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OBJECTIVES

Today, we will discuss the influence of carbohydrates in human milk on structural brain development 
and cognitive function in human milk-fed infants

At the end of this presentation, you will meet the following learning objectives:

1. Understand that human milk is a complex biological system with myriad components

2. Recognize that carbohydrates are the most abundant constituent of human milk

3. Understand role of maternal diet and genetics in determining carbohydrates in human milk

4. Describe state-of-the-science on specific human milk carbohydrates and developing infant brain 



HUMAN MILK IS THE RECOMMENDED DIET FOR VIRTUALLY ALL INFANTS



TO WHAT EXTENT IS HUMAN MILK EXPOSURE BENEFICIAL FOR BRAIN?

Breastfeeding duration associated with improved cognitive development at school age and beyond

• Breastfeeding for >3 months associated with better communication and problem solving in infancy

• Greater duration of breastfeeding associated with higher IQ and educational attainment in adulthood

Yet, extent to which breastfeeding is beneficial for the brain remains a topic of discussion

• Strength of relationships between human milk exposure and cognitive outcomes varies from study to study

May be attributed in part to biological and environmental influences of human milk composition

Knowledge gap regarding specific human milk components that hold promise for optimizing brain structure/function

Pereyra-Elías R, Quigley MA, Carson C (2022) To what extent does confounding explain the association between breastfeeding duration and cognitive development up to age 14? Findings from the UK Millennium Cohort Study. PLoS ONE 17(5): e0267326; 
Jain A, Concato J, Leventhal JM. How good is the evidence linking breastfeeding and intelligence? Pediatrics. 2002 Jun;109(6):1044-53.



WHAT FACTORS SHAPE HUMAN MILK COMPOSITION?

Maternal physiology, breast milk composition, and infant physiology are components of a co-adapting system, and 
variations in each influence the trajectory of maternal and infant health



CARBOHYDRATES ARE MOST ABUNDANT COMPONENT OF HUMAN MILK

However, human milk carbohydrates extend beyond lactose

Fructose: structural isomer of glucose, derived from maternal 
intake of fruits and added sugar and detectable in human milk

Human milk oligosaccharides (HMOs): complex carbohydrates with >200 distinct structures that are naturally 
occurring in human milk

Major carbohydrate in human milk is lactose, a disaccharide 
comprised of glucose and galactose

Glucose is main source of energy for early brain development



FRUCTOSE/HFCS TRANSMITTED FROM MOTHER TO NURSING INFANT

Berger PK, Fields DA, Demerath EW, Fujiwara H, Goran MI. High-Fructose Corn-Syrup-Sweetened Beverage Intake Increases 5-Hour Breast Milk Fructose Concentrations in Lactating Women. Nutrients. 2018 May 24;10(6):669.

Fructose is wide-spread in Western-style diet

Occurs as high-fructose corn syrup (HFCS), leading source of 
added sugar in soft drinks

Randomized crossover trial to determine effects of HFCS beverage 
on human milk carbohydrates (Fig.)

Early HFCS exposure induces neuroinflammation in rat pups and 
impairs learning and memory

Inadvertent transmission from maternal diet to milk may have 
consequences for nursing infants

Fig. HFCS Beverage Increased Human Milk Fructose



STUDY OBJECTIVE
Determine association of maternal fructose intake during lactation with cognitive development 

scores in human milk-fed infants, and whether relationship attributed to SSB+J intake

Berger PK, et al. Associations of maternal fructose and sugar-sweetened beverage and juice intake during lactation with infant neurodevelopmental outcomes at 24 months. Am J Clin Nutr. 2020 Dec 10;112(6):1516-1522.



STUDY DESIGN 

Participants: mothers and human milk-fed full-term infants living in Los 
Angeles, CA (N=88)

Exposure variables collected at 1 and 6 months of age:

• 24-hour dietary recall

• Maternal intake of fructose, sugar-sweetened beverages/juices, and 
whole fruits

Outcome variables collected at 24 months of age:

• Bayley Scales of Infant and Child Development

• Cognitive Scale: sensorimotor integration, concept formation, 
attention, habituation, memory

Mom 
Diet

Mom 
Diet

Berger PK, et al. Associations of maternal fructose and sugar-sweetened beverage and juice intake during lactation with infant neurodevelopmental outcomes at 24 months. Am J Clin Nutr. 2020 Dec 10;112(6):1516-1522.
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STUDY SUMMARY
Greater intake of fructose in lactating mothers was associated with poorer cognitive development at 
24 months in their infants, which may be attributed to greater intake of sugar-sweetened beverages

Berger PK, et al. Associations of maternal fructose and sugar-sweetened beverage and juice intake during lactation with infant neurodevelopmental outcomes at 24 months. Am J Clin Nutr. 2020 Dec 10;112(6):1516-1522.



FRUCTOSE MAY ALSO BE TRANSMITTED FROM MOTHER TO INFANT IN UTERO

Alternate hypothesis: maternal added sugar intake in lactation 
reflects enduring patterns from pregnancy

Prospective observational study examining prenatal added sugar 
intake and newborn brain MRI outcomes

Added sugar intake during second trimester inversely associated with 
MD values in cortical gray matter (fig.)

May reduce dendritic arborization and synaptogenesis, microstructural 
basis for learning and memory

Results are in line with prior findings– maternal added sugar intake 
may influence infant neurodevelopment

Berger PK, et al. Associations of maternal fructose and sugar-sweetened beverage and juice intake during lactation with infant neurodevelopmental outcomes at 24 months. Am J Clin Nutr. 2020 Dec 10;112(6):1516-1522.

Fig. Prenatal Added Sugar and MD in Neonatal Brain



WHAT ARE HUMAN MILK OLIGOSACCHARIDES (HMOS)?

Unconjugated glycans (i.e., complex carbohydrates) with >200 distinct structures

The third most abundant component of human milk

HMO biosynthesis follows a basic structural blueprint

• All contain lactose, which can be elongated with lacto-N-biose or N-acetyllactosamine 
(Figure A)

• May also be fucosylated or sialylated (Figure B) to create various HMO subgroups

Slight structural differences may dictate diverse physiological functions, which 
may be especially important for the brain 

Fig. HMO Blueprint.

Bode L. Human milk oligosaccharides: every baby needs a sugar mama. Glycobiology. 2012;22(9):1147-1162.

B



WHAT MATERNAL CHARACTERISTICS MAY INFLUENCE HMO COMPOSITION?
Genetics

HMO composition mirrors blood group characteristics

Women with active secretor locus encoding for FUT2 enzyme classified as 
Secretors

• Human milk abundant in 2′-fucosyllactose (2′FL) and LNFP I

Those who lack a functional FUT2 enzyme are Non-Secretors

• Human milk does not contain α1-2-fucosylated HMOs

In addition to FUT2-dependent HMOs, most other HMOs also differ between 
Secretors and Non-Secretors

1) Bode L. Human milk oligosaccharides: every baby needs a sugar mama. Glycobiology. 2012;22(9):1147-1162; 2) Azad MB. Human Milk Oligosaccharide Concentrations Are Associated 
with Multiple Fixed and Modifiable Maternal Characteristics, Environmental Factors, and Feeding Practices. J Nutr. 2018 Nov 1;148(11):1733-1742; 3) Berger PK. Human Milk 
Oligosaccharides and Hispanic Infant Weight Gain in the First 6 Months. Obesity (Silver Spring). 2020 Aug;28(8):1519-1525.



WHICH HMO STRUCTURES ARE RELATED TO BRAIN DEVELOPMENT? HOW?
HMOs ingested during human milk feeding reach distal small intestine and colon in an intact form

Bode L. Glycobiology. 2012 Sep;22(9):1147-62; Wall R, et al. Adv Exp Med Biol. 2014;817:221-239; Yu ZT, et al. Glycobiology. 2013;23(11):1281-1292.



HMOs ingested during human milk feeding reach distal small intestine and colon in an intact form

• Source of prebiotics selectively fed on by beneficial bacteria within the gut microbiome
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HMOs ingested during human milk feeding reach distal small intestine and colon in an intact form
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1. Regulation of brain-derived neurotrophic factor– supports neuronal differentiation and circuit formation
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Bode L. Glycobiology. 2012 Sep;22(9):1147-62; Wall R, et al. Adv Exp Med Biol. 2014;817:221-239; Yu ZT, et al. Glycobiology. 2013;23(11):1281-1292.

WHICH HMO STRUCTURES ARE RELATED TO BRAIN DEVELOPMENT? HOW?



POTENTIAL MECHANISM THROUGH WHICH HMOS AFFECT INFANT BRAIN



HMOS AND INFANT NEURODEVELOPMENT: A NARRATIVE REVIEW

Scoping review on associations of HMOs with neurodevelopmental outcomes in 
human milk-fed infants

6 studies identified, all observational in design, 5 in full-term infants

Exposure variables defined as individual concentrations of HMOs or relative 
abundances of HMOs at 1 and/or 6 months

Neurodevelopmental outcomes assessed between 6 and 24 months

Total and individual fucosylated and sialylated HMOs associated with cognitive, 
language, motor skill domains between 18-24 months

Berger PK, et al. Nutrients. 2023 Jan 31;15(3):719.



STUDY OBJECTIVE 
Determine associations of HMO exposure at 1 month MRI measures of 

structural brain development at 1 month in milk-fed full-term infants

 

Bode L. Glycobiology. 2012 Sep;22(9):1147-62; Wall R, et al. Adv Exp Med Biol. 2014;817:221-239; Yu ZT, et al. Glycobiology. 2013;23(11):1281-1292.



STUDY DESIGN
Participants: mothers and their human milk-fed full-term infants living 
in Los Angeles, CA (N=40)

Exposure variables collected at 1 month of age:

Human milk samples analyzed for 19 most abundant HMOs

Initial focus on concentrations of 2’FL and 3FL (and 3’SL and 6’SL)

Outcome variables also collected at 1 month of age:

Brain images obtained using a 3T MRI scanner

Diffusion measures of brain tissue microstructure–  fractional anisotropy 
(FA) and mean diffusivity (MD)

Berger PK, et al. Nutrients. 2022 Sep 16;14(18):3820.



OUTCOME MEASURES OF BRAIN TISSUE MICROSTRUCTURE VIA MRI

Berger PK, et al. Nutrients. 2022 Sep 16;14(18):3820.

DTI: measures movement of water modulated by characteristics of brain tissue microstructure

• Indexed by FA and MD values
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OUTCOME MEASURES OF BRAIN TISSUE MICROSTRUCTURE VIA MRI

Berger PK, et al. Nutrients. 2022 Sep 16;14(18):3820.

DTI: measures movement of water modulated by characteristics of brain tissue microstructure

• Indexed by FA and MD values

Fractional anisotropy (FA):

Diffusion of water in a single direction

In developing white matter, may reflect greater myelination

Mean diffusivity (MD):

• Diffusion of water in all directions without specificity

• In areas of cortical gray matter, may reflect greater dendritic arborization

Dendritic arborization is structural basis for learning/memory & myelination essential for higher-order functions



ASSOCIATIONS OF 2’FL CONCENTRATIONS WITH MRI OUTCOMES

Statistical maps of 2’FL exposure at 1-month of age with newborn MRI measures. The statistical significance of the associations of 2’FL exposure with measures of brain tissue microstructure at each point on the surface of the 
brain is color-coded, with warm colors representing significant positive associations and cool colors representing significant inverse associations. Only P-values that survived FDR correction are plotted. 

Berger PK, et al. Nutrients. 2022 Sep 16;14(18):3820.
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Statistical maps of 3FL exposure at 1-month of age with newborn MRI measures. The statistical significance of the associations of 3FL exposure with measures of brain tissue microstructure at each point on the surface of the 
brain is color-coded, with warm colors representing significant positive associations and cool colors representing significant inverse associations. Only P-values that survived FDR correction are plotted. 
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Statistical maps of 3FL exposure at 1-month of age with newborn MRI measures. The statistical significance of the associations of 3FL exposure with measures of brain tissue microstructure at each point on the surface of the 
brain is color-coded, with warm colors representing significant positive associations and cool colors representing significant inverse associations. Only P-values that survived FDR correction are plotted. 
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ASSOCIATIONS OF 3FL CONCENTRATIONS WITH MRI OUTCOMES



HMOS MAY HAVE DISTINCT YET COMPLEMENTARY INFLUENCES ON INFANT BRAIN

Berger PK, et al. Nutrients. 2022 Sep 16;14(18):3820.

2′FL may enhance dendritic arborization: 
Dendrites and synapses branch in all directions, 
reflected in lower FA and greater MD in cortex

Lower FA, higher MD in areas of cortical gray matter Higher FA, lower MD in areas of developing white matter

3FL may enhance myelination: 
Constrains movement of water in one direction, 

reflected in greater FA and lower MD in white matter 
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Dendrites and synapses branch in all directions, 
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Lower FA, higher MD in areas of cortical gray matter Higher FA, lower MD in areas of developing white matter
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Dendritic arborization is structural basis for learning/memory 
& myelination essential for higher-order cognitive functions



STUDY SUMMARY 
Individual HMOs, defined by distinct structural characteristics, differentially associate 

with MRI indices of brain tissue microstructure in human milk-fed full-term infants

Bode L. Glycobiology. 2012 Sep;22(9):1147-62; Wall R, et al. Adv Exp Med Biol. 2014;817:221-239; Yu ZT, et al. Glycobiology. 2013;23(11):1281-1292.
Berger PK, et al. Nutrients. 2022 Sep 16;14(18):3820.



HMOS MAY BE ESPECIALLY BENEFICIAL FOR PRETERM BRAIN

Despite advancements in neonatal medicine and clinical care, half of very preterm infants (<32 weeks’ gestation) 
have a heightened risk for neurodevelopmental deficits after discharge from NICU

The 2-4-month period of NICU hospitalization coincides with a critical window in which the brain undergoes 
extensive structural development

At the same time, very preterm infants exposed to intense clinical environment that may shape structural brain 
development, including pharmacological treatments, invasive procedures, physical stress, and social isolation

While these exposures may be essential for medical management and overall well-being, NICU diet represents a 
highly modifiable influence of brain development that may be optimized during this critical period

Human milk diet recommended for virtually all very preterm infants and HMO exposure may be neuroprotective



STUDY OBJECTIVE 
Determine associations of HMO exposure during NICU hospitalization with 

MRI measures of total/regional brain volumes in milk-fed very preterm infants



STUDY DESIGN
Participants: human milk-fed very preterm infants (<32 weeks of gestation) in Boston, MA (N=62)

Exposure variables collected at day of life ~11 (timepoint 1) and day of life ~49 (timepoint 2):

Human milk samples analyzed for 19 most abundant HMOs via HPLC

Initial focus on concentrations of 2’FL, 3FL, 3’SL, and 6’SL

Outcome variables also collected at term-corrected age:

• Brain images obtained using a 3T MRI scanner

• Quantified brain volumes via Morphologically Adaptive Neonatal 
Tissue Segmentation software



EXAMPLE OF PRELIMINARY RESULTS

Higher 6’SL concentrations on day of life 11 associated with larger 
total brain volume at term-corrected age

An increase of 100 μg/mL in 6’SL was associated with 4.6 cc 
(95% CI=1.1, 8.1) increase in total brain volume

Data suggest that greater 6’SL exposure may support brain 
growth during critical period of development

Fig. Association of 6’SL with total brain volume.

6’SL concentrations (µg/mL) on day of life 11
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OVERALL SUMMARY

Human milk is a complex biological system with nutritive and bioactive roles in early brain 
development

Carbohydrates are a major constituent of human milk with distinct structures and diverse 
physiological functions

Fructose is a simple carbohydrate derived from maternal diet, may confer adverse effects on 
brain tissue microstructure and cognitive development

HMOs are complex carbohydrates with >200 distinct structural permutations, may confer 
beneficial effects on brain white matter myelination and dendritic arborization



THANK YOU
Children’s Hospital Los Angeles
Bradley Peterson, MD
Ravi Bansal, PhD
Siddhant Sawardekar, MS
Michael Goran, PhD

University of California, San Diego
Lars Bode, PhD

Boston Children’s Hospital
• Banu Ahtam, MSc, Dphil
• Borjan Gagoski, PhD

Brigham and Women’s Hospital
Mandy Belfort, MD MPH
Margaret Ong, MD
Terrie Inder, MD
Kaitlin George, MS
Manasa Kuncham, MPH

Contact Email: 
pberger@bwh.harvard.edu

Eunice Kennedy Shriver National Institute of Child Health & Human Development (R00 HD098288)
Work Supported By: 



Pereyra-Elías R, Quigley MA, Carson C (2022) To what extent does confounding explain the association between breastfeeding duration and cognitive development up to age 14? Findings from the UK Millennium Cohort Study. PLoS 
ONE 17(5): e0267326; 

Jain A, Concato J, Leventhal JM. How good is the evidence linking breastfeeding and intelligence? Pediatrics. 2002 Jun;109(6):1044-53.

Anderson JW, Johnstone BM, Remley DT. Breast-feeding and cognitive development: a meta-analysis. Am J Clin Nutr. 1999 Oct;70(4):525-35.

Deoni SC, Dean DC 3rd, Piryatinsky I, O'Muircheartaigh J, Waskiewicz N, Lehman K, Han M, Dirks H. Breastfeeding and early white matter development: A cross-sectional study. Neuroimage. 2013 Nov 15;82:77-86. doi: 
10.1016/j.neuroimage.2013.05.090.

Raiten DJ, Steiber AL, Papoutsakis C, Rozga M, Handu D, Proaño GV, Moloney L, Bremer AA. The "Breastmilk Ecology: Genesis of Infant Nutrition (BEGIN)" Project - executive summary. Am J Clin Nutr. 2023 Apr;117 Suppl 1(Suppl 
1):S1-S10.

de Weerth C, Aatsinki AK, Azad MB, et al. Human milk: From complex tailored nutrition to bioactive impact on child cognition and behavior. Crit Rev Food Sci Nutr. 2023;63(26):7945-7982.

Azad MB. Infant Feeding and the Developmental Origins of Chronic Disease in the CHILD Cohort: Role of Human Milk Bioactives and Gut Microbiota. Breastfeed Med. 2019;14(S1):S22-S24.

Berger PK, Bansal R, Sawardekar S, et al. Associations of Human Milk Oligosaccharides with Infant Brain Tissue Organization and Regional Blood Flow at 1 Month of Age. Nutrients. 2022;14(18).

Wall R, Cryan JF, Ross RP, Fitzgerald GF, Dinan TG, Stanton C. Bacterial neuroactive compounds produced by psychobiotics. Adv Exp Med Biol. 2014;817:221-239.

Strandwitz P, Kim KH, Terekhova D, et al. GABA-modulating bacteria of the human gut microbiota. Nat Microbiol. 2019;4(3):396-403.

Yu ZT, Chen C, Newburg DS. Utilization of major fucosylated and sialylated human milk oligosaccharides by isolated human gut microbes. Glycobiology. 2013;23(11):1281-1292.

Thongaram T, Hoeflinger JL, Chow J, Miller MJ. Human milk oligosaccharide consumption by probiotic and human-associated bifidobacteria and lactobacilli. J Dairy Sci. 2017;100(10):7825-7833.

Salli K, Hirvonen J, Siitonen J, Ahonen I, Anglenius H, Maukonen J. Selective Utilization of the Human Milk Oligosaccharides 2'-Fucosyllactose, 3-Fucosyllactose, and Difucosyllactose by Various Probiotic and Pathogenic Bacteria. J 
Agric Food Chem. 2021;69(1):170-182.

Jacobi SK, Yatsunenko T, Li D, et al. Dietary Isomers of Sialyllactose Increase Ganglioside Sialic Acid Concentrations in the Corpus Callosum and Cerebellum and Modulate the Colonic Microbiota of Formula-Fed Piglets. J Nutr. 
2016;146(2):200-208.

References



Fleming SA, Hauser J, Yan J, Donovan SM, Wang M, Dilger RN. A Mediation Analysis to Identify Links between Gut Bacteria and Memory in Context of Human Milk Oligosaccharides. Microorganisms. 2021;9(4).

Berger PK, Plows JF, Jones RB, et al. Human milk oligosaccharide 2'-fucosyllactose links feedings at 1 month to cognitive development at 24 months in infants of normal and overweight mothers. PLoS One. 2020;15(2):e0228323.

Berger PK, Monk C, Bansal R, Sawardekar S, Goran MI, Peterson BS. Association of Prenatal Sugar Consumption with Newborn Brain Tissue Organization. Nutrients. 2021 Jul 16;13(7):2435.

Berger PK, Plows JF, Jones RB, Alderete TL, Rios C, Pickering TA, Fields DA, Bode L, Peterson BS, Goran MI. Associations of maternal fructose and sugar-sweetened beverage and juice intake during lactation with infant 
neurodevelopmental outcomes at 24 months. Am J Clin Nutr. 2020 Dec 10;112(6):1516-1522.

Berger PK, Fields DA, Demerath EW, Fujiwara H, Goran MI. High-Fructose Corn-Syrup-Sweetened Beverage Intake Increases 5-Hour Breast Milk Fructose Concentrations in Lactating Women. Nutrients. 2018 May 24;10(6):669.

Bode L. Human milk oligosaccharides: every baby needs a sugar mama. Glycobiology. 2012;22(9):1147-1162.

Azad MB. Human Milk Oligosaccharide Concentrations Are Associated with Multiple Fixed and Modifiable Maternal Characteristics, Environmental Factors, and Feeding Practices. J Nutr. 2018 Nov 1;148(11):1733-1742; 

Berger PK. Human Milk Oligosaccharides and Hispanic Infant Weight Gain in the First 6 Months. Obesity (Silver Spring). 2020 Aug;28(8):1519-1525.

Berger PK, Ong ML, Bode L, Belfort MB. Human Milk Oligosaccharides and Infant Neurodevelopment: A Narrative Review. Nutrients. 2023 Jan 31;15(3):719. 

References



Q&A



THANK YOU

To register for upcoming webinars, you can visit 
https://nutritioninnovationlab.org/webinar-series. Follow us on 
Facebook (@JordanNutritionInnovationLab) and Twitter 
(@NutriLabJordan) for more updates!
 
Recordings and slides for each webinar will also be posted on our 
website. 

https://nutritioninnovationlab.org/webinar-series
http://www.facebook.com/JordanNutritionInnovationLab
https://twitter.com/NutriLabJordan
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