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Introduction

Despite improvements in neonatal and perinatal medicine, infants born prematurely have a signifi cantly higher 
risk of neurological disabilities when compared to infants born at term.  According to a 2002 Agency for 
Healthcare Research and Quality report, half of all extremely low birth weight (ELBW) infants will have a least 
one signifi cant neurodevelopmental impairment.1 As with many neonatal outcomes, these risks are inversely 
proportional to the infant’s birth weight and gestational age at birth: the smaller and more preterm the infant, 
the greater the risk.1-4 

While many health issues of preterm infants such as, necrotizing enterocolitis and late onset sepsis are 
diagnosed during neonatal hospitalization, the impact of neurodevelopmental delays is greatest after 
discharge. Human milk reduces the incidence and severity of both acute and chronic disorders in preterm 
infants. 

Growth and development of the human brain are quite dramatic in the last trimester of pregnancy with 
signifi cant growth continuing into the fi rst two years after birth. During this time, the placenta, followed by 
infant feeding, must provide essential nutrients to ensure immediate as well as long-term health outcomes. 

Essential fatty acids and their derivatives docosahexanoic acid (DHA) and arachidonic acid (AA), which 
are naturally present in human milk are critical elements for healthy tissues, particularly those of the central 
nervous system, cardiovascular system and eye.5-22 Other components of human milk such as growth 
factors, antioxidants, hormones, anti-infective and anti-infl ammatory factors as well as cholesterol are also 
involved in healthy human neurological development.10,23-27 The effects of early infant nutrition may sometimes 
be subtle with results not apparent for years. However, studies suggest early nutrition has the potential to 
infl uence cognition, behavior and educational performance.3,16,23-25,28-32

In this article, we will explore evidence related to the benefi ts of human milk in the neurological and cognitive 
development of infants, particularly preterm infants. Our discussion is organized around four research articles:

 • The fi rst two articles, combined into one summary, discuss the same longitudinal study but at two  
  points in time. These articles by Vohr and et al. investigate the effects of breastmilk on 
  cognitive skills and behavioral ratings of extremely low birth weight infants. After reviewing the 
  articles, we will explore challenges common to studies of cognitive development and infant 
  feeding.
 
 • The next article, published in 2011 by Quigley et al, also looks at the association between 
  breastfeeding and cognitive development. The authors controlled for an extensive number of 
  confounders and separated results for term and preterm infants. Commentary following the 
  summary will focus on the physiology of neurological development and the benefi cial role of long  
  chain polyunsaturated fatty acids (LCPUFA) and other components in human milk.
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 • The last article by Isaacs et al. examines the relationship of breastmilk feedings in the    
  NICU to brain growth later in life. Of particular interest are development of white and grey brain  
  matter and suggested responses to a human milk diet. These differences refl ect the increasingly  
  complex interface of early infant nutrition to neurocognitive outcomes.   

Key Points

 •  Preterm infants are at greater risk than term infants for neurodevelopmental impairments.

 •  Fetal brains grow dramatically in the last trimester of pregnancy. For example, an infant born at 30  
  weeks has approximately 30% of the brain weight of an infant born at term.33 

 •  Sixty percent of an infant’s brain is lipid, mostly membrane lipid, which requires specifi c LCPUFA,  
  arachidonic acid (AA) and docosahexanoic acid (DHA) for growth and development.8

 •  Essential fatty acids are structural components of all cell membranes. Brain, neural, retinal, vascular  
  and endothelial systems are especially rich in LCPUFA. 

 •  During pregnancy, the placenta supplies LCPUFA to the fetus. Acquisition of LCPUFAs is highest in  
  the last trimester of pregnancy and the fi rst 6 months of life. Preterm infants are usually defi cient in  
  maternal LCPUFAs because of their shortened gestational periods. 

 •  Human milk contains a full complement of naturally occurring LCPUFAs essential to continued   
  growth and development of an infant’s central nervous system, eyes, cardiovascular system and  
  other tissues. 

 •  White brain matter is composed of glial cells and myelinated axons that transmit nerve signals.   
  Cholesterol is an essential component of all cell membranes and the myelin sheaths of nerve cells.  
  Human milk contains highly stable levels of cholesterol independent of maternal diet while infant  
  formulas contain little or no cholesterol.34 

 •  Current studies lend support to the notion that breastmilk promotes brain development and that  
  the  mechanisms for this effect are probably related to the interactions between multiple, naturally  
  occurring human milk components such a DHA, LCPUFAs, growth factors, hormones, cholesterol  
  and others, along with neural cell growth and development.  
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Vohr BR, Poindexter BB, Dusick AM, et al. Benefi cial Effects of Breast Milk in the    
Neonatal Intensive Care Unit on the Developmental Outcome of Extremely Low 
Birth Weight Infants at 18 Months of Age. 
Pediatrics. Jul 2006;118(1):e115-123

Vohr BR, Poindexter BB, Dusick AM, et al. Persistent Benefi cial Effects of Breast Milk    
Ingested in the Neonatal Intensive Care Unit on Outcomes of Extremely Low Birth 
Weight Infants at 30 Months of Age. 
Pediatrics. Oct 2007;120(4):e953-959

Background 

These studies initiated between 1999-2001 were part of the National Institute of Child Health and Human 
Development (NICHD) Neonatal Research Network Glutamine Trial. Extremely low birth weight infants in 15 
study centers were prospectively enrolled during neonatal hospitalization, with evaluations of developmental 
outcomes conducted at approximately 18 and 30 months corrected age. 

The overall objective was to evaluate longitudinally the physical, developmental, neurological, cognitive and 
behavioral effects on ELBW infants of breastmilk ingested in the NICU. 

Nutrition data were collected during infants’ hospitalizations. Infants fell into one of two initial groups: a 
Breastmilk Group or a No Breastmilk Group. Infants in the Breastmilk Group received varying amounts of 
breastmilk during the course of the study. To evaluate the dose effect of breastmilk feedings, the authors 
analyzed the volume of breastmilk feeds per day of all infants in the Breastmilk Group. Quintiles of breastmilk 
feedings were defi ned as follows: 

 •  Infants in the <20th quintile group received ≤ 23.1 mL/kg/day; 
 
 • Infants in the 20th-40th quintile group received 23.1 - 53.0 mL/kg/day
 
 • Infants in the 40th-60th quintile group received 53.0 - 83.2 mL/kg/day
 
 • Infants in the 60th-80th quintile group received 83.2 - 112.45 mL/kg/day 
  
 • Infants in the > 80th quintile group received > 112.45 mL/kg/day. 

Data were collected on multiple confounding variables including but not limited to socioeconomic status, 
maternal age, education, marital status, race/ethnicity, infant gestation, gender, and neonatal complications. 

Both studies evaluated the effects of breastmilk feedings during the NICU stay on cognition and behavior 
as measured by Bayley Scales of Infant Development II. The Bayley Scales of Infant Development II 
(BSID-II) includes: the Mental Developmental Index (MDI); the Psychomotor Development Index (PDI); and 
the Behavior Rating Scale (BRS), which includes orientation/engagement, emotional regulation and motor 
quality. The authors also evaluated growth, neurologic and neurosensory fi ndings, and the incidence of infant 
rehospitalizations.
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The fi rst report included results of 1035 ELBW infants followed until 18 months corrected age: 
775 (74.9%) in the Breastmilk Group; 
260 (25.1%) in the No Breastmilk Group. 

The second report included results of 773 ELBW infants followed until 30 months corrected age: 
593 (76.6%) in the Breastmilk Group; 
180 (23.3%) in the No Breastmilk Group.

Results

Children in the combined Breastmilk Group had better outcomes at 18 and 30 months than children in the 
No Breastmilk Group on multiple Bayley Scales of Infant Development. 

• Mean Mental Development Index scores were higher and increased between 18 and 30 months  
  in the Breastmilk Group compared to the No Breastmilk Group. At 30 months the mean MDI   
  scores were statistically higher in the Breastmilk Group.

• Mean Psychomotor Development Index scores, while similar in the Breastmilk Group at 18 and  
  30 months, were statistically higher in the Breastmilk Group compared to the No Breastmilk Group  
  at 30 months. At 30 months, mean PDI scores had decreased in the No Breastmilk Group.

• Behavior Rating Scale scores were higher at both points in time in the Breastmilk Group.

After adjusting for confounding variables, analyses indicated that for every 10 mL/kg/day increase of 
breastmilk, infants demonstrated incremental improvements in MDI, PDI and BRS percentile scores 
and rehospitalization rates. These improvements were sustained between 18 and 30 months of age.

Conclusions

Positive cognitive and behavioral effects of receiving breast milk in the NICU were evident at 18 months cor-
rected age, but not statistically signifi cant until 30 months corrected age. 

The cognitive and behavioral advantages of breastmilk feedings were dose dependent; the more human milk 
an infant received, the greater the benefi t.

The authors speculated specifi c human milk components; LCPUFAs - arachidonic acid and docosahexanoic 
acid - along with choline, glycoproteins, phospholipids, growth factors and hormones might contribute to 
improved cognitive and behavioral outcomes in ELBW infants. 
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Commentary

These articles by Vohr and associates present compelling evidence for the dose-response benefi ts of human 
milk fed to ELBW infants during neonatal intensive care. The number of subjects at each phase of study was 
large and the various types of subject evaluations including nutritional, neurological, cognitive, and behavioral 
- were extensive.  Additionally, analyses controlled for many confounders related to subjects and feedings. 
In this research, the dose-response benefi ts of human milk are demonstrated by stratifi cation of groups into 
quintiles of milk volume per day over the NICU stay. Overall, any breastmilk volumes were better than none 
with cognitive results sustained if not improved between 18 and 30 months of age.

The cognitive/behavioral benefi ts of human milk have been a subject of inquiry for many years. In 1929, 
Heofer and Hardy35 evaluated the effects of infant feeding type and duration on physical and mental 
developmental differences in Chicago school children. Study methods and analyses differed from those seen 
today; however, results supported the benefi ts of 4-9 months of exclusive breastfeeding over infant formula 
feeds. 

Like many clinical studies in lactation, randomization of infants to breastfeeding versus formula groups is 
ethically problematic. If mothers want their infants to receive their milk, these wishes should be honored 
if there are no medical contraindications. Lucas et al 36 in a randomized prospective multi-center trial, 
compared preterm infants receiving infant formula to those receiving human donor milk. Randomization was 
not an issue, as all mothers had chosen not to express milk for their infants. Their fi ndings suggested infants 
receiving donor human milk had higher psychomotor developmental scores than infant receiving formula.

Researchers of lactation and human neurodevelopment are challenged by the complexity of factors that 
infl uence outcomes, particularly those that infl uence intelligence measures. Therefore, results are not always 
consistent.28,30,37-41 However, recent reports strengthen the argument human milk improves mental capacity 
in term and preterm infants. Of note, a 2011 study by Jedrychowski et al 30 found IQ scores of children born 
>36 weeks increased with duration of exclusive breastfeeding when compared to partially breastfed children. 
A second 2011 study by Quigley et al 23  (summarized in the next section) found similar results. These studies 
followed subjects for fi ve to seven years. 

In the next section, after taking a closer look at the Quigley study we will explore the science of human 
neurological development in relation to infant nutrition. 
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Quigley MA, Hockley C, Carson C, Kelly Y, Renfrew MJ, Sacker A. 
Breastfeeding is Associated with Improved Child Cognitive Development: 
A Population-Based Cohort Study. 
The Journal of Pediatrics. Aug 10 2011.

Background

The purpose of this study was to evaluate the relationship between breastfeeding (including breastmilk feeds) 
and cognitive development in term and preterm infants. 

Infants were recruited from the Child Benefi ts registers in the United Kingdom at approximately 9 months of 
age. In total, 11,879 infants were evaluated. Of these there were, 11,101 infants born at term (37-42 weeks), 
and 778 infants born preterm (28-36 weeks). 

Children were assigned to groups based on breastfeeding duration. The defi nition of breastfeeding included 
receiving mother’s milk from the breast or from a feeding device. 

Infant feeding was categorized as Any Breastfeeding (Partial and Exclusive), Exclusive Breastfeeding and No 
Breastfeeding. Any and Exclusive Breastfeeding Groups were then divided into 2-month bands for duration: 
<2 months; 2.0-3.9 months; ≥ 4.0 months. In the term group, there were enough subjects to continue to 
separate the children into additional breastfeeding durations: 4.0-5.9 months, 6.0-11.9 months and ≥12 
months. 

Three British Ability Scales-Second Edition (BAS II) subtests were administered at 5 years of age. These 
subscales assessed verbal abilities, spatial abilities and pictorial reasoning. 

The authors adjusted for multiple confounders. Beyond the standard confounders such as maternal age, 
education, socioeconomic status, gestational age and birth weight, the study team adjusted for parents’ 
parenting beliefs and the child’s exposure to early learning opportunities. 

Results

Analyses were conducted and reported separately on the term and preterm infant groups. 

In children born at term, the authors found a 1-2 point difference on the three subtests between children 
who were breastfed for 4-6 months and those who were never breastfed. Translating these differences into 
cognitive expectations of an average 5-year-old child, the authors calculated children who breastfed were 
approximately 3 months ahead in pictorial reasoning and 2-3 months ahead in verbal abilities.

In children born preterm who were breastfed or received breastmilk for at least 2 months, the authors found 
a 4-6 point increase in pictorial reasoning and spatial abilities. Children born preterm who were breastfed for 
at least 4 months had a mean increase of 4 points in verbal abilities over infants who had never breastfed. 

The fi ndings also suggested children born preterm who were breastmilk fed at least 2 months were 
approximately 6 months ahead in pictorial reasoning and 3 months ahead in spatial abilities. Lastly, preterm 
children fed breastmilk for at least 4 months were 5-6 months ahead in verbal abilities.
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Conclusions

Study results suggested longer durations of breastfeeding/human milk feeding have greater effects on 
cognitive development, particularly in children born preterm.

The authors submitted several potential mechanisms for the improved cognitive development refl ected in 
this study. These include human milk LCPUFAs, growth factors and hormones. They also noted that the 
higher frequency of infant infections associated with formula feeds could affect early and later cognitive 
development.

Commentary

This very large study contributes signifi cant weight to the argument that breastfeeding and human milk 
feeds contribute positively to infant intelligence and cognitive development. Like most studies, maternal IQ 
is an important variable in predicting a child’s intelligence38,42 and was not measured directly but inferred 
from maternal education and socioeconomic status. Unlike some previous reports, this study controlled 
for selected aspects of the home environment including parenting beliefs and exposure to educational 
opportunities. Additionally, comparison of outcomes in infants born term versus preterm indicates greater 
effects of human milk feeds on preterm infants.  

Like Vohr and colleagues, Quigley et al identify components of human milk that may be involved in 
neurological and cognitive development, specifi cally, LCPUFAs, growth factors and hormones. Of these, 
LCPUFAs are most often associated with infant central nervous system development. Although a thorough 
discussion is beyond the scope of this article, an abbreviated review may be helpful.

Human milk contains a variety of medium and long chain fatty acids, including two essential fatty acids 
linoleic acid (LA) and   linolenic acid (ALA) the human body can’t synthesize and must, therefore, get from 
dietary sources. Linoleic acid is the precursor for the omega 6 polyunsaturated fatty acids;   linolenic acid is 
the precursor for omega 3 polyunsaturated fatty acids.43 Of the many fatty acids in human milk, arachidonic 
acid (AA) from linoleic acid and docosahexanoic acid (DHA) from linolenic acid are the LCPUFAs most 
associated with brain, eye and cardiovascular development.5,7-13,15,18,20-22,31,44-49 

During fetal development, the last 20 weeks of gestation is a critical period of human brain growth and 
development. Linear growth in brain weight follows a steep slope: approximately half of the brain’s volume is 
obtained in the last 6 weeks of a 40-week gestation. In addition, at 26 weeks gestation the brain will weigh 
30% of its expected weight at 40 weeks; at 34 weeks it will weigh 65% of term weight.33 

Brain growth is concomitant with structural maturation and organization. During the fetal period and 
extending into infancy, neurogenesis, synaptogenesis, dendritic arborization and neuronal connectivity occur 
as axons elongate to form the cerebral cortex. 15,33 Of interest to the discussion at hand, 60% of infant brain 
is lipid, mostly membrane lipid, which requires arachidonic acid (AA) and docosahexanoic acid (DHA) for 
growth and development.5,8 
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DHA and AA are integral components of brain and nervous system cell membranes. They are also abundant 
in retinal, endothelial and vascular cells.10,12,14,15,20,21 During pregnancy, the placenta supplies LCPUFAs to 
the growing fetus, but after birth, the infant is dependent on exogenous nutritional sources for continued 
supplies. Preterm infants by nature of their interrupted gestation have the greatest need for LCPUFAs. 
Human milk is a natural source rich in DHA and AA and their precursors, the essential fatty acids. Bovine milk 
has very few LCPUFA43 and studies of the effi cacy of infant formulas with added synthetically manufactured 
PUFAs are inconclusive at this time.5,18,50-54 

Long chain polyunsaturated fatty acids are susceptible to oxidative degradation and the formation of 
eicosanoids associated with a cascade of infl ammatory and immune responses. Antioxidants in human milk 
can suppress degradation of LCPUFAs and reduce infl ammation associated with eicosanoids.10 DHA also 
down-regulates infl ammation associated with serious diseases in preterm infants.10 These components may 
work in concert with other anti-infl ammatory agents in human milk, for example, interleukin-10 (an 
anti-infl ammatory cytokine), lactoferrin, and epidermal growth factor to reduce destructive up-regulated 
immune responses in preterm infants.55-57 

Thus far, we have discussed the benefi ts of human milk in infant neurological and cognitive development 
focusing on the role of LCPUFAs. The innate complexity of human milk rarely lends itself to consideration of 
just one concept. Continuing with these themes, we will next examine differences in brain matter growth and 
maturation as they relate to early dietary intake of preterm infants.
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Notes
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Isaacs EB, Fischl BR, Quinn BT, Chong WK, Gadian DG, Lucas A. Impact of Breast Milk on 
Intelligence Quotient, Brain Size, and White Matter Development. Pediatric Research. Apr 2010; 
67(4):357-362.

Background

Previous studies, like those we have just examined, have associated breastfeeding with positive child 
cognitive development. Other research suggests cognitive scores in preterm infants are related to head 
circumference and brain size.58 Therefore, the purpose of this study was to examine the relationship between 
early human milk feeding, measures of intelligence and brain growth and volume in preterm infants. 

In a classic randomized clinical trial conducted between 1982-1985, Lucas and colleagues studied 502 
NICU preterm infants over the fi rst 30 days of life. All breastmilk feedings were documented then converted 
into percentages of infants’ total feeding intake. Their results showed a dose-response benefi t from human 
milk feeding on infant cognitive development at nine months,59 18 months,36 and 7-8 years of age.41 

The 50 subjects in this study were from the original 502 infant cohort, now in their adolescent years, mean 
age 15 years, 9 months (Range: 13y5m – 19y9m). 

All subjects were born at or less than 30 weeks gestation and were previously determined to be 
neurologically normal. All subjects had received primarily expressed mothers’ breast milk in the fi rst month of 
life but varied as to type of supplement: 28 received preterm infant formula; 13 received term infant formula; 
9 received donor human milk.  

Subjects were assessed by age appropriate Wechsler intelligence scales (verbal, performance and full-
scale) and by MRI studies. MRI analysis included total brain volume as well as white matter and grey matter 
volumes.

Grey matter is composed of nerve cell bodies, dendrites and shorter axons. It is generally associated with 
mental processing and cognition.

White matter is composed of glial cells and myelinated connecting axons. Myelin is an insulator that allows 
for increased speed of nerve impulse transmission. White matter is usually associated with coordinating 
communication in the brain.

Results 

Results were adjusted for maternal education and social class (as variables related to maternal intelligence) 
and age at time of brain MRI. Results for males and females were considered separately and together.

Mean IQ scores were close to the population average of 100 with no signifi cant difference between girls and 
boys. 

Boys but not girls showed a signifi cant proportional relationship between percent expressed breastmilk and 
all three IQ scores. The higher the percent of expressed breastmilk, the higher the IQ scores. 
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Also, a signifi cant proportional relationship existed between percent expressed breastmilk and total white 
matter in boys. Total white matter increased with higher percentages of expressed milk feedings.

Lastly, again only in boys, white matter volumes correlated signifi cantly with verbal and full scale IQ scores. 
As white matter volumes increased, so did these IQ scores.

Conclusions 

The authors concluded that, “In all subjects, but most clearly in boys, the effects of breast milk were seen 
more strongly on white than grey matter in the brain. These data support the hypothesis that one or more 
constituents of mothers’ breast milk promote brain development at a structural level.” (p.6)

The authors speculated long-chain polyunsaturated fatty acids (most notably DHA), growth factors and 
hormones in human milk might promote infant brain development. In preterm infants, white matter growth 
seems to infl uence total brain volumes as well as intelligence in male children. 

Animal studies suggest dietary cholesterol is an important component in the development of white matter 
myelin membranes and glial cells60; therefore, the authors suggested the presence of cholesterol in human 
milk might contribute to white matter development and intelligence. 

Commentary

In this research, cholesterol is added to the list of breastmilk constituents that may facilitate growth of human 
brain cells and cognitive development. Like DHA, cholesterol is an essential structural component of cell 
membranes in mammals. It is also the precursor of steroid hormones.61 Using genetically altered mice, 
Saher et al 60 demonstrated the critical role of cholesterol in white matter myelin membrane growth and glial 
cell maturation. In human studies, plasma cholesterol levels have been shown to progressively increase in 
breastfeeding infants and are higher than cholesterol levels in formula-fed infants.62 So in addition to brain 
cell development, there is speculation dietary cholesterol from human milk may program a more healthy 
cholesterol synthesis later in life.63 

This research by Isaacs and associates necessitates acknowledgement of studies that have found gender 
differences in brain development. Kesler and associates64 examined neurodevelopmental differences 
between twenty-nine 12 year olds born preterm compared to a control group of healthy children born at 
term. Their subjects included both girls and boys. MRI scans of girls born prematurely were not signifi cantly 
different from scans of their term counterparts. However, male children born preterm had signifi cantly 
abnormal results when compared to boys born at term. The abnormalities, detected by MRI scans, were 
found to be “relatively diffuse, involving multiple neural systems” (p.513). Although these researchers did 
not fi nd negative cognitive outcomes in the preterm male group, other studies have identifi ed language and 
reading issues in preterm children, especially males.65,66 Unfortunately, there are no dietary data in the study 
by Kesler et al to evaluate the effects of feeding types on neurological outcomes.

These fi ndings, when added to those of Isaacs et al, lend support the notion that breastmilk promotes 
brain development and that the mechanisms for this effect are probably related to the interactions between 
multiple human milk components, such as DHA, LCPUFAs, growth factors, hormones, cholesterol and 
others with neural cell growth and development. Interestingly, at a fundamental level there seems to 
be differences in the neurocognitive development of preterm children determined by gender. Girls and 
boys have different average brain volumes, different proportions of white and grey matter and different 
neurodevelopmental responses to human milk feedings.
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Notes
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Concluding Remarks

The science of human neurodevelopment, cognition, infant nutrition and gender intersected in this discussion 
of the use of human milk for preterm infants. Our discussion started with an exploration of neurologic and 
cognitive effects of human milk in ELBW infants. These types of studies are complicated by a vast number of 
confounding factors as well as methodological challenges of longitudinal studies. Nevertheless, the articles 
by Vohr et al demonstrated neurocognitive benefi ts of human milk feeds in the NICU for preterm infants. 
These benefi ts increased as doses of human milk increased.

Very recent research by Quigley et al evaluated the effects of human milk on neurodevelopment of 
approximately 12,000 infants, both term and preterm. Their fi ndings suggested small but notable 
improvements in breastmilk fed infants, especially preterm infants fed for longer durations. This study is 
noteworthy for the authors’ inclusion of unique confounders including parenting beliefs and the educational 
exposure of children. Of special interest in this discussion are the roles of LCPUFAs, especially DHA, in 
human milk. These substances, naturally abundant in breastmilk but not infant formula, are critical to the 
development of a functional central nervous system and may be involved in suppressing infl ammatory 
processes in vulnerable infants. 

Lastly, Isaacs and associates demonstrated higher IQ scores and white matter growth in preterm boys were 
correlated with increasing proportions of human milk feeds.  Whilst there are certainly limitations to Isaac and 
coworker’s study, it does go part way towards showing how human milk manifests itself as an advantage for 
the preterm infant.  It would seem that the naturally occurring neurodevelopmental building blocks provided 
by human milk work to increase brain volume and thus may allow for the increases in IQ and the other 
neurodevelopmental outcomes so elegantly shown by Vohr and colleagues, Quigley and coworkers and 
many others before them. Thus the studies outlined in this article add to the growing body of evidence to 
support the use of human milk for preterm infants and begin to provide insights as to how these benefi ts are 
conferred to the infant.



14

1. Cole C, Hagadom J, Kim C, Binney G, Casey P, Fiascone  
 J. Criteria for determining disability in infants and children:  
 Low birth weight. In: Quality AfHRa, ed. Rockville, MD:   
 Agency for Healthcare Research and Quality; 2002.

2. Petrini JR, Dias T, McCormick MC, Massolo ML, Green NS,  
 Escobar GJ. Increased risk of adverse neurological 
 development for late preterm infants. The Journal of 
 pediatrics. Feb 2009;154(2):169-176.

3. Chyi LJ, Lee HC, Hintz SR, Gould JB, Sutcliffe TL. School  
 outcomes of late preterm infants: special needs and   
 challenges for infants born at 32 to 36 weeks gestation. 

The Journal of pediatrics. Jul 2008;153(1):25-31.

4. Halloran DR, Alexander GR. Preterm delivery and age of   
 SIDS death. Annals of epidemiology. 
 Aug 2006;16(8):600-606.

5. Belkind-Gerson J, Carreon-Rodriguez A, Contreras-Ochoa  
 CO, Estrada-Mondaca S, Parra-Cabrera MS. Fatty acids   
 and neurodevelopment. Journal of pediatric 
 gastroenterology and nutrition. Aug 2008;47 Suppl 1:S7-9.

6. Brenna JT, Varamini B, Jensen RG, Diersen-Schade DA,   
 Boettcher JA, Arterburn LM. Docosahexaenoic and 
 arachidonic acid concentrations in human breast milk   
 worldwide. The American journal of clinical nutrition. 
 Jun 2007;85(6):1457-1464.

7. Crawford MA. The role of essential fatty acids in neural   
 development: implications for perinatal nutrition. The 
 American journal of clinical nutrition. 
 May 1993;57(5 Suppl):703S-709S; discussion 709S-710S.

8. Crawford MA. Docosahexaenoic acid in neural signaling   
 systems. Nutrition and health. 2006;18(3):263-276.

9. Crawford MA, Costeloe K, Ghebremeskel K, Phylactos A.  
 The inadequacy of the essential fatty acid content of present  
 preterm feeds. European journal of pediatrics. 
 Jan 1998;157 Suppl 1:S23-27.

10. Crawford MA, Costeloe K, Ghebremeskel K, Phylactos A,  
 Skirvin L, Stacey F. Are defi cits of arachidonic and 
 docosahexaenoic acids responsible for the neural and 
 vascular complications of preterm babies? The American   
 journal of clinical nutrition. 
 Oct 1997;66(4 Suppl):1032S-1041S.

11. Crawford MA, Golfetto I, Ghebremeskel K, et al. The 
 potential role for arachidonic and docosahexaenoic acids  
 in protection against some central nervous system injuries in  
 preterm infants. Lipids. Apr 2003;38(4):303-315.

12. Crawford MA, Hassam AG, Rivers JP. Essential fatty acid   
 requirements in infancy. The American journal of clinical 
 nutrition. Dec 1978;31(12):2181-2185.

13. Cunnane SC, Francescutti V, Brenna JT, Crawford MA.   
 Breast-fed infants achieve a higher rate of brain and whole  
 body docosahexaenoate accumulation than formula-fed   
 infants not consuming dietary docosahexaenoate. Lipids. 
 Jan 2000;35(1):105-111.

14. Farquharson J, Jamieson EC, Abbasi KA, Patrick WJ, 
 Logan RW, Cockburn F. Effect of diet on the fatty acid   
 composition of the major phospholipids of infant cerebral   
 cortex. Archives of disease in childhood. 
 Mar 1995;72(3):198-203.

15. Guesnet P, Alessandri JM. Docosahexaenoic acid (DHA)   
 and the developing central nervous system (CNS) - 
 Implications for dietary recommendations. Biochimie. 
 Jan 2011;93(1):7-12.

16. Guxens M, Mendez MA, Molto-Puigmarti C, et al. 
 Breastfeeding, Long-Chain Polyunsaturated Fatty Acids in  
 Colostrum, and Infant Mental Development. 
 Pediatrics. Sep 19 2011.

17. Khedr EM, Farghaly WM, Amry Sel D, Osman AA. Neural   
 maturation of breastfed and formula-fed infants. Acta 
 paediatrica. Jun 2004;93(6):734-738.

18. Makrides M, Collins CT, Gibson RA. Impact of fatty acid   
 status on growth and neurobehavioural development 
 in humans. Maternal & child nutrition. 
 Apr 2011;7 Suppl 2:80-88.

19. Makrides M, Gibson RA, Simmer K. The effect of dietary fat  
 on the developing brain. Journal of paediatrics and child   
 health. Dec 1993;29(6):409-410.

20. Uauy R, Mena P, Rojas C. Essential fatty acids in early life:  
 structural and functional role. Proc Nutr Soc. 
 Feb 2000;59(1):3-15.

21. Uauy R, Mena P, Wegher B, Nieto S, Salem N, Jr. Long   
 chain polyunsaturated fatty acid formation in neonates: 
 effect of gestational age and intrauterine growth. 
 Pediatric research. Jan 2000;47(1):127-135.

22. Uauy RD, Birch DG, Birch EE, Tyson JE, Hoffman DR. Effect  
 of dietary omega-3 fatty acids on retinal function of 
 very-low-birth-weight neonates. Pediatric research. 
 Nov 1990;28(5):485-492.

23. Quigley MA, Hockley C, Carson C, Kelly Y, Renfrew MJ,   
 Sacker A. Breastfeeding is Associated with Improved Child  
 Cognitive Development: A Population-Based Cohort Study.  
 The Journal of pediatrics. Aug 10 2011.

24. Vohr BR, Poindexter BB, Dusick AM, et al. Persistent 
 benefi cial effects of breast milk ingested in the neonatal   
 intensive care unit on outcomes of extremely low birth 
 weight infants at 30 months of age. Pediatrics. 
 Oct 2007;120(4):e953-959.



15

25. Vohr BR, Poindexter BB, Dusick AM, et al. Benefi cial effects  
 of breast milk in the neonatal intensive care unit on the 
 developmental outcome of extremely low birth weight   
 infants at 18 months of age. 

Pediatrics. Jul 2006;118(1):e115-123.

26. Volpe JJ. Postnatal sepsis, necrotizing entercolitis, and the  
 critical role of systemic infl ammation in white matter injury in 
 premature infants. The Journal of pediatrics. 
 Aug 2008;153(2):160-163.

27. Isaacs EB, Fischl BR, Quinn BT, Chong WK, Gadian DG,   
 Lucas A. Impact of breast milk on intelligence quotient, brain  
 size, and white matter development. Pediatric research. 
 Apr 2010;67(4):357-362.

28. Anderson JW, Johnstone BM, Remley DT. Breast-feeding  
 and cognitive development: a meta-analysis. The American  
 journal of clinical nutrition. Oct 1999;70(4):525-535.

29. Ferguson M, Molfese PJ. Breast-fed infants process speech  
 differently from bottle-fed infants: evidence from 
 neuroelectrophysiology. 

Dev Neuropsychol. 2007;31(3):337-347.

30. Jedrychowski W, Perera F, Jankowski J, et al. Effect of 
 exclusive breastfeeding on the development of children’s   
 cognitive function in the Krakow prospective birth cohort   
 study. European journal of pediatrics. Jun 10 2011.

31. Makrides M, Gibson RA, McPhee AJ, et al. 
 Neurodevelopmental outcomes of preterm infants fed   
 high-dose docosahexaenoic acid: a randomized controlled  
 trial. JAMA : the journal of the American Medical 
 Association. Jan 14 2009;301(2):175-182.

32. Tanaka K, Kon N, Ohkawa N, Yoshikawa N, Shimizu T. Does  
 breastfeeding in the neonatal period infl uence the cognitive 
 function of very-low-birth-weight infants at 5 years of age?  

Brain & development. Apr 2009;31(4):288-293.

33. Kinney HC. The near-term (late preterm) human brain and  
 risk for periventricular leukomalacia: a review. Seminars in 
 perinatology. Apr 2006;30(2):81-88.

34. Potter JM, Nestel PJ. The effects of dietary fatty acids and  
 cholesterol on the milk lipids of lactating women and the   
 plasma cholesterol of breast-fed infants. The American 
 journal of clinical nutrition. Jan 1976;29(1):54-60.

35. Heofer C, Hardy MC. Later development of breast fed and  
 artifi cally fed infants. JAMA. 1929;92(8):615-619.

36. Lucas A, Morley R, Cole TJ, Gore SM. A randomised 
 multicentre study of human milk versus formula and later   
 development in preterm infants. Archives of disease in 
 childhood. Fetal and neonatal edition. 
 Mar 1994;70(2):F141-146.

37. Angelsen NK, Vik T, Jacobsen G, Bakketeig LS. Breast   
 feeding and cognitive development at age 1 and 5 years. 
 Archives of disease in childhood. Sep 2001;85(3):183-188.

38. Der G, Batty GD, Deary IJ. Effect of breast feeding on 
 intelligence in children: prospective study, sibling pairs 
 analysis, and meta-analysis. 
 BMJ. Nov 4 2006;333(7575):945.

39. Ip S, Chung M, Raman G, et al. Breastfeeding and maternal  
 and infant health outcomes in developed countries. Evid   
 Rep Technol Assess (Full Rep). Apr 2007(153):1-186.

40. Jain A, Concato J, Leventhal JM. How good is the 
 evidence linking breastfeeding and intelligence? 
 Pediatrics. Jun 2002;109(6):1044-1053.

41. Lucas A, Morley R, Cole TJ, Lister G, Leeson-Payne C.   
 Breast milk and subsequent intelligence quotient in children  
 born preterm. Lancet. Feb 1 1992;339(8788):261-264.

42. Bradley RH. Children’s home environments, health, 
 behavior, and intervention efforts: a review using the HOME  
 inventory as a marker measure. Genet Soc Gen Psychol   
 Monogr. Nov 1993;119(4):437-490.

43. Czank C, Mitoulas LR, Hartmann PE. Human milk 
 composition - fat. In: Hale TW, Hartmann P, eds. Textbook  
 of Human Lactation. Amarillo, Texas: 
 Hale Publishing, L.P.; 2007:49 -67.

44. Makrides M. Is there a dietary requirement for DHA in 
 pregnancy? Prostaglandins, leukotrienes, and essential fatty  
 acids. Aug-Sep 2009;81(2-3):171-174.

45. Makrides M, Gibson RA. Long-chain polyunsaturated fatty  
 acid requirements during pregnancy and lactation. The 
 American journal of clinical nutrition. 
 Jan 2000;71(1 Suppl):307S-311S.

46. Makrides M, Neumann MA, Gibson RA. Is dietary 
 docosahexaenoic acid essential for term infants? 
 Lipids. Jan 1996;31(1):115-119.

47. Makrides M, Neumann MA, Jeffrey B, Lien EL, Gibson   
 RA. A randomized trial of different ratios of linoleic to 
 alpha-linolenic acid in the diet of term infants: effects on   
 visual function and growth. The American journal of clinical 
 nutrition. Jan 2000;71(1):120-129.

48. Makrides M, Neumann MA, Simmer K, Gibson RA. Dietary  
 long-chain polyunsaturated fatty acids do not infl uence   
 growth of term infants: A randomized clinical trial. Pediatrics.  
 Sep 1999;104(3 Pt 1):468-475.

49. Uauy R, Hoffman DR, Mena P, Llanos A, Birch EE. Term   
 infant studies of DHA and ARA supplementation on 
 neurodevelopment: results of randomized controlled trials.  
 The Journal of pediatrics. Oct 2003;143(4 Suppl):S17-25.



16

50. Simmer K. Longchain polyunsaturated fatty acid 
 supplementation in infants born at term. Cochrane database  
 of systematic reviews. 2001(4):CD000376.

51. Simmer K, Patole S. Longchain polyunsaturated fatty acid  
 supplementation in preterm infants. Cochrane database of 
 systematic reviews. 2004(1):CD000375.

52. Smithers LG, Collins CT, Simmonds LA, Gibson RA,   
 McPhee A, Makrides M. Feeding preterm infants milk with 
 a higher dose of docosahexaenoic acid than that used in   
 current practice does not infl uence language or behavior in 
 early childhood: a follow-up study of a randomized 
 controlled trial. The American journal of clinical nutrition. 
 Mar 2010;91(3):628-634.

53. Smithers LG, Gibson RA, McPhee A, Makrides M. Effect 
 of two doses of docosahexaenoic acid (DHA) in the diet of  
 preterm infants on infant fatty acid status: results from the 
 DINO trial. Prostaglandins, leukotrienes, and essential fatty  
 acids. Sep-Nov 2008;79(3-5):141-146.

54. Smithers LG, Gibson RA, McPhee A, Makrides M. Effect 
 of long-chain polyunsaturated fatty acid supplementation   
 of preterm infants on disease risk and neurodevelopment: a  
 systematic review of randomized controlled trials. 
 The American journal of clinical nutrition. 
 Apr 2008;87(4):912-920.

55. Caicedo RA, Schanler RJ, Li N, Neu J. The developing   
 intestinal ecosystem: implications for the neonate. Pediatric  
 research. Oct 2005;58(4):625-628.

56. Meier PP, Engstrom JL, Patel AL, Jegier BJ, Bruns NE.   
 Improving the use of human milk during and after the NICU  
 stay. Clin Perinatol. Mar 2010;37(1):217-245.

57. Newburg DS, Walker WA. Protection of the neonate by the  
 innate immune system of developing gut and of human milk.  
 Pediatric research. Jan 2007;61(1):2-8.

58. Cheong JL, Hunt RW, Anderson PJ, et al. Head growth   
 in preterm infants: correlation with magnetic resonance   
 imaging and neurodevelopmental outcome. 
 Pediatrics. Jun 2008;121(6):e1534-1540.

59. Lucas A, Morley R, Cole TJ, et al. Early diet in preterm 
 babies and developmental status in infancy. Archives of   
 disease in childhood. Nov 1989;64(11):1570-1578.

60. Saher G, Brugger B, Lappe-Siefke C, et al. High cholesterol  
 level is essential for myelin membrane growth. Nature 
 neuroscience. Apr 2005;8(4):468-475.

61. Ganong WF. Review of medical physiology. 10th ed. 
 Los Altos, CA: Lange Medical Publications; 1981.

62. Jooste PL, Rossouw LJ, Steenkamp HJ, Rossouw JE,   
 Swanepoel AS, Charlton DO. Effect of breast feeding on the  
 plasma cholesterol and growth of infants. Journal of 
 pediatric gastroenterology and nutrition. 
 Aug 1991;13(2):139-142.

63. Lawrence RA, Lawrence RM. Breastfeeding: A Guide for the  
 Medical Profession. 7th ed. Maryland Heights, Missouri: 
 Elsevier Mosby; 2011.

64. Kesler SR, Reiss AL, Vohr B, et al. Brain volume reductions  
 within multiple cognitive systems in male preterm children at  
 age twelve. The Journal of pediatrics. 
 Apr 2008;152(4):513-520, 520 e511.

65. Yliherva A, Olsen P, Jarvelin MR. Linguistic skills in relation 
 to neurological fi ndings at 8 years of age in children born   
 preterm. Logoped Phoniatr Vocol. 2001;26(2):66-75.

66. Yliherva A, Olsen P, Maki-Torkko E, Koiranen M, Jarvelin   
 MR. Linguistic and motor abilities of low-birthweight children  
 as assessed by parents and teachers at 8 years of age.   

Acta paediatrica. Dec 2001;90(12):1440-1449.



Medela, Inc., 1101 Corporate Drive, McHenry, IL 60050
Phone: (800) 435-8316 or (815) 363-1166  Fax: (815) 363-1246  Email: customer.service@medela.com

Medela is a registered trademark of Medela Holding AG.
1547756 A 1112   © 2012 Medela, Inc.  Printed in the USA.

www.medela.com

The Value of Human Milk in the NICU

Cognitive and Neurodevelopmental Effects
of Human Milk in Preterm Infants




