

lard. 

In both groups, the women were allowed to eat fish in usual quantities (2 – 3 times a 

week), paying attention to the AA content for the women in the intervention group. 
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4.5 Dietary intake 
The dietary intake of the women was recorded at 15 and 32 wk of gestation and, in 

the case of breastfeeding, additionally at 6 and 16 wk pp by using a 7-day dietary 

record. All participants were instructed in detail about the use of the dietary record 

and how to record their dietary intake in difficult situations like dinner at a restaurant 

or during vacation (see appendices B.5 & B.6). The women were asked to estimate 

the consumed foods in amounts usually used in the household e.g. one tablespoon 

or 1 cup. Specific information on all sources of fat, including product brand names 

and types of fish, seafood, meat and meat products was collected. Dietary record 

data were analyzed with Prodi® 5.2. Expert (2006; Nutri Science GmbH, 

Wissenschaftliche Verlagsgesellschaft Stuttgart mbH). The intake of total kcal/d and 

the fat, carbohydrate and protein intake in % of the total energy intake as well as the 

AA intake per day and per 1000 kcal was calculated. This assessment also included 

information on all dietary supplements and drugs taken by the participants. 

4.6 Maternal anthropometric measurements 

4.6.1 Growth parameters and skinfold thickness 

Body height and weight before pregnancy were taken from the “Mutterpass” at Visit 

1, together with information about blood pressure, parity and gravidity. BMI [kg/m2] 

before pregnancy was calculated. 

Triceps, biceps, suprailiac and subscapular SFT was measured to the nearest 0.5 

mm in triplicate on the left side of the body under standard conditions by using a 

skinfold caliper (Holtain Ltd. Croswell, Crymych, United Kingdom) that was operated 

with a constant pressure of 10 g/mm2. For a given site, the mean of the three 

measurements was used for the SFT value. While the woman was standing in a 

relaxed position in front of the investigator, the biceps SFT was measured at the mid 

length (midway between the acromion and olecranon) of the ventral side of the upper 

arm. The triceps SFT was measured at the mid length of the dorsal side of the upper 

arm. Subscapular SFT was measured below the inferior angle of the left scapular at a 

diagonal in the natural cleavage of the skin. Suprailiac SFT was measured along the 

midaxillary line above the iliac crest. All measurements were made by lifting the skin 

with the thumb and index finger, with care taken not to include any underlying tissue. 

The caliper was left in place until a constant reading was obtained. The mid upper 
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arm circumference was measured on the left arm midway between the acromion and 

olecranon by using a standard measuring tape. 

4.6.2 Body fat and lean body mass 

Maternal body fat (BF) in % of total body weight, lean body mass (LBM) in % of total 

body weight, maternal BF in kg and LBM in kg were calculated with two equations 

(DURNIN AND WOMERSLEY 1974; VAN RAAIJ ET AL. 1988).  

Maternal body density was estimated with a linear regression equation of body 

density x 103 [kg/m3] from the logarithm of the SFT according to DURNIN AND 

WOMERSLY: 

Density = c – m x log skinfold (mm) 

Skinfold: sum of skinfolds (e.g. biceps SFT, triceps SFT) 
c and m: variables depending on age, gender and skinfolds (given in tables, DURNIN & WOMERSLY 
(1974)). 

 

Maternal fat mass in kg was calculated according to VAN RAAIJ ET AL: 








 −








 −
×=

FFMFM

FFMBB
FM

DD

DDWW
11

100100

100  

 

WFM = weight of fat mass 
WB = body weigt 
DB = body density (calculation see above) 
DFFM = density of fat free mass 
DFM = density of fat mass, constant 0.900 x 103 kg/m3 

 

 

Because the density of fat free mass changes over the course of pregnancy, special 

equations are given for week 6, 12, 20, 24, 30, 34, 36 and 40 in the papers of VAN 

RAAIJ ET AL. (1988 AND 1989), based on the chart shown in figure 6: density and water 

content of maternal fat free body mass during pregnancy for a reference woman with 

no edema or leg edema only (continous line) and with generalized edema (broken 

line) according to VAN RAAIJ ET AL. (1988): 
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•  

Figure 7 Density of maternal lean body mass (R AAIJ ET AL 1988) 

Derivation of the equations for the 15th and 32nd wk of pregnancy using a cubic fit for 

the curves in Fig. 7 as proposed by LÖSCHL in her “Magister Thesis” (LÖSCHL 1996). 

The generation of a cubic fit seems to be a valuable approach for the precise 

assessment of the density of the fat free mass at any given week of pregnancy and 

was defined as follows: 

 

y = 0.00015x3 – 0.015x2 + 0.065x + 1100 

 
x = week of pregnancy 
y = density of fat free mass 
 

The following values result: 

15th week: 1.0981 x 103 kg/m3 

32nd week: 1.0916 x 103 kg/m3 

By inserting the values for the 15th and 32nd week of pregnancy in the general equation for 

determining the fat mass meets to the following simplified results: 
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15th week of pregnancy: 
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32nd week of pregnancy: 
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4.7 Anthropometric measurements of infants 

4.7.1 Growth parameters 

Birth weight, birth length, head circumference (HC) and sex of the newborn were 

extracted from the maternal obstetric record. Appropriate weight, length and head 

circumference of the newborns for gestational age was defined on the basis of 

current age- and sex-related percentile charts as shown in appendix B.11 (VOIGT ET 

AL. 1996). 

At visit S2, S3 and S4 the weight of the naked infant was measured to the nearest 10 

g by using a standard balance (Babywaage Ultra MBSC-55, myweight®). Height was 

measured with a measuring stick (Säuglingsmessstab seca 207, seca, Pfaffenweiler) 

to the nearest 0.5 cm while the infant was supine with stretched legs. Furthermore, 

the Ponderal Index [kg/m3] was calculated form the basic sizes and was used as a 

measure of relative weight-for-length and growth pattern. 

4.7.2 Skinfold and circumference measurements 

At visit S1, S2, S3 and S4 triceps, biceps, suprailiac and subscapular SFT was 

measured to the nearest 0.5 mm in triplicate on the left side of the body under 

standard conditions by using a standard skinfold caliper (Holtain Ltd. Croswell, 

Crymych, United Kingdom) that was operated with a constant pressure of 10 g/mm2. 
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For a given site, the mean of the three measurements was used for the SFT value. 

While the infant was supine and the arm was slightly abducted and extended, biceps 

SFT was measured 2 cm proximal to the skin crease of the elbow. Triceps SFT was 

measured over the triceps, midway between the acromion and olecranon, with the 

arm slightly flexed and the infant lying on the right side. Subscapular SFT was 

measured below the inferior angle of the left scapular at a diagonal in the natural 

cleavage of the skin. Suprailiac SFT was measured along the midaxillary line above 

the iliac crest. All measurements were made by lifting the skin with the thumb and 

index finger, with care taken not to include any underlying tissue. The caliper was left 

in place until a constant reading was obtained. The mid upper arm circumference 

was measured on the left arm by using a standard measuring tape. All 

measurements for one infant were made by the same member of the study team. 

Infant fat mass in g, body fat in % and fat mass/height2 in kg/m2 was estimated with 3 

different equations (SLAUGHTER ET AL. 1988; WESTSTRATE AND DEURENBERG 1989; 

DEURENBERG ET AL. 1990), summarized in Fig. 8: 

Children with a mean age of 11 y 4 Skinfolds
Sum of bizeps, trizeps, 
subscapular, suprailiacal

Male: 
d = 1,1133-0,0561 x log ΣSFT + 1.7 (age x 
10 -3)
Female:
d = 1,1187-0,063 x log ΣSFT + 1.9 (age x 
10 -3)

Deurenberg P. et al 
(1990):
Br. J. Nutr; 63:293-303

For boys and girls aged 
0 - 2 y
Additional: 
gender-specific equations for
boys and girls aged 2 - 18 y
age and sex-specific reference values 
for skinfold thickness at given body fat 
percentage

4 Skinfolds
Sum of bicipital, tricipital, 
subscapular, and suprailical
skinfold thickness in relation 
to total body density

Male & Female:
% F = ({585-4.7[age(mo)0,5}/D)
-{550-45.1[age(mo)]0,5}

D = {1,1235+0,0016[age(mo)] 0,5}
- S1*log (skinfold thickness)

Weststrate, J. A. and 
Deurenberg, P. (1989):
Am J Clin Nutr; 50:1104-
1115

prepubescent, pubescent and adults 
with ΣSFT < 35mm

2 Skinfolds
Sum of either triceps + 
subscapular 
or 
sum of triceps+ calf 

Male: 
% BF = 1,21 x ΣSFT-0,008 x ΣSFT2-1,7

Female: 
% BF = 1,33 x ΣSFT-0,013 x ΣSFT2-2,5

Slaughter, M. H. et al 
(1988): 
Human Biology; Vol. 60, 
No.5:709-723

CharacteristicsNo. of skinfoldsEquationReference
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Figure 8 Equations for the assessment of infant fat  mass  

4.7.3 Assessment of subcutaneous and preperitoneal fat by ultrasound 

At visit S2, S3 and S4 the infants’ subcutaneous and preperitoneal fat thickness was 

measured by ultrasound using a high-resolution ultrasonographic system (Siemens 

Acuson Premium, Siemens Medical Solutions, Erlangen, Germany) with a 10 MHz 

linear probe (VFX 13-5, Siemens Medical Solutions, Erlangen, Germany) according 

to the method recently described by DURMUS and coworkers from Rotterdam, The 

Netherlands (DURMUS ET AL. 2009) . Briefly, the infant was examined in the supine 
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position. The thickness of the preperitoneal fat was measured on sagittal B-mode 

images ranging from the xiphoid process caudal along the linea alba. The 

preperitoneal fat thickness was defined as the thickness of the fat tissue between the 

liver surface and the linea alba. Transverse scanning was performed to measure the 

subcutaneous fat thickness, defined as the thickness of the fat tissue 1 cm lateral of 

the linea alba, between the skin-fat interface and the rectus abdominis muscle 

surface. The transducer was put on about 1cm ultrasound gel without pressure to 

avoid compression of the tissue. Both sagittal and transversal images were 

transferred to an offline workstation (Siemens Fujitsu, Munich, Germany) and 

measurements were performed with custom-built software using IDL 6.3 (Creaso, 

Gilching, Germany). 

 

 

Figure 9 Assessment of infant fat mass by ultrasoun d (left) and MRI (right)  

4.7.4 Assessment of adipose tissue volume by MRI 

At visit S2 and S3 the infants’ adipose tissue volume was measured by magnetic 

resonance imaging (MRI), using a 1.5 Tesla Siemens Avanto Scanner (Siemens 

Medical Solutions, Erlangen, Germany) with a four element surface coil in 

combination with an eight element spine coil (both TIM coils, Siemens Medical 

Solutions, Erlangen, Germany). The scanning procedure started when the infant was 

asleep, no sedative drugs were used. The infant was positioned supine on the 

platform in a small plastic bed and was swaddled to keep it as stationary as possible 

during the scan. Starting from the head, 100 axial intermediate-weighted images 

were acquired using a fat excitation turbo spin echo sequence with a total scan time 

of 4:56 minutes. For noise reduction, the scan was performed in “silent mode”, using 

slow gradients. For reproducibility measurements, four scans were repeated three 
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times. The images were transferred to an offline workstation (Siemens Fujitsu, 

Munich, Germany) and measurements were performed with custom-built software 

using IDL 6.3 (Creaso, Gilching, Germany). Volumes of whole body fat, as well as 

visceral fat and subcutaneous fat of the body and of the extremities separately were 

determined using a semi-automatic segmentation technique. In a first step, whole 

body fat was automatically segmented by a threshold-based technique. Afterwards 

one trained user could correct this segmentation in case of local inhomogeneities of 

the magnetic field and consequent errors of the water saturation and fat excitation. 

The separation of the different fat depots was done manually as well. A detailed 

description and publication of the method is currently in progress. 

4.8 Maternal blood count 

At randomization (Visit 2), at 32nd wk of gestation (Visit 3) and additionally at 6 and 

16 wks pp (if the mother was breastfeeding her infant) fresh venous blood samples 

were collected from each subject after fasting overnight. A laboratory investigation 

including a small blood count (hemoglobin, haematocrit, number of thrombocytes, 

leukocytes, red blood cells, MCH, MCV, MCHC, RDW), blood glucose concentration, 

triglyceride, total-, HDL- and LDL-cholesterol concentration and coagulation 

parameters (Quick, INR and PTT) was performed. All analyses were carried out by a 

commercial laboratory (Labor Dr. Tiller und Kollegen, München), using standard 

analytical methods and commercial kits. 

4.9 Blood and milk fatty acid pattern analysis 

4.9.1 Plasma Phospholipids 

4.9.1.1 Lipid extraction 

Lipids were extratcted according to the method of BLIGH AND DYER. Fresh venous 

blood samples were collected from each subject after fasting overnight and put in 

EDTA containing tubes (Sarstedt, Germany) and immediately centrifuged at 2000 x g 

for 10 minutes to separate erythrocytes and plasma. The plasma was then aliquotted 

and stored until analysis at – 86°C. Frozen plasma was thawed at room temperature 

and total lipids are extracted with chloroform/methanol/water (10:10:9, by vol) (see 

appendix A.1) (BLIGH AND DYER 1959). 
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4.9.1.2 Separation of lipid classes 

The neutral and polar lipid classes were separated by  high pressure liquid 

chromatography (HPLC) and fractionated via automatic fractionation sampling 

(BEERMANN 2003). An aliquot of the lipid extract was dissolved in 

chloroform/methanol (1:1, by vol) at a concentration of 0.5 - 2.5 mg/mL. The lipid 

class separation was completed with an HPLC Alliance 2695 Separation module from 

Waters (Waters GmbH, Eschborn, Germany) coupled with an PL-ELS 1000 

evaporative light scattering detection system (Polymer Laboratories, Darmstadt, 

Germany). The detection was established at 30°C for  the nebulizer and 50°C for the 

evaporator. For the lipid class separation a polyvinyl alcohol chemically bound 

stationary phase PVA Sil column (5 µm, 250 mm x 8 mm) (YMC Europe, 

Schermbeck, Germany) was used. The eluent system corresponded to that of 

CHRISTIE (CHRISTIE 1995): A: n-hexane; B: isopropanol / acetonitrile / chloroform / 

acetic acid (84:8:8:0.025; by vol); C: isopropanol / bidest. water / triethylamine 

(50:50:0.2, by vol). All applied solvents were of HPLC grade or supra-solvent quality 

(Merck Eurolab, Darmstadt, Germany). The solvent-gradient system was as follows: 

0 - 1 min A/B/C (%) 80:20:0, 1 - 7 min A/B/C (%) 30:54:16, 7 - 13 min A/B/C (%) 

30:54:16, 13 - 16 min A/B/C (%) 30:70:0, 16 - 19 min A/B/C (%) 80:20:0, 19 - 24 min 

A/B/C (%) 80:20:0. The flow rate was 2.5 mL/min (see appendix A.2). The distinct 

lipid classes were characterized by retention time. The distinct lipid species were 

collected with an automatic fraction-sampler from Waters by peak signal recognition. 

The fractions were collected in 5 mL lockable glass tubes. 

4.9.1.3 Phospholipid fatty acid derivatization 

The separated PL fraction of the HPLC fractionation was evaporated with nitrogen to 

dryness. For derivatization, the samples were dissolved in 2 mL methanol/hexane 

(4:1, vol/vol) plus 0.5% pyrogallol and were methylated (according to Lepage and 

Roy 1984) with 200 µL acetylchloride at 100°C, 1h; 5 mL 6 % K2CO3 were added and 

centrifuged for 10 min at 3200 x g. The upper hexane phase containing the fatty acid 

methyl ester (FAME) was separated (see appendix A.3). 

4.9.1.4 Fatty acid methyl ester analysis 

The FAME were analyzed by capillary gas chromatography (CGC) performed on the 

6890N gas chromatograph (Agilent Technologies, Waldbronn, Germany) fitted with a 

cold-on-column injector to prevent fatty acid discrimination (BEERMANN ET AL. 2005). A 
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chemically bound 50 % cyanopropyl-methylpolysiloxane capillary column DB23, 60 

m, I.D. 0.25 mm, film 0.25 µm (JW Scientific, Agilent Technologies, USA) was used 

for the separation of fatty acids. The chromatographic conditions were as follows: 

Injector (COC): 65 °C to 270 °C; carrier gas: hydro gen at a 40 cm/s flow. The signals 

were produced by a flame ionization detector at 250 °C. Fatty acids were identified 

according to their retention times relative to standards (GLC 85 standard mix, 

NuChekPrep, Inc. Elysian, Minnesota, USA). The temperature program was as 

follows: initial temperature 60 °C for 0.5 min; fro m 60 °C to 180 °C at 40 °C/min; 180 

°C for 2 min; from 180 °C to 210 °C at 2 °C/min; 21 0 °C for 3 min; from 210 °C to 240 

°C at 3 °C/min; 240 °C for 10 min (see appendices A .4 & A.5). 

4.9.2 Red blood cells 

4.9.2.1 Lipid derivatization 

Fresh venous blood samples were collected from each subject after fasting overnight 

and put in EDTA containing tubes (Sarstedt, Germany) and immediately centrifuged 

at 2000 x g for 10 minutes to separate erythrocytes and plasma. The plasma was 

removed and the remaining erythrocytes are washed three times with 0.9% w/v NaCl 

solution, aliquotted and stored until analysis at – 86°C. Frozen erythrocytes were 

thawed at room temperature. For derivatization, 200 µL of each sample was 

dissolved in 2 ml methanol/hexane (4:1, vol/vol) plus 0.5% pyrogallol and was 

methylated according to LEPAGE AND ROY (1984) with 200 µL acetylchloride at 100°C, 

1h; 5 mL 6 % K2CO3 were added and centrifuged for 10 min at 3200 x g. The upper 

hexane phase containing the FAME was separated. 

4.9.2.2  Fatty acid methyl ester analysis 

The FAME were analyzed by CGC according to 4.9.1.4. 

4.9.3 Breast milk 

4.9.3.1 Lipid derivatization 

Fresh breast milk samples were collected after fasting overnight, aliquotted and 

immediately stored until analysis at – 86°C. Frozen  milk was thawed at room 

temperature. For derivatization, 100 µL of each sample was dissolved in 2 ml 

methanol/hexane (4:1, vol/vol) plus 0.5% pyrogallol and was methylated according to 

LEPAGE AND ROY (1984) with 200 µL acetylchloride at 100°C, 1h; 5 m L 6 % K2CO3 
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were added and centrifuged for 10 min at 3200 x g. The upper hexane phase 

containing the FAME was separated.  

4.9.3.2 Fatty acid methyl ester (FAME) analysis by capillary gas chromatography 

(CGC) 

The FAME were analyzed by CGC according to 4.9.1.4. 

4.10 Placental tissue preparation 

Placental tissue was obtained shortly after delivery, thus minimizing analytic changes 

in the tissue. The tissue was placed on a cool work place (plate with freezer packs). 

Before starting the preparation the appearance of the placental tissue was assessed 

in a standardized manner (infarcted and/or calcified areas, any pathological 

abnormalities). A picture of the basal and the chorionic plate was taken. Placental 

preparation was carried out according to a standardized protocol (appendix A.6). 

Briefly, four stripes / arms of placental tissue of about 2 cm in the center were chosen 

although the umbilical cord was not located in the center (encasing at least four 

stripes, avoiding the outer areas / border) and the outer layers of the stripes 

(chorionic plate and basal plate) were removed. These four stripes were each divided 

in six cubes of 1 cm each. A small piece of each of these cubes was put into a cryo 

vial and immediately shock frozen in liquid nitrogen for later analysis of RNA, 

adipokine, fatty acid, DNA, and protein analysis. Another sample, as well as a piece 

of the umbilical cord and the amnion were fixed in formalin and then paraffin-

embedded for later immunohistochemistry. A seven cm piece of the umbilical cord 

was cut out of the cord five cm distal of the onset of the cord and shock frozen in 

liquid nitrogen for later fatty acid analysis. After shock freezing, all samples were 

stored at – 86 °C until analysis . 

4.11 Sample size calculation and statistical analys is 

The calculation of sample size was based on the primary outcome (SFT 

measurements). According to recent publications, a mean sum of the 4 skinfolds of 

30 ± 5 mm was expected (SCHMELZLE AND FUSCH 2002, RODRIGUEZ ET AL. 2005). It 

was assumed that there will be a difference of at least 5 mm in the sum of the four 

defined skin folds (subscapular, suprailiac, triceps, biceps) between intervention and 

control group at 4 months pp. To be able to detect a clinically significant difference of 
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5 mm between the groups at a two-sided α = 0.05 and a power of 80 % and 

assuming a drop-out rate of 30 % over the study period, a total of 102 women in each 

group was required. Thus, a total of 204 women had to be recruited for the study. 

The calculation was based on the nQuery Version 5 software programme. 

Due to the exploratory nature of the statistical analyses performed within this work all 

tests were conducted in a non-parametric way which was more conservative and 

more economic with regard to the multiple test issue, since there was no need for 

particular proof of assumptions regarding the underlying data distribution (e.g. 

normality). A two-sided p value < 0.05 was considered statistically significant for the 

analysis of clinical outcome variables and fatty acid analysis. Bonferroni correction of 

p-values was applied to reduce multiple test issue within multiple sample analysis as 

time course and many group comparisons. Subject characteristics and clinical 

parameters between the groups were compared using the Mann-Whitney-U-Test for 

quantitative values and the Chi-Square-Test for categorical data. 

Changes in maternal fatty acid status due to stage of gestation (15 or 32 wk) or stage 

of lactation (6th and 16th wk pp) were determined by using the Friedman-Test for 

more than 2 time points (e.g. fatty acid profile of maternal plasma PL) and the 

Wilcoxon-Test for the comparison of 2 time points (e.g. breast milk). Occurrence of 

missing values about the course of follow up was expected to be at random 

(independent of measurement level of any covariate to be investigated). 

To determine associations between individual fatty acid proportions in maternal and 

cord blood plasma PL and RBCs and breast milk as well as fatty acid proportions and 

birth outcomes the Sperman-Rho correlation coefficient was calculated on the base 

of the entire study population. 

All randomized participants were included in the Intention-to-treat-analysis whereas 

only those who do not violate the protocol are included in the Per-protocol-analysis. 

Protocol violaters are defined to be: 

• Women who were randomized despite not fulfilling criteria 

• Infants who were randomized despite not fulfilling criteria 

• Infants for which no data were available at birth and / or for S2 (6th wk pp) or 
S3 (4th month pp) 

• Women and infants who were excluded in the opinion of the investigator 
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Data presented in this interim analysis of the INFAT Study are based on an Intention-

to-treat-analysis of all women randomized until august 2008. 

All analyses are done with SPSS for WINDOWS (version 16; SPSS Inc., Chicago, 

IL). 

4.12 Data management and legal requirements 

Data from the participants were kept in coded form, randomly assigned to each 

participant. The investigator created a list in which the data are associated with the 

participants’ full names. Data management was performed under consideration of 

current data protection laws. Data were collected using personal data questionnaires 

(Case Report Forms (CRFs) see appendix B.10). Data were saved in a data base. All 

adverse events reported by the participating women, and regularly assessed during 

the visits were carefully documented as requested in the CRF.  

The trial was performed in accordance with the protocol, International Conference on 

Harmonization Good Clinical Practice guidelines (ICH-GCP, valid from 1997/1/17), 

the last revision of the declaration of Helsinki (october 2008, Seoul, South Korea) and 

applicable local regulatory requirements and laws. 

The study protocol was registered at ClinicalTrials.gov Protocol Registration System 

(NCT00362089). 
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5 Results 

5.1 Trial profile and sample size 

A total of 173 women (n = 87 in the control and n = 86 in the intervention group) were 

involved in the study from August 2006 to August 2008 and included in this interim 

analysis. A total of 113 women (56 controls) gave birth to healthy infants during this 

period of time. 78 infants were able to attain the third visit pp (16. wk pp) and 26 

infants were able to complete the study (12 month pp).  

From the 173 women involved, 18 women (9 controls; 10.4 % of the women) quit and 

were excluded from the study before giving birth to their infants (Fig. 10). 2 women 

were excluded because they chose to take fish oil supplements despite being in the 

control group. One woman in the intervention group dropped out because of the 

strong taste of the capsules. 6 women in the intervention group and 4 women in the 

control group quit the study for personal reasons, 2 women the intervention group 

and 3 women in the control group quit the study because of lack of time. Another 

three women quit the study after delivery (2 controls) also as a result of lack of time. 

This corresponds to a drop-out rate of 12 %. 
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Figure 10 Trial profile  

5.2 Baseline characteristics of the participants 

The characteristics of the women are presented in table 1 and table 2. There were no 

significant differences in age, weight and BMI before pregnancy, blood pressure, 

parity, frequency of work-out, smoking, ethnicity, education or any other 
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sociodemographic variables between the women randomly assigned to one of the 

two groups. 

Table 1 Maternal baseline characteristics 1 

group n mean ± SD (range) p*
Age of mother [y] Intervention 86 31.7 ± 5.0 (21-45) 0.804

Control 87 31.6 ± 4.4 (20-40)

Weight before pregnancy [kg] Intervention 86 63.2 ± 8.8 (45-91) 0.744
Control 86 63.6 ± 8.1 (47-86)

BMI before pregnancy [kg/m²] Intervention 86 22 ± 2.8 (16.9-30.7) 0.244
Control 86 22.4 ± 2.8 (17.5-30.2)

Blood pressure systolic Intervention 86 112 ± 11.8 (90-141) 0.985
Control 86 112 ± 10.2 (90-136)

Blood pressure diastolic Intervention 86 68 ± 8 (50-85) 0.965
Control 86 68 ± 8.7 (45-85)

Cigarettes before pregnancy [nr/d] Intervention 86 10 ± 7.8 (1-25) 0.501
smokers only Control 86 12 ± 7.4 (1-25)

Paternal BMI [kg/m²] Intervention 84 24.9 ± 3.4 (16.9-40.1) 0.568
Control 83 25.2 ± 3.2 (17.9-38.7)

Maternal own PI [kg/m³] Intervention 68 24.6 ± 2.7 (16.4-34.7) 0.839
Control 64 25.4 ± 4.7 (19.9-51.8)

Paternal own PI [kg/m³] Intervention 52 24.2 ± 2.8 (17.7-32.5) 0.651
Control 51 24.4 ± 3.2 (17.4-33.1)

* Significantly different distribution between groups (Mann-Whitney-U-Test) p < 0.05  

The study population was of Caucasian origin except for one woman (Asian origin), 

well-educated (67 % of the subjects had graduated their “Abitur”) and over 90 % of 

the women in both groups followed a “normal” typical western diet. Two women in 

each group followed a vegetarian diet, 2 women in each group followed a vegetarian 

diet with fish and two women in the intervention group (IG) had to follow a lactose 

free diet because of lactose intolerance. One woman in the control group (CG) 

followed a diet very low in fructose and histamines (“other diet” in table 2). 
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Table 2  Maternal baseline characteristics 2 

Intervention Control
n % % p*

Graduation 172 Hauptschule 4.7 8.1
Realschule 29.1 23.3 0.495
Gymnasium 66.3 68.6

Parity 172 nulliparus 59.3 61.6 0.755
multiparus 40.7 38.4

Para 172 0 59.3 60.5 0.88
1 34.9 31.4
2 5.8 7
3 0 1.2

Mother is working 172 82.6 89.5 0.187

Work-out before pregnancy 172 54.7 58.1 0.645

Frequency of work-out 98 1h/wk 35.4 30 0.315
2h/wk 27.1 36
3h/wk 25 20
4h/wk 8.3 2
5h/wk 4.2 12

Work-out during pregnancy 172 44.2 33.7 0.159

Frequency of work-out 67 1h/wk 63.2 51.7 0.804
during pregnancy 2h/wk 21.1 27.6

3h/wk 7.9 7.5
4h/wk 7.9 13.8

Smoking before pregnancy 172 17.4 23.3 0.344

Smoking during pregnancy 172 3.5 3.5 > 0.99

Specific diet 148 no 91.8 93.3 0.65
vegetarian 2.7 2.7
vegie + fish 2.7 2.7
lactose free 2.7 0
other diets 0 1.3

OGTT during pregnancy 120 38.8 38.8 > 0.99
* Significantly different distribution between groups (Chi-Square-Test) p < 0.05  

Neither in the intervention group, nor in the control group did a severe adverse event 

(SAE) occur during the study. We observed 3 adverse events (AE) in the intervention 

group (pyelonephritis, early contractions, HELLP-Syndrome) and one in the control 

group (bleeding before the 28. wk gestation), which were harmless in all cases for the 

women and their infants (table 3). 
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Table 3 Adverse events 

Intervention Control
n % % p*

Any adverse event during 156 6.4 7.7 0.754
pregnancy or lactation

Any perinatal complications 103 3.9 9.6 0.437

Gestational diabetes mellitus 155 2.6 5.1 0.681
* Significantly different distribution between groups (Chi-Square-Test) p < 0.05  

Two women in the intervention group and 4 women in the control group developed 

gestational diabetes mellitus (Table 3). They showed abnormal values in the oral 

glucose tolerance test (oGTT) during the third trimester of gestation. One woman in 

the intervention group and one in the control group had to use insulin to control her 

blood glucose concentration; the others were able to manage their blood glucose 

concentration following an adapted diet. Data of all six women were included in the 

interim analysis. 

None of the infants had anomalies or metabolic diseases. 6 infants had perinatal 

infections or icterus (4 in the control and 2 in the intervention group) and were treated 

with antibiotics in case of an infection (Table 3). 

5.3 Compliance, maternal dietary intake and the eff ect of dietary 

intervention 

The women’s adherence to the study protocol was quite good in general. 90 % of the 

women took the capsules regularly and missed less than 1 intake of the supplement 

per month. The remaining 10 % missed 1 or 2 intakes per month, i.e. 1 or 2 of 30 

intakes. In very few cases the women missed more than 2 intakes because of 

gastrointestinal disorder, vacation or postpartum hospital stay.  

In table 4 and appendix C.1, the mean ± SD and ranges of total dietary intake, 

protein, carbohydrate, fat and AA intakes at the 15th and 32nd wk of gestation are 

reported. Results are illustrated as boxplots in appendix D.1. 
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Table 4 Dietary intake 

group n 15. wk gest n 32. wk gest
mean ± SD (range) mean ± SD (range)

Energy intake [kcal/d] Intervention 68 1991 ± 338 (1125-2709) 26 2076 ± 324 (1670-2848)
Control 70 1954 ± 325 (1235-2756) 22 2022 ± 462 (1237-2897)

Protein intake [%] Intervention 68 14.9 ± 2.9 (9.2-27.6) 26 15 ± 2.4 (11-20)
Control 70 14.9 ± 2 (11.5-20.2) 22 15.1 ± 2.5 (10.8-21.4)

Fat intake [%] Intervention 68 31.9 ± 4.3 (19.4-42.4) 26 31.6 ± 4.4 (24.8-42.9)
Control 70 33 ± 4.8 (19.8-42.6) 22 31.9 ± 5.1 (22.9-42.4)

Carbohydrate intake [%] Intervention 68 51 ± 5.5 (28.9-63.6) 26 51 ± 4.5 (40.7-58.2)
Control 70 49 ± 4.8 (37.7-61.8) 22 51.1 ± 6.1 (40.7-63.3)

AA intake [g/d] Intervention 68 0.132 ± 0.09 (0.023-0.410) 26 0.109 ± 0.05 # (0.046-0.289)
Control 70 0.150 ± 0.09 (0.019-0.514) 22 0.169 ± 0.08 # (0.034-0.352)

AA intake [mg/1000 kcal] Intervention 68 67.1 ± 48 (11-231) 26 51 ± 22 # (0.024-0.106)
Control 70 77.2 ± 48 (13-231) 22 84 ± 42 # (0.022-0.202)

# Significantly different distribution between groups at 32nd wk (Mann-Whitney-U-Test) p < 0.05  

The average daily energy intake for the 15th wk gestation was 1991 ± 338 kcal/d in 

the intervention group and 1954 ± 325 kcal/d in the control group within very similar 

ranges from ~ 1150 to ~ 2750 kcal/d for both groups. The average daily intake of 

protein was 15 ± 2.9 % of total energy intake in both groups; the average daily intake 

of carbohydrates was 51 ± 5.5 % in the IG and 49 ± 4.8 % in the CG and the average 

daily fat intake in % of total energy intake was 32 ± 4.3 % and 33 ± 4.8 % in the IG 

and the CG, respectively. The mean intake of AA was 132 ± 0.09 mg/d in the IG and 

150 ± 0.09 mg/d in the CG. The mean intake of mg AA per 1000 kcal was 67 ± 48 in 

the IG and 77 ± 48 for the CG, respectively. There was no statistically significant 

difference in any of the described intakes between the IG and CG. 

The average daily energy intake in the 32nd wk gestation was 2076 ± 324 kcal/d in 

the supplemented group and 2022 ± 462 kcal/d in the control group within ranges 

from ~ 1650 to ~ 2850 kcal/d in the IG and from  ~ 1250 to ~ 2900 kcal/d in the CG. 

The average daily intake of protein was 15 ± 2.5 % of total energy intake in both 

groups; the average daily intake of carbohydrates was 51 ± 4.5 % in the IG and 51 ± 

6.1 % in the CG. The average daily fat intake in % of total energy intake was 32 ± 4.5 

% in both groups. The mean intake of AA was ~ 110 ± 0.05 mg/d in the IG and ~ 170 

± 0.08 mg/d in the CG. The mean intake of mg AA per 1000 kcal was 51 ± 22 in the 

IG and 84 ± 42 in the CG, respectively. There was no statistically significant 

difference in any of the described intakes between the IG and CG at the 32nd wk of 

gestation, except for the intake of AA in g/d and AA in mg/1000 kcal which were both 

significantly lower in the IG than in the CG (p < 0.05). 
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The proportion of macronutrients and the absolute intakes of energy and AA did not 

change significantly in both groups from the 15th to the 32nd wk of gestation (appendix 

C.1). 

5.4 Maternal anthropometry 

On the basis of reported prepregnancy weight, women in the intervention group 

gained on average 2.5 kg of weight during the first 15 wk of pregnancy, compared to 

2.3 kg in the control group (table 1 & 5, appendix D.2). From wk 15 to wk 32 they 

gained 7.9 kg and 9.3 kg, respectively. The difference in body weight in the 15th (IG: 

65.7 ± 9.4 kg; CG: 65.9 ± 7.9 kg) and the 32nd wk of pregnancy (IG: 73.6 ± 9 kg; CG: 

75.2 ± 7.9 kg) between the 2 groups was not significant, as shown in appendix C.2. 

Table 5 Maternal anthropometry 

group n 15. wk gest n 32. wk gest
mean ± SD (range) mean ± SD (range)

Triceps SFT [mm] Intervention 60 16.8 ± 4.5 (5.8 - 27.1) 39 17.5 ± 4.8 (8.6-27.3)
Control 63 17.1 ± 4.7 (5.9-28.6) 45 18.1 ± 5.4 (7.6-33.7)

Biceps SFT [mm] Intervention 60 9 ± 3.9 (2.4-24.3) 39 8.8 ± 3.8 (3.4-20)
Control 63 9.1 ± 3.7 (2.5-28.6) 45 9.6 ± 4.2 (3.9-26.5)

Subscapular SFT [mm] Intervention 60 13.4 ± 5.2 (5.4-29.3) 39 13.8 ± 4.6 (6.6-26.6)
Control 63 13.1 ± 3.8 (7.1-23.1) 45 14.4 ± 3.9 (7.4-24)

Suprailiac SFT [mm] Intervention 50 11.1 ± 5.2 (3-27.1) 34 12.8 ± 4.7 (5.5-22.7)
Control 50 10.7 ± 4.8 (4.4-29.3) 38 13.3 ± 4.2 (5.1-22.2)

Arm circumference [cm] Intervention 59 28.3 ± 2.8 (22-36.8) 39 28.4 ± 2.5 # (24-35)
Control 61 28.4 ± 2.8 (23.6-35.8) 45 29.9 ± 2.8 # (24-36)

Body fat [% body weight] Intervention 60 27.3 ± 4 (14.4-36.6) 36 25.5 ± 3.8 (16.1-33.2)
Control 63 27.5 ± 3.7 (17.4-35.9) 42 26.4 ± 3.8 (18.6-35.8)

LBM [% body weight] Intervention 60 72.1 ± 4.1 (63-85) 36 74 ± 4 (66-83)
Control 63 72.1 ± 7.1 (47-94) 42 73 ± 3.8 (64-81)

Body fat [kg] Intervention 60 17.4 ± 4.5 (7-32) 36 18.6 ± 4.6 (9-30)
Control 63 16.9 ± 3.9 (8-29) 42 19.7 ± 4.7 (12-33)

LBM [kg] Intervention 60 46 ± 5 (34-58) 36 54.3 ± 5 (45-65)
Control 63 45.4 ± 6.2 (22-68) 42 55 ± 4 (47-62)

Body weight [kg] Intervention 86 65.7 ± 9.4 (46-103) 55 73.6 ± 9 (58-96)
Control 86 65.9 ± 7.9 (48-87) 55 75.2 ± 7.9 (58-94)

# Significantly different distribution between groups at 32nd wk (Mann-Whitney-U-Test) p < 0.05  

All measured SFT and the arm circumference of the women increased significantly 

during pregnancy (p < 0.05, table 5, appendix C.2), except for the biceps SFT in the 

CG (which increased only slightly) and the biceps SFT in the IG, which instead 

decreased slightly between the 15th and 32nd wk of pregnancy. There was neither a 
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statistically significant difference in any SFT between the two groups at the 15th wk 

gestation, nor at 32nd wk of gestation, in contrast to the arm circumference which was 

significantly lower in the IG compared to the CG at the 32nd wk of gestation (p < 

0.05). 

At wk 15, mean body fat, estimated in % of total body weight, was ~ 27.5 ± 4 %, for 

both groups. Until the 32nd wk, BF decreased slightly but significantly to 25.5 ± 3.8 % 

in the IG and to 26.4 ± 3.8 % in the CG (appendix C.2, p < 0.05). Lean body mass 

increased (significantly only for the IG) during the same time interval from 72 % in 

both groups to 74 ± 4 % in the IG and 73 ± 3.8 % in the CG. The differences between 

the two groups were not significant at any point. BF in kg increased significantly from 

17.4 ± 4.5 kg to 18.6 ± 4.6 kg (+ 1.2 kg) at wk 32 in the IG and from 16.9 ± 3.9 kg to 

19.7 ± 4.7 kg (+ 2.8 kg) in the CG (p < 0.05). LBM in kg also increased significantly in 

both groups from the 15th wk of gestation until the 32nd wk from ~ 45.5 kg to ~ 54.5 kg 

( = 8.3 kg (IG) and 9.6 kg (CG) of LBM gain, p < 0.05). Differences between the 

groups were neither significant for the 15th wk of gestation nor for the 32nd wk. 

Results are illustrated as boxplots in appendix D.2. 

5.5 Maternal biochemical parameters  

All observed changes in hematological parameters were within the normal ranges for 

pregnant and lactating women (according to the reference values: Labor Dr. Tiller 

und Kollegen). Overall results are presented in table 6 and illustrated in appendix 

D.3. 
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Table 6 Maternal biochemical parameters 

group n 15. wk gest n 32. wk gest n 6. wk pp n 16. wk pp p* p# p§ p† p‡
mean ± SD (range) mean ± SD (range) mean ± SD (range) mean ± SD (range)

Erythrocytes [pL] Intervention 83 4.2 ± 0.3 (3.5-5.2) 59 3.9 ± 0.2 (3.1-4.5) 42 4.4 ± 0.3 (3.9-5.2) 27 4.7 ± 0.3 (4 .2-5.4) > 0.99 > 0.99 0.363 > 0.99 < 0.001
Control 84 4.2 ± 0.3 (3-5.3) 61 3.9 ± 0.3 (3.2-4.8) 35 4.6 ± 0.4 (3.5-5.6) 22 4.7 ± 0.3 (3.9-5.5) < 0.001

Hb [g/dL] Intervention 83 12.7 ± 0.9 (10.3-15.2) 59 11.8 ± 0.9 (8.9-14.3) 42 13 ± 0.9 (11.3-15.2) 27 13.5 ± 0.8 (11.7-15.1) > 0.99 > 0.99 > 0.99 > 0.99 < 0.001
Control 84 12.7 ± 0.9 (10.1-15) 61 11.8 ± 0.9 (10.1-14.7) 35 13.2 ± 0.9 (11.6-15.1) 22 13.5 ± 0.9 (11.9-15) < 0.001

Hct [%] Intervention 83 36.7 ± 2.7 (30.2-43.9) 59 34.8 ± 2.4 (26.6-40.6) 42 39.1 ± 2.6 (33.8-44.9) 27 39.9 ± 2.2 (36.4-44.5) > 0.99 > 0.99 > 0.99 > 0.99 < 0.001
Control 84 36.8 ± 2.9 (29.7-43.6) 61 34.9 ± 2.6 (30.1-43.6) 35 39.6 ± 2.3 (35.5-43.8) 22 39.8 ± 2.5 (34.9-43.2) < 0.001

Thrombocytes [nL] Intervention 83 242 ± 49 (139-458) 59 215 ± 39 (128-287) 42 239 ± 49 (133-379) 27 233 ± 41 (156-336) > 0.99 > 0.99 0.525 0.725 0.003
Control 84 236 ± 44 (153-351) 61 223 ± 52 (133-387) 35 259 ± 54 (163-398) 22 254 ± 48 (190-359) 0.002

Leucocytes [nL] Intervention 83 8.1 ± 1.9 (4.1-13.7) 59 9.1 ± 2.2 (5.3-16.7) 42 5.5 ± 1.3 (3.3-10.4) 27 5.1 ± 0.9 (3.6-7.2) > 0.99 0.451 0.479 0.545 < 0.001
Control 84 8.1 ± 1.6 (4.3-12) 61 9.6 ± 2.1 (6.1-15) 35 6 ± 1.4 (3.9-10.3) 22 5.6 ± 1.3 (3.6-8.7) < 0.001

Cholesterol [mg/dL] Intervention 81 195 ± 30 (130-286) 59 270 ± 45 (194-393) 43 220 ± 39 (173-358) 27 195 ± 31 (123-247) > 0.99 > 0.99 > 0.99 > 0.99 < 0.001
Control 84 198 ± 34 (102-282) 60 276 ± 51 (182-416) 36 119 ± 39 (157-337) 22 206 ± 42 (147-274) < 0.001

Triglycerides [mg/dL] Intervention 81 103 ± 33 (43-232) 59 174 ± 62 # (90-395) 42 64.4 ± 32 (35-198) 27 51 ± 13 (35-75) 0.429 < 0.001 0.054 0.190 < 0.001
Control 84 114 ± 45 (42-335) 60 219 ± 63 # (112-354) 36 81 ± 36 (35-194) 22 76 ± 48 (35-222) < 0.001

HDL [mg/dL] Intervention 81 77 ± 13 (45-118) 59 82.9 ± 15 (57-127) 43 77 ± 20 (36-127) 26 74 ± 16 (54-108) > 0.99 > 0.99 0.396 > 0.99 < 0.001
Control 84 77 ± 14 (40-118) 60 81 ± 16 (53-123) 36 71 ± 15 (49-115) 22 70 ± 15 (47-109) < 0.001

LDL [mg/dL] Intervention 81 108 ± 25 (66-183) 59 169 ± 43 (98-292) 43 131 ± 37 (82-230) 26 111 ± 22 (63-146) > 0.99 > 0.99 > 0.99 > 0.99 < 0.001
Control 84 107 ± 28 (29-181) 60 170 ± 43 (93-282) 36 133 ± 39 (80-229) 22 121 ± 38 (66-188) < 0.001

LDL/HDL Intervention 81 1.44 ± 0.4 (0.73-2.79) 59 2.18 ± 0.6 (0.96-4.14) 43 1.85 ± 0.8 (0.65-4.26) 26 1.55 ± 0.41 (0.76-2.37) > 0.99 > 0.99 > 0.99 0.936 < 0.001
Control 84 1.42 ± 0.4 (0.41-2.8) 60 2.18 ± 0.6 (0.84-3.72) 36 1.97 ± 0.7 (0.84-3.82) 22 1.8 ± 0.69 (0.74-3.28) < 0.001

Quick/INR Intervention 63 1.01 ± 0.04 (0.91-1.12) 55 0.99 ± 0.04 (0.91-1.09) 41 1.03 ± 0.05 (0.92-1.15) 28 1.04 ± 0.06 (0.92-1.14) 0.639 0.787 0.695 > 0.99 0.046
Control 66 1.01 ± 0.07 (0.8-1.52) 58 0.99 ± 0.07 (0.89-1.44) 36 1.04 ± 0.06 (0.96-1.29) 22 1.04 ± 0.05 (0.98-1.17) 0.001

Blood glucose [mg/dL] Intervention 66 81 ± 10 (64-106) 54 83 ± 10 (65-115) 42 85 ± 12 (67-112) 27 83 ± 9 (66-100) > 0.99 > 0.99 > 0.99 > 0.99 0.001
Control 80 82 ± 13 (51-121) 56 83 ± 12 (63-115) 34 84 ± 11 (68-112) 19 84 ± 13 (68-116) 0.192

* Significantly different distribution between groups at 15th wk (Mann-Whitney-U-Test) p < 0.05
# Significantly different distribution between groups at 32nd wk (Mann-Whitney-U-Test) p < 0.05
§ Significantly different distribution between groups 6 wks pp (Mann-Whitney-U-Test) p < 0.05
† Significantly different distribution between groups 16 wks pp (Mann-Whitney-U-Test) p < 0.05
‡ Significant change over time (Friedman-Test)
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5.5.1 Maternal blood count 

Maternal erythrocyte concentration decreased from 4.2 ± 0.3 per pL at the 15th wk of 

gestation to 3.9 ± 0.3 per pL at the 32nd wk of gestation in both groups. After delivery, 

the number of erythrocytes increased significantly to 4.4 ± 0.3 per pL and to 4.6 ± 0.4 

per pL in the IG and CG, respectively, to reach 4.7 ± 0.3 per pL in both groups 16 

wks pp (p < 0.05). The concentrations were not significantly different between the two 

groups at study entry, the 32nd wk of gestation, nor at 6 and 16 wks pp.  

Maternal hemoglobin concentration followed a very similar pattern in both groups. It 

decreased from the baseline value of 12.7 ± 0.9 g/dL at week 15 of pregnancy to 

11.8 ± 0.9 g/dL at week 32 and rose significantly to 13 ± 0.9 and 13.2 ± 0.9 g/dL after 

delivery in the IG and CG, respectively, and further to 13.5 ± 0.9 g/dL in both groups 

at 16 wks pp (p < 0.05). The hemoglobin concentration did not differ significantly 

between the groups at any of the sampling points. 

Maternal hematocrit values decreased from ~ 36.7 % at the 15th wk of gestation to ~ 

34.8 % at the 32nd wk of gestation in both groups. After delivery, the hematocrite 

increased to 39.1 % and to 39.6 % in the IG and CG, respectively, to reach ~ 39.9 % 

in both groups 16 wks pp. There were no significant differences between the groups 

at any of the sampling points.  

The number of thrombocytes per nL fell from the 15th wk of gestation to the 32nd wk 

of gestation from 242 to 215 in the IG and from 236 to 223 in the CG. After delivery, it 

increased significantly to 239 ± 49 at 6 wks pp in the IG and to 259 ± 54 in the CG (p 

< 0.05). The number remained similar during the course of lactation and was 233 ± 

41 in the IG and 254 ± 48 in the CG 16 wks after delivery. The observed differences 

between the groups were not statistically significant. 

Maternal leucocytes increased from 8.1 per nL at week 15 of gestation in both groups 

to 9.1 ± 2.2 in the IG and 9.6 ± 2.1 in the CG at week 32. After delivery, the number 

decreased significantly in both groups and remained lower than the baseline value 

(5.5 and 5.1 in the IG and 6 and 5.6 in the CG at 6 and 16 wks pp, p < 0.05). There 

were no statistically significant differences between the groups observed during the 

study. 
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5.5.2 Blood lipids 

Measured lipid parameters were not different between the two groups at study entry 

but changed significantly during the course of pregnancy and lactation in both groups 

compared to the baseline values (p < 0.05).  

As shown in table 6 and illustrated in figure 11, plasma TAGs increased enormously 

during the course of pregnancy in both groups, to decline markedly postpartum. In 

the IG, plasma TAG concentrations increased approximately 70 % from 103 ± 33 to 

174 ± 62 mg/L during pregnancy and then decreased almost 100 % to 64 ± 32 and 

51 ± 13 mg/dL after delivery. In the CG, TAG concentration increased almost 100% 

from 114 ± 45 to 219 ± 63 mg/dL during pregnancy and decreased more than 100 % 

to 81 ± 36 and 76 ± 48 mg/dL after delivery. I.e. observed TAG concentrations 

followed the same pattern in both groups but were significantly lower at 32nd wk of 

gestation in the IG (p < 0.05). The difference observed at 6 and 16 wks pp was no 

longer statistically different between the two groups. Figure 11 shows a comparison 

of maternal TAG concentrations over the course of pregnancy and lactation in the IG 

and the CG. Blood sample 1 corresponds to the 15th wk of gestation, number 2 to the 

32nd wk, number 3 to the 6th wk pp and number 4 to the 16th wk pp:  

 

#

 

#

 

Figure 11 Maternal triacylglyceride concentration 

# = significantly lower in the IG, p < 0.05 

1: 15th wk; 2: 32nd wk; 3: 6th wk pp; 4: 16th wk pp 

n (IG/CG) = 83/84 (1); 59/61 (2); 42/35 (3); 27/22 (4) 
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Plasma cholesterol concentration also increased significantly from 195 – 200 ± 30 

mg/dL to 270 – 275 ± 47 mg/dL during the course of pregnancy, with a slower decline 

in the TAGs after delivery, reaching baseline values at 16 wks pp (p < 0.05). Plasma 

cholesterol concentrations did not differ significantly between the two groups at any 

studied time point.  

The HDL concentration remained very similar to the initial value of ~ 75 – 80 ± 14 

mg/dL at 15th wk gestation during the whole course of pregnancy and lactation. There 

was no significant difference between the two groups at any time point, but the minor 

changes over time were statistically significant (p < 0.05). 

The LDL concentration in both groups increased significantly from ~ 110 ± 27 mg/dL 

to ~ 170 ± 43 mg/dL until delivery and declined thereafter to ~ 110 ± 22 mg/dL in the 

IG and to 120 ± 38 mg/dL in the CG, reaching concentrations similar to study entry (p 

< 0.05). Plasma LDL concentrations did not differ significantly between the groups at 

study entry, at the 32nd wk of pregnancy, 6 and 16 wks pp.   

The ratio of LDL/HDL concentration increased significantly from 1.43 ± 0.4 at the 15th 

wk of gestation to 2.18 ± 0.6 at 32nd wk of gestation in both groups and declined after 

delivery to 1.5 ± 0.4 in the IG and to 1.8 ± 0.7 in the CG (p < 0.05). There was no 

significant difference between the two groups at any of the four time points. 

5.5.3 Blood glucose and coagulation 

The Quick/INR ratio in maternal blood almost remained constant throughout 

pregnancy and lactation. The slight but significant change from 1.01 to 0.99 from the 

15th to the 32nd wk of pregnancy and then to 1.03 and 1.04 at 6 and 16 wks pp 

showed an almost identical trend in both groups with no significant differences 

between the two groups at any of the four studied time points (p < 0.05).  

The average fasting blood glucose concentration slightly rose from the 15th wk of 

pregnancy to the 32nd wk from 81 ± 10 to 83 ± 10 mg/dL in the IG group and from 82 

± 13 to 83 ± 12 in the CG (statistically significant only for the IG, p < 0.05). Up to 6 

weeks pp the blood glucose level still rose slightly to 85 ± 12 mg/dL in the IG and to 

84 ± 11 mg/dL in the CG. The values tended to decrease slightly till the 16th wk pp in 

both groups. The differences between the IG and the CG were not significant at any 

time point studied. 
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5.6 Fatty acid pattern in maternal plasma PL and re d blood cells 

In each blood sample 60 FA were detected (C 4:0 – C 24:1n-9). Results are shown in 

table 7 & 8. Boxplots in appendices D.4 & D.5 show the changes in maternal plasma 

PL and red blood cell fatty acids, as well as the sum of n-3 FA, n-6 FA, SFA, MUFA 

and PUFA and the ratio of LA/ALA, LA/AA, ALA/EPA and AA/DHA during the course 

of pregnancy and lactation. All values are presented in % by weight.  

Maternal blood plasma samples in the IG and the CG were available for 64 and 62 

women at study entry, 42 and 39 at the 32nd wk of gestation, 33 and 24 at the 6th wk 

pp and 16 and 18 at the 16th wk pp. Maternal red blood cell samples in the IG and the 

CG were available for 63 and 62 women at study entry, 42 and 40 at the 32nd wk of 

gestation, 34 and 25 at the 6th wk pp and 19 and 17 at the 16th wk pp. 

5.6.1 Plasma PLs 

There were no statistically significant differences in the fatty acid composition of 

plasma PLs between the IG and the CG at study entry as illustrated in table 7.  
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Table 7 Maternal plasma PL fatty acid profile 

group n 15. wk gest n 32. wk gest n 6. wk pp n 16. wk pp
mean ± SD (range) mean ± SD (range) mean ± SD (range) mean ± SD (range) p* p# p§ p† p‡

18:2w6 Intervention 64 18.22 ± 2.40 (12.87-23.84) 42 17.38 ± 1.94# (13.03-21.12) 33 18.73 ± 1.91 (14.90-23.07) 16 19.97 ± 2.35 (15.76-24.11) > 0.99 0.006 0.195 > 0.99 0.043
Control 62 18.02 ± 2.27 (12.41-22.71) 39 18.98 ± 2.15 (14.36-22.94) 24 19.96 ± 2.01 (16.99-23.79) 18 20.04 ± 2.06 (17.22-24.82) 0.003

18:3w3 Intervention 64 0.24 ± 0.08 (0.10-0.41) 42 0.27 ± 0.07 (0.16-0.43) 33 0.19 ± 0.08 (0.08-0.48) 16 0.19 ± 0.06 (0.08-0.33) 0.256 > 0.99 > 0.99 > 0.99 0.009
Control 63 0.22 ± 0.08 (0.07-0.52) 40 0.25 ± 0.08 (0.11-0.48) 24 0.18 ± 0.06 (0.10-0.35) 18 0.18 ± 0.06 (0.12-0.34) 0.009

20:3w6 Intervention 64 3.40 ± 0.64 (1.83-4.62) 42 2.78 ± 0.60# (1.45-4.02) 33 2.25 ± 0.49§ (1.25-3.40) 16 2.31 ± 0.45† (1.44-3.23) > 0.99 0.000 < 0.001 0.009 < 0.001
Control 63 3.49 ± 0.70 (1.89-5.18) 40 3.53 ± 0.67 (2.00-4.47) 24 3.21 ± 0.57 (2.32-4.50) 18 3.03 ± 0.72 (1.51-4.13) 0.028

20:4w6 Intervention 64 10.34 ± 1.45 (7.80-13.79) 42 7.75 ± 0.99# (5.87-10.00) 33 8.84 ± 1.19§ (6.37-10.77) 16 8.53 ± 1.13† (6.52-10.86) > 0.99 0.000 0.001 0.047 < 0.001
Control 63 10.37 ± 1.37 (6.58-13.34) 40 9.05 ± 1.27 (6.33-11.79) 24 10.47 ± 1.65 (6.62-13.40) 18 9.93 ± 1.57 (7.27-11.92) 0.001

20:5w3 Intervention 64 0.73 ± 0.47 (0.28-2.49) 42 1.46 ± 0.63# (0.64-3.43) 33 1.92 ± 1.02§ (0.92-6.49) 16 1.75 ± 0.75 (0.56-3.47) > 0.99 0.000 < 0.001 0.083 0.001
Control 63 0.68 ± 0.37 (0.28-2.19) 40 0.55 ± 0.25 (0.22-1.32) 24 0.92 ± 0.36 (0.45-1.76) 18 1.15 ± 0.53 (0.55-2.17) 0.002

22:4w6 Intervention 64 0.45 ± 0.09 (0.27-0.66) 42 0.24 ± 0.05# (0.15-0.37) 33 0.23 ± 0.05§ (0.14-0.36) 16 0.23 ± 0.06† (0.14-0.39) 0.362 0.000 < 0.001 < 0.001 < 0.001
Control 63 0.48 ± 0.11 (0.26-0.77) 40 0.41 ± 0.10 (0.26-0.65) 24 0.41 ± 0.09 (0.22-0.58) 18 0.40 ± 0.10 (0.22-0.57) 0.011

22:5w3 Intervention 64 0.82 ± 0.22 (0.00-1.37) 42 0.70 ± 0.17 (0.45-1.17) 33 0.72 ± 0.13§ (0.47-1.01) 16 0.77 ± 0.13† (0.59-1.08) 0.166 > 0.99 0.001 0.005 0.159
Control 63 0.91 ± 0.22 (0.49-1.55) 40 0.69 ± 0.12 (0.47-0.91) 24 0.86 ± 0.12 (0.60-1.06) 18 0.96 ± 0.15 (0.68-1.21) < 0.001

22:6w3 Intervention 64 5.06 ± 1.13 (2.35-8.35) 42 8.37 ± 1.14# (5.64-10.59) 33 7.19 ± 1.13§ (4.62-10.75) 16 6.47 ± 1.28† (4.25-9.01) > 0.99 0.000 < 0.001 < 0.001 < 0.001
Control 63 4.80 ± 1.03 (2.63-8.22) 40 4.63 ± 0.91 (2.81-6.70) 24 3.02 ± 0.79 (1.45-4.14) 18 3.49 ± 1.87 (1.44-8.41) < 0.001

transFA Intervention 64 0.23 ± 0.08 (0.06-0.41) 42 0.21 ± 0.07 (0.06-0.46) 33 0.26 ± 0.10 (0.15-0.66) 16 0.27 ± 0.09 (0.13-0.48) > 0.99 0.503 > 0.99 > 0.99 0.015
Control 63 0.23 ± 0.09 (0.05-0.59) 40 0.23 ± 0.07 (0.13-0.41) 24 0.26 ± 0.08 (0.13-0.50) 18 0.25 ± 0.10 (0.10-0.53) 0.018

w3LCP Intervention 64 6.78 ± 1.50 (3.86-10.63) 42 10.72 ± 1.53# (7.76-14.76) 33 9.99 ± 1.32§ (6.63-13.37) 16 9.15 ± 1.99† (5.98-12.28) > 0.99 0.000 < 0.001 0.001 < 0.001
Control 63 6.56 ± 1.37 (3.84-10.89) 40 6.03 ± 1.16 (3.68-8.80) 24 4.95 ± 1.08 (2.89-6.65) 18 5.76 ± 2.19 (3.13-10.63) < 0.001

w6LCP Intervention 64 15.21 ± 1.67 (11.50-18.94) 42 11.55 ± 1.32# (8.70-13.74) 33 11.99 ± 1.45§ (9.12-14.32) 16 11.73 ± 1.50† (8.86-14.02) > 0.99 0.000 < 0.001 0.004 < 0.001
Control 63 15.40 ± 1.66 (9.38-18.29) 40 14.14 ± 1.67 (11.33-17.93) 24 14.97 ± 1.77 (10.53-18.14) 18 14.12 ± 2.02 (9.88-16.78) 0.023

SAFA Intervention 64 45.06 ± 0.67 (43.58-46.76) 42 46.05 ± 1.01 (44.19-50.96) 33 45.56 ± 0.83 (43.55-47.20) 16 45.52 ± 0.74 (43.89-46.55) > 0.99 0.623 > 0.99 > 0.99 0.003
Control 63 45.45 ± 2.33 (43.75-63.02) 40 45.82 ± 0.95 (44.26-50.25) 24 45.41 ± 0.70 (44.02-46.56) 18 45.37 ± 0.77 (43.67-46.65) 0.419

MUFA Intervention 64 13.98 ± 1.13 (10.37-17.87) 42 13.60 ± 1.71# (4.62-15.77) 33 13.03 ± 0.90§ (11.05-14.94) 16 12.93 ± 0.83† (11.24-14.24) > 0.99 0.009 0.003 0.015 < 0.001
Control 63 13.85 ± 1.29 (8.97-17.02) 40 14.30 ± 1.89 (4.53-17.40) 24 13.98 ± 0.91 (12.46-15.52) 18 13.96 ± 1.07 (11.80-15.84) 0.543

PUFA Intervention 64 40.53 ± 1.32 (37.61-44.73) 42 39.99 ± 1.31 (37.24-44.24) 33 40.96 ± 0.96§ (39.08-43.24) 16 41.10 ± 1.01 (39.78-43.18) > 0.99 0.106 0.025 0.154 0.016
Control 63 39.99 ± 2.71 (25.70-43.77) 40 39.02 ± 3.04 (22.22-44.76) 24 40.17 ± 1.03 (37.74-41.99) 18 40.22 ± 1.14 (37.42-42.24) 0.1

18:2w6/18:3w3 Intervention 64 85.02 ± 34.72 (39.28-200.81) 42 69.33 ± 20.86 (35.43-108.28) 33 111.5 ± 38.23 (36.33-234.60) 16 119.2 ± 53.55 (55.98-272.35) 0.565 0.105 > 0.99 > 0.99 < 0.001
Control 63 91.97 ± 41.86 (0.00-295.28) 39 83.48 ± 29.19 (35.66-185.64) 24 120.0 ± 35.09 (54.83-196.14) 18 120.3 ± 38.45 (58.40-180.94) < 0.001

18:2w6/20:4w6 Intervention 64 1.81 ± 0.41 (1.08-2.86) 42 2.29 ± 0.45 (1.49-3.44) 33 2.17 ± 0.45 (1.44-3.21) 16 2.40 ± 0.54 (1.70-3.58) > 0.99 0.659 0.121 0.213 < 0.001
Control 63 1.75± 0.44 (0.00-2.91) 39 2.17 ± 0.53 (1.42-3.49) 24 1.98 ± 0.54 (1.39-3.48) 18 2.09 ± 0.53 (1.53-3.41) 0.123

18:3w3/20:5w3 Intervention 64 0.4 ± 0.18 (0.08-0.94) 42 0.20 ± 0.07# (0.07-0.37) 33 0.11 ± 0.06§ (0.03-0.32) 16 0.13 ± 0.08† (0.05-0.34) > 0.99 0.000 < 0.001 0.023 < 0.001
Control 63 0.38 ± 0.18 (0.08-1.11) 40 0.54 ± 0.30 (0.16-1.86) 24 0.22 ± 0.08 (0.08-0.36) 18 0.17 ± 0.04 (0.10-0.24) < 0.001

20:4w6/22:6w3 Intervention 64 2.15 ± 0.59 (1.08-4.28) 42 0.95 ± 0.22# (0.62-1.55) 33 1.27 ± 0.31§ (0.77-2.14) 16 1.39 ± 0.41† (0.90-2.18) 0.854 0.000 < 0.001 < 0.001 < 0.001
Control 63 2.25 ± 0.52 (1.07-3.90) 40 2.01 ± 0.42 (1.29-3.32) 24 3.68 ± 1.03 (1.66-6.53) 18 3.50 ± 1.46 (0.89-5.84) < 0.001

Values for fatty acids are expressed as % of total fatty acids (wt %)

transFA: tC14:1n5; tC16:1n7; tC17:1n7; tC18:1n9/7; ttC18:2n6
SFA: C4:0 - C27:0
MUFA: sum of all cis-FA with one double bond
PUFA: sum of all cis-FA with two or more double bonds
n6LCP: C20:2n6; DHyLA; AA; C22:2n6; C22:4n6; C22:5n6
n3LCP: C20:3n3; C20:4n3; EPA; C21:5n3; C22:3n3; n3-DPA; DHA

* Significantly different distribution between groups at 15th wk (Mann-Whitney-U-Test) p < 0.05
# Significantly different distribution between groups at 32nd wk (Mann-Whitney-U-Test) p < 0.05
§ Significantly different distribution between groups 6 wks pp (Mann-Whitney-U-Test) p < 0.05
† Significantly different distribution between groups 16 wks pp (Mann-Whitney-U-Test) p< 0.05
‡ Significant change over time (Friedman-Test) p < 0.05  
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LA content increased slightly but statistically significantly from study entry to the 16th 

wk pp in both groups (p < 0.05). The LA content at the 32nd wk of gestation was 

significantly lower in the IG compared to the CG (p < 0.05).  

ALA content decreased significantly from study entry to the 16th wk pp in both groups 

(p < 0.05). There were no differences in the ALA content between the groups at any 

of the four time points during pregnancy and lactation. 

DHyLA levels also decreased significantly from study entry to the 16th wk pp in both 

groups (p < 0.05). DHA supplementation resulted in a more pronounced decrease 

compared to the CG. The DHyLA content in the PLs of the women in the IG was 

therefore significantly lower during pregnancy and lactation, as compared to the 

women in the CG (p < 0.05). 

n-3 LC-PUFA supplementation and a reduced intake of AA resulted in a significant 

lower content of AA at the 32nd wk of gestation and at 6 and 16 wks pp compared to 

the CG, although the AA content decreased significantly in both groups during the 

course of pregnancy (figure 12, p < 0.05). After delivery, the level of AA remained 

almost constant until the 16th wk pp. 
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Figure 12 Maternal plasma AA content 

 

 

Compared to the CG, there was a significant increase of the EPA content in maternal 

plasma PL throughout pregnancy and lactation in the IG (p < 0.05). In the CG, the 

content of EPA slightly decreased from study entry to the 32nd wk of gestation, 

increased after delivery, and reached higher values as the original baseline value.  

A 50 % decrease of adrenic acid was observed after supplementation compared to 

the control group, resulting in significant lower adrenic acid levels throughout 

pregnancy and lactation, although a slight but significant decrease in the adrenic acid 

level of the CG during the course of pregnancy and lactation was also observed (p < 

0.05). 

The n-3 DPA content decreased slightly (significant only for the CG) during 

pregnancy and increased thereafter to reach their original baseline values. At the 6th 

and the 16th wk pp, the n-3 DPA content was significantly lower in the IG compared 

to the CG (p < 0.05). 

# = significantly lower in the IG, p < 0.05 

1: 15th wk; 2: 32nd wk; 3: 6th wk pp; 4: 16th wk pp 

n (IG/CG) = 63/64 (1); 42/40 (2); 33/24 (3); 16/18 (4) 



5 Results  68 

DHA content in plasma PL increased significantly after supplementation until delivery 

and declined slightly thereafter (p < 0.05). In the CG, the DHA content did not change 

clearly during the course of pregnancy but also declined after delivery. Therefore, the 

DHA level in the IG was significantly higher (twice as high as in the CG) in the 32nd 

wk of pregnancy and during lactation compared to the control group (p < 0.05).  

No statistically significant differences in the sum of trans-FA, SFA and PUFA (except 

of the PUFA content 6 wks pp, which was significantly higher in the IG compared to 

the CG, p < 0.05) between the two groups were observed at any of the 4 time points. 

Moreover, there were no major changes in the fatty acid levels during the course of 

pregnancy and lactation. The MUFA level was slightly but significantly lower after n-3 

LC-PUFA supplementation compared to the CG (p < 0.05). 

n-3 LCP (long-chain polyunsaturated fatty acid) content in plasma PL increased 

significantly after fish oil supplementation until delivery and declined slightly 

thereafter (p < 0.05). In the CG, the n-3 LCP content did not clearly change during 

the course of pregnancy but also declined after delivery. Therefore, the n-3 LCP level 

in maternal plasma PL in the IG was significantly higher (twice as high as in the CG) 

in the 32nd wk of pregnancy and during lactation compared to the control group (p < 

0.05).  

In contrast, the n-6 LCP content was significantly lower in the IG at 32nd wk gestation 

and in the 6th and 16th wk pp, compared to the CG because supplementation resulted 

in a more pronounced decline from baseline values onwards (p < 0.05).  

The ratio of LA/ALA significantly decreased from study entry to delivery and 

increased thereafter to values almost twice as high as the baseline values in both 

groups (p < 0.05). There was no statistical difference between the two groups at any 

studied time point. 

The ratio of LA/AA significantly increased from study entry to delivery and during 

lactation in both groups (p < 0.05). There was no statistical difference between the 

two groups at any studied time point. 

The ratio of ALA/EPA decreased significantly after supplementation with n-3 LC-

PUFAs from study entry to delivery and further until 16 wks pp (p < 0.05). In the CG a 

slight increase from study entry to delivery was observed, followed by a decline until 

16 wks pp, resulting in a significantly lower ratio in the 32nd wk of pregnancy, 6 and 

16 wks pp compared to the control group (p < 0.05). 
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Supplementation with n-3 LC-PUFAs resulted in a decrease of the AA/DHA ratio from 

2.15 ± 0.6 to 0.95 ± 0.2 from study entry to the 32nd wk of gestation. During this time 

period, the ratio in the CG did not change significantly. From delivery to the 16th wk 

pp, the ratio in the IG slightly increased to 1.27 ± 0.3 and almost doubled in the CG to 

3.68 ± 1 6 weeks after delivery and to 1.39 ± 0.4 and 3.5 ± 1.5 at 16 weeks pp, 

respectively. Women in the IG had significantly lower ratios of AA/DHA compared to 

the CG (2 = 32nd wk gestation; 3 = 6th wk pp; 4 = 16th wk pp), except for the baseline 

value at study entry (1) (figure 13, p < 0.05): 

 

Figure 13 Maternal plasma AA/DHA ratio 

 

 

 

Taken together, the effect of n-3 LC-PUFA supplementation was to increase the 

maternal plasma PL contents of DHA and EPA and to reinforce the physiologic 

decrease of AA and adrenic acid during pregnancy and lactation, resulting in a 

remarkable, significant decrease of the AA/DHA ratio compared to the CG (p < 0.05). 

# = significantly lower in the IG, p < 0.05 

1: 15th wk; 2: 32nd wk; 3: 6th wk pp; 4: 16th wk pp 

n (IG/CG) = 63/64 (1); 42/40 (2); 33/24 (3); 16/18 (4) 
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In the control group the EPA and DHA levels decreased during the course of 

pregnancy instead, as well as the AA and adrenic acid levels, but the latter two to a 

less pronounced extent as in the IG. 

After DHA supplementation, the highest relative fatty acid changes were observed for 

EPA (+ 100 %), DHA (+ 65 %), adrenic acid (- 47 %) and the ratio of AA/DHA (- 56 

%). 

5.6.2 Red blood cells 

There were no statistically significant differences in the fatty acid composition of 

RBCs between the IG and the CG at study entry as illustrated in table 8. 
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Table 8 Maternal RBC fatty acid profile 

group n 15. wk gest n 32. wk gest n 6. wk pp n 16. wk pp
mean ± SD (range) mean ± SD (range) mean ± SD (range) mean ± SD (range) p* p# p§ p† p‡

18:2w6 Intervention 63 7.13 ± 1.41 (3.04-9.92) 42 6.32 ± 1.27 (3.42-8.11) 34 7.37 ± 1.49 (3.95-10.24) 19 8.04 ± 1.87 (3.35-10.36) 0.984 0.176 0.769 > 0.99 < 0.001
Control 62 7.53 ± 1.03 (4.30-9.55) 40 6.65 ± 1.78 (2.98-9.41) 25 7.85 ± 1.47 (3.91-10.33) 17 7.90 ± 1.86 (3.66-10.54) 0.001

18:3w3 Intervention 63 0.12 ± 0.02 (0.08-0.17) 42 0.12 ± 0.02 (0.08-0.17) 34 0.10 ± 0.02 (0.06-0.19) 19 0.11 ± 0.03 (0.08-0.17) 0.637 > 0.99 0.926 > 0.99 0.001
Control 62 0.12 ± 0.03 (0.05-0.32) 40 0.12 ± 0.02 (0.08-0.17) 25 0.11 ± 0.02 (0.07-0.15) 17 0.10 ± 0.02 (0.07-0.14) 0.005

20:3w6 Intervention 62 1.49 ± 0.47 (0.28-2.82) 42 1.21 ± 0.43# (0.33-1.89) 34 1.11 ± 0.42 (0.25-1.90) 19 1.11 ± 0.40 (0.34-1.75) > 0.99 0.042 0.061 0.315 0.004
Control 62 1.56 ± 0.38 (0.45-2.34) 40 1.45 ± 0.61 (0.34-2.43) 25 1.40 ± 0.51 (0.32-2.61) 17 1.35 ± 0.53 (0.30-2.17) 0.896

20:4w6 Intervention 63 11.17 ± 3.54 (1.58-14.90) 42 8.05 ± 3.30# (1.47-11.95) 34 9.11 ± 3.56§ (1.45-13.90) 19 9.10 ± 3.60 (1.61-12.96) 0.575 0.001 0.042 0.073 < 0.001
Control 62 11.90 ± 2.69 (3.64-15.15) 40 9.64 ± 4.22 (1.40-13.34) 25 10.64 ± 3.51 (1.77-14.16) 17 10.91 ± 4.37 (1.23-14.62) 0.014

20:5w3 Intervention 63 0.38 ± 0.21 (0.00-0.88) 42 0.65 ± 0.38# (0.04-1.51) 34 0.79 ± 0.43§ (0.00-1.75) 19 0.91 ± 0.49 (0.11-1.67) > 0.99 < 0.001 0.003 0.061 0.002
Control 62 0.39 ± 0.17 (0.06-0.87) 40 0.30 ± 0.19 (0.00-0.72) 25 0.41 ± 0.22 (0.00-0.84) 17 0.53 ± 0.33 (0.01-1.15) 0.013

22:4w6 Intervention 63 2.61 ± 0.94 (0.28-4.31) 42 1.42 ± 0.62# (0.23-2.37) 34 1.49 ± 0.72§ (0.16-3.67) 19 1.34 ± 0.65† (0.26-2.45) > 0.99 < 0.001 < 0.001 0.008 0.003
Control 62 2.81 ± 0.74 (0.84-4.48) 40 2.29 ± 1.09 (0.38-3.60) 25 2.34 ± 0.85 (0.38-3.58) 17 2.31 ± 1.04 (0.32-3.55) 0.116

22:5w3 Intervention 63 1.66 ± 0.64 (0.13-2.23) 42 1.23 ± 0.63 (0.09-2.06) 34 1.29 ± 0.62 (0.10-2.04) 19 1.28 ± 0.63† (0.12-1.84) > 0.99 0.288 0.902 0.030 0.014
Control 62 1.77 ± 0.53 (0.32-2.46) 40 1.43 ± 0.74 (0.10-2.33) 25 1.46 ± 0.58 (0.13-2.24) 17 1.75 ± 0.80 (0.09-2.61) 0.089

22:6w3 Intervention 63 4.32 ± 1.82 (0.23-7.51) 42 6.59 ± 3.35# (0.26-10.61) 34 6.67 ± 3.05§ (0.50-9.66) 19 6.10 ± 2.84† (0.61-9.24) > 0.99 < 0.001 < 0.001 0.006 0.003
Control 62 4.24 ± 1.41 (0.55-6.86) 40 3.97 ± 2.16 (0.16-7.21) 25 3.66 ± 1.55 (0.29-5.50) 17 3.04 ± 1.67 (0.13-5.79) 0.258

transFA Intervention 63 0.24 ± 0.06 (0.15-0.39) 42 0.24 ± 0.06 (0.14-0.36) 34 0.23 ± 0.06 (0.15-0.36) 19 0.24 ± 0.06 (0.15-0.34) > 0.99 > 0.99 > 0.99 > 0.99 0.015
Control 62 0.23 ± 0.04 (0.14-0.33) 40 0.25 ± 0.05 (0.16-0.34) 25 0.24 ± 0.06 (0.12-0.36) 17 0.25 ± 0.05 (0.17-0.35) 0.733

w3LCP Intervention 63 6.43 ± 2.60 (0.37-10.15) 42 8.53 ± 4.30# (0.44-13.25) 34 8.81 ± 4.02§ (0.61-12.94) 19 8.35 ± 3.90† (0.85-12.16) > 0.99 < 0.001 0.001 0.022 0.01
Control 62 6.48 ± 2.00 (0.97-10.09) 40 5.76 ± 3.06 (0.26-10.05) 25 5.59 ± 2.28 (0.42-7.95) 17 5.39 ± 2.71 (0.26-9.09) 0.526

w6LCP Intervention 63 16.13 ± 5.01 (2.30-21.09) 42 11.33 ± 4.48# (2.22-16.57) 34 12.36 ± 4.79§ (1.99-20.87) 19 12.15 ± 4.70† (2.32-16.87) 0.559 < 0.001 0.003 0.036 0.001
Control 62 17.23 ± 3.78 (5.25-22.08) 40 14.33 ± 6.21 (2.37-20.40) 25 15.27 ± 4.92 (2.63-20.14) 17 15.33 ± 6.04 (1.99-20.12) 0.071

SAFA Intervention 63 49.68 ± 7.46 (44.26-72.25) 42 52.25 ± 8.42 (45.50-70.47) 34 50.92 ± 8.24 (44.14-70.34) 19 51.29 ± 8.44 (45.28-70.89) > 0.99 > 0.99 > 0.99 > 0.99 0.372
Control 62 48.43 ± 4.81 (44.35-66.81) 40 51.61 ± 9.01 (44.61-70.46) 25 50.12 ± 7.04 (44.72-67.92) 17 50.71 ± 8.88 (44.72-72.42) 0.216

MUFA Intervention 63 19.98 ± 1.40 (16.73-23.86) 42 20.92 ± 1.61 (18.27-24.74) 34 19.91 ± 1.70 (16.94-23.80) 19 19.54 ± 1.75 (17.07-23.28) 0.538 > 0.99 0.254 0.990 0.002
Control 62 19.70 ± 1.50 (16.58-23.92) 40 20.99 ± 1.97 (18.11-25.62) 25 20.51 ± 1.36 (18.67-24.39) 17 20.02 ± 1.48 (17.36-22.86) 0.004

PUFA Intervention 63 29.87 ± 8.55 (5.99-36.51) 42 26.35 ± 9.76 (6.42-34.77) 34 28.70 ± 9.75 (7.32-36.80) 19 28.70 ± 10.05 (6.70-35.81) 0.609 > 0.99 0.926 > 0.99 0.042
Control 62 31.41 ± 6.03 (10.64-35.68) 40 26.93 ± 10.73 (6.14-35.28) 25 28.89 ± 8.20 (7.18-35.55) 17 28.79 ± 9.87 (6.01-35.21) 0.085

18:2w6/18:3w3 Intervention 63 62.61 ± 17.98 (25.43-112.99) 42 51.56 ± 12.39 (25.48-79.71) 34 76.53 ± 23.16 (37.51-122.38) 19 77.99 ± 23.74 (26.49-106.01) 0.256 0.602 > 0.99 > 0.99 < 0.001
Control 62 68.63 ± 17.51 (25.04-146.82) 40 55.38 ± 16.93 (24.20-84.04) 25 75.69 ± 17.86 (29.75-112.61) 17 78.35 ± 22.03 (33.27-126.80) 0.001

18:2w6/20:4w6 Intervention 63 0.73 ± 0.33 (0.45-1.93) 42 0.97 ± 0.50 (0.59-2.41) 34 1.02 ± 0.60 (0.43-2.73) 19 1.06 ± 0.48 (0.69-2.26) > 0.99 0.104 0.689 0.205 0.002
Control 62 0.67 ± 0.18 (0.46-1.29) 40 0.89 ± 0.49 (0.52-2.38) 25 0.87 ± 0.44 (0.53-2.21) 17 0.97 ± 0.70 (0.48-2.97) 0.052

18:3w3/20:5w3 Intervention 61 0.49 ± 0.63 (0.14-4.20) 42 0.41 ± 0.57# (0.08-3.05) 33 0.21 ± 0.24§ (0.06-1.17) 19 0.24 ± 0.33 (0.05-1.14) > 0.99 0.001 0.001 0.061 0.001
Control 62 0.37 ± 0.26 (0.13-1.68) 37 0.70 ± 0.81 (0.17-3.48) 24 0.35 ± 0.31 (0.14-1.34) 17 0.72 ± 1.78 (0.10-7.51) 0.02

20:4w6/22:6w3 Intervention 63 3.06 ± 1.27 (1.44-7.79) 42 1.52 ± 0.80# (0.93-5.62) 34 1.56 ± 0.53§ (0.97-3.37) 19 1.68 ± 0.47† (1.19-2.63) > 0.99 < 0.001 < 0.001 < 0.001 < 0.001
Control 62 3.05 ± 0.85 (1.74-6.56) 40 3.14 ± 1.49 (1.62-8.76) 25 3.33 ± 1.12 (2.11-6.61) 17 4.44 ± 1.84 (2.06-9.73) 0.036

Values for fatty acids are expressed as % of total fatty acids (wt %)

transFA: tC14:1n5; tC16:1n7; tC17:1n7; tC18:1n9/7; ttC18:2n6
SFA: C4:0 - C27:0
MUFA: sum of all cis-FA with one double bond
PUFA: sum of all cis-FA with two or more double bonds
n6LCP: C20:2n6; DHyLA; AA; C22:2n6; C22:4n6; C22:5n6
n3LCP: C20:3n3; C20:4n3; EPA; C21:5n3; C22:3n3; n3-DPA; DHA

* Significantly different distribution between groups at 15th wk (Mann-Whitney-U-Test) p < 0.05
# Significantly different distribution between groups at 32nd wk (Mann-Whitney-U-Test) p < 0.05
§ Significantly different distribution between groups 6 wks pp (Mann-Whitney-U-Test) p < 0.05
† Significantly different distribution between groups 16 wks pp (Mann-Whitney-U-Test) p< 0.05
‡ Significant change over time (Friedman-Test) p < 0.05  
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LA content decreased slightly but statistically significantly from study entry to delivery 

and increased thereafter to the 16th wk pp in both groups (p < 0.05). No statistically 

significant differences between the groups were observed. 

ALA content decreased slightly but significantly from study entry to the 16th wk pp in 

both groups (p < 0.05). There were no statistically significant differences in the ALA 

content between the groups at any studied time point during pregnancy and lactation. 

DHyLA levels also decreased (significant only for the IG, p < 0.05) from study entry to 

the 16th wk pp in both groups. The DHyLA content at the 32nd wk of gestation was 

significantly lower in the IG compared to the CG (p < 0.05).  

There was a significantly lower content of AA in the IG in the 32nd wk of gestation and 

at 6 wks pp, compared to the CG, although the AA content decreased significantly in 

both groups during the course of pregnancy (p < 0.05). After delivery, the level of AA 

increased slightly and remained almost stable until the 16th wk pp. 

Compared to the CG, supplementation with n-3 LC-PUFA resulted in a significant 

increase of the EPA content throughout pregnancy and lactation, whereas the 

content in the CG slightly decreased from study entry to the 32nd wk of gestation, 

increased after delivery, and then reached higher values than at baseline (p < 0.05). 

The content of EPA was significantly higher after supplementation at the 32nd wk of 

gestation and 6 wks pp compared to the control group (p < 0.05). 

A 50 % decrease of adrenic acid was observed after supplementation compared to 

the control group, resulting in significant lower adrenic acid levels throughout 

pregnancy and lactation (p < 0.05), although a slight (but not significant) decrease in 

the adrenic acid level in the CG was observed, too. 

The n-3 DPA content decreased slightly (significant only for the IG, p < 0.05) during 

pregnancy and lactation, and increased thereafter slightly in the CG only from the 6th 

to the 16th wk pp. No statistically significant differences between the groups were 

observed. 

DHA content increased significantly after supplementation during the course of 

pregnancy and lactation (p < 0.05). In contrast to the plasma PLs, the relative 

increase was only ~ 50 % (figure 14). In the CG, the DHA content declined during the 

course of pregnancy and lactation. Therefore, the DHA level in maternal RBCs in the 
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IG was significantly higher in the 32nd wk of pregnancy and during lactation compared 

to the control group (p < 0.05).  

 

Figure 14 Maternal RBC DHA content 

 

 

No statistically significant differences in the sum of trans-FA, SFA, MUFA, PUFA, the 

ratio of LA/ALA and LA/AA between the two groups were observed at any of the 4 

time points. Moreover, there were no major changes in the fatty acid levels during the 

course of pregnancy and lactation, except for an increase of the LA/ALA ratio after 

delivery (p < 0.05).  

n-3 LCP content in RBCs increased significantly after supplementation until the 6th 

wk of gestation and slightly declined thereafter (p < 0.05). In the CG, the n-3 LCP 

content decreased during the course of pregnancy and lactation. Therefore, the n-3 

LCP level was significantly higher in the IG at the 32nd wk of pregnancy and during 

lactation compared to the control group (p < 0.05).  

# = significantly higher in the IG, p < 0.05 

1: 15th wk; 2: 32nd wk; 3: 6th wk pp; 4: 16th wk pp 

n (IG/CG) = 63/62 (1); 42/40 (2); 34/25 (3); 10/17 (4) 
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In contrast, the n-6 LCP content was significantly lower in the IG at 32nd wk gestation 

and in the 6th and 16th wk pp, compared to the CG because supplementation resulted 

in a more pronounced decline from baseline onwards (p < 0.05).  

The ratio of ALA/EPA decreased significantly after delivery in the IG, reaching half of 

the content compared to baseline values. In the CG an increase from study entry to 

delivery was observed, followed by a decline until 6 wks pp, resulting in a significantly 

lower ratio in the 32nd wk of pregnancy and the 6th wk pp in the IG, compared to the 

CG (p < 0.05). 

Supplementation with n-3 LC-PUFAs resulted in a decrease of 50 % of the AA/DHA 

ratio (figure 15) from 3.06 ± 1.3 to 1.52 ± 0.8 from study entry (1) to the 32nd wk of 

gestation (2). During this period of time, the ratio in the CG did not change 

significantly. From delivery to the 16th wk pp (4), the ratio in the IG slightly increased 

to 1.68 ± 0.5 and almost doubled in the CG to 4.44 ± 1.8 at 16 wks pp (4). Women in 

the IG had significantly lower ratios of AA/DHA except for the baseline value at study 

entry compared to the CG (p < 0.05). 

### ###

 

Figure 15 Maternal RBC ratio of AA/DHA 

 
# = significantly lower in the IG, p < 0.05 

1: 15th wk; 2: 32nd wk; 3: 6th wk pp; 4: 16th wk pp 

n (IG/CG) = 63/62 (1); 42/40 (2); 34/25 (3); 10/17 (4) 
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Comparable to the changes in plasma PL, the effect of n-3 LC-PUFA 

supplementation was to increase the maternal RBC contents of DHA and EPA and to 

reinforce the physiologic decrease of AA and Adrenic acid during pregnancy and 

lactation, resulting in a remarkable, significant decrease of the AA/DHA ratio 

compared to the CG (p < 0.05). In the control group the EPA and DHA levels 

decreased during the course of pregnancy instead, as well as the AA and adrenic 

acid levels, but the latter two to a less pronounced extent as in the IG. 

After n-3 LC-PUFA supplementation, very similar to the changes in PL, albeit to a 

lesser extent, the highest relative fatty acid changes were observed for EPA (+ 70 

%), DHA (+50 %), adrenic acid (- 46 %) and the ratio of AA/DHA (- 50 %). 

5.6.3 Relation of PL and RBC fatty acids in materna l blood samples 

Both at the 15th and the 32nd wk of gestation, there were significant positive 

correlations between PL EPA and DHA contents and significant negative correlations 

between PL AA and EPA, as well as AA and DHA (see table C.4 appendix, p < 0.05). 

Both at the 15th and the 32nd wk of gestation, there were also strong significantly 

positive correlations between RBC EPA and DHA contents and – in contrast to the 

FA pattern in PL - also weak significantly positive correlations between RBC AA and 

EPA, as well as AA and DHA (p < 0.05). 

Both at the 15th and the 32nd wk of gestation, there were significantly positive 

correlations between PL EPA and DHA as well as RBC EPA and DHA contents and 

significantly negative correlations between PL EPA and DHA as well as RBC AA (p < 

0.05). The PL AA content correlated significantly positively with RBC AA content and 

significantly negatively with RBC EPA and DHA content (p < 0.05). 

5.6.4 Relation of PL and RBC fatty acids and blood lipids 

15 wk gestation: There are no statistically significant correlations between blood 

lipids and fatty acid composition of PL or RBCs (see table appendix C.5). 

32 wk gestation: There are weak significantly positive correlations between the TAG 

concentration and PL AA content and the AA/DHA ratio, and weak significantly 

negative correlations between the TAG concentration and PL EPA and DHA content 

(p < 0.05). 
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5.7 Fatty acid pattern in cord blood plasma PL and red blood cells 

5.7.1 Plasma PL 

Umbilical cord plasma samples were available for 19 newborns in the IG and for 18 

in the CG as illustrated in table 9.  

Table 9 Cord blood plasma PL fatty acid profile 

group n cord blood
mean ± SD (range) p*

18:2w6 Intervention 19 6.73 ± 0.81 (5.19-8.18) 0,346
Control 18 6.44 ± 1.07 (4.96-8.68)

18:3w3 Intervention 19 0.02 ± 0.02 (0.00-0.06) 0,078
Control 18 0.01 ± 0.02 (0.00-0.05)

20:3w6 Intervention 19 4.75 ± 0.47 (3.79-5.49) 0,784
Control 18 4.83 ± 0.71 (3.45-6.06)

20:4w6 Intervention 19 14.85 ± 1.74* (12.44-17.69) < 0.001
Control 18 17.77 ± 1.57 (14.50-20.52)

20:5w3 Intervention 19 0.98 ± 0.43* (0.13-1.68) < 0.001
Control 18 0.27 ± 0.12 (0.08-0.53)

22:4w6 Intervention 19 0.64 ± 0.16* (0.43-0.92) < 0.001
Control 18 0.84 ± 0.19 (0.60-1.36)

22:5w3 Intervention 19 0.50 ± 0.19 (0.20-0.89) 0,213
Control 18 0.41 ± 0.18 (0.15-0.78)

22:6w3 Intervention 19 7.95 ± 1.34* (5.73-10.38) 0,002
Control 18 6.04 ± 1.78 (3.05-9.60)

transFA Intervention 19 0.16 ± 0.14 (0.03-0.48) 0,201
Control 18 0.09 ± 0.09 (0.00-0.27)

w3LCP Intervention 19 9.56 ± 1.54* (7.21-11.86) < 0.001
Control 18 6.77 ± 1.97 (3.28-10.52)

w6LCP Intervention 19 21.38 ± 1.63* (18.99-24.37) < 0.001
Control 18 25.07 ± 1.52 (22.25-27.77)

SAFA Intervention 19 48.04 ± 0.61 (47.09-49.23) 0,564
Control 18 47.96 ± 0.79 (46.91-50.08)

MUFA Intervention 19 13.84 ± 1.28 (11.57-16.27) 0,412
Control 18 13.41 ± 1.57 (10.52-15.86)

PUFA Intervention 19 37.76 ± 1.44 (35.83-40.74) 0,171
Control 18 38.37 ± 1.45 (36.23-40.75)

18:2w6/18:3w3 Intervention 10 199.6 ± 65.95 (126.40-300.51) 0,54
Control 5 241.0 ± 91.24 (124.62-375.44)

18:2w6/20:4w6 Intervention 19 0.46 ± 0.09* (0.30-0.60) 0,002
Control 18 0.37 ± 0.08 (0.24-0.54)

20:4w6/22:6w3 Intervention 19 1.93 ± 0.44* (1.41-3.03) < 0.001
Control 18 3.19 ± 0.98 (1.90-5.56)

Values for fatty acids are expressed as % of total fatty acids (wt %)

transFA: tC14:1n5; tC16:1n7; tC17:1n7; tC18:1n9/7; ttC18:2n6
SFA: C4:0 - C27:0
MUFA: sum of all cis-FA with one double bond
PUFA: sum of all cis-FA with two or more double bonds
n6LCP: C20:2n6; DHyLA; AA; C22:2n6; C22:4n6; C22:5n6
n3LCP: C20:3n3; C20:4n3; EPA; C21:5n3; C22:3n3; n3-DPA; DHA

* Significantly different distribution betw. groups (Mann-Whitney-U-Test) p < 0.05  
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As demonstrated in table C.10 (appendix), the neonatal plasma PL FA levels (% of 

total FAs) of DHyLA, AA, Adrenic acid, DHA, the sum of n-6- and n-3-LC-PUFAs and 

the sum of SFAs are higher than the levels in maternal plasma. No significant 

differences in plasma PL contents of LA, ALA, DHyLA, n-3 DPA, trans-FA, SFA, 

MUFA and PUFA were found between the two treatment groups (table 9). In 

contrast, the EPA, DHA and n-3 LCP levels as well as the ratio of LA/AA were 

significantly higher in the IG than in the CG (p < 0.05). Moreover, the AA, Adrenic 

acid and n-6 LCP levels, as well as the AA/DHA ratio, were significantly lower in the 

IG than in the CG (figure 16, p < 0.05). Taken together, n-3 LC-PUFA 

supplementation resulted in a 200 % (three-fold) higher level of EPA, a 30 % higher 

level of DHA and a 15 % lower level of AA in cord blood plasma PL compared to the 

CG. Results are also illustrated as boxplots in appendix D.6. 

##

 

Figure 16 Cord blood plasma PL ratio of AA/DHA 

 

5.7.2 Red blood cells 

Umbilical cord RBC samples were available for 30 newborns in the IG and for 28 in 

the CG. Results are shown in appendix C.3. In most of the cases, the neonatal RBC 

FA proportions (% of total FAs) are lower than the maternal FA proportions 

# = significantly lower in the IG, p < 0.05 

n (IG/CG) = 19/18 
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throughout pregnancy (table C.10, appendix), except the relative concentration of the 

SFAs, which were higher than the maternal values. No significant differences in RBC 

contents of AA, Adrenic acid, trans-FA, n-6 LCPs and the ratio of LA/AA were found 

between the two treatment groups. The LA, DHyLA, EPA, n-3 DPA, DHA and n-3 

LCP and PUFA contents as well as the ratio of LA/ALA were significantly higher in 

the IG than in the CG (p < 0.05). Moreover, the ALA, SFA, and MUFA contents, as 

well as the ALA/EPA and the AA/DHA ratio, were significantly lower in the IG 

compared to the CG (p < 0.05). The n-3 LC-PUFA supplementation resulted in an 

EPA level five times higher than in the control group, a 100 % higher (two-fold 

increase) DHA level and a reduction of the AA/DHA ratio from 4 to 2.2. Surprisingly, 

the average AA content of cord RBCs of the IG was higher than in the CG albeit not 

statistically significant. Results are also illustrated as boxplots in appendix D.7. 

5.7.3 Relation of maternal and cord blood fatty aci d pattern 

There are significant, strong, positive correlations between maternal plasma PL AA, 

EPA and DHA content and their respective fatty acid levels in cord blood PL (see 

table appendix C.6). Figure 17 illustrates the correlation between maternal and cord 

blood DHA content (r = 0.599; p < 0.01). The correlations between maternal and cord 

blood FAs in RBCs are less pronounced but still significant (except for the AA 

content, p < 0.05). Furthermore, a high maternal PL DHA content correlates 

negatively with cord blood PL AA content, but there was no considerable correlation 

between maternal PL AA content and cord blood PL DHA content. This was also true 

for RBCs but also to a lesser extent. 
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Figure 17 Association of maternal PL and cord blood  PL DHA content (n = 37)  

Strong significantly positive correlations are also observed between maternal RBC 

AA, EPA and DHA content and their respective fatty acid levels in cord blood PL. 

This was also true for maternal PL fatty acids and cord blood RBCs, except for AA 

(data not shown). 

5.8 Fatty acid pattern in infant red blood cells 16  weeks pp 

Infant RBC samples from the 16th wk pp were available for 16 infants in the IG and 

for 14 infants in the CG (see appendix table C.3 and boxplots D.7). No significant 

differences in RBC contents of LA, ALA, DHyLA, AA, EPA, DHA, trans-FA, n-3 LCP, 

SFA, MUFA and PUFA and in the ratio of LA/ALA and ALA/EPA were found between 

the two groups. In contrast, Adrenic acid, n-3 DPA, and n-6 LCP contents as well as 

the ratio of AA/DHA were significantly lower in the IG than in the CG, in contrast to 

the LA/AA ratio which was higher in the IG than in the CG (p < 0.05). 
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5.9 Fatty acid pattern in breast milk 

The content of selected FAs in breast milk at 6 wks (n = 76) and 16 wks (n = 50) pp 

is illustrated in table 10 and in appendix D.8. 

Table 10 Breast milk fatty acid profile 

group n 6. wk pp n 16. wk pp
mean ± SD (range) mean ± SD (range) p# p† p‡

18:2w6 Intervention 40 10.99 ± 2.85 (5.03-22.81) 28 11.59 ± 2.53 (6.30-16.73) > 0.99 0,466 0,904
Control 36 11.15 ± 2.36 (5.95-17.15) 22 10.96 ± 2.36 (7.78-17.50) 0,958

18:3w3 Intervention 40 1.06 ± 0.52 (0.49-2.69) 28 1.07 ± 0.47 (0.44-2.29) 0,302 0,226 0,719
Control 36 0.87 ± 0.28 (0.41-1.62) 22 0.89 ± 0.41 (0.46-2.23) 0,192

20:3w6 Intervention 40 0.33 ± 0.07 (0.21-0.50) 28 0.28 ± 0.08 (0.19-0.57) 0,117 0,274 0,002
Control 36 0.37 ± 0.09 (0.22-0.64) 22 0.31 ± 0.08 (0.21-0.54) < 0.001

20:4w6 Intervention 40 0.44 ± 0.08 (0.23-0.61) 28 0.40 ± 0.06 (0.29-0.56) > 0.99 > 0.99 0,013
Control 36 0.44 ± 0.08 (0.30-0.60) 22 0.39 ± 0.07 (0.24-0.53) < 0.001

20:5w3 Intervention 40 0.21 ± 0.20# (0.08-1.15) 28 0.16 ± 0.06† (0.09-0.38) < 0.001 < 0.001 0,442
Control 36 0.08 ± 0.04 (0.03-0.23) 22 0.07 ± 0.04 (0.04-0.20) 0,903

22:4w6 Intervention 40 0.08 ± 0.02# (0.04-0.12) 28 0.08 ± 0.02 (0.04-0.15) 0,012 0,422 0,029
Control 36 0.10 ± 0.02 (0.05-0.14) 22 0.08 ± 0.02 (0.05-0.13) < 0.001

22:5w3 Intervention 40 0.25 ± 0.13# (0.14-0.89) 28 0.21 ± 0.06† (0.10-0.37) < 0.001 0,003 0,361
Control 36 0.18 ± 0.06 (0.11-0.43) 22 0.17 ± 0.05 (0.11-0.34) 0,092

22:6w3 Intervention 40 1.50 ± 0.83# (0.48-5.75) 28 1.20 ± 0.39† (0.30-1.93) < 0.001 < 0.001 0,031
Control 36 0.28 ± 0.15 (0.13-0.78) 22 0.22 ± 0.09 (0.13-0.45) 0,114

transFA Intervention 40 0.64 ± 0.29 (0.28-2.04) 28 0.59 ± 0.23 (0.19-1.39) > 0.99 > 0.99 0,701
Control 36 0.62 ± 0.14 (0.36-1.00) 22 0.61 ± 0.20 (0.39-1.22) 0,217

w3LCP Intervention 40 2.17 ± 1.34# (0.79-9.20) 28 1.71 ± 0.49† (0.68-2.66) < 0.001 < 0.001 0,049
Control 36 0.66 ± 0.26 (0.38-1.67) 22 0.58 ± 0.20 (0.41-1.20) 0,039

w6LCP Intervention 40 1.24 ± 0.18 (0.70-1.70) 28 1.08 ± 0.17 (0.76-1.47) > 0.99 > 0.99 < 0.001
Control 36 1.24 ± 0.22 (0.86-1.75) 22 1.06 ± 0.20 (0.70-1.62) < 0.001

SAFA Intervention 40 44.30 ± 4.47 (36.56-57.94) 28 45.35 ± 4.55 (37.42-58.95) > 0.99 0,548 0,032
Control 36 44.33 ± 3.69 (38.04-54.00) 22 43.93 ± 4.34 (36.14-54.41) 0,375

MUFA Intervention 40 38.97 ± 3.57 (29.97-45.25) 28 37.98 ± 3.55† (30.48-45.99) 0,144 0,008 0,178
Control 36 40.50 ± 2.95 (30.50-46.31) 22 41.36 ± 3.90 (33.42-50.17) 0,903

PUFA Intervention 40 15.62 ± 3.42# (7.75-29.08) 28 15.61 ± 2.87† (9.62-21.12) 0,040 0,030 0,29
Control 36 14.07 ± 2.57 (7.99-19.94) 22 13.63 ± 2.58 (10.15-20.08) 0,59

18:2w6/18:3w3 Intervention 40 11.70 ± 4.16# (3.91-22.33) 28 12.54 ± 5.31 (4.64-26.10) 0,050 0,452 0,4
Control 36 13.92 ± 4.42 (6.73-23.26) 22 14.00 ± 4.84 (5.24-24.97) 0,244

18:2w6/20:4w6 Intervention 40 25.41 ± 7.51 (11.66-54.85) 28 29.45 ± 7.74 (16.13-52.46) 0,720 > 0.99 0,124
Control 36 26.02 ± 5.57 (15.52-37.89) 22 28.69 ± 6.66 (15.42-41.54) 0,01

18:3w3/20:5w3 Intervention 40 6.31 ± 2.82# (0.76-13.45) 28 7.22 ± 4.02† (2.47-20.31) < 0.001 < 0.001 0,737
Control 36 13.71 ± 6.34 (4.12-31.71) 22 12.84 ± 4.54 (7.46-21.63) 0,339

20:4w6/22:6w3 Intervention 40 0.34 ± 0.14# (0.11-0.78) 28 0.38 ± 0.19† (0.20-1.00) < 0.001 < 0.001 0,428
Control 36 1.81 ± 0.62 (0.58-2.85) 22 1.94 ± 0.64 (0.96-3.21) 0,614

Values for fatty acids are expressed as % of total fatty acids (wt %)

transFA: tC14:1n5; tC16:1n7; tC17:1n7; tC18:1n9/7; ttC18:2n6
SFA: C4:0 - C27:0
MUFA: sum of all cis-FA with one double bond
PUFA: sum of all cis-FA with two or more double bonds
n6LCP: C20:2n6; DHyLA; AA; C22:2n6; C22:4n6; C22:5n6
n3LCP: C20:3n3; C20:4n3; EPA; C21:5n3; C22:3n3; n3-DPA; DHA

# Significantly different distribution between groups 6 wks pp (Mann-Whitney-U-Test) p < 0.05
† Significantly different distribution between groups 16 wks pp (Mann-Whitney-U-Test) p < 0.05
‡ Significant change over time (Wilcoxon-Test) p < 0.05  

Over the course of lactation, between the 6th and the 16th wk pp, a significant 

decrease of DHyLA, AA, n-3 LCPs and n-6 LCPs in both groups as well as a 

significant decrease of DHA and SFA in the IG were observed (p < 0.05).  

n-3 LC-PUFA supplementation resulted in a significantly higher level of EPA (0.21 ± 

0.2 % in the IG compared to 0.08 ± 0.04 % in the CG), n-3 DPA, DHA (1.5 ± 0.8 % in 

the IG compared to 0.28 ± 0.15 % in the CG), n-3 LCP and PUFAs compared to the 
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CG in the 6th wk pp (p < 0.05). Also, the ratio of LA/ALA, ALA/EPA and AA/DHA and 

the level of adrenic acid were significantly lower in the IG compared to the CG (p < 

0.05).  

The fatty acid composition of the milk in the 16th wk pp showed a very similar pattern 

compared to the 6th wk pp, except the differences between the groups in the adrenic 

acid content and the ratio of LA/ALA, which were no longer statistically significant. In 

contrast, the MUFA content was significantly lower in the IG compared to the CG (p < 

0.05). The levels of DHA (1.2 ± 0.4 % in the IG and 0.22 ± 0.1 % in the CG) and EPA 

(0.16 ± 0.06 % in the IG and 0.07 ± 0.04 % in the CG) in the intervention group were 

still significantly higher than in the control group (p < 0.05). 

Taken together, n-3 LC-PUFA supplementation resulted in a remarkable, significant 

increase in EPA and DHA in breast milk both in the 6th and the 16th wk pp (p < 0.05). 

Supplementation had no effect on the AA content of breast milk at any of the two 

time points. 

5.9.1 Relation of maternal PL and RBC fatty acid an d BM fatty acid pattern 

Both in the 6th and in the 16th wk pp, there were significant, strong, positive 

correlations between maternal PL AA, EPA and DHA levels and their respective 

levels in breast milk (p < 0.05). This held also true for RBC fatty acids albeit to a 

lesser extent (appendix C.7). Figure 18 illustrates the correlation between maternal 

PL DHA content and BM DHA content 16 wks pp (r = 0.939, p < 0.01). There was no 

considerable association between maternal RBC AA and BM AA levels. 
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Figure 18 Association of maternal PL and breast mil k DHA content (n = 30) 

PL AA and, to a lesser extent RBC AA, were negatively correlated to breast milk EPA 

and DHA levels. 

In contrast, there was no considerable correlation between PL or RBC DHA content 

and the AA content in breast milk. 

5.10 Birth outcomes 

A total of 113 women gave birth to healthy infants during the time period of August 

2006 to August 2008. Infants were classified as “intervention group” and “control 

group”, according to which group their mothers were part of. 

5.10.1  Mother 

Mean gestational weight gain in women of the IG (13.7 ± 3.8 kg) was significantly 

lower than in the CG (16.1 ± 4.7 kg) as illustrated in table 11 (p < 0.05). There were 

no significant correlations between GWG and maternal weight or BMI before 

pregnancy, frequency of work-out during pregnancy, energy intake, birth weight of 

the infant, parity, maternal age or PL and RBC levels of AA and DHA (data not 
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shown). After adjustment for prepregnancy BMI, parity, gestational age in days and 

infant birth weight (see appendix C.9) the effect of the supplementation could be 

confirmed as independent and even became a little bit stronger (2.5 kg difference 

between the two groups). The second variable which had a significant effect on GWG 

in the linear regression model was the maternal prepregnancy BMI. The higher the 

maternal BMI, the lower the GWG (decrease per BMI unit: 368 g). 

Table 11 Maternal birth outcomes 

group n mean ± SD (range) p*
Blood loss [ml] Intervention 55 377 ± 167 (200-1000) 0.985

Control 55 364 ± 123 (200-700)

Gestational weight gain [kg] Intervention 50 13.7 ± 3.8 (4-21) 0.02*
Control 53 16.1 ± 4.7 (7-30)

Gestational age [days] Intervention 56 280 ± 7.8 (258-296) 0.14
Control 56 277 ± 8.6 (255-291)

* Significantly different distribution between groups (Mann-Whitney-U-Test) p < 0.05  

No significant difference was observed for any other maternal birth outcome such as 

blood loss during delivery (table 11), fetal lie, birth mode, inition of labour, primary 

and secondary cesarean section and vacuum extraction after spontaneous onset of 

delivery and after inition of delivery (table 12) between the two groups.  
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Table 12 Birth outcomes 

Intervention Control
n % % p*

Fetal lie 112 cephalic 89.3 91.1
breech 7.1 7.1 > 0.99
transverse 3.6 1.8

Birth mode 112 spontanous 51.8 53.6
cesarean section 28.6 33.9 0.559
vaccum extraction 19.6 12.5

Gestational age in weeks 112 37 1.8 5.4 0.096
38 3.6 10.7
39 12.5 10.7
40 26.8 41.1
41 39.3 17.9
42 14.3 14.3
43 1.8 0

Inition of labour 112 26.8 14.3 0.102

Primary CS 112 14.3 16.1 0.792

Secondary CS 112 14.3 17.9 0.607

Vaccum extraction after 112 14.3 8.9 0.376
spontanous onset of delivery

Vaccum extraction after 112 5.4 3.6 > 0.99
inition of delivery

Infant sex 112 female 48.2 50 0.85

Mother started breastfeeding 111 94.5 94.5 > 0.99
* Significantly different distribution between groups (Chi-Square-Test) p < 0.05  

Although there seems to be no significant difference in the frequency of inition of 

labour between the two groups, the difference (IG: n = 15; CG: n = 8) may be 

important or relevant for clinical issues.  

A slight increase of the duration of gestation was observed under n-3 LC-PUFA 

supplementation (IG: 280 ± 8 d; CG: 277 ± 9 d, see table 11) but this difference was 

not statistically significant compared to the CG and was of no major clinical 

relevance. There was no correlation of the length of gestation and the PL or RBC AA 

and DHA levels in maternal and neonatal blood lipids (data not shown). 

The occurrence of minor complications during labour was not statistically different 

between the IG and the CG (table 13).  
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Table 13 Birth complications 

Intervention Control
n % % p*

Any complication during labour 111 30.9 28.6 0.788

Cessation of labour 112 14.3 8.9 0.376

Pathological CTG 110 16.4 20 0.621

Placental retention 111 5.5 0 0.118
* Significantly different distribution between groups (Chi-Square-Test) p < 0.05  

There were no statistically significant differences observed in cessation of labour, 

pathological cardiotokographs (CTG) and placental retention between the two 

groups. Although the difference in the occurrence of placental retention (IG: n = 3; 

CG: n = 0) was not statistically different, it may be of clinical importance in light of the 

severity of the incident. Results are also illustrated as boxplots in appendix D.9. 

5.10.2  Infant 

All infants were born between the 37th and 42nd wk of gestation except one infant in 

the control group who had to be excluded because of preterm birth (32. wk 

gestation). Randomisation took place around wk 15 of gestation, without knowledge 

of infant sex. By chance, 50 % of the infants in the control group and 48.2 % of the 

infants in the intervention group were girls.  

Birth outcomes are presented in tables 14 & 15 and are illustrated in detail as 

boxplots in appendix D.9. 
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Table 14 Infant birth outcomes 

group n mean ± SD (range) p*
Birth weight [g] Intervention 56 3490 ± 502 (2450-4850) 0.912

Control 56 3460 ± 498 (2200-4965)

Birth lenght [cm] Intervention 56 51.7 ± 2 (48-57) 0.292
Control 56 52 ± 2.5 (46-57)

Head circumference [cm] Intervention 56 34.9 ± 1.4 (32-39) 0.696
Control 56 35.1 ± 1.2 (32-38)

Ponderal Index [kg/m³] Intervention 56 25.1 ± 2.5 (19.5-30.3) 0.122
Control 56 24.4 ± 2.3 (20.1-30.8)

pH-value cord blood Intervention 55 7.25 ± 0.08 (7.04-7.41) 0.045*
Control 52 7.28 ± 0.08 (7.1-7.48)

APGAR score at 5 min Intervention 56 9.7 ± 0.5 (8-10) 0.866
Control 56 9.6 ± 0.6 (8-10)

Placental weight [g] Intervention 45 521 ± 109 (230-773) 0.335
Control 42 552 ± 111 (400-800)

* Significantly different distribution between groups (Mann-Whitney-U-Test) p < 0.05  

The mean birth weight was 3490 ± 502 g in the IG and 3460 ± 498 g in the CG. The 

mean birth length was 51.7 ± 2 cm and 52 ± 2.5 cm for the IG and CG, respectively. 

Head circumference was 34.9 ± 1.4 cm in the IG and 35.1 ± 1.2 cm in the CG. 

Ponderal index was 25.1 ± 2.5 kg/m3 and 24.4 ± 2.3 kg/m3 in the CG. Mean placental 

weight was 521 ± 109 g for the IG and 552 ± 111 g for the CG and correlated 

positively with birth weight (r = 0.538; p = 0.01). There were no statistically significant 

differences in infant birth weight (figure 19), birth length, head circumference, 

Ponderal index (figure 20), placental weight and APGAR score at 5 min between the 

two groups. The pH-value in cord blood at delivery was significantly lower in the IG 

(7.25) than in the CG (7.28), which was of no clinical importance (p < 0.05).  
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Figure 19 Birth weight (n = 46) 

 

Figure 20 Ponderal Index (n = 46) 
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Also, birth weight was not significantly correlated to maternal plasma PL and RBC AA 

and DHA, anthropometry of the mother or dietary intake (data not shown), but 

correlated positively with parity (r = 0.327; p = 0.01) and duration of gestation (r = 

0.314; p = 0.01). There were no considerable associations between cord blood AA, 

EPA and DHA (PL and RBC) and infant birth weight or Ponderal Index except for a 

significant negative correlation between cord blood plasma DHA content and PI (r = - 

0.427, p = 0.008). The associations could be confirmed in an adjusted linear 

regression analysis (adjusted for prepregnancy BMI, parity, gestational age in days 

and GWG). Supplementation therefore did not have a significant effect on infant birth 

weight or PI (appendix C.9).  

In contrast, the number of previous births (parity) and the gestational age [d] were 

confirmed to be independent variables which were associated with birth weight (~ 

180 g per birth and 25 g per day). 

As shown in table 15, 7.1 % of the infants in the IG and 10.7 % of the infants in the 

CG were born with a birth weight < 10th Percentile of growth standards for Germany 

and classified as small for gestational age (SGA) (defined on the basis of current 

age- and sex-related percentile charts (VOIGT ET AL. 1996). 3.6 % of the infants in the 

IG and 5.4 % in the CG were born with a birth weight < 5th Percentile. 10.7 % of the 

infants in the IG and 14.3 % of the infants in the CG were classified as large for 

gestational age (LGA) (birth weight > 90th Percentile) and 8.9 % in the IG and 5.4 % 

in the CG were born with a birth weight > 95th Percentile. Neither the ratio of SGA 

and LGA infants nor the percentage of infants with a birth weight < 5th Percentile or > 

95th Percentile was significantly different between the IG and the CG.  

Table 15 Birth weight percentiles 

Intervention Control
n % % p*

Birth weight <10. Percentile 112 7.1 10.7 0.508

Birth weight <5. Percentile 112 3.6 5.4 > 0.99

Birth weight >90. Percentile 112 10.7 14.3 0.568

Birth weight >95. Percentile 112 8.9 5.4 0.716
* Significantly different distribution between groups (Chi-Square-Test) p < 0.05  

94.5 % of mothers in both groups decided to start breast feeding their infants after 

delivery. Infants in both groups were exclusively breast-fed on average for 143 ± 76 
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days or 20.5 ± 11 wks (table 16). Most of the women continued breast feeding after 

the introduction of complementary feeding. In the IG, mothers were breast feeding 

their infants on average for 221 ± 136 days or 32 ± 19 wks, mothers in the CG for 

268 ± 100 days or 38 ± 14 wks.  

Table 16 Breast feeding duration 

group n mean ± SD (range) p*
Exclusive breastfeeding [d] Intervention 15 143 ± 75 (24-241) 0.937

Control 16 143 ± 76 (20-321)

Exclusive breastfeeding [wk] Intervention 15 20.4 ± 10.8 (3-34) 0.937
Control 16 20.5 ± 11 (3-46)

Breastfeeding [d] Intervention 13 221 ± 136 (24-476) 0.369
Control 13 268 ± 100 (101-405)

Breastfeeding [wk] Intervention 13 32 ± 19 (3-68) 0.369
Control 13 38 ± 14 (14-58)

* Significantly different distribution between groups (Mann-Whitney-U-Test) p = < 0.05  

5.11 Infant anthropometry and body fat during the f irst week pp 

SFT measurement was carried out during the first 6 days pp (mean: 4.4 days for both 

groups; table 17) in 102 of the 112 infants, with 11 exceptions where the SFT could 

only be measured within the first 9 days pp. 10 measurements are missing because 

we were not able to measure the SFT within the first 10 days after delivery. The 

distribution of the day of SFT measurement was comparable for the two groups (4.4 

± 2.2 days). 

Results of the SFT measurements are presented in table 17. Mean triceps SFT was 

4.7 ± 0.8 mm in the IG and 4.6 ± 0.8 mm in the CG. Mean biceps SFT was 3.4 ± 0.5 

mm in the IG and 3.3 ± 0.6 mm in the CG. Mean subscapular SFT was 4.4 ± 1 mm in 

the IG and 4.4 ± 0.9 mm in the CG. Mean suprailiacal SFT was 3.2 ± 0.6 mm in the 

IG and 3 ± 0.7 mm in the CG.There were no statistically significant differences in the 

triceps, biceps, subscapular and suprailiac SFT and the arm circumference between 

the two groups. Results are also shown as boxplots in appendix D.10. 
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Table 17 Skinfold Thickness at S1 

group n mean ± SD (range) p*
Age infant at S1 Intervention 51 4.4 ± 2.2 (1-10) 0.949

Control 51 4.4 ± 2.2 (1-9)

Triceps SFT [mm] Intervention 51 4.7 ± 0.8 (3.1-6.9) 0.828
Control 51 4.6 ± 0.8 (2.9-7.3)

Biceps SFT [mm] Intervention 51 3.4 ± 0.5 (2.4-4.5) 0.331
Control 51 3.3 ± 0.6 (2.3-4.7)

Subscapular SFT [mm] Intervention 51 4.4 ± 1 (2.8-7.9) 0.851
Control 51 4.4 ± 0.9 (2.9-7.6)

Suprailiac SFT [mm] Intervention 51 3.2 ± 0.6 (2.3-5.3) 0.143
Control 51 3 ± 0.7 (2-6.7)

Arm circumference [cm] Intervention 51 10.40 ± 1.02 (8.5-12.5) 0.994
Control 49 10.38 ± 1.07 (8-13)

* Significantly different distribution between groups (Mann-Whitney-U-Test) p < 0.05  

Infant fat mass in g, body fat in % and fat mass/height2 in kg/m2 was estimated with 3 

equations (table 18). There were no statistically significant differences in the 

estimates between the IG and the CG in any of the investigated items. But there 

were obviously great differences in the absolute amount of fat mass in g, body fat in 

% and fat mass/height2 when comparing the result from the three different equations. 

Using the equation of WESTSTRATE (1989) resulted in the highest values for all three 

items, followed by the results of DEURENBERGS (1990) equation and SLAUGHTERS 

(1988) equation which resulted in the lowest values. 
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Table 18 Estimation of infant fat mass 

group n mean ± SD (range) p*
Fat mass [g] Weststrate Intervention 51 761 ± 111 (539-1067) 0.733

Control 51 761 ± 112 (484-1092)

Fat mass / height² [kg/m²] Intervention 51 2.85 ± 0.3 (2.16-3.61) 0.451
Weststrate Control 51 2.8 ± 0.26 (2.26-3.39)

Body fat [% BW] Weststrate Intervention 51 13.7 ± 2.8 (8-20.5) 0.491
Control 51 13.3 ± 2.8 (7.3-19.7)

Fat mass [g] Deurenberg Intervention 51 402 ± 129 (191-774) 0.891
Control 51 396 ± 125 (158-757)

Fat mass / height²  [kg/m²] Intervention 51 1.49 ± 0.4 (0.8-2.7) 0.676
Deurenberg Control 51 1.45 ± 0.4 (0.6-2.3)

Body fat [% BW] Deurenberg Intervention 51 11.4 ± 2.4 (7.1-17.7) 0.743
Control 51 11.3 ± 2.4 (5.9-16.3)

Fat mass [g] Slaughter Intervention 51 343 ± 113 (159-701) 0.792
Control 51 345 ± 107 (135-662)

Fat mass / height²  [kg/m²] Intervention 51 1.27 ± 0.4 (0.7-2.4) 0.987
Slaughter Control 51 1.26 ± 0.3 (0.5-2.1)

Body fat [% BW] Slaughter Intervention 51 9.8 ± 2.2 (5.6-15.5) 0.776
Control 51 9.8 ± 2.2 (5-14.4)

* Significantly different distribution between groups (Mann-Whitney-U-Test) p < 0.05  

As expected there are significant positive associations between all four skinfolds and 

body fat of the infants in % of total body weight. Correlations were strongest for the 

equation of WESTSTRATE (1989), followed by the equations of DEURENBERG (1990) 

and the equation of SLAUGHTER (1988) (see appendix C.8). There were also 

significant positive correlations between all four skinfolds and the infants’ fat 

mass/height2, only the order of the equations changed (p < 0.05). Correlations were 

highest for the DEURENBERG (1990) equation, followed by SLAUGHTERS (1988) 

equation and the equation of WESTSTRATE (1989). 

5.11.1  Association of cord blood fatty acids and i nfant anthropometry 

Weak but significantly negative correlations were observed between cord blood 

plasma PL DHA and Ponderal Index (r = - 0.427, p = 0.008) and infant triceps SFT (r 

= - 0.426, p = 0.01). Moreover, there were weak but significant negative associations 

between cord blood PL DHA levels and infant body fat in % of total body weight as 

well as fat mass/height2 (for all three equations, data not shown). In contrast, there 
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was no significant correlation between cord blood RBC AA, EPA or DHA level and 

infant anthropometry except for subscapular SFT, which showed a weak negative 

correlation to cord blood RBC EPA level (r = - 0.316, p = 0.017) and DHA level (r = - 

0.265, p = 0.046). 

5.11.2  Association of maternal PL and RBC fatty ac ids and infant 

anthropometry  

We did not observe any significant correlation between infant SFT or body fat in the 

first few days after delivery and AA, EPA or DHA level in maternal PL and RBCs in 

the 32nd wk of gestation (data not shown). 

5.11.3  Association of maternal and infant anthropo metry  

No significant correlation between newborn SFT or anthropometry and maternal SFT 

and anthropometry at the 32nd wk of gestation could be observed. There was neither 

a correlation between maternal BF or LBM (in % of total body weight and in kg) and 

the newborns BF (in % of total body weight and in g or the fat mass/height2), nor a 

correlation of maternal SFT and infant SFT or anthropometry (data not shown). 



6 Discussion  93 

6 Discussion 

6.1 Baseline characteristics and compliance 

The study population was composed of Caucasian women who had normal 

pregnancies and delivered term, healthy babies. The compliance of the women with 

regard to the supplementation and the dietary intervention was very good in general 

and the supplement did not have any side-effects. The study achieved a high short-

term follow-up rate of 88 % at visit S2 (6 wks pp), which was in the range of what 

would be considered “acceptable” and as a RCT of “high-quality”, for the purpose of 

“Evidence-Based Medicine” (FEWTRELL ET AL. 2008). 

There were no significant differences in any of the maternal baseline characteristics 

or socio-demographic variables between the two groups, confirming successful 

randomization, and assuring the comparability of the two groups. 

6.2 Dietary intake 

The average daily intake of total energy and the proportion of macronutrients did not 

differ between the two groups and were within the recommended ranges of a healthy, 

balanced diet during pregnancy, as recommended by the German society of nutrition, 

both in the 15th and the 32nd wk of gestation. Depending on the age, the personal 

activity level, weight and height of the women, the German society of nutrition 

recommends an average energy intake of 1900 – 2200 kcal/d, consisting of ~ 15 % 

protein, ~ 55 % carbohydrates and ~ 30 % fat (DGE 2004). The fat intake of the 

women was slightly higher as recommended (~ 32 ± 4 % in both groups) and the 

carbohydrate intake was slightly lower than the recommended 55 % (~ 51 ± 5 % in 

both groups). There was neither a significant increase in total energy intake nor a 

shift in the proportion of the macronutrients from the 15th to the 32nd wk of pregnancy. 

Table 19 shows a comparison of dietary macronutrient and AA intakes from previous 

studies in early and late pregnancy of women in Europe, North America and Australia 

(GODFREY ET AL. 1996; MATHEWS ET AL. 1999; WIJENDRAN ET AL. 1999; LOOSEMORE ET 

AL. 2004; THOMAS ET AL. 2006; ANDREASYAN ET AL. 2007; KNUDSEN ET AL. 2008; 

RADESKY ET AL. 2008). 
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Table 19 Comparison of dietary intake during pregna ncy 

Reference early pregnancy
Energy [kcal/d] Protein [%] Fat [%] Carbohydrates [%] A A [mg/d]

Godfrey et al. (1996) ‡ 2329 (1882, 2789) 14.7 (13.3, 16.5) 35.7 (32.5, 38.7) 49.4 (46.2, 53.4) —

Mathews et al. (1999) ‡ 2044 (1755, 2305) 14.5 (13.1, 16.0) 37.8 (34.7, 40.9) 47.3 (44.1, 50.4) —

Radesky et al. (2008) * 2049 ± 674 — 28.1 ± 5.4 55.6 ± 7.1 —

Reference late pregnancy
Energy [kcal/d] Protein [%] Fat [%] Carbohydrates [%] A A [mg/d]

Godfrey et al. (1996) ‡ 2314 (1970, 2729) 14.7 (13.3, 16) 36.4 (33.3, 39.1) 49.0 (46.1, 52.2) —

Mathews et al. (1999) ‡ 2197 (1824, 2660) 15.7 (14.0, 17.3) 33.7 (30.0, 38.0) 50.1 (46.1, 53.7) —

Loosemore et al. (2004) * 2168 ± 585 15 ± 4.5 31.7 ± 6.8 54 ± 8.13 156 ± 87

Andreasyan et al. (2007) ‡ 2912 (2282, 3654) 16.3 (14.7, 18.1) 36.2 (33, 39.3) 45.2 (41.1, 49.4) —

Knudsen et al. (2008) * 2804 ± 479 13.8 ± 2.2 34.8 ± 5.6 50.9 ± 5.7 —

Wijendran et al. (1999) * 2007 ± 300 16.3 ± 2.7 32.9 ± 6.7 52.9 ± 6.6 106 ± 52

Thomas et al. (2006) * 2213 ± 521.9 14.5 ± 3.5 37.3 ± 5.3 47.48 ±  6.09 120 ± 70

* = mean ± SD; ‡ = median (lower, upper quartile)  

The mean intake of energy and the intake of fat (in % of total energy intake) in the 

present study were slightly lower compared to previous studies. The intake of protein 

(in % of total energy intake) and the intake of carbohydrates (in % of total energy 

intake) were in accordance with the intakes reported for pregnant women in the 

previous trials. The mean intakes of AA in mg/d of the women in the control group in 

the present study were similar to the intake reported by LOOSEMORE ET AL (2004), in 

contrast to WIJENDRAN ET AL (1999) and THOMAS ET AL. (2006) who reported lower 

mean intakes of 106 ± 52 mg/d and 120 ± 70 mg/d, respectively. 

Dietary intervention in the present study resulted in a significant difference in the 

intake of AA in mg/d and AA in mg/1000 kcal in the 32nd wk of gestation between the 

two groups, with a significantly lower intake of AA in the intervention group compared 

to the controls (109 ± 0.05 mg/d vs. 170 ± 0.08 mg/d and 51 ± 22 mg/1000 kcal vs. 

84 ± 42 mg/1000 kcal, respectively, p < 0.05). Dietary intervention and dietary 

counseling were therefore effective in reducing the AA intake of pregnant women 

significantly, at least compared to the dietary intake records from the 32nd wk of 

gestation. However, the participation in a nutritional study and the open study design 

might have caused “underreporting” of consumed (AA-rich) foods in the intervention 

group. Moreover, the results – particularly the absolute amounts of AA in mg - have 
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to be interpreted cautiously due to the poor data quality of the AA content in the 

Prodi®-Database. Both the women in the IG and the women in the CG followed a 

typical western style diet with a n-6 to n-3 PUFA ratio of ~ 7:1 in the control group 

(DGE 2004; BAUCH ET AL. 2006; MAX-RUBNER-INSTITUT 2008). By successfully 

reducing the AA intake, and supplementing the women in the IG, an effective 

reduction of the n-6 to n-3 PUFA ratio from ~ 7:1 to ~ 3.5:1 could be achieved as 

originally intended. 

6.3 Maternal anthropometry 

6.3.1 Skinfold Thickness and body composition 

This is the first study investigating the effect of n-3 LC-PUFA supplementation on 

maternal anthropometry during pregnancy and lactation. Thickness of triceps, 

subscapular and suprailiac skinfolds increased significantly (p < 0.05) during 

pregnancy in both groups without any significant difference between the groups. For 

example, triceps SFT in the IG increased from 16.8 ± 4.5 mm to 17.5 ± 4.8 mm and 

from 17.1 ± 4.7 to 18.1 ± 5.4 mm in the CG. This was in line with results of triceps 

SFT in previous trials (FORSUM ET AL. 1989; THAME ET AL. 2007) that ranged from 16.8 

± 5 mm (VAN RAAIJ ET AL. 1989) to 23.5 ± 8.6 mm (PAXTON ET AL. 1998). Values for the 

other SFT were also in line with previous trials. In contrast, biceps SFT slightly 

decreased during pregnancy in both groups (< 0.05). Arm circumference was 

significantly lower in the IG compared to the CG in the 32nd wk of gestation (p < 

0.05). 

The sum of the four SFT measured was used to estimate body density using the 

equation of DURNIN & WOMERSLEY (1974). Maternal fat mass was then derived using 

a specific equation to convert body density to fat mass. Pregnancy-specific equations 

have been developed by VAN RAAIJ ET AL. (1988) to convert maternal body density to 

fat mass. These equations account for the altering composition of the maternal fat 

free mass components through pregnancy, as the expected increase in water in lean 

body mass that leads to a lower density of the lean body mass relative to that in non-

pregnant women. Estimates of total body fat in the present study at wk 15 of 

pregnancy (17.4 ± 4.5 kg and 16.9 ± 3.9 kg in the intervention group and the control 

group, respectively) were not significantly different between the two groups and were 

similar to the results of previous trials: 17.8 ± 4.9 kg (VAN RAAIJ ET AL. 1989), 17.9 ± 
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5.4 kg (LEDERMAN ET AL. 1997) and 16.5 ± 3.6 kg (SOLTANI AND FRASER 2000). 

Estimates of total body fat in the present study at wk 32 of pregnancy (18.6 ± 4.6 kg 

and 19.7 ± 4.7 kg in the intervention group and the control group, respectively) were 

not significantly different between the two groups and were similar to the results of 

previous trials: 19.3 ± 5.5 kg (VAN RAAIJ ET AL. 1989) and 21.7 ± 5.8 kg (LEDERMAN ET 

AL. 1997). These results are also in line with a study of PAXTON ET AL. (1998) who 

compared four equations for the estimation of body composition from SFT to a four 

component-model of body composition in pregnant women. The obtained values for 

body fat of women in this trial ranged from 17.7 to 23.5 kg at week 14 of pregnancy 

and from 21.9 to 28.7 kg at week 37 of pregnancy. Slightly higher values were 

reported in another study of adolescent and mature women in the 15th and the 35th 

wk of pregnancy (values for mature women (mean age: 28 y): 24.5 ± 8 kg and 25.9 ± 

7.8 kg, respectively) (THAME ET AL. 2007). 

Therefore, supplementation with n-3 LC-PUFAs seems to have no pronounced effect 

on SFT in pregnancy and therfore on the physiological changes of body fat mass, at 

least until the 32nd wk of gestation. However, it can not be ruled out that minor 

differences might have occurred, which could not be detected by SFT 

measurements. 

6.3.2 Gain in total body weight 

When tallying up the weight gain from wk 15 to 32 (= estimated body fat in kg + 

estimated LBM in kg; 9.5 kg in the IG and 12.4 kg in the CG), the estimated weight 

gain was higher than the actual weight gain, assessed by weighing of the women at 

the 32nd wk of gestation (weight gain of 7.9 kg and 9.3 kg in the IG and CG, 

respectively). This indicates that the equations of DURNIN & WOMERSLY (1974) and 

VAN RAAIJ (1989) slightly overestimated the gain in weight. This was also reported in a 

study of PAXTON ET AL. (1998) in which the estimation of body fat with the equation of 

DURNIN AND WOMERSLY (1974) resulted in higher values compared to an estimation 

using a four-component model of body composition (23.5 ± 8.5 kg versus 21.4 ± 9.0 

kg).  

Thus, the estimation of body fat and lean body mass from anthropometric equations 

in pregnancy seems to be rather imprecise and may only serve as a tool for 

comparison of two groups, using approximated values. The equation was not precise 
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enough to allow individual predictions of FM and LBM from SFT in the present 

collective of women. 

6.3.3 Gain in fat mass 

Relatively few observational studies have focused on the maternal fat changes 

during pregnancy (DURNIN 1987; FORSUM ET AL. 1988; VAN RAAIJ ET AL. 1989; 

LEDERMAN ET AL. 1997; SOHLSTROM AND FORSUM 1997; PAXTON ET AL. 1998; SOLTANI 

AND FRASER 2000; THAME ET AL. 2007). They show a great variation probably due to 

methodological variations, and different times of measurements. Total fat gain from 

week 15 to week 32 of gestation increased significantly from 17.4 ± 4.5 kg to 18.6 ± 

4.6 kg (+ 1.2 kg) in the IG and from 16.9 ± 3.9 kg to 19.7 ± 4.7 kg (+ 2.8 kg) in the CG 

(p < 0.05). Again, the difference between the groups did not reach statistical 

significance. These findings were lower than the results of FORSUM ET AL. (1988): 4.5 

kg, of SOHLSTRÖM AND FORSUM (1997): 5.5 ± 3.2 kg, SOLTANI AND FRASER (2000): 4.6 

± 3.3 kg, THAME ET AL. (2007): 3.7 ± 2.7 kg, LEDERMANN ET AL. (1997): 3.8 ± 3.5 kg 

and PAXTON ET AL. (1998): 3.3 ± 4.3 kg. They were however in line with the findings of 

VAN RAAIJ et al. (1989): 2.0 ± 2.6 kg and DURNIN (1987): 2.1 kg. 

6.3.4 General remarks 

The use of anthropometry to estimate body fat in pregnant women presents certain 

problems and limitations even though the equations account for the altering 

composition of the maternal fat free mass like the lower density of the lean body 

mass relative to that in non-pregnant women. Skin compressibility may be altered 

during pregnancy by edema or hormone-based changes in connective tissues for 

example and may therefore lead to increased SFT, resulting in an overestimation of 

local fat. As pregnancy advances, it also becomes increasingly difficult to measure 

SFT at the trunk. Despite its limitations it has been used – and is used - in many 

studies to estimate body fat in pregnant women, last but not least because of 

undeniable advantages like the easy accessibility and its low costs. 

6.4 Maternal biochemical parameters and blood lipid s 

The present study was, - to the best of our knowledge, - the first RCT in which the 

effect of n-3 LC-PUFA supplementation on maternal biochemical parameters and 

blood lipids during pregnancy and lactation was reported in detail. In none of the 
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studies cited in chapter 2.10, was the association of these parameters with n-3 LC-

PUFA supplementation reported. Available information about the effect of n-3 LC-

PUFA supplementation on blood lipids comes only from studies in non-pregnant 

subjects. 

Several hematological and biochemical parameters were analyzed for safety and 

tolerance evaluation. Over time, we observed significant physiologic changes in all 

parameters (p < 0.05), which were all within the reference ranges for pregnancy and 

lactation. The plasma TAG level increased ~ 2-fold from ~ 100 mg/dL to 220 mg/dL in 

the CG and to 170 mg/dL in the IG (~ 200 %) and the cholesterol level increased by 

~ 50 % in both groups from ~ 190 mg/dL to 280 mg/dL during the course of 

pregnancy. The HDL and LDL levels also increased during the course of pregnancy, 

reaching 20 % and 30 % higher levels than at the beginning of pregnancy, 

respectively. The values of women in the control group of the present study are 

consistent with many previous studies on lipids and lipoprotein profiles in 

uncomplicated pregnancies (KNOPP ET AL. 1982; DESOYE ET AL. 1987; VAN STIPHOUT ET 

AL. 1987; MONTELONGO ET AL. 1992; PIECHOTA AND STASZEWSKI 1992; BALLOCH AND 

CAUCHI 1993; MAZURKIEWICZ ET AL. 1994; ALVAREZ ET AL. 1996; SATTAR ET AL. 1997; DE 

ARCOS ET AL. 1998; BRIZZI ET AL. 1999; HERRERA ET AL. 2004; LAIN AND CATALANO 2007; 

LIPPI ET AL. 2007; BASARAN 2009). 

With the exception of the TAG concentration, the analyzed parameters did not differ 

between the groups. Supplementation with n-3 LC-PUFAs coupled with dietary 

intervention resulted in a significantly lower TAG concentration in women of the 

intervention group in the 32nd wk of gestation compared to the control group (p < 

0.05). This is in agreement with previous studies in non-pregnant subjects, reporting 

a TAG reduction after EPA and / or DHA supplementation in the range of 1.6 – 4 g/d 

in healthy subjects (NELSON ET AL. 1997; LAIDLAW AND HOLUB 2003; GEPPERT ET AL. 

2006), whereas other studies with lower DHA intakes of 0.7 g/d and 0.75 – 1.5 g/d 

could not show a reduction of the TAG concentration (CONQUER AND HOLUB 1998; DI 

STASI ET AL. 2004; THEOBALD ET AL. 2004). However, a TAG lowering effect of DHA 

supplementation was also shown by 3 reviews and a meta-analysis (HARRIS 1997; 

BALK ET AL. 2006; LIEN 2009; RYAN ET AL. 2009). The most likely mechanism for the 

TAG-lowering effect is the inhibition of hepatic TAG synthesis mediated via activation 

of PPARα by n-3 LC-PUFAs, increased FA oxidation and altered metabolism of 

enzymes (e. g. lipoprotein lipase) involved in the uptake and esterification of FAs 
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(NESTEL 2000; EVANS ET AL. 2004). In the latter cited reviews and meta-analysis, it 

was also shown that n-3 LC-PUFA supplementation has no effect on serum 

cholesterol concentration and that the HDL- as well as the LDL-cholesterol 

concentrations slightly increased after supplementation. However, in the present 

study, no effect of n-3 LC-PUFA supplementation on HDL and LDL could be shown. 

First, this might be due to the smaller sample size of the present study compared to 

the large number of subjects included in the meta-analyses and secondly to the 

larger amount of n-3 LC-PUFAs applied in the reviewed studies. 

It is also interesting to note that, supplementation did not show any effect on blood 

glucose concentration and blood coagulation (assessed as prothrombin time or INR). 

This is in line with several previous studies in non-pregnant subjects, recently 

summarized (LIEN 2009), showing no effect of n-3 LCPUFA supplementation on 

blood glucose concentration and blood coagulation. Again, this lack of data about n-3 

LC-PUFA supplementation on blood glucose concentration and blood coagulation in 

pregnancy questions the comparison with the present data but may nevertheless be 

used as a clue. 

In summary, supplementation did not have a pronounced effect on maternal 

biochemichal parameters and blood lipids except of decreasing the TAG 

concentration. The comparison of the present results with previous studies is difficult 

because there is a lack of data on biochemical parameters in n-3 LC-PUFA 

supplemented women. 

6.5 Fatty acid pattern of maternal plasma PL and re d blood cells 

The relative FA concentration (% by wt) in PLs and RBCs changed in a specific 

manner for each individual fatty acid during the course of pregnancy and lactation in 

the non-supplemented control group. In particular, the decline of AA, EPA, adrenic 

acid and n-3 DPA over the course of pregnancy, as well as the increase of DHA in 

the first trimester, followed by a slight decrease of DHA until delivery, are in 

accordance with the longitudinal maternal FA changes observed in previous studies 

of normal pregnancy (AL ET AL. 1990; AL ET AL. 1995; BERGHAUS ET AL. 1998; 

WIJENDRAN ET AL. 1999; ELIAS AND INNIS 2001; RUMP ET AL. 2001; VLAARDINGERBROEK 

AND HORNSTRA 2004; PANKIEWICZ ET AL. 2007; STEWART ET AL. 2007; VAN EIJSDEN ET 

AL. 2008; DONAHUE ET AL. 2009). 
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Supplementation with 1050 mg DHA and 150 mg EPA per day combined with a 

decrease of the AA intake from the 15th wk of gestation until the 16th wk pp in healthy 

women resulted in a significant reduction of the n-6- to n-3 LC-PUFA ratio in maternal 

plasma PL and RBCs until supplementation was terminated 16 wks pp (p < 0.05). 

The ratio of AA/DHA decreased significantly from the 15th wk of gestation to the 32nd 

wk of gestation from 2.15 ± 0.6 to 0.95 ± 0.2 (- 56 %) in the PLs and from 3.1 ± 1.3 to 

1.5 ± 0.8 in the RBCs (- 50 %) (p < 0.05). Also, supplementation significantly 

increased the DHA and EPA content of plasma PLs and RBCs and reinforced the 

physiologic decrease of the AA and adrenic acid content (p < 0.05). The highest 

relative fatty acid changes in the intervention group were observed for EPA (+ 100 

%), followed by DHA (+ 65 %), adrenic acid (- 47 %) and the ratio of AA/DHA (- 56 

%) in the plasma PLs, as illustrated in figure 21 (values presented as means ± SD 

versus wk 15 of gestation). AA decreased by 25 % in the IG and 12.5 % in the CG. 
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Figure 21 Change of plasma PL fatty acids in % from  baseline to 32 nd wk gestation  

Very similarly to the changes in PLs, albeit to a lesser extent, the highest relative 

fatty acid changes in RBCs were also observed for EPA (+ 70 %), DHA (+50 %), 

adrenic acid (- 46 %) and the ratio of AA/DHA (- 50 %). AA decreased by 28 % in the 

IG and 19 % in the CG. 

The small difference in the degree of change between PLs and RBCs probably 

results from the slower FA turnover in RBCs compared to plasma PLs, in 
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combination with physiological changes in plasma volume and total RBC mass 

during pregnancy. Nevertheless, the RBC fatty acid pattern was useful to provide 

valid estimates of differences in FA intake over the past weeks and months (KATAN ET 

AL. 1997). This change in the maternal RBC FA pattern and its strong correlation to 

the change in maternal PLs, emphasizes the substantial impact of the dietary n-6/n-3 

FA ratio reduction on the maternal metabolism. Dietary DHA and EPA obviously 

replace the n-6 PUFAs LA, DHyLA, AA and adrenic acid in both maternal PLs and 

RBCs. The observed pronounced increase in EPA levels of PLs and RBCs after 

supplementation with 1.05 g DHA and 0.15 g EPA in the study, appears to reflect 

retroconversion through a ß-oxidation reaction of DHA, as also suggested in previous 

studies (BROSSARD ET AL. 1996; CONQUER AND HOLUB 1997; VIDGREN ET AL. 1997; 

GEPPERT ET AL. 2006). 

The direct comparability of the present study with previous n-3 LC-PUFA 

supplementation RCTs during pregnancy and lactation often turns out to be difficult 

because of the different blood sampling time-points, the different blood lipid fractions 

analyzed, the variable onset and length of supplementation and particularly the 

varying doses and dosage forms of the LC-PUFA supplements. As summarized in 

chapter 2.10, the provided daily amount of n-3 LC-PUFAs in previous trials ranged 

from 200 mg to 1200 mg DHA and from 40 mg to 1800 mg EPA, combined in various 

amounts and ratios. According to the dose of DHA/d, the trials can be classified into 

two major groups: low DHA supplementation (< 500 mg/d) (D'ALMEIDA ET AL. 1992; 

MALCOLM ET AL. 2003; MONTGOMERY ET AL. 2003; SMUTS ET AL. 2003; SMUTS ET AL. 

2003; SANJURJO ET AL. 2004; BERGMANN ET AL. 2007; JUDGE ET AL. 2007; KRAUSS-

ETSCHMANN ET AL. 2007; INNIS AND FRIESEN 2008) and high DHA supplementation (> 

900 mg/d) (OLSEN ET AL. 1992; ONWUDE ET AL. 1995; VAN HOUWELINGEN ET AL. 1995; 

CONNOR ET AL. 1996; HELLAND ET AL. 2001; DUNSTAN ET AL. 2004; TOFAIL ET AL. 2006). 

They all have in common, that DHA supplementation, regardless of the amount of 

DHA, effectively increased the proportion of DHA in plasma and RBCs. A cross-study 

meta-regression analysis of 12 studies on the effect of DHA supplementation on 

plasma PL FA concentration by ARTERBURN ET AL. (2006) showed that plasma PL 

concentrations increase in a dose-dependent, saturable manner up to ~ 2 g/d DHA, i. 

e. doses > 2 g/d would probably not show an effect anymore. Studies with fish oils 

containing both DHA and EPA showed increases in both DHA and EPA in plasma 

PLs. Also, AA concentrations, as expected, decreased dose-dependently in response 
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to the combined supplementation, but to a lesser extent (ARTERBURN ET AL. 2006). In 

some of the previous RCTs in pregnancy, as cited above, reduced levels of plasma 

and RBC n-6 LC-PUFAs were observed after n-3 LC-PUFA supplementation (VAN 

HOUWELINGEN ET AL. 1995; HELLAND ET AL. 2001; VELZING-AARTS ET AL. 2001; MALCOLM 

ET AL. 2003; DUNSTAN ET AL. 2004; INNIS AND FRIESEN 2008), although the reduction 

was not significant in two studies (VELZING-AARTS ET AL. 2001; MALCOLM ET AL. 2003). 

Studies of pregnant vegetarians, who only consume ¼ of the AA amount of omnivore 

women (~ 40 mg/d) due to the refusal of meat consumption show, that the proportion 

of AA in maternal and infant blood lipids as well as in breast milk does not differ from 

the proportion in women who follow a typical western style diet. This was probably 

due to a higher endogenous synthesis (FINLEY ET AL. 1985; SPECKER ET AL. 1987; 

REDDY ET AL. 1994; LAKIN ET AL. 1998). Neither the reduced levels of AA in some of 

the previous RCTs, nor the lower AA intake of vegetarians had any undesirable 

effects on infant health, the latter most likely explained by the “normal” 

concentrations of AA in maternal blood lipids. As recently summarized by KOLETZKO 

(2008), the endogenous synthesis of AA is far more effective than of DHA, resulting 

in a greater metabolic control and stability of AA as of DHA levels in human blood 

and tissues. Reassurance on the safety of provision of DHA without AA is also 

provided by recent meta-analyses, which found no harmful effects of the 

supplementation on infant development (KOLETZKO 2008).  

Therefore, it can be assumed that the observed reduction of the AA levels in 

maternal plasma PLs and RBCs during pregnancy and lactation in the present study 

should be regarded as safe for the participants and their infants. As described below 

the reduction of AA in maternal blood lipids did not have any detrimental effects on 

infant health.  

The present results meet our expectations and confirm the good compliance of the 

women. Supplementation with 1.2 g n-3 LC-PUFAs from week 15 of pregnancy until 

16 wks pp, combined with a reduction of the dietary AA intake was therefore an 

effective means to enhance maternal n-3 LC-PUFA content in both maternal plasma 

PLs and RBCs and to decrease the ratio of n-6/n-3 LC-PUFAs and the ratio of 

AA/DHA, respectively. 
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6.6 Breast milk 

6.6.1 Fatty acid pattern 

n-3 LC-PUFA supplementation combined with a decrease in the AA intake doubled 

the concentration of EPA and resulted in a significant, 5-fold increase of the DHA 

concentration in breast milk both in the 6th and the 16th wk pp compared to the BM of 

mothers in the control group (1.5 ± 0.8 % DHA (IG) versus 0.28 ± 0.15 % DHA (CG), 

6 wks pp; p < 0.05). Interestingly, supplementation had no effect on the AA content of 

breast milk at either of the two time points. 

The distribution of SFA, MUFA, PUFA and specific LC-PUFAs like AA and DHA are, 

apart from the EPA, n-3 DPA and DHA levels in the BM of supplemented mothers, in 

agreement with numerous other studies on the fatty acid composition of breast milk 

and reflect a typical western style diet of Middle European women (CHARDIGNY ET AL. 

1995; GENZEL-BOROVICZENY ET AL. 1997; JENSEN 1999; PRECHT AND MOLKENTIN 1999; 

FIDLER AND KOLETZKO 2000; LAURITZEN ET AL. 2001; BRENNA ET AL. 2007). The content 

of LC-PUFAs in BM was highest in colostrum and declines during the course of 

lactation (SALA-VILA ET AL. 2005; MINDA ET AL. 2004; Yu ET AL. 1998; GENZEL-

BOROVICZENY ET AL. 1997; BOERSMA ET AL. 1991; HARZER ET AL. 1983). This could also 

be confirmed in the present study, with significant lower values of DHyLA, AA, 

adrenic acid and DHA (only significant for the IG), and consecutively the sum of n-3 

and n-6 LC-PUFAs in the 6th wk pp compared to the levels in the 16th wk pp in both 

groups of women (p < 0.05). In a recent meta-analysis, BRENNA ET AL. (2007) 

reviewed the AA and DHA concentration in mature human breast milk worldwide. 

The mean levels of DHA and AA in BM were 0.32 ± 0.22 % and 0.47 ± 0.13 %, 

respectively. This corresponds to a ratio of AA/DHA of approximately 1.5, but as the 

correlation between DHA and AA seems to be low in BM, the ratio shows a high 

degree of variability (BRENNA ET AL. 2007). Milk DHA content appears to be closely 

linked to maternal dietary DHA intake, with dose-dependent linear increases in BM 

concentrations with increased maternal intake (MAKRIDES ET AL. 1996). The biological 

variation of milk AA content is among the lowest of all FAs, while those of EPA and 

DHA constitute the highest (SMIT ET AL. 2002; YUHAS ET AL. 2006). In two very recent 

studies of DHA and DHA plus AA supplementation in pregnancy and lactation, it was 

shown, that also the AA content of milk is sensitive to long-term dietary AA intake, 
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but milk DHA seems to be more responsive to dietary intake than milk AA (WESELER 

ET AL. 2008; VAN GOOR ET AL. 2009). 

The increased secretion of EPA, n-3 DPA and DHA in BM of the supplemented 

women in the present study agreed with previous observations from n-3 LC-PUFA 

supplementation RCTs in lactation (HARRIS ET AL. 1984; HENDERSON ET AL. 1992; 

MAKRIDES ET AL. 1996; HELLAND ET AL. 1998; FIDLER ET AL. 2000; HELLAND ET AL. 2001; 

LAURITZEN ET AL. 2004; JENSEN ET AL. 2005; WESELER ET AL. 2008; VAN GOOR ET AL. 

2009). Consistent with these earlier reports, n-3 LC-PUFA supplementation did not 

reduce the concentration of AA in BM in the present study which indicates that the 

AA content of BM seems to be tightly controlled (BRENNA ET AL. 2007). Nevertheless, 

supplementation resulted also in a pronounced decrease in the AA/DHA ratio of BM, 

both in the 6th and in the 16th wk pp (AA/DHA ratio in the 6th wk pp: 0.35 ± 0.14 (IG) 

and 1.8 ± 0.6 (CG); 16th wk pp: 0.38 ± 0.2 (IG) and 1.95 ± 0.6 (CG)). This is of major 

importance as both DHA and AA are indispensable FAs for normal growth and 

development of the newborn infant.  

6.6.2 Implications for the breast-fed infant 

Although the fetus and newborn infant is capable of converting of the precursor FAs 

LA and ALA into AA and DHA, the enzymatic systems involved seem unable to 

supply sufficient LC-PUFAs to meet the requirements until 4 - 6 month pp and 

therefore the infant is dependent on the supply through dietary intake via breast milk 

or infant formula (UAUY ET AL. 2000; CARNIELLI ET AL. 2007; HADDERS-ALGRA 2008). 

This was also supported by studies, in which infant blood lipid DHA content could be 

improved by supplementing the lactating mother, confirmed by a strong correlation 

between BM and infant plasma PLs or RBCs LC-PUFA concentrations (GIBSON ET AL. 

1997; JENSEN ET AL. 2000; HELLAND ET AL. 2001; LAURITZEN ET AL. 2004). It was also 

well known that the inclusion of DHA in infant formulas increases DHA in a dose-

dependent manner in the blood lipids of infants fed formula (MAKRIDES ET AL. 1995; 

CARLSON ET AL. 1996; INNIS ET AL. 1996; BIRCH ET AL. 1998). 

One of the major concerns in the debate regarding safety of n-3 LC-PUFA 

supplementation in pregnancy and lactation has been the question as to whether or 

not increased levels of n-3 LC-PUFAs in BM or infant formulas had an influence on 

growth of the infant as observed by CARLSON ET AL. (1992) for the first time, reporting, 

that marine oil supplemented formula-fed preterm infants did not grow as well as 

controls. They showed that the AA content of infant plasma positively correlated with 
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infant anthropometry and the high EPA content of the used supplement was 

suspected of decreasing the AA level, which could be important for infant growth via 

its growth stimulating effect of PGE2 in vitro (SELLMAYER AND KOLETZKO 1999). 

Furthermore, there has been two reports that fetal plasma AA was positively 

associated with birth weight (KOLETZKO AND BRAUN 1991; WOLTIL ET AL. 1998).  

In two large, recent reviews by SIMMER ET AL. on supplementation of infant formula 

with LC-PUFAs in preterm infants and infants born at term (SIMMER ET AL. 2008; 

SIMMER ET AL. 2008) there was no evidence that supplementation of formula with n-3 

and n-6 LC-PUFAs impaired the growth of the infants. The meta-analysis of relevant 

studies in term infants also did not show any effect of LC-PUFA supplementation on 

growth. In the meta-analysis of RCTs in preterm infants, four out of thirteen studies 

reported benefits of LC-PUFAs on growth at different postnatal ages, whereas two 

trials (CARLSON ET AL. 1992; CARLSON ET AL. 1996) suggested that LC-PUFA 

supplemented infants grew less well than controls, possibly due to a reduction in AA 

levels that occur when n-3 supplements are used without n-6 supplements. Recent 

trials with addition of AA to the supplement have reported no significant negative 

effect on growth (UAUY ET AL. 1990; CARLSON ET AL. 1996; VANDERHOOF ET AL. 2000; 

INNIS ET AL. 2002). Thus, the available data does not indicate that an adverse effect 

on weight gain should be a serious concern in relation to n-3 LC-PUFA 

supplementation, particularly if AA is supplied in sufficient amounts. Recent 

recommendations of the EU Commission Directive on infant formula for the LC-PUFA 

supply of infants support the supplementation of AA and DHA to infant formula on 

condition that DHA supplementation does not exceed 0.5 % of total FAs and that 

levels of AA are at least equal to those of added DHA (KOLETZKO ET AL. 2008). 

As 95 % of the women in both groups in the present study decided to breast-feed 

their infants and that the duration of exclusive breast-feeding was on average 20 

wks, the intervention was expected to exert strong influence on the amount of n-3 

LC-PUFAs ingested by the infants. If the increased n-3 LC-PUFA intake of infants in 

the IG will also be reflected in the infant plasma PLs and RBCs 4 month after 

delivery, and moreover, if differences in the FA composition of infant blood lipids will 

be associated with differences in the adipose tissue development remains to be 

investigated in future analysis. 

In summary, supplementation resulted in an increase of EPA and DHA content in 

BM, leading to a reduced ratio of AA/DHA without affecting the AA concentration. 
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Available data does not suggest any safety concerns of this change for the breast-fed 

infant. 

6.7 Fatty acid pattern of cord blood 

The present study shows, that n-3 LC-PUFA supplementation during pregnancy 

results in a significant increase of cord blood PL and RBC DHA and EPA 

concentration which was followed by a pronounced decrease of the AA/DHA-ratio. 

This finding is consistent with a number of previous studies that have demonstrated 

improved neonatal DHA status after maternal supplementation (VAN HOUWELINGEN ET 

AL. 1995; CONNOR ET AL. 1996; BOROD ET AL. 1999; HELLAND ET AL. 2001; VELZING-

AARTS ET AL. 2001; KRAUSS-ETSCHMANN ET AL. 2007). In contrast, several other studies 

of low-dose n-3 LC-PUFA supplementation (≤ 200 mg DHA/d) did not find an 

improvement of the n-3 LC-PUFA status of the infants after maternal 

supplementation (MALCOLM ET AL. 2003; MONTGOMERY ET AL. 2003; SMUTS ET AL. 2003; 

SANJURJO ET AL. 2004). A daily intake of ≤ 200 mg DHA/d seems to enhance maternal 

DHA status but does not have any impact on neonatal DHA status. Only a dietary 

intake of more than 500 mg DHA/d was shown to enhance neonatal DHA status. The 

observed plasma PL and RBC FA pattern of the infants in the control group was in 

agreement with several previous studies from Europe and North America (SANDERS 

AND REDDY 1992; DECSI ET AL. 2001; ELIAS AND INNIS 2001; RUMP ET AL. 2001; MINDA ET 

AL. 2002; VLAARDINGERBROEK AND HORNSTRA 2004), including one systematic review, 

summarizing 19 data sets, describing FA composition of cord blood PLs (MINDA ET AL. 

2002). Only DECSI ET AL. (2001) reported slightly lower levels of AA and DHA in 

newborn plasma PLs from Austria, compared to the present study. The comparison 

with several other studies reporting newborn FA patterns in cord blood is hardly 

possible because firstly, FA concentrations are sometimes not given in percentage of 

total FAs, but in mg/L and secondly, because the fatty acid pattern of other plasma 

lipid classes than PLs (Cholesterol ester, TAG) were analyzed. 

There was a strong linear correlation between the maternal (32nd wk) and neonatal 

PL and RBC PUFA pattern in both the IG and the CG (appendix C.6), with stronger 

correlations between maternal and infant PLs than between RBCs. This was also 

shown previously in non-supplemented mother-infant pairs (RUYLE ET AL. 1990; AL ET 

AL. 1995; BERGHAUS ET AL. 2000; GHEBREMESKEL ET AL. 2000; ELIAS AND INNIS 2001; 

RUMP AND HORNSTRA 2001; DE VRIESE ET AL. 2003; HERRERA ET AL. 2004; 
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VLAARDINGERBROEK AND HORNSTRA 2004; PANKIEWICZ ET AL. 2007; ALVINO ET AL. 2008), 

as well as in supplemented women (VAN HOUWELINGEN ET AL. 1995; CONNOR ET AL. 

1996; HELLAND ET AL. 2001; VELZING-AARTS ET AL. 2001; KRAUSS-ETSCHMANN ET AL. 

2007).  

In agreement with these studies is the finding, that – on the one hand - the 

concentration of the LC-PUFAs DHyLA, AA, adrenic acid and DHA was higher in the 

infant, compared to the maternal blood. On the other hand, the concentration of their 

essential precursors LA and ALA was found to be lower in fetal PLs and RBCs, 

compared to maternal PLs and RBCs. This phenomenon is called “biomagnification” 

(CRAWFORD ET AL. 1976). It has been related to the capability of the placenta and the 

fetus to increase the percentage of LC-PUFAs in the fetal circulation, i.e. to provide 

the fetus and infant with FAs of particular importance for development and the rapid 

LC-PUFA accretion of the growing brain and other neural tissues. The fetus is able to 

synthesize SFAs and MUFAs from glucose and ketone bodies but depends on 

placental supply of EFAs (KIMURA 1989). While LA and ALA can be further 

desaturated in humans, no activity of both the delta-6- and delta-5-desaturases could 

be detected in human placental tissue (CHAMBAZ ET AL. 1985). Therefore, LC-PUFAs 

in the fetal circulation appear to be synthesized either by the mother or the fetus. 

Although LC-PUFA biosynthesis is active in the newborn, there are indications that 

this capacity is limited (DEMMELMAIR ET AL. 1995; UAUY ET AL. 2000; CARNIELLI ET AL. 

2007; HADDERS-ALGRA 2008). This indicates a selective materno-fetal placental 

transport for certain LC-PUFAs: The preferential uptake of LC-PUFAs was confirmed 

by HAGGARTY ET AL. (1999) who reported a selective, preferential transport of DHA > 

AA > ALA > LA across the human placenta. Further evidence was provided by 

LARQUÉ ET AL. (2003) who showed in a study with radioactive labeled FAs a 

preferential uptake of DHA in placental tissue. As a result, the proportion of LCPs is 

higher, and the proportion of their parent EFAs is lower in cord blood samples 

compared to maternal plasma. 

After a close examination of the DHA proportions in maternal and fetal plasma PLs 

and RBCs it was striking, that the proportion of DHA was higher in neonates 

compared to their mothers only in the control group. This was also shown by 

DUNSTAN ET AL. (2004) who suggested that this loss of concentration gradient 

between the mother and her infant in the supplemented group indicates that fetal 

levels of DHA could be approaching saturation, regardless of the DHA levels in 
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maternal blood. On the other hand, this implies that when DHA stores are low in less-

well nourished women, supplementation with DHA may primarily affect the fetal DHA 

status, because DHA is then preferentially transported to the fetus (LARQUE ET AL. 

2006). 

n-3 LC-PUFAs are widely regarded as healthy and being beneficial to human health, 

and there is no doubt that they are essential for infant development. However, n-6 

LC-PUFAs, such as AA are also indispensable for infant development. In humans, 

several studies have reported a positive association between cord blood plasma AA 

and infant birth weight. In preterm infants and several clinical trials of formula 

feeding, AA and the combination of AA and DHA was related to growth (KOLETZKO 

AND BRAUN 1991; CARLSON ET AL. 1993; HAMOSH AND SALEM 1998; ELIAS AND INNIS 

2001; INNIS ET AL. 2002; HEIRD AND LAPILLONNE 2005; INNIS 2005). A study by RUMP ET 

AL., in contrast, did not support the concept that EFAs such as AA and DHA serve as 

fetal growth factors, they could in contrast show that the proportions of AA and DHA 

in umbilical cord plasma PLs were negatively related to neonatal size and weight at 

birth (RUMP ET AL. 2001). In the INFAT-Study, supplementation was associated with a 

decrease of maternal DHyLA, AA and Adrenic acid content in plasma PLs and RBCs. 

The impact on neonatal n-6 LC-PUFA status could also be shown clearly but was 

less consistent. In the plasma PLs, the AA and Adrenic acid level in cord blood of 

“supplemented” infants was significantly lower than the content in cord blood of “non-

supplemented” infants. This was in contrast not true for RBCs, in which all n-6 LC-

PUFA levels are higher in the infants of the IG, compared to the infants in the control 

group, although not significantly. This finding, although unexpected, was also 

observed in a study on the influence of a vegetarian diet on the EFA status in cord 

plasma PLs (SANDERS AND REDDY 1992). This suggests an association of maternal 

vegetarian diet – as was aimed to achieve in the intervention group in the INFAT-

Study – with an increased AA proportion in cord blood. A possible explanation could 

be a higher conversion of LA into AA in vegetarians, who are known to consume 

more LA in their diet and have higher proportions of LA in all tissues and blood lipids 

compared to omnivores (SANDERS ET AL. 1978; SANDERS 2009). Interestingly, the 

proportion of LA was significantly higher in cord blood RBC of the IG (2.97 ± 0.7 %), 

compared to the CG (2.19 ± 0.7 %) in the INFAT-Study, too (p < 0.05, table C.3 

appendix). 
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No relationship was found between the amount of AA and DHA in infant blood lipids 

and birth weight or growth in the present study so far. However, these results have to 

be interpreted with caution as the number of infants (IG = 19, CG = 18) was very 

limited. Furthermore, the collection of cord blood samples in a standardized manner 

was very difficult and presented some irregularities, regarding the classification of the 

cord blood into venous or arterial blood and the time elapsed until storage and 

refreezing may have occurred. 

Nevertheless it could be demonstrated in the present study, that maternal 

supplementation effectively enhances fetal and infant n-3 LC-PUFA status, while 

lowering the AA concentration, which results in a lower ratio of AA/DHA, at least, in 

the infants PLs. Maternal supplementation resulted in an AA/DHA ratio of infant blood 

lipids of ~ 2 : 1 in the IG and ~ 3 : 1 in the CG. Whether the reduction in infant blood 

was reflected in infant tissue and has clinical relevant properties and was reflected in 

adipose tissue development remains to be elucidated. 

6.8 Maternal and infant birth outcomes and infant b ody fat  

6.8.1 Maternal GWG and anthropometry 

The results of the present study suggest that the n-3 LC-PUFA supplementation from 

the 15th wk of pregnancy until delivery affects maternal gestational weight gain. Mean 

GWG of women in the IG (13.7 ± 3.8 kg) was significantly lower compared to the CG 

(16.1 ± 4.7 kg) (p < 0.05). Considering the period of the study, GWG in the present 

study is consistent with the GWG in other studies: 10.7 kg (SCHIESSL ET AL. 2009), 

15.1 ± 5.9 kg (NOHR ET AL. 2008), 11.7 kg (DURNIN 1987) and 10.9 ± 4.7 kg (SOLTANI 

AND FRASER 2000) from ~ 10 – 40 wks of pregnancy or values from prepregnancy to 

wk 40 +: 13.6 ± 6.1 kg (LEDERMAN ET AL. 1997), 13.8 kg (SADURSKIS ET AL. 1988), 11.8 

± 3.7 kg (VAN RAAIJ ET AL. 1989), 15.8 ± 7.7 kg (SOHLSTROM AND FORSUM 1997). GWG 

of both groups in the present study also lay within the ranges of “Recommended 

gestational weight gain” of the IOM which are illustrated in table 20. 
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Table 20 Recommended GWG (IOM, 2009) 

BMI  [kg/m²] recommended GWG  [kg]

Underweight < 18.5 12.5 - 18

Normalweight 18.5 - 24.9 11.5 - 16

Overweight 25 - 29.9 7 - 11.5

Obese > 29.9 5.5 - 9  

Also, a significant, inverse relationship between maternal prepregnancy BMI and 

GWG in both groups was observed (decrease per BMI unity: 368 g, p < 0.05), which 

was also shown in numerous studies (BERGMANN ET AL. 2003; CEDERGREN 2007; 

NOHR ET AL. 2008; IOM 2009; SCHIESSL ET AL. 2009). 

The wide range of values showed, that GWG varies greatly among women. GWG 

was composed of total body water accretion, protein and fat accretion, the increase 

of amniotic fluid and placental and fetal growth but with great individual differences 

among the study participants in the proportions of the individual GWG components. 

Total body water accretion averages about 7 – 8 l, plus up to 3 l with generalized 

edema, resulting in an increased hydration of fat free mass in pregnancy (HYTTEN 

AND LEITCH 1971). Approximately 40 % of GWG accounts for fat mass accretion, of 

which ~ 75 % is deposited subcutaneously (BUTTE ET AL. 2003). In two studies, using 

four-component body composition models, GWG was positively correlated with both, 

the increase in maternal fat and fat free mass. Birth weight of the infants in contrast 

was only shown to be related to the gain in maternal fat free mass, but not with the 

gain in FM (LEDERMAN ET AL. 1997; BUTTE ET AL. 2003). The difference in GWG 

between the two treatment groups in the present study was not observed until shortly 

before delivery. Up to the 32nd wk of gestation, there were no significant differences 

in maternal weight, body fat and lean body mass between the two groups of women, 

although women in the control group already had a slightly higher amount of body fat 

compared to the women in the intervention group. Unfortunately, the SFT of the 

women was not measured until shortly before delivery and it was therefore not 

possible to make a statement on the composition of the 2.4 kg of supplemental GWG 

in the control group. The present study was not designed to accurately measure 

maternal body composition throughout pregnancy and therefore one can only 
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speculate about the nature of the additional GWG and the underlying metabolic 

mechanisms. 

Compared to previous n-3 LC-PUFA supplementation studies in pregnancy and 

lactation (see 2.10), the present analysis was the only one showing a significantly 

lower GWG of the supplemented women compared to the women in the control 

group. In most studies, there is not even any data on GWG given. Also, GWG is not 

mentioned in the two recent meta-analysis of n-3 LC-PUFA supplementation during 

pregnancy (MAKRIDES ET AL. 2006; SZAJEWSKA ET AL. 2006). Only in four of the 

studies, information on GWG was given, but in none of the trials, a significant 

difference in GWG was observed between the two treatment groups (SMUTS ET AL. 

2003; SANJURJO ET AL. 2004; BERGMANN ET AL. 2007; JUDGE ET AL. 2007). Only JUDGE 

ET AL. (2007) observed – in contrast to the present study – a slightly higher mean 

GWG in the supplemented women but this finding did not reach statistical 

significance. 

The total amount of GWG is determined by many factors. Aside from physiological 

factors; psychological, behavioral, family, social, cultural, and environmental factors 

can also have an impact on GWG. The two most obvious explanations of the 

difference in GWG would be a difference in the level of physical activity and a 

difference in energy intake between the women of the two groups. However, both 

factors have to be eliminated because there were no differences observed between 

the women of the two groups concerning these variables, although data rely on self 

reported information by the women and may therefore be imprecise and subject to 

bias. 

An undeniable influence on the results was the fact that the women were not blinded 

to the treatment groups. On the one hand, this could have caused a veritable change 

in dietary habits and level of physical activity or may have led to an under- or over 

reporting of dietary intake and physical activity on the other hand. 

Plausible reasons whereby n-3 LC-PUFAs might affect GWG include:  

1) An altered production of eicosanoids due to the competition for cyclooxygenase 

and lipoxygenase and their role in vascular permeability and endothelial function.  

2) Differences in utilization and deposition of n-3 LC-PUFAs in metabolism. 

3) Effects on the expression of genes involved in FA metabolism. 
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1) Many of the components of GWG are directly related to physiologic alterations in 

maternal physiology and the metabolic and endocrine system. Adaptation in maternal 

renal physiology during gestation is one of the mechanisms accounting for the 

increase in plasma volume and hence total body water retention during gestation. 

There is a large increase of tubular sodium reabsorption during pregnancy, promoted 

by increased aldosterone and other hormones. Renin and angiotensin levels 

increase five- to tenfold above pregravid levels (IOM 2009). On the one hand, the 

adrenal gland remains responsive to the trophic action of angiotensin II, on the other 

hand human pregnancy is characterized by a less sensitive pressor responsiveness 

to vasopressor substances like angiotensin II. This may be a probable explanation for 

the expansion of plasma volume during pregnancy. It was suggested that although a 

variety of factors may mediate this blunted pressor responsiveness, the most likely 

mechanism appears to be the localized production of prostaglandins within 

endothelium and/or vascular smooth muscle (GANT ET AL. 1974; CUNNINGHAM ET AL. 

1975; EVERETT ET AL. 1978; GANT ET AL. 1987). They suggested that a reduced 

refractoriness to angiotensin II may be one of the risk factors for developing 

pregnancy-induced hypertension, a leading symptom of preeclampsia. Hypertension 

in pregnancy is in turn often associated with increased occurrence of edema, which 

is also one of the main symptoms of preeclampsia. Modification of the eicosanoid 

balance with agents such as low-dose aspirin decrease the sensitivity to angiotensin 

II and thus may possibly restore the refractoriness to angiotensin II and avoid 

pregnancy-induced hypertension and edema by lowering the blood pressure through 

vasodilatation (BROWN ET AL. 1990; ADAIR ET AL. 1996). Both aspirin as well as 

supplementation with n-3 LC-PUFAs in pregnancy are able to alter eicosanoid 

metabolism and result in a shift of the eicosanoid synthesis from the series-2-

eicosanoids (TXA2 and PGI2) to the series-3-eicosanoids (TXA3 and PGI3) in platelets 

and vascular endothelial cells, respectively. TXA3 appears to be less biologically 

active than TXA2 regarding its vasoconstrictive properties (BROWN ET AL. 1990; 

SECHER AND OLSEN 1990; SORENSEN ET AL. 1993; ADAIR ET AL. 1996). n-3 LC-PUFA 

supplementation in the present study might therefore have been involved in the 

prevention of capillary hemodynamics (i.e. elevated blood pressure) that favors the 

movement of fluid from the vascular space into the interstitium, one of the major 

events occurring in the development of edema. Proteinuria, edema and weight loss 
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after delivery were not documented in the present study. However, there was no 

significant difference in blood pressure observed between the two groups. Blood 

pressure was extracted from the “Mutterpass” and not measured in a standardized 

manner in the present study, which puts the validity of the information on blood 

pressure in question. A preventive effect of the incidence of edema, but not of 

hypertension and preeclampsia was observed in one single study with a combined 

supplementation of fish oil and gamma-linolenic acid, a precursor of EPA and DHA 

(D'ALMEIDA ET AL. 1992). The hypothesis that the difference in GWG consisted to a 

large extent of fluid would only be true assuming that fluid retention occurs 

additionally to the expansion of plasma volume in the control group and that the 

expansion of plasma volume is similar in both groups apart from that. 

2) A second approach whereby the intervention may influence GWG, comes from 

studies of n-3 LC-PUFA supplementation in rodents and non pregnant volunteers, in 

which the consumption of diets rich in n-3 LC-PUFAs has been associated with 

differences in nutrient intake, absorption, utilization and deposition of n-3 LC-PUFAs 

in the metabolism, such as reduced food intake, increased energy expenditure and 

following lower body weight or fat mass compared to the control group (PARRISH ET 

AL. 1991; BELZUNG ET AL. 1993; HILL ET AL. 1993; COUET ET AL. 1997; BAILLIE ET AL. 

1999; WANG ET AL. 2002; BEERMANN ET AL. 2003; RUZICKOVA ET AL. 2004; KRATZ ET AL. 

2009).  

There were no differences in energy intake, and there was little reason to expect a 

difference in fat absorption between the two treatment groups.  

However, the metabolic pathway of n-3 LC-PUFAs differs from that of other FAs and 

it is hypothesized that n-3 LC-PUFAs modulate fat oxidation and storage by 

stimulating peroxisomal ß-oxidation, resulting in an increased basal fatty acid 

oxidation and/or by increasing resting energy expenditure (SCHUTZ ET AL. 1989; 

SCHUTZ ET AL. 1992; MADSEN ET AL. 1999; BEERMANN ET AL. 2003; KRATZ ET AL. 2009). 

In theory, an increase in peroxisomal ß-oxidation, which is less energy-efficient than 

mitochondrial oxidation, will result in an increase in energy expenditure (DELANY ET 

AL. 2000; LAPILLONNE ET AL. 2003). In a small study (COUET ET AL. 1997) healthy 

subjects were supplemented with 6 g/d fish oil over three weeks. While weight loss 

was similar, the subjects lost more fat mass and had an increased basal lipid 

oxidation, when consuming n-3 LC-PUFAs, compared to the control group. In 

another small short term weight loss intervention trial n-3 LC-PUFA supplementation 
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did not result in a different loss of weight or fat mass between the treatment groups, 

but stimulated the hepatocytic ß-oxidation (BEERMANN ET AL. 2003).  Further evidence 

comes from a very recent weight loss study in young, overweight and obese adults 

from Iceland, where a dose-response relationship between cod consumption (rich in 

n-3 LC-PUFAs) and weight loss was found (RAMEL ET AL. 2009). 

These results are in contrast, however, to a very recent study which could not show a 

significant effect of n-3 LC-PUFA supplementation on plasma leptin and ghrelin 

concentrations, appetite, resting energy expenditure or body weight and fat mass in 

overweight or moderately obese men and women after a n-3 LC-PUFA rich diet (1.4 

% of total energy provided as n-3 LC-PUFAs) (KRATZ ET AL. 2009). Also, in an other  

study (KREBS ET AL. 2006), analyzing cardiovascular endpoints in overweight women 

randomized to a weight loss diet with or without n-3 LC-PUFAs, weight loss was 

independent of the n-3 LC-PUFA content of the diets. If a modulated fat oxidation 

and/or increased resting energy expenditure contributed to the difference in GWG in 

the two groups remains speculative and should be investigated with appropriate 

techniques. 

3) Last but not least, n-3 LC-PUFAs play a key role in the control of gene expression. 

They enhance hepatic FA oxidation and inhibit FA synthesis and VLDL secretion, in 

part, by regulating gene transcription. Recently, it was established that key 

transcription factors, like PPARα, SREBP-1 (sterol regulatory element binding 

protein), ChREBP (carbohydrate regulatory element binding protein) and MLX (Max-

like factor X), are regulated by n-3 PUFAs, which in turn control levels of proteins 

involved in lipid and carbohydrate metabolism (JUMP ET AL. 2008). Numerous studies 

in animals and cell systems have demonstrated that fats rich in n-3 PUFAs suppress 

hepatic lipogenesis, reduce hepatic TAG release and induce FA oxidation in both 

liver and skeletal muscle (CLARKE 2000; LAPILLONNE ET AL. 2003). DHA has recently 

been established as a key controller of hepatic lipid synthesis by suppression of 

nuclear SREBP-1 which, in turn suppresses lipogenesis (reviewed in JUMP ET AL. 

2008). It was shown that when added to a saturated-fat diet, n-3 LC-PUFAs 

increased basal metabolic rate and total energy expenditure. Within minutes of 

ingestion, n-3 LC-PUFAs upregulate genes involved in lipid oxidation and 

downregulated genes involved in lipogenesis. Intake of a diet rich in n-3 LC-PUFAs 

may promote fat utilization rather than storage (JONES AND SCHOELLER 1988; PRICE ET 

AL. 2000). Taken together, these metabolic alterations may result in a lower rate of fat 
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deposition or weight gain and may have contributed to the difference GWG in the 

present study. 

It is not yet possible to draw a valid conclusion or even to establish causality between 

the effects of n-3 LC-PUFA supplementation and GWG from the present study by 

now. Further mechanistic and clinical studies are needed to verify the presented 

associations and their underlying mechanisms. 

Furthermore, both leptin and adiponectin are correlated with various components of 

maternal metabolism such as energy expenditure and adiposity, although there are 

no direct mechanisms described, relating to maternal GWG. Indirectly, these 

cytokines may however influence GWG through their effects on maternal insulin 

sensitivity and other metabolic pathways (HIGHMAN ET AL. 1998; OKEREKE ET AL. 2004; 

WINZER ET AL. 2004). A further investigation of these associations is planned, as part 

of the present study.  

For the mother, ample evidence exists to suggest that higher GWG is not only 

linearly associated with post partum weight retention and later risk for overweight, but 

also with an increased risk of caesarean delivery and instrumental delivery 

(CEDERGREN 2006; DEVADER ET AL. 2007; NOHR ET AL. 2008) also described in a 

recent review and in the re-examined guidelines of weight gain during pregnancy 

from the IOM (VISWANATHAN ET AL. 2008; IOM 2009). These findings could not be 

confirmed in the present study probably because GWG in both groups was within the 

recommended ranges of the IOM (table 20) and did not exceed “normal” mean 

weight gains in Europe and North America. 

6.8.2 Maternal GWG and implications for the infant 

We also need to ask what the consequences of maternal GWG for the infants are. 

Why does a significantly higher GWG in the CG not result in a higher BW of the 

infants in the CG, compared to the IG, as suggested in some previous studies? As 

reviewed above (2.7), evidence to date suggests strongly, but still far from proving 

the causality, that GWG is associated with BW and BMI in the offspring. However, an 

association of GWG above the ranges recommended by the IOM (2009) and a higher 

BMI of the infants seems to be more evident. Both, the GWG of the IG as well as the 

GWG of the CG in the present study, despite a difference of 2.5 kg, are within the 

recommended GWG ranges of the IOM. Therefore one would not expect a dramatic 
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effect of the difference in GWG between the two treatment groups on infant BW and 

later BMI, taking further into account that BW is influenced by numerous different 

factors. Nevertheless, we need to consider whether excessive GWG is one of the risk 

factors for obesity in the offspring and limiting the rates of GWG may therefore be a 

means for an early prevention of childhood obesity. At the same time, very low rates 

of GWG may also increase the risk of preterm delivery and as such there has 

previously been an emphasis to promote sufficient GWG in an effort to reduce low-

BW deliveries and adverse perinatal outcomes (IOM 1990). Since the increase in the 

obesity epidemic and the increase in the percentage of women gaining more than the 

IOM weight gain recommendations, the role of GWG in obesity in the offspring has 

received more attention and should be further investigated in RCTs that are designed 

to modify GWG, including follow-up of the children. Such studies may provide new 

strategies to stop excessive weight gain. In the present study, the number of women 

and their infants was probably too small to obtain valid results in this regard. It is 

desirable that the weight gain of the infants will be followed during childhood, as it is 

intended in a follow-up study.  

6.8.3 Length of gestation 

A slight increase of the duration of gestation was observed in the n-3 LC-PUFA 

supplemented women (IG: 280 d; CG: 277 d), but this difference was not statistically 

significant and was of no major clinical relevance in any way. Nevertheless, this 

result is consistant with previous observational and interventional studies, suggesting 

that a higher n-3 LC-PUFA intake during pregnancy may result in a small increase in 

the duration of gestation (OLSEN AND JOENSEN 1985; ELIAS AND INNIS 2001; RUMP ET 

AL. 2001; JENSEN 2006; JUDGE ET AL. 2007; CETIN AND KOLETZKO 2008). The rationale 

for this effect is that a high intake of n-3 LC-PUFAs may result in a modification of the 

production of prostaglandins involved in the initiation of spontaneous delivery, 

namely in a reduction of PGE2 and PGF2α derived from AA, and therefore a 

prolongation of gestation. The effect of n-3 LC-PUFA supplementation on duration of 

gestation has been evaluated in numerous RCTs, with inconsistent results (OLSEN ET 

AL. 1992; ONWUDE ET AL. 1995; HELLAND ET AL. 2001; MALCOLM ET AL. 2003; SMUTS ET 

AL. 2003). Two recent meta-analyses showed a slight but significant prolongation of 

gestation by 1.6 and 2.6 days, respectively (MAKRIDES ET AL. 2006; SZAJEWSKA ET AL. 

2006), although differences in terms of baseline n-3 LC-PUFA levels, amount and 
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duration of intervention existed. In a more recent multicentre trial of fish oil 

supplementation during pregnancy it was confirmed that the delaying effect of fish oil 

supplementation on timing of spontaneous delivery depends on the baseline intake of 

fish, only having an effect in women with low or middle habitual fish intake, whereas 

no effect was observed in women reporting a high fish intake at baseline (OLSEN ET 

AL. 2007). Due to the fact that the habitual fish (and therefore the n-3 LC-PUFA) 

intake of German women seems to be rather low compared to the worldwide diversity 

of fish intake (DENOMME ET AL. 2005; BAUCH ET AL. 2006; HIBBELN ET AL. 2006; MUSKIET 

ET AL. 2006), the slight increase in the length of gestation in the present study seems 

to be perfectly plausible, supporting the hypothesis of a modifying effect of a high n-3 

LC-PUFA intake regarding prostaglandin synthesis.  

6.8.4 Placental retention 

Noteworthy, although not statistically significant, was a difference in the incidence of 

placental retention, a severe birth complication. Three women in the intervention 

group had placental retention after normal birth, in contrast to no women in the 

control group. Previous uterine abrasion, abortion and cesarean section are some of 

the risk factors which are associated with an elevated risk of a placental retention in 

subsequent births. Unfortunately, data on these previous interventions have not been 

collected in the present study. Therefore, it is not possible to ascribe the placental 

retentions entirely to the n-3 LC-PUFA supplementation, which may be responsible 

for a modulation of the uterine contraction during and after delivery through the action 

of PGF2α which is derived from AA and is known to stimulate the uterine contractility 

and plays an important role in spontaneous labor at term (LUNDSTROM AND GREEN 

1978; BYGDEMAN ET AL. 1991). Rats fed diets containing high amounts of n-3 LC-

PUFAs have reduced in vivo production of PGF2α and this is also assumed to be true 

in humans (GALLI ET AL. 1980; OLSEN ET AL. 1986). In other words, the intervention 

could have reduced the formation of PGF2α in the supplemented women, which would 

possibly have led to less strong contractions of the uterus after labor, which in turn 

may be one possible reason for placental retention. This remains very speculative, 

most importantly because this has not been described previously in any of the RCTs 

of n-3 LC-PUFA supplementation in pregnancy and could only be ascertained by 

measuring the magnitude of the uterine contractions during labor. 
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6.8.5 Birth weight 

Few studies on the effect of dietary n-3 and n-6 LC-PUFAs on childhood obesity 

have been performed and none of them started as early in fetal development as the 

present study. In very few of the studies, infant anthropometry and body composition 

were defined as the primary outcome parameters and the study design was 

developed to investigate effects of maternal LC-PUFA supplementation on infant 

anthropometry. To the best of our knowledge, this is the first RCT supplementing 

pregnant women with n-3 LC-PUFAs in which infant anthropometry and body 

composition was analyzed in detail by the use of SFT measurements, 

ultrasonography and MRI. n-3 LC-PUFA supplementation in combination with a 

decrease of dietary AA intake, was shown to influence neonatal LC-PUFA status, but 

did not have any effect on infant birth outcomes, except a clinically irrelevant 

difference in the pH-value in cord blood between the two groups. While n-3 LC-PUFA 

supplementation and subsequent AA and DHA status have been correlated to birth 

weight, birth length and head circumference in previous studies, there were no 

significant associations found in the present study. This was further confirmed in a 

linear regression analysis for infant birth weight, adjusted for prepregnancy BMI of 

the mother, parity, gestational age and gestational weight gain. This is in line with 

some (HELLAND ET AL. 2001; MALCOLM ET AL. 2003; SANJURJO ET AL. 2004; BERGMANN 

ET AL. 2007; JUDGE ET AL. 2007; KRAUSS-ETSCHMANN ET AL. 2007; INNIS AND FRIESEN 

2008) randomized, controlled supplementing trials, although others have found a 

minor, but significantly greater head circumference and a higher birth weight of the 

infants in the supplemented groups (OLSEN ET AL. 1992; SMUTS ET AL. 2003; MAKRIDES 

ET AL. 2006; SZAJEWSKA ET AL. 2006). However, the small increase in birth weight 

reported in a meta-analysis by MAKRIDES ET AL. 2006 rather appears to be explained 

by the observed 2 - 3 day longer gestational length and one has to keep in mind that 

there are lots of other factors influencing birth outcomes for which we are not able to 

control for in the present study like the genetic variation for example. 

As shown in previous studies, infant birth weight was significantly associated with 

parity and the length of gestation. First-born infants tend to be lighter than second- 

and later-born infants, with demonstrated differences in mean birth weight between 

first- and later-born infants of as much as 200 g, which is very similar to the observed 

difference of 180 g in the present study. Parity has a complex effect, one in relation 

to the pre-pregnancy weight increase with increasing parity, the second, independent 
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of weight, associated to a better adaptation of the maternal vascular system to the 

transfer of energy to the uterus, placenta and fetus in multiparous women (MACLEOD 

AND KIELY 1988; COGSWELL AND YIP 1995; GUIHARD-COSTA ET AL. 2004). 

6.8.6 Infant anthropometry 

n-3 LC-PUFA supplementation in combination with a decrease of dietary AA intake 

did also not have an obvious impact on SFT of the newborns. There were no 

statistically significant differences in the triceps, biceps, subscapular and suprailiac 

SFT and the arm circumference between the infants of the two groups. This seems to 

be plausible because there was no difference shown between the two groups 

concerning the birth weight of the infants. Birth weight strongly correlates with SFT, 

as also shown in the present study. Apart from that, the observed SFT values (e.g. 

ticeps: 4.7 ± 0.8 mm (IG), 4.6 ± 0.8 mm (CG), table 17) are in accordance with 

previous published results of SFT in neonates (CATALANO ET AL. 1995; SCHMELZLE AND 

FUSCH 2002; CATALANO ET AL. 2003; KOO ET AL. 2004; RODRIGUEZ ET AL. 2004; 

OLHAGER AND FORSUM 2006; SEWELL ET AL. 2006). 

Because there is a strong correlation of total body fat with subcutaneous AT, 

equations converting SFT into total body fat have been established for this purpose 

and have been compared and validated with other methods in infants and children 

(SLAUGHTER ET AL. 1988; WESTSTRATE AND DEURENBERG 1989; DEURENBERG ET AL. 

1990; WELLS ET AL. 1999; SCHMELZLE AND FUSCH 2002; ELBERG ET AL. 2004). 

Nevertheless, the existing published equations are all associated with large random 

errors or significant systematic errors as revealed in a comparison and validation 

study of several equations used to estimate infant body composition (REILLY ET AL. 

1995). Prediction of body fatness by measurement of SFT in infants was associated 

with large errors at the individual level and therefore it should be emphasized that 

none of the three equations used in the present study necessarily gives the true 

figure for AT mass. The values are rather means of comparing different groups. 

Infant fat mass in g, body fat in % and fat mass/height2 in kg/m2 was estimated with 3 

different equations published by WESTSTRATE & DEURENBERG (1989), DEURENBERG ET 

AL. (1990) and SLAUGHTER ET AL. (1988). There were no statistically significant 

differences in estimations between the two groups when fat was estimated with the 

same equation, but there were great differences in the absolute amount of fat mass 

in g, body fat in % and fat mass/height2 when the 3 equations were compared.  
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The reason why three different equations were used in the present study is due to 

the fact that no appropriate equations for the estimation of fat mass from skinfolds 

exist for newborns. The present equations were all developed for the use in older 

children and are less appropriate for the assessment in newborns (Fig. 8). The 

equation of SLAUGHTER ET AL. (1988) was developed for prepubescent children up to 

adults with a sum of the four skinfolds < 35 mm, and the equation of DEURENBERG ET 

AL. (1990) for children with a mean age of 11 y. The equation of WESTSTRATE AND 

DEURENBERG (1989) in contrast was developed for infants and children between 0 

and 2 years of age at least and should predict infant fat mass in the most accurate 

way. Nevertheless all three equations were used in previous trials to estimate infant 

fat mass and are therefore used in the present study because of comparability. In the 

present study the equation of WESTSTRATE & DEURENBERG (1989) resulted in the 

highest values for all three items (e. g. 761 ± 112 g fat mass in both groups), followed 

by the results of DEURENBERGS (1990) equation (402 ± 129 g (IC) and 396 ± 125 g 

(CG) fat mass).  SLAUGHTERS’ (1988) equation resulted in the lowest values (343 ± 

113 g (IC) and 345 ± 107 g (CG) fat mass) (table 18).  

The ranges of body fat, reported in previous studies (CATALANO ET AL. 1995; BUTTE ET 

AL. 2000; FOMON AND NELSON 2002; SCHMELZLE AND FUSCH 2002; CATALANO ET AL. 

2003; HARRINGTON ET AL. 2004; KOO ET AL. 2004; OLHAGER AND FORSUM 2006; SEWELL 

ET AL. 2006) ranged between 360 ± 198 g (CATALANO ET AL. 2003) and 440 ± 220 g 

(SCHMELZLE AND FUSCH 2002) except one study which reported an infant fat mass of 

757 ± 219 g (HARRINGTON ET AL. 2004).  

On the basis of the present results, it is not possible to draw a conclusion which 

equation estimates infant fat mass “the best” because a reliable “control” or validated 

“gold standard” method is lacking. The results have to be compared with the results 

from the US and MRI measurements of infant adipose tissue which are currently be 

performed. Based on these data, it even may be possible to generate a new equation 

for the precise estimation of infant fat mass from SFT in the present collective of 

newborn infants. 

Furthermore, infant body composition was not associated with maternal body 

composition before or during pregnancy which is in agreement with a study showing 

that infant body composition at 2 weeks of age (FFM, FM or % FM) was not 

correlated with maternal body composition before or after pregnancy or with maternal 

gain in total body water, FFM and FM during pregnancy (BUTTE ET AL. 2003).  
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Moreover, there are contradictory results coming from similar studies. In another  

study supplementation of preterm infants with both, AA and DHA, it was observed 

that the supplemented infants had less fat mass and greater lean body mass than 

infants in the control group (GROH-WARGO ET AL. 2005). RCTs, in which lactating 

mothers have been supplemented with n-3 LC-PUFAs after delivery, 

supplementation did not show any effect on infant anthropometry or body 

composition (JENSEN ET AL. 1999; HELLAND ET AL. 2001). However, in a study from 

Denmark supplementation with 4.5 g fish oil /d during lactation was associated with 

an increase of the BMI and the waist circumference at 2.5 y of age in term infants 

although there was no association of supplementation and anthropometry at birth 

and the first year of life (LAURITZEN ET AL. 2005). This finding of a „late effect“ was also 

observed by a more recent study but in contrast to LAURITZEN ET AL. it was shown, 

that DHA supplementation (200 mg/d) of pregnant women from the 21st wk of 

gestation until three month pp resulted in a significant lower BMI and weight of their 

infants, compared to the control group (BERGMANN ET AL. 2007).  

The potential of SFT measurement for quick and inexpensive comparison of body 

composition between two groups of children without claiming for “true values”, may 

be further affected in the present study by the open study design. The measurements 

were made by 3 observers who were not blinded to the treatment groups. This may 

have had an effect on the results and should be taken into account when interpreting 

the results. However, the present results do not suggest that maternal n-3 LC-PUFA 

supplementation and the subsequent decrease in the plasma PL and RBC ratio of 

AA/DHA does have any impact on fetal adipose tissue development and the mass of 

AT at birth so far, although conclusions have to be drawn very carefully at this early 

stage of the study. 

So far, any anti-adipogenic effects of n-6 and n-3 LC-PUFAs or their ratio have not 

been established and the overall effect of the treatment in the present study should 

be further investigated in a long term follow-up of the infants. 
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7 Conclusion and perspectives 

The supplementation with n-3 LC-PUFAs in the present study was well tolerated and 

appeared safe for both mothers and their infants. A significant decrease of the AA 

intake could be achieved by dietary counseling in the intervention group, which led – 

in combination with the n-3 LC-PUFA supplementation, to a pronounced decrease of 

the n-6 to n-3 LC-PUFA ratio of maternal dietary intake. The Intervention resulted in a 

remarkably decrease of the n-6 to n-3 LC-PUFA ratio in both maternal plasma PLs 

and RBCs. n-6 and n-3 LC-PUFAs were transferred across the placenta into the fetal 

circulation so that at the time of birth, newborn blood levels of n-3 LC-PUFAs and the 

ratio of n-6 to n-3 LC-PUFAs strongly correlated to maternal concentrations, resulting 

in a decreased ratio of n-6 to n-3 LC-PUFAs and an enhanced EPA and DHA content 

in cord blood PLs and RBCs. Breast milk FA pattern was also responsive to the 

changes in maternal fatty acid patterns, resulting in a dramatic increase of DHA, 

without affecting AA, as well as to a decrease of the n-6 to n-3 LC-PUFA ratio. No 

significant associations of the newborns DHA and AA status with birth weight were 

found in the present study and intervention did not so far show an impact on infant 

anthropometry. The present preliminary results do not suggest that maternal n-3 LC-

PUFA supplementation does have any impact on fetal adipose tissue development 

and the mass of AT at birth so far, although conclusions have to be drawn very 

carefully at this early stage of the study.  

Now that obesity is the most burdensome and costly nutritional condition worldwide, 

questions naturally arise about infancy as a key periode for development of obesity 

and its consequences. The associations between maternal fatty acid intake and the 

development of adipose tissue in the infants are certainly of a very complex nature 

and there are numerous variables (such as the genetic variation) influencing birth 

outcomes which we were not able to control for in the present study. Nevertheless, 

the lack of an apparent impact on the newborns birth weight and anthropometry at 

the present point of time should not be regarded as an absence hereof. In light of the 

epidemiological evidence from the Dutch Famine study (RAVELLI ET AL. 1998) and 

similar findings which suggest an association between certain nutritional 

circumstances in fetal development and later health outcomes, the importance of the 

perinatal period for long-term health implications is clearly demonstrated. The impact 

of an altered ratio of n-6 to n-3 LC-PUFAs in maternal nutrition during pregnancy and 
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lactation may therefore not appear until childhood or even adolescence. Although not 

detectable at the moment, the impact of the maternal nutrition may appear during the 

follow-up of the collective of children in the INFAT-Study. 

A reduction of the n-6 to n-3 fatty acid ratio in the maternal nutrition during fetal 

development may therefore lead to later long-term consequences for body 

composition and for the prevention of developing overweight and obesity. We are 

only at the beginning to understand how nutrition derived factors like fatty acids may 

drive these processes for example by altering placental function or by the control of 

the epigenetic regulation of gene expression. The concept of nutritional programming 

fits well into the concept of primordial prevention, i. e. prevention of overweight and 

obesity in the first place, from the very beginning of the food chain.  

Whether the reduction of the n-6 to n-3 LC-PUFA ratio will in fact be associated with 

the infants’ body composition and adipose tissue development in the future remains 

to be investigated in a follow up of the participating infants. 

In addition, it is perhaps not only the birth weight or adipose tissue mass in and of 

itself that has the most important impact on later development of overweight and 

obesity. Rapid weight gain in infancy (ONG AND LOOS 2006) and maternal gestational 

weight gain (OKEN ET AL. 2008) have shown to be directly associated with BMI and 

risk of obesity in adolescence. Intervention in the present study resulted in a 

significantly lower GWG compared to the control group. It is not yet possible to draw 

a valid conclusion or even to establish causality between the effects of n-3 LC-PUFA 

supplementation and GWG from the present study by now. The number of women 

and their infants included in the present interim analysis was probably too small to 

obtain valid results in this regard and the final analysis of the study results should be 

awaited. But nevertheless this finding serves as a first clue and a new possibility to 

help women to gain the optimal amount of weight during pregnancy in order to 

facilitate an optimal development of their infants.  

The present data therefore represent a very well defined and characterized collective 

of infants as basis to track and observe infant adipose tissue and body composition 

development according to alterations in maternal dietary fatty acid intake in future. 
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8 Summary  

Background:  Childhood obesity is a serious public health problem predisposing the 

affected infants to adult obesity and its associated diseases. The first influences on 

adipose tissue development are known to take place even during the fetal period and 

early infancy. Eicosanoids derived from long-chain polyunsaturated fatty acids 

appear to play a key role in the differentiation process of adipocytes and the 

hyperplastic development of adipose tissue. While eicosanoids derived from the n-6 

LC-PUFA arachidonic acid seem to stimulate the hyperplastic development of 

adipose tissue, those derived from the n-3 LC-PUFAs seem instead to inhibit this 

process. 

Objective:  The present work (as part of the INFAT-Study) investigated whether the 

composition of fatty acids, and in particular the reduction of the n-6 to n-3 fatty acid 

ratio in the maternal diet during pregnancy and lactation, will lead to a reduction of 

the same ratio in maternal and infant blood lipids and in breast milk and directly 

thereafter to a less expansive development of adipose tissue in infants. Tolerance 

and safety, as well as maternal dietary intake and anthropometry were evaluated as 

well. 

Design:  A randomized, controlled intervention trial with two parallel groups was 

performed. 173 pregnant women aged 20 – 45 years consumed either a diet with a 

ratio of n-6 to n-3 LC-PUFAs according to the average intake of pregnant women in 

Germany or a diet with a reduced ratio of n-6 to n-3 LC-PUFAs from the 15th week of 

pregnancy until 4 months post partum. The latter was achieved by increasing the n-3 

LC-PUFA intake via supplementation with 1.2 g/d n-3 LC-PUFAs (DHA + EPA) and a 

reduction of the n-6 LC-PUFA intake by normalizing the AA intake. The fatty acid 

profile of maternal plasma phospholipids and red blood cells was determined in the 

15th and 32nd week of pregnancy and in the 6th and 16th wk post partum. The fatty 

acid profile of cord blood was determined at delivery and the fatty acid profile of 

breast milk was determined in the 6th and the 16th wk post partum. Maternal 

biochemical parameters (e.g. Hb and cholesterol), dietary intake, anthropometry and 

birth outcomes as well as newborn birth outcomes and anthropometry were also 

measured. 
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Results : Supplementation together with dietary intervention significantly decreased 

the AA intake and the ratio of n-6 to n-3 LC-PUFAs in the maternal diet (from 7:1 to ~ 

3.5:1). The intervention significantly increased the DHA and significantly decreased 

the AA content in maternal plasma PL and RBC compared to the control group, 

resulting in a significantly lower ratio of AA/DHA (32nd wk of gestation: 0.95 (IG) vs 

2.0 (CG) in maternal PLs, p < 0.05).  

At the time of birth, the cord blood fatty acid profile strongly correlated with the 

maternal fatty acid profile, and likely explains the significantly lower ratio of AA/DHA 

in the intervention group compared to the control group (1.93 (IG) vs 3.2 (CG), p < 

0.05). Breast milk FA pattern was also responsive to the changes in maternal fatty 

acid patterns, resulting in a significantly increase of DHA, without affecting the AA 

content, and therefore resulting in a decrease of the AA/DHA ratio (0.3 (IG) vs 1.8 

(CG), p < 0.05).  

No significant associations of the newborns’ DHA and AA status with birth weight and 

anthropometry were found in the present study. Supplementation also had no 

significant effect on maternal and infant birth outcomes (e.g. length of gestation) 

except a significant lower gestational weight gain of the women in the intervention 

group (13.7 kg (IG) vs 16.1 kg (CG)). 

Conclusion:  Supplementation with 1.2 g n-3 LC-PUFAs from week 15 of pregnancy 

until 16 wks post partum, combined with a reduction of the dietary AA intake was an 

effective means of decreasing the ratio of n-6 to n-3 LC-PUFAs (AA/DHA) in 

maternal and cord blood PLs and RBCs, as well as in breast milk. The changes in 

the balance of n-6 to n-3 LC-PUFAs did not have any impact on newborn 

anthropometry and body fat. These data provide a basis for the future investigation of 

infant anthropometry and adipose tissue development as affected by maternal diet in 

pregnancy and lactation. It also suggests a new approach for controlling gestational 

weight gain in order to improve infant development. 
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Appendix A: Analytical methods:  

 

 

 

Chemikalien und Materialien:  

  

Acetlylchlorid (Merck®)  

Acetoniril (Merck®)  

Chloroform CHCl3 (99 %, Merck®)  

Essigsäure CH3COOH (zur Analyse, Merck®)  

Isopropanol (Merck®)  

Kaliumcarbonat-Lösung, K2CO3 ;  6%ig (Merck®)  

Methanol CH3OH (wasserfrei, Merck®)  

Natriumsulfat Na2SO4 (wasserfrei, Merck®)  

n-Hexan C6H14 (Merck®)  

Pyrogallol (Merck®)  

Standard (GLC 85 standard mix, NuChekPrep, Inc. Elysian, Minnesota, USA)  

Stickstoff N2 (technisch, Linde®)  

Triethylamin (Merck®)  

Wasser, bidest. H2O   

 

 

A.1 Lipid extraction modified according to Bligh & Dyer 

 

• 1 ml Frauenmilch (entspricht ca. 35 mg Fett) oder 1ml Plasma (entspricht ca. 6 
mg Fett) in ein Lösungsmittel-resistentes Extraktionsröhrchen geben 

• 2,5 ml Methanol und 1,25 ml Chloroform zugeben, kräftig schütteln 

• mind. 15 min. bei 37°C im Wasserbad inkubieren 

• auf Raumtemperatur abkühlen lassen 

• 1,25 ml H2O bidest. und 1,25 ml Chloroform zugeben, kräftig schütteln 



Appendix A: Analytical methods:  129 

• mind. 15 min. im Eisbad kühlen 

• 40 min. bei 4000 Upm zentrifugieren 

 

untere Chloroformphase möglichst quantitativ mit einer  Hamilton-Spritze abziehen 
(dabei etwas Luft mit der Spritze ansaugen, welche beim Durchdringen der 
Methanol/Wasser-Phase und der Eiweißschicht wieder ausgeblasen wird, um das 
Mitschleppen störender Substanzen zu verhindern) 

 

Der Lipidextrakt kann nun direkt weiterverarbeitet werden oder zur Lagerung 
eingefroren werden 

 

Anmerkung:  

 

Treten Phasentrennungsprobleme auf, sollte mehrere Male mit Chloroform 
ausgeschüttelt, zentrifugiert und abgezogen werden, um eine größtmögliche 
Lipidausbeute zu erzielen. 

In einigen Fällen reicht auch schon aus, die Zentrifugationstemperatur zu erhöhen 
bzw. zu erniedrigen. 

 
 

A.2 Separation of lipid classes with HPLC 

 

• An aliquot of the lipid extract is dissolved in chloroform / methanol (1:1, by vol) 
at a concentration of 0.5 - 2.5 mg/mL. The lipid class separation is completed 
with an HPLC Alliance 2695 Separation module from Waters (Waters GmbH, 
Eschborn, Germany) coupled with an PL-ELS 1000 evaporative light 
scattering detection system (Polymer Laboratories, Darmstadt, Germany).  

• The detection is established at 30°C for the nebul izer and 50°C for the 
evaporator.  

• A polyvinyl alcohol chemically bound stationary phase PVA Sil column (5 µm, 
250 mm x 8 mm) (YMC Europe, Schermbeck, Germany) is used.  

• The eluent system is as follows: A: n-hexane; B: isopropanol / acetonitrile / 
chloroform / acetic acid (84:8:8:0.025; by vol); C: isopropanol / bidest. water / 
triethylamine (50:50:0.2, by vol). The solvent-gradient system is as follows: 0 - 
1 min A/B/C (%) 80:20:0, 1 - 7 min A/B/C (%) 30:54:16, 7 - 13 min A/B/C (%) 
30:54:16, 13 - 16 min A/B/C (%) 30:70:0, 16 - 19 min A/B/C (%) 80:20:0, 19 - 
24 min A/B/C (%) 80:20:0. The flow rate is 2.5 mL/min.  

• The distinct lipid classes are characterized by retention time and are collected 
with an automatic fraction-sampler from Waters by peak signal recognition.  

• The fractions are collected in 5 mL lockable glass tubes.  
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A.3 Derivatisation according to Lepage & Roy 

 

• eine 3 - 6 mg Fett entsprechende Menge Lipidextrakt in ein Veresterungs- 
 röhrchen (Schraubverschluss Teflondichtung) geben 

• Lösungsmittel unter Stickstoffstrom abblasen 

• 2 ml Methanol / Hexan 4 : 1 dazu pipettieren 

• Spatelspitze Pyrogallol als Antioxidant zugeben 

• unter Schütteln auf einem Vortexmischer langsam  200 µl Acetylchlorid 
zugeben 

• Röhrchen gut verschließen und für 1h bei 100°C im Heizblock reagieren 
lassen 

• Proben im Wasser- oder Eisbad auf Raumtemperatur abkühlen lassen 

• 5 ml 6%ige K2CO3-Lösung zugeben, kräftig schütteln 

• 10 min. bei 3200 Upm zentrifugieren 

• Die obere Phase (Hexan) abziehen und evtl. mit Hexan verdünnen. 

• Probe kann nun direkt am GC analysiert werden 

 

Anmerkung: 

1. Vorsicht, Probe wird bei der Zugabe von Acetylchlorid heiß. Bei zu schneller 
Zugabe kann die Probe aus dem Gefäß spritzen. Schutzbrille und Handschuhe 
tragen! 

2. Bei der Zugabe der Kaliumcarbonat-Lösung kann die Probe aufschäumen. 
Am besten bei der Zugabe leicht schütteln. 

 
 

A.4 Capillary gas chromatography of methylated fatt y acids 

 

• The FAME are analyzed by CGC performed on the 6890N gas chromatograph 
(Agilent Technologies, Waldbronn, Germany) fitted with a cold-on-column 
injector to prevent fatty acid discrimination. A chemically bound 50 % 
cyanopropyl-methylpolysiloxane capillary column DB23, 60 m, I.D. 0.25 mm, 
film 0.25 µm (JW Scientific, Agilent Technologies, USA) is used.  

• The chromatographic conditions are as follows:  

• Injector (COC): 65 °C to 270 °C 

• Carrier gas: hydrogen at a 40 cm/s flow.  

• The signals are produced by a flame ionization detector at 250 °C.  
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• Fatty acids are identified according to their retention times relative to 
standards (GLC 85 standard mix, NuChekPrep, Inc. Elysian, Minnesota, 
USA).  

• The  temperature program is as follows: initial temperature 60 °C for 0.5 min; 
from 60 °C to 180 °C at 40 °C / min; 180 °C for 2 m in; from 180 °C to 210 °C 
at 2 °C / min; 210 °C for 3 min; from 210 °C to 240  °C at 3 °C / min; 240 °C for 
10 min. 

A.5 Capillary gas chromatography conditions 

 

 

 
Agilent, 6890N GC 

Länge der Säule [m] 60 

Autosampler Agilent 

Säule 

DB 23 

(Agilent) 

I. D. 0,25 mm 

film: 0,25 µm 

Trägergas H2 

V lin [cm/sec.] 40 

Injektionsmodus Split 1:20 

Brennergase Luft und H2 

Injektortemperatur [°C] 270 

Detektortemperatur [°C] 250 

Detektor FID 

Injektionsvolumen [µl] 1 

Heizrate 

[°C/min] 

Temp. 

[°C] 

Isotherm 

[min] 

 60 0.5 

40 180 2 

2 210 3 

Temperaturprogramm 

3 240 10 
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A.6 Placenta preparation 
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Appendix B: Documents used in the study   
B.1 Flow chart  
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B.2 Flyer für Schwangere 
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B.3 Teilnehmerinformation 
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B.4 Einverständniserklärung 
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B.5 Anleitung 7-Tage Schätzprotokoll 
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B.6 Beispiel für einen Tagesplan 
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B.7 Merkblatt Ernährungsempfehlungen - arachidonsäu rearm 
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Appendix B: Documents used in the study  143 
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B.8 Einverständniserklärung Muttermilchentnahme 
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B.9 Supplement Marinol D-40 
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B.10 Ausschnitt CRF 
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B.11 Perzentilkurve Geburt Größe & Gewicht 
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Appendix C: Tables 
C.1 Dietary intake 

group n 15. wk gest n 32. wk gest p* p# P‡
mean ± SD (range) mean ± SD (range)

nutrient intake [kcal/d] Intervention 68 1991 ± 338 (1125-2709) 26 2076 ± 324 (1670-2848) 0.842 > 0.99 0.904
Control 70 1954 ± 325 (1235-2756) 22 2022 ± 462 (1237-2897) 0.485

protein intake [%] Intervention 68 14.9 ± 2.9 (9.2-27.6) 26 15 ± 2.4 (11-20) > 0.99 > 0.99 0.819
Control 70 14.9 ± 2 (11.5-20.2) 22 15.1 ± 2.5 (10.8-21.4) 0.987

fat intake [%] Intervention 68 31.9 ± 4.3 (19.4-42.4) 26 31.6 ± 4.4 (24.8-42.9) 0.286 > 0.99 0.968
Control 70 33 ± 4.8 (19.8-42.6) 22 31.9 ± 5.1 (22.9-42.4) 0.615

carbohydrate intake [%] Intervention 68 51 ± 5.5 (28.9-63.6) 26 51 ± 4.5 (40.7-58.2) 0.099 > 0.99 0.968
Control 70 49 ± 4.8 (37.7-61.8) 22 51.1 ± 6.1 (40.7-63.3) 0.408

AA intake [g/d] Intervention 68 0.132 ± 0.09 (0.023-0.410) 26 0.109 ± 0.05 # (0.046-0.289) 0.193 0.013 0.716
Control 70 0.150 ± 0.09 (0.019-0.514) 22 0.169 ± 0.08 # (0.034-0.352) 0.795

AA intake [mg/1000 kcal] Intervention 68 67.1 ± 48 (11-231) 26 51 ± 22 # (0.024-0.106) 0.152 0.004 0.798
Control 70 77.2 ± 48 (13-231) 22 84 ± 42 # (0.022-0.202) 0.808

* Significantly different distribution between groups at 15th wk (Mann-Whitney-U-Test) p < 0.05
# Significantly different distribution between groups at 32nd wk (Mann-Whitney-U-Test) p < 0.05
‡ Significant change over time (Wilcoxon-Test) p < 0.05  
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C.2 Maternal anthropometry 

group n 15. wk gest n 32. wk gest p* p# p‡
mean ± SD (range) mean ± SD (range)

triceps SFT [mm] Intervention 60 16.8 ± 4.5 (5.8 - 27.1) 39 17.5 ± 4.8 (8.6-27.3) > 0.99 > 0.99 0.036
Control 63 17.1 ± 4.7 (5.9-28.6) 45 18.1 ± 5.4 (7.6-33.7) 0.024

biceps SFT [mm] Intervention 60 9 ± 3.9 (2.4-24.3) 39 8.8 ± 3.8 (3.4-20) > 0.99 0.584 0.289
Control 63 9.1 ± 3.7 (2.5-28.6) 45 9.6 ± 4.2 (3.9-26.5) 0.722

subscapular SFT [mm] Intervention 60 13.4 ± 5.2 (5.4-29.3) 39 13.8 ± 4.6 (6.6-26.6) 0.836 0.661 < 0.001
Control 63 13.1 ± 3.8 (7.1-23.1) 45 14.4 ± 3.9 (7.4-24) 0.002

suprailiac SFT [mm] Intervention 50 11.1 ± 5.2 (3-27.1) 34 12.8 ± 4.7 (5.5-22.7) > 0.99 > 0.99 0.001
Control 50 10.7 ± 4.8 (4.4-29.3) 38 13.3 ± 4.2 (5.1-22.2) < 0.001

arm circumference [cm] Intervention 59 28.3 ± 2.8 (22-36.8) 39 28.4 ± 2.5 # (24-35) > 0.99 0.029 0.001
Control 61 28.4 ± 2.8 (23.6-35.8) 45 29.9 ± 2.8 # (24-36) < 0.001

body fat [% body weight] Intervention 60 27.3 ± 4 (14.4-36.6) 36 25.5 ± 3.8 (16.1-33.2) > 0.99 0.662 0.020
Control 63 27.5 ± 3.7 (17.4-35.9) 42 26.4 ± 3.8 (18.6-35.8) 0.011

LBM [% body weight] Intervention 60 72.1 ± 4.1 (63-85) 36 74 ± 4 (66-83) > 0.99 0.667 0.030
Control 63 72.1 ± 7.1 (47-94) 42 73 ± 3.8 (64-81) 0.054

body fat [kg] Intervention 60 17.4 ± 4.5 (7-32) 36 18.6 ± 4.6 (9-30) > 0.99 0.611 < 0.001
Control 63 16.9 ± 3.9 (8-29) 42 19.7 ± 4.7 (12-33) < 0.001

LBM [kg] Intervention 60 46 ± 5 (34-58) 36 54.3 ± 5 (45-65) > 0.99 0.503 < 0.001
Control 63 45.4 ± 6.2 (22-68) 42 55 ± 4 (47-62) < 0.001

body weight [kg] Intervention 86 65.7 ± 9.4 (46-103) 55 73.6 ± 9 (58-96) > 0.99 0.494 < 0.001
Control 86 65.9 ± 7.9 (48-87) 55 75.2 ± 7.9 (58-94) < 0.001

* Significantly different distribution between groups at 15th wk (Mann-Whitney-U-Test) p < 0.05
# Significantly different distribution between groups at 32nd wk (Mann-Whitney-U-Test) p < 0.05
‡ Significant change over time (Wilcoxon-Test) p < 0.05  
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C.3 Infant red blood cell fatty acid profile 

group n cord blood n 16. wk pp
mean ± SD (range) mean ± SD (range) p* p#

18:2w6 Intervention 30 2.97 ± 0.76* (1.33-4.24) 16 3.99 ± 1.43 (2.17-7.99) < 0.001 0,314
Control 28 2.19 ± 0.77 (0.02-3.47) 14 4.64 ± 1.44 (2.07-7.10)

18:3w3 Intervention 30 0.04 ± 0.03* (0.00-0.10) 16 0.11 ± 0.02 (0.07-0.15) 0,008 > 0.99
Control 28 0.07 ± 0.04 (0.01-0.13) 14 0.11 ± 0.03 (0.05-0.16)

20:3w6 Intervention 30 2.04 ± 0.89* (0.44-3.52) 16 0.49 ± 0.29 (0.15-1.45) 0,002 0,102
Control 28 1.26 ± 0.66 (0.53-2.57) 14 0.71 ± 0.36 (0.38-1.43)

20:4w6 Intervention 30 8.82 ± 3.93 (1.82-13.82) 16 2.77 ± 1.89 (0.93-8.93) 0,108 0,062
Control 28 6.56 ± 5.11 (1.81-16.32) 14 5.41 ± 4.24 (1.75-14.35)

20:5w3 Intervention 30 0.27 ± 0.18* (0.00-0.60) 16 0.11 ± 0.14 (0.00-0.61) < 0.001 0,906
Control 28 0.05 ± 0.07 (0.00-0.22) 14 0.07 ± 0.08 (0.00-0.28)

22:4w6 Intervention 30 1.97 ± 0.92 (0.41-3.39) 16 0.48 ± 0.35# (0.16-1.59) 0,158 0,004
Control 28 1.58 ± 1.29 (0.40-4.10) 14 1.31 ± 1.24 (0.35-4.03)

22:5w3 Intervention 30 0.55 ± 0.33* (0.04-1.24) 16 0.18 ± 0.22# (0.00-0.92) < 0.001 0,028
Control 28 0.38 ± 1.04 (0.01-5.60) 14 0.45 ± 0.45 (0.09-1.38)

22:6w3 Intervention 30 4.66 ± 2.61* (0.39-8.57) 16 1.16 ± 1.43 (0.23-6.25) < 0.001 > 0.99
Control 28 2.19 ± 2.34 (0.32-7.08) 14 1.48 ± 1.57 (0.23-5.59)

transFA Intervention 30 0.23 ± 0.13 (0.10-0.51) 16 0.27 ± 0.07 (0.14-0.43) 0,064 > 0.99
Control 28 0.29 ± 0.15 (0.13-0.59) 14 0.27 ± 0.10 (0.08-0.38)

w3LCP Intervention 30 5.52 ± 3.09* (0.42-10.36) 16 1.47 ± 1.79 (0.29-7.82) < 0.001 > 0.99
Control 28 2.64 ± 3.12 (0.36-12.92) 14 2.04 ± 2.09 (0.33-7.19)

w6LCP Intervention 30 14.13 ± 6.09 (2.94-21.22) 16 3.99 ± 2.63# (1.31-12.64) 0,092 0,05
Control 28 10.42 ± 7.64 (3.27-24.96) 14 7.91 ± 6.13 (2.58-19.68)

SAFA Intervention 30 58.85 ± 8.49* (47.77-75.87) 16 67.74 ± 5.37 (52.95-76.67) 0,04 0,248
Control 28 65.03 ± 9.82 (42.86-75.81) 14 63.01 ± 8.22 (47.96-72.63)

MUFA Intervention 30 17.99 ± 1.58* (14.73-20.98) 16 22.16 ± 2.27 (18.06-27.41) 0,044 > 0.99
Control 28 19.01 ± 1.64 (15.79-21.76) 14 21.78 ± 1.71 (18.99-24.67)

PUFA Intervention 30 22.70 ± 9.76* (4.92-33.94) 16 9.61 ± 5.68 (3.98-28.56) 0,032 0,21
Control 28 15.37 ± 11.14 (3.97-39.22) 14 14.74 ± 9.34 (5.12-32.66)

18:2w6/18:3w3 Intervention 28 94.73 ± 64.86* (16.57-228.94) 16 38.02 ± 23.14 (15.77-116.75) 0,008 0,798
Control 26 52.59 ± 54.48 (11.13-200.96) 14 51.26 ± 35.45 (15.08-128.15)

18:2w6/20:4w6 Intervention 30 0.40 ± 0.15 (0.25-0.73) 16 1.65 ± 0.42# (0.89-2.34) 0,554 0,01
Control 27 0.48 ± 0.22 (0.19-0.86) 14 1.13 ± 0.41 (0.40-1.64)

18:3w3/20:5w3 Intervention 27 0.51 ± 0.81* (0.04-2.75) 14 1.83 ± 1.42 (0.11-4.93) 0,002 > 0.99
Control 18 1.88 ± 1.86 (0.08-6.07) 11 1.86 ± 1.26 (0.16-3.84)

20:4w6/22:6w3 Intervention 30 2.26 ± 0.92* (1.51-6.14) 16 3.13 ± 1.16# (1.43-6.13) < 0.001 0,004
Control 28 4.09 ± 1.24 (1.90-5.95) 14 4.68 ± 1.42 (2.57-7.51)

Values for fatty acids are expressed as % of total fatty acids (wt %)

transFA: tC14:1n5; tC16:1n7; tC17:1n7; tC18:1n9/7; ttC18:2n6
SFA: C4:0 - C27:0
MUFA: sum of all cis-FA with one double bond
PUFA: sum of all cis-FA with two or more double bonds
n6LCP: C20:2n6; DHyLA; AA; C22:2n6; C22:4n6; C22:5n6
n3LCP: C20:3n3; C20:4n3; EPA; C21:5n3; C22:3n3; n3-DPA; DHA

* Significantly different distribution between groups in cord blood (Mann-Whitney-U-Test) p < 0.05
# Significantly different distribution between groups 16 wks pp (Mann-Whitney-U-Test) p < 0.05  
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C.4 Spearman-Rho correlations between maternal PL a nd RBC fatty acids 

wk 15 wk 32 
(n = 125) (n = 82)

PL AA - RBC AA ,372** ,323**

PL EPA - RBC EPA ,610** ,499**

PL DHA - RBC DHA ,548** ,543**

PL AA - PL EPA ns -,392**

PL AA - PL DHA ns -,471**

PL EPA - PL DHA ,534** ,824**

RBC AA - RBC EPA ,252** ,332**

RBC AA -RBC DHA ,329** ,379**

RBC EPA - RBC DHA ,820** ,944**

PL AA - RBC EPA -,216* -,417**

PL AA - RBC DHA ns -,390**

PL EPA - RBC AA ns -,432**

PL EPA - RBC DHA ,368** ,389**

PL DHA - RBC AA ns -,375**

PL DHA - RBC EPA ,473** ,542**

* Significant correlations; p < 0.05
** Significant correlations; p < 0.01
ns = not significant  

 

C.5 Spearman-Rho correlations between maternal PL F As and blood lipids 

wk 15 wk 32 
(n = 122) (n = 82)

PL AA - TAG ns ,342**

PL EPA - TAG ns -,417**

PL DHA - TAG ns -,315**

** Significant correlations; p < 0.01
ns = not significant  
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C.6 Spearman-Rho correlations between maternal (32 nd wk) and cord blood PL 
and RBC fatty acids 

PL n = 37; RBC n = 58

mat. PL AA - cb PL AA ,725**

mat. PL EPA - cb PL EPA ,784**

mat. PL DHA - cb PL DHA ,599**

mat. RBC AA - cb RBC AA ns

mat. RBC EPA - cb RBC EPA ,554**

mat. RBC DHA - cb RBC DHA ,452**

mat. PL AA - cb PL EPA -,403*

mat. PL AA - cb PL DHA ns

mat. PL EPA - cb PL AA -,661**

mat. PL EPA - cb PL DHA ,543**

mat. PL DHA - cb PL AA -,583**

mat. PL DHA - cb PL EPA ,788**

mat. RBC AA - cb RBC EPA ns

mat. RBC AA - cb RBC DHA ns

mat. RBC EPA - cb RBC AA ,279*

mat. RBC EPA - cb RBC DHA ,395**

mat. RBC DHA - cb RBC AA ,343**

mat. RBC DHA - cb RBC EPA ,560**

* Significant correlations; p < 0.05
** Significant correlations; p < 0.01

ns = not significant; mat. = maternal; cb = cord blood  
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C.7 Spearman-Rho correlations between maternal PL +  RBC FAs and BM FAs 

wk 6 pp wk 16 pp
(n = 54) (n = 30)

PL AA - BM AA ,554** ,556**

PL EPA - BM EPA ,924** ,916**

PL DHA - BM DHA ,811** ,939**

RBC AA - BM AA ns ,395*

RBC EPA - BM EPA ,557** ,584**

RBC DHA - BM DHA ,511** ,611**

RBC AA - BM EPA ns ns

RBC AA - BM DHA ns ns

RBC EPA - BM AA ns ns

RBC EPA - BM DHA ,524** ,536**

RBC DHA - BM AA ns ns

RBC DHA - BM EPA ,457** ,530**

PL AA - BM EPA -,420** -,455*

PL AA - BM DHA -,498** -,518**

PL EPA - BM AA ns ns

PL EPA - BM DHA ,852** ,766**

PL DHA - BM AA ns ns

PL DHA - BM EPA ,681** ,835**

* Significant correlations; p < 0.05
** Significant correlations; p < 0.01
ns = not significant  
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C.8 Spearman-Rho correlations between infant SFT an d body fat at S1 

(n = 102)

% BF (Weststrate) - Ticeps SFT ,833**

% BF (Weststrate) - Biceps SFT ,855**

% BF (Weststrate) - subscapular SFT ,880**

% BF (Weststrate) - suprailiac SFT ,810**

% BF (Deurenberg) - Ticeps SFT ,768**

% BF (Deurenberg) - Biceps SFT ,790**

% BF (Deurenberg) - subscapular SFT ,841**

% BF (Deurenberg) - suprailiac SFT ,818**

% BF (Slaugther) - Ticeps SFT ,684**

% BF (Slaugther) - Biceps SFT ,593**

% BF (Slaugther) - subscapular SFT ,775**

% BF (Slaugther) - suprailiac SFT ,643**

FM/height2 (Weststrate) - Ticeps SFT ,404**

FM/height2 (Weststrate) - Biceps SFT ,371**

FM/height2 (Weststrate) - subscapular SFT ,411**

FM/height2 (Weststrate) - suprailiac SFT ,341**

FM/height2 (Deurenberg) - Ticeps SFT ,778**

FM/height2 (Deurenberg) - Biceps SFT ,770**

FM/height2 (Deurenberg) - subscapular SFT ,835**

FM/height2 (Deurenberg) - suprailiac SFT ,769**

FM/height2 (Slaugther) - Ticeps SFT ,725**

FM/height2 (Slaugther) - Biceps SFT ,614**

FM/height2 (Slaugther) - subscapular SFT ,788**

FM/height2 (Slaugther) - suprailiac SFT ,637**

* Significant correlations; p < 0.05
** Significant correlations; p < 0.01
ns = not significant  
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C.9 Linear Regression analysis tables 

 

Standardisierte 
Koeffizienten

B Standardfehler Beta

(Konstante) 11.378 1.331 .000
group 2.373 .849 .268 .006
(Konstante) 15.342 15.373 .321
Body Mass Index before pregnancy in kg/m2 -.368 .155 -.227 .020
para .378 .745 .050 .613
gestational age in days .003 .058 .006 .957
birth_weight .001 .001 .089 .415
group 2.555 .848 .289 .003

unadjusted

adjusted

a. Abhängige Variable: weight gain in pregnancy; korr. R-Quadrat = 0.098

Modell

Nicht standardisierte Koeffizienten

Signifikanz

gestational weight gain [kg]

 

 

 

Koeffizienten

B Standardfehler Beta

(Konstante) 3520.893 149.528 .000
group -30.446 94.570 -.031 .748
(Konstante) -3224.233 1542.666 .039
Body Mass Index before pregnancy in kg/m2 -18.556 16.174 -.104 .254
group 1.687 90.489 .002 .985
para 178.488 73.906 .214 .018
gestational age in days 24.652 5.336 .410 .000
weight gain in pregnancy 8.456 10.327 .077 .415

unadjusted

adjusted

a. Abhängige Variable: birth_weight; korr. R-Quadrat = 0.224

Modell

Nicht standardisierte Koeffizienten

Signifikanz

birth weight [g]

 

 

 

Koeffizienten

B Standardfehler Beta

(Konstante) 25.788 .728 .000
group -.674 .460 -.138 .146
(Konstante) 11.626 8.386 .169
Body Mass Index before pregnancy in kg/m2 -.065 .088 -.073 .461
group -.869 .492 -.180 .080
para .695 .402 .168 .087
gestational age in days .053 .029 .178 .070
weight gain in pregnancy .045 .056 .082 .427

unadjusted

adjusted

a. Abhängige Variable: Ponderal Index in kg/m3; korr. R-Quadrat = 0.07

Modell

Nicht standardisierte Koeffizienten

Signifikanz

Ponderal Index [kg/m3]
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C.10 Comparison of maternal and cord blood fatty ac ids 
 

PL RBC PL RBC PL RBC
group mean ± SD mean ± SD mean ± SD mean ± SD mean ± SD mean ± SD

18:2w6 (LA) Intervention 18.22 ± 2.40 7.13 ± 1.41 17.38 ± 1.94 6.32 ± 1.27 6.73 ± 0.81 2.97 ± 0.76
Control 18.02 ± 2.27 7.53 ± 1.03 18.98 ± 2.15 6.65 ± 1. 78 6.44 ± 1.07 2.19 ± 0.77

18:3w3 (ALA) Intervention 0.24 ± 0.08 0.12 ± 0.02 0.27 ± 0.07 0.12 ±  0.02 0.02 ± 0.02 0.04 ± 0.03
Control 0.22 ± 0.08 0.12 ± 0.03 0.25 ± 0.08 0.12 ± 0.02 0.01 ± 0.02 0.07 ± 0.04

20:3w6 (DHyLA) Intervention 3.40 ± 0.64 1.49 ± 0.47 2.78 ± 0.60 1.21 ±  0.43 4.75 ± 0.47 2.04 ± 0.89
Control 3.49 ± 0.70 1.56 ± 0.38 3.53 ± 0.67 1.45 ± 0.61 4.83 ± 0.71 1.26 ± 0.66

20:4w6 (AA) Intervention 10.34 ± 1.45 11.17 ± 3.54 7.75 ± 0.99 8.05 ± 3.30 14.85 ± 1.74 8.82 ± 3.93
Control 10.37 ± 1.37 11.90 ± 2.69 9.05 ± 1.27 9.64 ± 4. 22 17.77 ± 1.57 6.56 ± 5.11

20:5w3 (EPA) Intervention 0.73 ± 0.47 0.38 ± 0.21 1.46 ± 0.63 0.65 ±  0.38 0.98 ± 0.43 0.27 ± 0.18
Control 0.68 ± 0.37 0.39 ± 0.17 0.55 ± 0.25 0.30 ± 0.19 0.27 ± 0.12 0.05 ± 0.07

22:4w6 (Adrenic a.) Intervention 0.45 ± 0.09 2.61 ± 0.94 0.24 ± 0.05 1.42 ±  0.62 0.64 ± 0.16 1.97 ± 0.92
Control 0.48 ± 0.11 2.81 ± 0.74 0.41 ± 0.10 2.29 ± 1.09 0.84 ± 0.19 1.58 ± 1.29

22:5w3 (n-3 DPA) Intervention 0.82 ± 0.22 1.66 ± 0.64 0.70 ± 0.17 1.23 ±  0.63 0.50 ± 0.19 0.55 ± 0.33
Control 0.91 ± 0.22 1.77 ± 0.53 0.69 ± 0.12 1.43 ± 0.74 0.41 ± 0.18 0.38 ± 1.04

22:6w3 (DHA) Intervention 5.06 ± 1.13 4.32 ± 1.82 8.37 ± 1.14 6.59 ±  3.35 7.95 ± 1.34 4.66 ± 2.61
Control 4.80 ± 1.03 4.24 ± 1.41 4.63 ± 0.91 3.97 ± 2.16 6.04 ± 1.78 2.19 ± 2.34

transFA Intervention 0.23 ± 0.08 0.24 ± 0.06 0.21 ± 0.07 0.24 ±  0.06 0.16 ± 0.14 0.23 ± 0.13
Control 0.23 ± 0.09 0.23 ± 0.04 0.23 ± 0.07 0.25 ± 0.05 0.09 ± 0.09 0.29 ± 0.15

w3LCP Intervention 6.78 ± 1.50 6.43 ± 2.60 10.72 ± 1.53 8.53 ± 4.30 9.56 ± 1.54 5.52 ± 3.09
Control 6.56 ± 1.37 6.48 ± 2.00 6.03 ± 1.16 5.76 ± 3.06 6.77 ± 1.97 2.64 ± 3.12

w6LCP Intervention 15.21 ± 1.67 16.13 ± 5.01 11.55 ± 1.32 11.33 ± 4.48 21.38 ± 1.63 14.13 ± 6.09
Control 15.40 ± 1.66 17.23 ± 3.78 14.14 ± 1.67 14.33 ± 6.21 25.07 ± 1.52 10.42 ± 7.64

SAFA Intervention 45.06 ± 0.67 49.68 ± 7.46 46.05 ± 1.01 52.25 ± 8.42 48.04 ± 0.61 58.85 ± 8.49
Control 45.45 ± 2.33 48.43 ± 4.81 45.82 ± 0.95 51.61 ± 9.01 47.96 ± 0.79 65.03 ± 9.82

MUFA Intervention 13.98 ± 1.13 19.98 ± 1.40 13.60 ± 1.71 20.92 ± 1.61 13.84 ± 1.28 17.99 ± 1.58
Control 13.85 ± 1.29 19.70 ± 1.50 14.30 ± 1.89 20.99 ± 1.97 13.41 ± 1.57 19.01 ± 1.64

PUFA Intervention 40.53 ± 1.32 29.87 ± 8.55 39.99 ± 1.31 26.35 ± 9.76 37.76 ± 1.44 22.70 ± 9.76
Control 39.99 ± 2.71 31.41 ± 6.03 39.02 ± 3.04 26.93 ± 10.73 38.37 ± 1.45 15.37 ± 11.14

18:2w6/18:3w3 Intervention 85.02 ± 34.72 62.61 ± 17.98 69.33 ± 20.86 51.56 ± 12.39 199.6 ± 65.95 94.73 ± 64.86
Control 91.97 ± 41.86 68.63 ± 17.51 83.48 ± 29.19 55.38 ± 16.93 241.0 ± 91.24 52.59 ± 54.48

18:2w6/20:4w6 Intervention 1.81 ± 0.41 0.73 ± 0.33 2.29 ± 0.45 0.97 ±  0.50 0.46 ± 0.09 0.40 ± 0.15
Control 1.75± 0.44 0.67 ± 0.18 2.17 ± 0.53 0.89 ± 0.49 0 .37 ± 0.08 0.48 ± 0.22

18:3w3/20:5w3 Intervention 0.4 ± 0.18 0.49 ± 0.63 0.20 ± 0.07 0.41 ± 0.57 not detected 0.51 ± 0.81
Control 0.38 ± 0.18 0.37 ± 0.26 0.54 ± 0.30 0.70 ± 0.81 not detected 1.88 ± 1.86

20:4w6/22:6w3 Intervention 2.15 ± 0.59 3.06 ± 1.27 0.95 ± 0.22 1.52 ±  0.80 1.93 ± 0.44 2.26 ± 0.92
Control 2.25 ± 0.52 3.05 ± 0.85 2.01 ± 0.42 3.14 ± 1.49 3.19 ± 0.98 4.09 ± 1.24

ratio w6/w3 Intervention 4.76 3.55 2.63 2.04 2.93 3.08
Control 4.93 3.75 5.27 3.57 4.65 4.65

ratio w6LCP/w3LCP Intervention 2.24 2.51 1.07 1.32 2.23 2.55
Control 2.35 2.66 2.34 2.45 3.70 3.95

Values for fatty acids are expressed as % of total fatty acids (wt %)

transFA: tC14:1n5; tC16:1n7; tC17:1n7; tC18:1n9/7; ttC18:2n6
SFA: C4:0 - C27:0
MUFA: sum of all cis-FA with one double bond
PUFA: sum of all cis-FA with two or more double bonds
w6: LA + w6LCP
w3: ALA + w3LCP
w6LCP: C20:2n6; DHyLA; AA; C22:2n6; C22:4n6; C22:5n6
w3LCP: C20:3n3; C20:4n3; EPA; C21:5n3; C22:3n3; n3-DPA; DHA

mother 15. wk gest mother 32. wk gest cord blood
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Bottom and top edges of the box are located at 25th and 75th percentiles, center horizontal line is drawn at the median, 

whiskers mark the maximum and minimum. Outliners are shown as dots, extremes as asterisk. 

Appendix D: Figures 
D.1 Dietary intake  

visit 2 (15th wk): n (IG/CG) = 68/70; visit 3 (32nd wk): n = 26/22 

 



Appendix D: Figures 158 

Bottom and top edges of the box are located at 25th and 75th percentiles, center horizontal line is drawn at the median, 

whiskers mark the maximum and minimum. Outliners are shown as dots, extremes as asterisk. 

D.2 Maternal anthropometry 
 

visit 2 (15th wk): n (IG/CG) = 60/63; visit 3 (32nd wk) = 39/45 
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Bottom and top edges of the box are located at 25th and 75th percentiles, center horizontal line is drawn at the median, 

whiskers mark the maximum and minimum. Outliners are shown as dots, extremes as asterisk. 

 

 

 

 
 
 
 
 
 
 
 
 
 
 



Appendix D: Figures 160 

Bottom and top edges of the box are located at 25th and 75th percentiles, center horizontal line is drawn at the median, 

whiskers mark the maximum and minimum. Outliners are shown as dots, extremes as asterisk. 

 
D.3 Maternal biochemical parameters and blood lipid s 
 
Blood sample (BS) 1 (15th wk): n (IG/SG) = 83/84; BS 2 (32nd wk): n = 59/61; BS 3 
(6th wk pp): n = 42/35; BS 4 (16th wk pp): n = 27/22 

 

 
 



Appendix D: Figures 161 

Bottom and top edges of the box are located at 25th and 75th percentiles, center horizontal line is drawn at the median, 

whiskers mark the maximum and minimum. Outliners are shown as dots, extremes as asterisk. 

 

 
 

 
 

 



Appendix D: Figures 162 

Bottom and top edges of the box are located at 25th and 75th percentiles, center horizontal line is drawn at the median, 

whiskers mark the maximum and minimum. Outliners are shown as dots, extremes as asterisk. 

 D.4 Maternal plasma PL fatty acid profile 

BS 1 (15th wk): n (IG/CG) = 64/63; BS 2 (32nd wk): n = 42/40; BS 3 (6th wk pp): n = 

33/24; BS 4 (16th wk pp): n = 16/18 

 



Appendix D: Figures 163 

Bottom and top edges of the box are located at 25th and 75th percentiles, center horizontal line is drawn at the median, 

whiskers mark the maximum and minimum. Outliners are shown as dots, extremes as asterisk. 

 

 

 

 

 

 



Appendix D: Figures 164 

Bottom and top edges of the box are located at 25th and 75th percentiles, center horizontal line is drawn at the median, 

whiskers mark the maximum and minimum. Outliners are shown as dots, extremes as asterisk. 

 

 

 

 



Appendix D: Figures 165 

Bottom and top edges of the box are located at 25th and 75th percentiles, center horizontal line is drawn at the median, 

whiskers mark the maximum and minimum. Outliners are shown as dots, extremes as asterisk. 

D.5 Maternal red blood cell fatty acid profile 

BS 1 (15th wk): n (IG/CG) = 63/62; BS 2 (32nd wk): n = 42/40; BS 3 (6th wk pp): n = 

34/25; BS 4 (16th wk pp): n = 10/17 

 

 

 



Appendix D: Figures 166 

Bottom and top edges of the box are located at 25th and 75th percentiles, center horizontal line is drawn at the median, 

whiskers mark the maximum and minimum. Outliners are shown as dots, extremes as asterisk. 

 

 

 

 



Appendix D: Figures 167 

Bottom and top edges of the box are located at 25th and 75th percentiles, center horizontal line is drawn at the median, 

whiskers mark the maximum and minimum. Outliners are shown as dots, extremes as asterisk. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Appendix D: Figures 168 

Bottom and top edges of the box are located at 25th and 75th percentiles, center horizontal line is drawn at the median, 

whiskers mark the maximum and minimum. Outliners are shown as dots, extremes as asterisk. 

 
D.6 Cord blood plasma fatty acid profile 

n (IG/CG) = 19/18 
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Bottom and top edges of the box are located at 25th and 75th percentiles, center horizontal line is drawn at the median, 

whiskers mark the maximum and minimum. Outliners are shown as dots, extremes as asterisk. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Appendix D: Figures 170 

Bottom and top edges of the box are located at 25th and 75th percentiles, center horizontal line is drawn at the median, 

whiskers mark the maximum and minimum. Outliners are shown as dots, extremes as asterisk. 

 

 

 

 

 

 

 

 

 

 

 



Appendix D: Figures 171 

Bottom and top edges of the box are located at 25th and 75th percentiles, center horizontal line is drawn at the median, 

whiskers mark the maximum and minimum. Outliners are shown as dots, extremes as asterisk. 

D.7 Infant red blood cell fatty acid profile 

 

Cord blood n (IG/CG) = 30/28, at 16th wk pp n = 16/14 

  

 

 

 



Appendix D: Figures 172 

Bottom and top edges of the box are located at 25th and 75th percentiles, center horizontal line is drawn at the median, 

whiskers mark the maximum and minimum. Outliners are shown as dots, extremes as asterisk. 

 

 

 

 

 

 

 



Appendix D: Figures 173 

Bottom and top edges of the box are located at 25th and 75th percentiles, center horizontal line is drawn at the median, 

whiskers mark the maximum and minimum. Outliners are shown as dots, extremes as asterisk. 

 

 

 

 

 

 

 



Appendix D: Figures 174 

Bottom and top edges of the box are located at 25th and 75th percentiles, center horizontal line is drawn at the median, 

whiskers mark the maximum and minimum. Outliners are shown as dots, extremes as asterisk. 

D.8 Breast milk fatty acid profile 
 

at 6th wk pp n (IG/CG) = 40/36; at 16th wk pp n = 28/22 

 

 



Appendix D: Figures 175 

Bottom and top edges of the box are located at 25th and 75th percentiles, center horizontal line is drawn at the median, 

whiskers mark the maximum and minimum. Outliners are shown as dots, extremes as asterisk. 

 

 

 

 



Appendix D: Figures 176 

Bottom and top edges of the box are located at 25th and 75th percentiles, center horizontal line is drawn at the median, 

whiskers mark the maximum and minimum. Outliners are shown as dots, extremes as asterisk. 

 

 

 



Appendix D: Figures 177 

Bottom and top edges of the box are located at 25th and 75th percentiles, center horizontal line is drawn at the median, 

whiskers mark the maximum and minimum. Outliners are shown as dots, extremes as asterisk. 

D.9 Birth outcomes 

n (IG/SG) = 56/56 (unless otherweise noted) 

 

 

 

 

 

 

 

 

 

n (IG/SG) = 55/52     n (IG/SG) = 45/42 



Appendix D: Figures 178 

Bottom and top edges of the box are located at 25th and 75th percentiles, center horizontal line is drawn at the median, 

whiskers mark the maximum and minimum. Outliners are shown as dots, extremes as asterisk. 

n (IG/SG) = 50/53 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Appendix D: Figures 179 

Bottom and top edges of the box are located at 25th and 75th percentiles, center horizontal line is drawn at the median, 

whiskers mark the maximum and minimum. Outliners are shown as dots, extremes as asterisk. 

D.10 Infant anthropometry 

n (IG/CG) = 51/51 

 

 

 

 

 

 

 

 

 

 

 



Appendix D: Figures 180 

Bottom and top edges of the box are located at 25th and 75th percentiles, center horizontal line is drawn at the median, 

whiskers mark the maximum and minimum. Outliners are shown as dots, extremes as asterisk. 

 

 

 

 



Appendix D: Figures 181 

Bottom and top edges of the box are located at 25th and 75th percentiles, center horizontal line is drawn at the median, 

whiskers mark the maximum and minimum. Outliners are shown as dots, extremes as asterisk. 
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