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Abstract

Background

Infant cognitive development is influenced by maternal factors that range from obesity to

early feeding and breast milk composition. Animal studies suggest a role for human milk

oligosaccharide (HMO), 2’-fucosyllactose (2’FL), on learning and memory, yet no human

studies have examined its impact on infant cognitive development relative to other HMOs

and maternal factors.

Objective

To determine the impact of 2’FL from breast milk feeding on infant cognitive development

at 24 months of age relative to maternal obesity and breast milk feeding frequency.

Methods and materials

Hispanic mother-infant pairs (N = 50) were recruited across the spectrum of pre-pregnancy

BMI. Breast milk was collected at 1 and 6 months, and feedings/day were reported. Nine-

teen HMOs were analyzed using high-performance liquid chromatography, with initial inter-

est in 2’FL. Infant cognitive development score was assessed with the Bayley-III Scale at 24

months. Linear regressions were used for prediction, and bootstrapping to determine media-

tion by 2’FL.

Results

Maternal pre-pregnancy BMI was not related to feedings/day or HMOs, but predicted

poorer infant cognitive development (β = -0.31, P = 0.03). Feedings/day (β = 0.34) and 2’FL
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(β = 0.59) at 1 month predicted better infant cognitive development (both P� 0.01). The

association of feedings/day with infant cognitive development was no longer significant after

further adjustment for 2’FL (estimated mediation effect = 0.13, P = 0.04). There were no

associations of feedings/day and 2’FL at 6 months with infant cognitive development.

Conclusions

Our findings suggest that maternal factors influence infant cognitive development through

multiple means. Though maternal obesity may be a separate negative influence, greater fre-

quency of breast milk feeding at 1 month contributed to infant cognitive development

through greater exposure to 2’FL relative to other HMOs. The influence of 2’FL was not sig-

nificant at 6 months, indicating that early exposure to 2’FL may be a critical temporal window

for positively influencing infant cognitive development.

Introduction

Infancy is a critical period of brain organization and plasticity that supports cognitive develop-

ment. During the first 6 months of postnatal life in particular, infants undergo rapid brain

growth that places an unusually high demand on the available pool of nutrients and biochemi-

cal building blocks for cognitive development processes [1]. This is a window of opportunity

to support external influences that can optimize brain maturation and cognitive development,

as early dietary exposures have the potential to mitigate cognitive deficits and maximize learn-

ing and memory for long-term brain function and health [2–4].

It follows that this critical period of brain plasticity coincides with the window of recom-

mended exclusive breast milk feeding. The benefits of breast milk feeding have been well docu-

mented: infants exposed to a longer duration of breast milk feeding had higher intelligence

test scores in childhood [5], an outcome that is stable into adulthood [6]. However, the magni-

tude and extent to which breast milk feeding is beneficial varies across studies [7]. This may be

attributed to several factors. First, maternal characteristics contribute to breast milk character-

istics: mothers who are obese may have more difficulty with breast milk expression to meet

the demands of the infant [8]. Moreover, maternal obesity alters breast milk composition: this

includes neuroactive components, e.g., leptin and adiponectin [9]. Exposure to these com-

pounds has been shown to influence infant cognitive performance [10, 11]. It stands to reason

that maternal obesity and breast milk feeding frequency may impact degree of exposure to

neuroactive components at critical stages of brain maturation, and this may in turn influence

infant cognitive development.

Despite this knowledge, there is a lack of current data on specific breast milk components

that optimize infant cognitive development and learning potential. One component that may

be relevant is a group of non-digestible carbohydrates known as human milk oligosaccharides

(HMOs), the third most predominant component of breast milk [12]. Of the more than 150

HMOs that have been identified so far, 2’-fucosyllactose (2’FL) may be the most promising

candidate for positively influencing infant cognitive abilities. Animal studies revealed that

exposure to 2’FL enhanced cognitive outcomes of learning, memory, and attention in rodents

[13, 14]. This may be attributed to several mechanisms. For example, HMOs are a source of

prebiotics to nourish the gut microbiome, which ferments these molecules into metabolites

that regulate brain signaling, and diminishes gut dysbiosis (imbalance) and inflammation that

can cause brain injury [15, 16]: in vitro, 2’FL increased abundance of gut microbes Bacteroides

2’-fucosyllactose and infant cognitive development
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and Lactobacillus [17], and a greater abundance of the same gut microbes was related to better

cognitive abilities in infants [18].

Though maternal and breast milk characteristics may be mutually beneficial (or harmful),

the extent to which each exposure may impact infant cognitive abilities is unclear and a topic

of much debate. Therefore, the aim of this study was to determine the influence of 2’FL from

breast milk feeding on infant cognitive development by 24 months of age relative to maternal

obesity and breast milk feeding frequency.

Materials and methods

Subjects

Participants in this study were 50 mother-infant pairs recruited from maternity clinics in Los

Angeles County. As described in Berger et al., mothers were included based on the following

criteria: 1) self-identified Hispanic ethnicity; 2)�18 years old at delivery; 3) gave birth to a

healthy, term, singleton newborn; 4) enrolled within 1 month postpartum; 5) intended to

breastfeed for 6 months postpartum; and 6) able to read English or Spanish at a 5th grade level

to understand procedures [19]. Mothers reported pre-pregnancy weight and height so as to

recruit uniformly across the spectrum of pre-pregnancy BMI status [20]. Mothers were

excluded based on the following criteria: 1) reported medications or a medical condition that

could affect physical or mental health, nutrition, or metabolism; 2) used tobacco (>1 cigarette/

week) or recreational drugs; and 3) had a clinical diagnosis of fetal abnormalities [19]. The

Institutional Review Board of Children’s Hospital Los Angeles and the University of Southern

California approved all procedures. Participants provided written informed consent prior to

data collection [19].

Study design

Mother-infant pairs completed three visits for the purposes of this study. As described in Ber-

ger et al. at 1 month, historical health-related information was collected, and included mater-

nal age, infant sex, and infant birth weight [19]. At 1 and 6 months, mothers completed

questionnaires on breast milk feeding practices: mothers were asked to report mean breast

milk feedings/day (i.e., breast milk feeding frequency) for the past 7 days. At 1, 6, and 24

months, infant weight was measured following standard procedures [19]. Mothers were

weighed with and without holding the infant on an electronic scale, and the difference in the

mother’s weight with and without holding the infant was calculated and recorded [19].

Breast milk collection and HMO analysis

At 1 and 6 months, breast milk was collected and analyzed following standard procedures [21–

23]. Mothers were instructed to refrain from eating for 1 hour and feeding and/or pumping

breast milk for 1.5 hours beforehand. Mothers were encouraged to pump the entire contents

of a single breast milk expression. Aliquots were stored at -80˚C until HMO analysis at the

University of California San Diego. Raffinose was added to each sample as an internal standard

for absolute quantification. HMOs were isolated with high-throughput solid-phase extraction,

fluorescently labeled, and measured using high-performance liquid chromatography [23].

Nineteen HMOs were quantified based on standard retention times and mass spectrometric

analysis. These individual HMOs account for >90% of total HMO composition, and include

the following: 2’FL, 3-fucosyllactose (3FL), 3’-sialyllactose (3’SL), 6’-sialyllactose (6’SL), difuco-

syllactose (DFLac), lacto-N-tetraose (LNT), lacto-N-neotetraose (LNnT), lacto-N-fucopen-

taose (LNFP) I, LNFPII, LNFPIII, sialyl-LNT (LST) b, LSTc, difucosyl-LNT (DFLNT),

2’-fucosyllactose and infant cognitive development
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disialyl-LNT (DSLNT), lacto-N-hexaose (LNH), fucosyl-LNH (FLNH), difucosyl-LNH

(DFLNH), fucosyl-disialyl-LNH (FDSLNH), and disialyl-LNH (DSLNH). Secretor status was

defined by the presence or near absence of HMOs 2’FL or LNFP I, and used as a control vari-

able [23].

Infant cognitive development assessment

The Bayley Scales of Infant Development (Third Edition, Bayley-III) was administered by

trained research personnel to assess the developmental functioning of cognitive, language,

and motor skills at 24 months of age [24]. The Bayley-III cognitive scale measures sensorimo-

tor integration, concept formation, attention, habituation, and memory. Based on the premise

of this study [13, 25], analyses were limited to the cognitive scale from this assessment. Scaled

(age-standardized) scores, rather than raw scores, for cognitive development abilities were

used as the dependent (or outcome) variable. The scaled score is a transformation of the raw

score to the average performance of a normative sample at a given age. It corresponds to a set

position on the normal distribution curve [24]. The internal consistency of the Bayley-III cog-

nitive scale is 0.91 [26].

Statistical analysis

Descriptive statistics are presented as mean ± standard deviation (SD) for continuous variables

and as percentages for categorical variables [19]. Normal distribution and homogeneity of

variances were confirmed using Shapiro–Wilks W and Levene’s tests, respectively. Differences

between maternal pre-pregnancy BMI status groups were tested using analysis of variance

with polynomial contrast for continuous variables and by Mantel–Haenszel linear-by-linear

association chi-square tests for categorical variables [19]. In addition, changes in individual

HMOs from 1 month to 6 months that were associated with the outcome variable were deter-

mined with paired samples t-tests.

As described in Berger et al., we conducted a mediation analysis [19]. Mediation analysis

posits that the relationship between exposure and outcome is mediated by a mechanism factor:

the mediator [19]. To be considered a mediator, the following criteria must be met: 1) the

exposure variable is significantly related to the outcome variable (Path C); 2) the exposure vari-

able is significantly related to the mediator variable (Path A); 3) the mediator variable is signifi-

cantly related to the outcome variable, after adjustment for the exposure variable (Path B); and

4) after adjustment for the potential mediator, a previously significant association between the

exposure variable and outcome variable is no longer significant (Path C‘) [19, 27]. We per-

formed linear regression analyses to examine the following relationships: 1) between breast

milk feeding frequency (exposure) and infant cognitive development scores (outcome); and 2)

between breast milk feeding frequency and the potential mediator (HMO 2’FL). We then

examined the extent to which the association between breast milk feeding frequency and infant

cognitive development scores was explained (i.e., potentially mediated) by the potential media-

tor considered [19]. This was done by quantifying the attenuations in the magnitude of the lin-

ear regression coefficient reflecting the association between breast milk feeding frequency and

infant cognitive development scores after adjustment for the HMO 2’FL measurement. Before

analyses, the distributions of breast milk feeding frequency, HMO 2’FL, and infant cognitive

development scores were assessed and found to be normal. We also confirmed that the residu-

als of the outcome, exposure, and mediator variables were independent of each other and that

there was no misspecification of causal order or misspecification of causal direction: infant

cognitive development scores (outcome) could not affect breast milk feeding frequency (expo-

sure) or HMO 2’FL (mediator) [19]. The mediation effect was tested for significance using the

2’-fucosyllactose and infant cognitive development
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bootstrap method. The same analyses were conducted replacing breast milk feeding frequency

with maternal pre-pregnancy BMI as the exposure variable. All models were adjusted for the

following covariates: maternal secretor status, age at delivery, education level, infant sex, age,

and birth weight. All analyses were conducted with SPSS software (version 24; IBM SPSS Sta-

tistics, Chicago, IL). Statistical significance was set at a two-tailed P value <0.05.

Results

The sample was composed of 50 Hispanic mother-infant pairs. In total, mothers were

30.6 ± 7.1 years old at delivery, had a pre-pregnancy BMI of 27.5 ± 5.8 kg/m2, were 86.0%

secretors, and were 76% high school graduates. The percentages of mothers who were normal

weight, overweight, and obese were 34.0%, 36.0%, and 30.0%, respectively. Characteristics of

the mother-infant dyads grouped by maternal pre-pregnancy BMI status are described in

Table 1. Distribution of infant sex, age, birth weight, and weight at 1, 6, and 24 months did

not differ between groups. In addition, there were changes in individual HMOs over lactation.

Though 2’FL and LSTb were similar from 1 month to 6 months (both P = 0.50), DSLNT

(435 ± 181 vs. 365 ± 207 ug/mL), LNH (108 ± 56 vs. 70.0 ± 47 ug/mL), and FLNH (155 ± 93 vs.

57.8 ± 71 ug/mL) decreased from 1 month to 6 months (P� 0.01).

Table 1. Characteristics of the Hispanic mother-infant pairs.

V Maternal pre-pregnancy BMI statusa Pb

Total Normal weight Overweight Obese

n 50 17 18 15

Mothers

Age at delivery (years) 30.6 ± 7.1 31.3 ± 7.1 28.7 ± 7.9 32.0 ± 7.1 0.38

BMI, pre-pregnancy (kg/m2) 27.5 ± 5.8 21.5 ± 1.4 27.4 ± 1.2 34.5 ± 4.3 <0.01

Caesarean section delivery (%)c 25.1 25.4 20.3 29.3 0.46

Secretor (%)c 86.0 85.4 83.6 88.9 0.73

Education level (%)c 0.38

<8th grade 8.00 0.00 16.7 6.70

Completed 8th grade 2.00 0.00 0.00 6.70

Some high school 14.0 17.6 11.1 13.3

Completed high school 28.0 29.4 22.2 33.3

Some college 26.0 11.8 38.9 26.7

Completed college 12.0 23.5 5.60 6.70

Completed graduate school 10.0 17.6 5.60 6.70

Infants

Female (%)c 53.8 57.9 50.8 52.5 0.68

Age (days) 728 ± 54 719 ± 93 735 ± 11 732 ± 9.5 0.65

Birth weight (kg) 3.31 ± 0.3 3.29 ± 0.3 3.27 ± 0.2 3.37 ± 0.4 0.61

Breast milk feedings/day, 1 month (number) 7.16 ± 2.0 7.58 ± 1.2 7.00 ± 2.1 6.87 ± 2.6 0.56

Breast milk feedings/day, 6 months (number) 4.02 ± 3.2 4.69 ± 3.2 3.11 ± 3.4 4.40 ± 2.9 0.32

Weight, 1 month (kg) 4.58 ± 0.4 4.55 ± 0.5 4.68 ± 0.3 4.49 ± 0.3 0.42

Weight, 6 months (kg) 7.87 ± 0.7 7.86 ± 0.8 7.88 ± 0.6 7.85 ± 0.6 0.99

Weight, 24 months (kg) 12.8 ± 1.4 12.9 ± 1.4 12.5 ± 0.9 12.9 ± 1.8 0.52

Cognitive development, 24 months (score) 9.22 ± 2.0 9.59 ± 1.2 9.56 ± 1.7 8.40 ± 2.7 0.16

Values are mean ± SD or %.
aNormal weight, overweight, and obese groups based on maternal pre-pregnancy BMI.
bTests of significance between groups were calculated with analysis of variance.
cTests of significance between groups were based on chi-square test.

https://doi.org/10.1371/journal.pone.0228323.t001
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Maternal pre-pregnancy BMI predicted lower infant cognitive development score (β =

-0.31, P = 0.03) (Fig 1). Maternal pre-pregnancy BMI was not associated with breast milk feed-

ing frequency at 1 month (β = -0.08) and 6 months (β = -0.09) (both P> 0.05). Maternal pre-

pregnancy BMI was not associated with any of the nineteen HMOs, including 2’FL at 1 month

(β = -0.10) and 6 months (β = 0.01) (both P> 0.05). This indicated that maternal pre-preg-

nancy BMI was an independent predictor of infant cognitive development score.

Breast milk feeding frequency (β = 0.34) and HMO 2’FL (β = 0.59) at 1 month predicted

higher infant cognitive development scores (both P� 0.01) (Fig 2). Breast milk feeding fre-

quency also predicted greater 2’FL at 1 month (β = 0.23, P = 0.02). The association between

breast milk feeding frequency at 1 month and higher infant cognitive development scores was

no longer significant after further adjustment for 2’FL (Fig 3). Mediation analysis revealed that

2’FL at 1 month explained the association between breast milk feeding frequency at 1 month

and infant cognitive development scores (estimation of mediation effect = 0.13, P = 0.04). This

indicated that the association of breast milk feeding frequency at 1 month with higher infant

cognitive development scores was explained by 2’FL. Findings were similar when the analysis

was conducted in secretors only. In addition, linear regression models revealed that HMO

DSLNT at 1 month predicted lower infant cognitive development scores (β = -0.32, P = 0.02).

No other individual HMOs at 1 month were related to infant cognitive development scores.

Breast milk feeding frequency (β = 0.21) and HMO 2’FL (β = 0.30) at 6 months were not

associated with infant cognitive development scores (both P> 0.05). However, linear regres-

sion models revealed that HMOs LNH (β = 0.57) and FLNH (β = 0.41) at 6 months predicted

Fig 1. Maternal pre-pregnancy BMI related to infant cognitive development scores at 24 months. Association between maternal pre-pregnancy BMI

with infant cognitive development scores at 24 months was examined using linear regression models, adjusting for maternal age, secretor status,

education level, infant age, infant sex, and infant birth weight (scatter plots are unadjusted).

https://doi.org/10.1371/journal.pone.0228323.g001
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higher infant cognitive development scores (both P� 0.02). HMO LSTb at 6 months predicted

lower infant cognitive development scores (β = -0.55, P< 0.01). No other individual HMOs at

6 months were related to infant cognitive development scores.

Discussion

In this study of Hispanic participants, we found that maternal and breast milk characteristics

were associated with infant cognitive development at 24 months of age, an outcome that prior

studies have suggested tracks across the life course to mitigate risk for psychiatric disorders

and maximize scholastic potential and vocation [3, 4, 6]. While maternal obesity was a separate

Fig 2. Breast milk feeding frequency and HMO 2’FL at 1 month related to infant cognitive development scores at 24 months. Associations between

breast milk feeding frequency (A) and HMO 2’FL (B) at 1 month with infant cognitive development at 24 months were examined using linear

regression models, adjusting for maternal age, pre-pregnancy BMI, secretor status, education level, infant age, infant sex, and infant birth weight

(scatter plots are unadjusted).

https://doi.org/10.1371/journal.pone.0228323.g002

Fig 3. Mediation models of the pathway from breast milk feeding frequency at 1 month to infant cognitive development scores at 24 months via

HMO 2’FL at 1 month. Path A is the path from breast milk feeding frequency (exposure) to 2’FL (mediator). Path B is the path from 2’FL (mediator) to

infant cognitive development scores (outcome). Path C is the path from breast milk feeding frequency (exposure) to infant cognitive development

scores (outcome). Path C’ is the path from breast milk feeding frequency (exposure) to infant cognitive development scores (outcome) when controlled

for 2’FL (mediator). Standardized (B) coefficients with p values are presented. All models were adjusted for the following control variables: maternal

age, pre-pregnancy BMI, secretor status, education level, infant age, infant sex, and infant birth weight.

https://doi.org/10.1371/journal.pone.0228323.g003
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and negative influence, the combination of breast milk feedings and HMOs was a positive

influence to augment infant cognitive development. That is, greater frequency of breast milk

feedings at 1 month contributed to infant cognitive development through greater exposure to

HMO 2’FL at 1 month. Because similar associations were not observed at 6 months suggests

that early exposure to 2’FL may be most important for enhancing infant learning and memory,

with benefits that may endure into adulthood.

Mothers are the earliest influences of infant cognitive development, as mothers inform

infant biology as well as infant environment and behavior. One maternal factor that impacts

infant cognitive development is maternal weight status. In other studies, mothers who were

overweight and obese before pregnancy (BMI�25 kg/m2) were more likely to have a child

with lower intelligence test scores at 4 to 14 years of age [28–30]. Mothers with excess weight

gain during pregnancy (>1 standard deviation) were more likely to have a child with lower

verbal and non-verbal test scores at 10 years of age [30, 31]. Our finding that maternal obesity

before pregnancy predicted lower infant cognitive development scores at 24 months has been

reported previously [32, 33], but builds on existing evidence through our exclusive study of

Hispanic participants. It lends even more support for clinical trials to target maternal obesity

for the benefit of the infant, particularly in disparate cohorts.

As we postulated in a previous publication in the same cohort [19], maternal obesity may

persist after pregnancy, and alter breast milk characteristics [8, 9, 19, 34]: this includes neuro-

active components for infant cognitive development [9, 34]. However, we found that maternal

obesity before pregnancy was a separate influence, unrelated to breast milk factors. This may

be due to several reasons. First, maternal pre-pregnancy BMI is a marked influence of fetal

brain development that supports infant cognitive development [35–37]. However, we can only

speculate that intrauterine exposure to maternal weight status contributed to infant cognitive

development in our cohort. Second, maternal pre-pregnancy BMI may not alter HMOs, as

carbohydrates are relatively stable in human milk [38]. That said, there is some evidence that

carbohydrates vary with breast milk feeding frequency [38].

Indeed, breast milk feeding frequency and HMOs were distinct determinants of infant

cognitive development, with cumulative potential. Our data revealed that greater frequency

of breast milk feedings at 1 month contributed to improved infant cognitive development.

This in line with multiple studies to date: infants who ever breastfed tend to have better cog-

nitive performance in childhood vs. those who never breastfed [5, 39]. However, we found

that more frequent breast milk feedings at 6 months were not associated with infant cognitive

development. Though similar results have been reported [39], there are discrepancies across

studies in terms of optimal feeding time and duration [5]. This may be due to differences in

study populations, assessment tools, and infant outcomes. It may also be due to a narrow

research focus on breast milk amount vs. composition, as well as the timing of breast milk

exposure. Because individual HMOs tend to be stable or decrease (vs. increase) over lacta-

tion, there may be a critical temporal window for maximizing infant cognitive development

[38].

To this end, we found that the link between breast milk feeding frequency at 1 month and

infant cognitive development was explained by HMO 2’FL. Though hundreds of HMOs have

been identified, 2’FL has emerged in the context of one that relates to cognitive development.

In animals, exposure to 2’FL enhanced cognitive performance in rat pups as well as adults

[13]: this was through long-term potentiation of the brain hippocampus that facilitates spatial

learning and memory [14]. Indeed, HMOs are a source of prebiotics to nourish the gut micro-

biome, and 2’FL may shape infant cognitive development through several mechanisms: 1)

HMOs may diminish gut dysbiosis (imbalance) and consequent inflammation from the imma-

ture intestine to the developing brain, to protect against deficits in early cognition [15, 16]; and

2’-fucosyllactose and infant cognitive development
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2) HMOs may enhance production of metabolites that support infant cognitive development.

In vitro, 2’FL increased abundance of gut microbes Bacteroides and Lactobacillus, and this

increased production of short chain fatty acids, a substrate in brain signaling [17, 40]. It follows

that a study in infants found that greater abundance of the same gut microbes was related to

better cognitive performance at 2 years of age [18].

It is possible that individual HMOs DSLNT, LSTb, LNH, and FLNH were also associated

with infant cognitive development through proliferation or depletion of specific gut microbes

[41]. Indeed, DSLNT and LSTb are similar in structure [41], and may share a similar function

that impacts poorer infant cognitive development, with differential effects at 1 and 6 months.

However, compared to 2’FL, there is quite limited data on these prebiotic substrates to eluci-

date potential effects at this time. Future reports from this cohort will assess the influence of

2’FL and individual HMOs on infant cognitive development in combination with influences

of the gut microbiome.

This study has several limitations. For example, the use of mediation models in a cross-

sectional design would be strengthened with the addition of a randomized design, to elimi-

nate possible confounders and better establish causality. Moreover, our results are specific to

a small sample of Hispanic mother-infant pairs located in the Southwestern United States.

The limited number of participants could have reduced statistical power to detect significant

associations among exposure, outcome, and mediator variables, especially when data were

dichotomized relative to maternal pre-pregnancy BMI categories (as in Table 1) [42, 43]. In

addition, our cohort could be considered somewhat homogenous in socioeconomic status,

education level, and cultural practices that surround food choice and eating behaviors, and

this limits generalizability of our results. That said, Hispanic mother-infant pairs are at

increased risk for obesity, and our findings offer more insight into racial/ethnic disparities

[44].

In conclusion, results from this study demonstrate that maternal factors influence infant

cognitive development through multiple mechanisms. Though maternal obesity may be a sep-

arate negative influence, greater breast milk feeding frequency at 1 month contributed to

infant cognitive development, and this was explained through greater exposure to 2’FL.

Because the association was not observed at 6 months indicates that early exposure to 2’FL

may be a critical temporal window for positively influencing infant cognitive development.

This information may guide interventions to improve maternal factors and feeding practices

to optimize infant cognitive abilities and learning potential.

Supporting information

S1 Fig. Participant flow chart.

(PDF)

S2 Fig. HMO DSLNT at 1 month related to infant cognitive development scores at 24

months. Association between HMO DSLNT at 1 month with infant cognitive development at

24 months was examined using linear regression models, adjusting for maternal age, pre-preg-

nancy BMI, secretor status, education level, infant age, infant sex, and infant birth weight (scat-

ter plots are unadjusted).

(TIFF)

S1 STROBE Checklist. Strengthening the reporting of observational studies in epidemiol-

ogy.

(PDF)

2’-fucosyllactose and infant cognitive development

PLOS ONE | https://doi.org/10.1371/journal.pone.0228323 February 12, 2020 9 / 12

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0228323.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0228323.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0228323.s003
https://doi.org/10.1371/journal.pone.0228323


Acknowledgments

The authors thank the participating mothers for their commitment to this research. We also

thank Carla Flores, Danielle Garcia, Rosa Rangel, Sinthia Arcadia Rodriguez, Elizabeth Camp-

bell, and Claudia Rios for coordination of this project, and our research collaborators for

administering the Bayley Scales of Infant Development.

Author Contributions

Conceptualization: Paige K. Berger, Bradley S. Peterson, Lars Bode, Michael I. Goran.

Data curation: Paige K. Berger, Jasmine F. Plows, Roshonda B. Jones, Tanya L. Alderete.

Formal analysis: Paige K. Berger, Ji Hoon Ryoo.

Funding acquisition: Michael I. Goran.

Investigation: Chloe Yonemitsu.

Supervision: Marie Poulsen, Bradley S. Peterson, Lars Bode, Michael I. Goran.

Writing – original draft: Paige K. Berger.

Writing – review & editing: Paige K. Berger, Jasmine F. Plows, Roshonda B. Jones, Tanya L.

Alderete, Chloe Yonemitsu, Marie Poulsen, Ji Hoon Ryoo, Bradley S. Peterson, Lars Bode,

Michael I. Goran.

References
1. Wang B. Molecular mechanism underlying sialic acid as an essential nutrient for brain development

and cognition. Adv Nutr. 2012; 3(3):465S–72S. https://doi.org/10.3945/an.112.001875 PMID:

22585926

2. Martin LT, Kubzansky LD, LeWinn KZ, Lipsitt LP, Satz P, Buka SL. Childhood cognitive performance

and risk of generalized anxiety disorder. Int J Epidemiol. 2007; 36(4):769–75. https://doi.org/10.1093/

ije/dym063 PMID: 17470490.

3. Gale CR, Batty GD, Cooper C, Deary IJ. Psychomotor coordination and intelligence in childhood and

health in adulthood—testing the system integrity hypothesis. Psychosom Med. 2009; 71(6):675–81.

https://doi.org/10.1097/PSY.0b013e3181a63b2e PMID: 19483120.

4. Victora CG, Horta BL, Loret de Mola C, Quevedo L, Pinheiro RT, Gigante DP, et al. Association

between breastfeeding and intelligence, educational attainment, and income at 30 years of age: a pro-

spective birth cohort study from Brazil. Lancet Glob Health. 2015; 3(4):e199–205. https://doi.org/10.

1016/S2214-109X(15)70002-1 PMID: 25794674

5. Belfort MB, Rifas-Shiman SL, Kleinman KP, Guthrie LB, Bellinger DC, Taveras EM, et al. Infant feeding

and childhood cognition at ages 3 and 7 years: Effects of breastfeeding duration and exclusivity. JAMA

Pediatr. 2013; 167(9):836–44. https://doi.org/10.1001/jamapediatrics.2013.455 PMID: 23896931

6. Sattler J. Assessment of Children: Cognitive Applications. 4th ed. San Diego: Jerome M. Sattler, Inc.;

2001.

7. Wigg NR, Tong S, McMichael AJ, Baghurst PA, Vimpani G, Roberts R. Does breastfeeding at six

months predict cognitive development? Aust N Z J Public Health. 1998; 22(2):232–6. https://doi.org/10.

1111/j.1467-842x.1998.tb01179.x PMID: 9744183.

8. Leonard SA, Labiner-Wolfe J, Geraghty SR, Rasmussen KM. Associations between high prepregnancy

body mass index, breast-milk expression, and breast-milk production and feeding. Am J Clin Nutr.

2011; 93(3):556–63. https://doi.org/10.3945/ajcn.110.002352 PMID: 21209224.

9. Sadr Dadres G, Whitaker KM, Haapala JL, Foster L, Smith KD, Teague AM, et al. Relationship of Mater-

nal Weight Status Before, During, and After Pregnancy with Breast Milk Hormone Concentrations. Obe-

sity (Silver Spring). 2019; 27(4):621–8. https://doi.org/10.1002/oby.22409 PMID: 30900412

10. Li N, Arbuckle TE, Muckle G, Lanphear BP, Boivin M, Chen A, et al. Associations of cord blood leptin

and adiponectin with children’s cognitive abilities. Psychoneuroendocrinology. 2019; 99:257–64.

https://doi.org/10.1016/j.psyneuen.2018.10.021 PMID: 30390444

2’-fucosyllactose and infant cognitive development

PLOS ONE | https://doi.org/10.1371/journal.pone.0228323 February 12, 2020 10 / 12

https://doi.org/10.3945/an.112.001875
http://www.ncbi.nlm.nih.gov/pubmed/22585926
https://doi.org/10.1093/ije/dym063
https://doi.org/10.1093/ije/dym063
http://www.ncbi.nlm.nih.gov/pubmed/17470490
https://doi.org/10.1097/PSY.0b013e3181a63b2e
http://www.ncbi.nlm.nih.gov/pubmed/19483120
https://doi.org/10.1016/S2214-109X(15)70002-1
https://doi.org/10.1016/S2214-109X(15)70002-1
http://www.ncbi.nlm.nih.gov/pubmed/25794674
https://doi.org/10.1001/jamapediatrics.2013.455
http://www.ncbi.nlm.nih.gov/pubmed/23896931
https://doi.org/10.1111/j.1467-842x.1998.tb01179.x
https://doi.org/10.1111/j.1467-842x.1998.tb01179.x
http://www.ncbi.nlm.nih.gov/pubmed/9744183
https://doi.org/10.3945/ajcn.110.002352
http://www.ncbi.nlm.nih.gov/pubmed/21209224
https://doi.org/10.1002/oby.22409
http://www.ncbi.nlm.nih.gov/pubmed/30900412
https://doi.org/10.1016/j.psyneuen.2018.10.021
http://www.ncbi.nlm.nih.gov/pubmed/30390444
https://doi.org/10.1371/journal.pone.0228323


11. Camargos AC, Mendonca VA, Oliveira KS, de Andrade CA, Leite HR, da Fonseca SF, et al. Association

between obesity-related biomarkers and cognitive and motor development in infants. Behav Brain Res.

2017; 325(Pt A):12–6. https://doi.org/10.1016/j.bbr.2017.02.030 PMID: 28238825.

12. Coppa GV, Gabrielli O, Pierani P, Catassi C, Carlucci A, Giorgi PL. Changes in carbohydrate composi-

tion in human milk over 4 months of lactation. Pediatrics. 1993; 91(3):637–41. PMID: 8441573.

13. Oliveros E, Ramirez M, Vazquez E, Barranco A, Gruart A, Delgado-Garcia JM, et al. Oral supplementa-

tion of 2’-fucosyllactose during lactation improves memory and learning in rats. J Nutr Biochem. 2016;

31:20–7. https://doi.org/10.1016/j.jnutbio.2015.12.014 PMID: 27133420.

14. Vazquez E, Barranco A, Ramirez M, Gruart A, Delgado-Garcia JM, Martinez-Lara E, et al. Effects of a

human milk oligosaccharide, 2’-fucosyllactose, on hippocampal long-term potentiation and learning

capabilities in rodents. J Nutr Biochem. 2015; 26(5):455–65. https://doi.org/10.1016/j.jnutbio.2014.11.

016 PMID: 25662731.

15. ten Bruggencate SJ, Bovee-Oudenhoven IM, Feitsma AL, van Hoffen E, Schoterman MH. Functional

role and mechanisms of sialyllactose and other sialylated milk oligosaccharides. Nutr Rev. 2014; 72

(6):377–89. https://doi.org/10.1111/nure.12106 PMID: 24828428.

16. Bode L. Human Milk Oligosaccharides in the Prevention of Necrotizing Enterocolitis: A Journey From in

vitro and in vivo Models to Mother-Infant Cohort Studies. Front Pediatr. 2018; 6:385. https://doi.org/10.

3389/fped.2018.00385 PMID: 30564564

17. Yu ZT, Chen C, Newburg DS. Utilization of major fucosylated and sialylated human milk oligosaccha-

rides by isolated human gut microbes. Glycobiology. 2013; 23(11):1281–92. https://doi.org/10.1093/

glycob/cwt065 PMID: 24013960

18. Carlson AL, Xia K, Azcarate-Peril MA, Goldman BD, Ahn M, Styner MA, et al. Infant Gut Microbiome

Associated With Cognitive Development. Biol Psychiatry. 2018; 83(2):148–59. https://doi.org/10.1016/j.

biopsych.2017.06.021 PMID: 28793975

19. Berger PK, Plows JF, Jones RB, Pollock NK, Alderete TL, Ryoo JH, et al. Maternal blood pressure

mediates the association between maternal obesity and infant weight gain in early postpartum. Pediatr

Obes. 2019:e12560. https://doi.org/10.1111/ijpo.12560 PMID: 31297972.

20. Kuczmarski RJ, Flegal KM. Criteria for definition of overweight in transition: background and recommen-

dations for the United States. Am J Clin Nutr. 2000; 72(5):1074–81. https://doi.org/10.1093/ajcn/72.5.

1074 PMID: 11063431.

21. Fields DA, Demerath EW. Relationship of insulin, glucose, leptin, IL-6 and TNF-alpha in human breast

milk with infant growth and body composition. Pediatr Obes. 2012; 7(4):304–12. https://doi.org/10.

1111/j.2047-6310.2012.00059.x PMID: 22577092

22. Goran MI, Martin AA, Alderete TL, Fujiwara H, Fields DA. Fructose in Breast Milk Is Positively Associ-

ated with Infant Body Composition at 6 Months of Age. Nutrients. 2017; 9(2). https://doi.org/10.3390/

nu9020146 PMID: 28212335

23. Azad MB, Robertson B, Atakora F, Becker AB, Subbarao P, Moraes TJ, et al. Human Milk Oligosaccha-

ride Concentrations Are Associated with Multiple Fixed and Modifiable Maternal Characteristics, Envi-

ronmental Factors, and Feeding Practices. J Nutr. 2018; 148(11):1733–42. https://doi.org/10.1093/jn/

nxy175 PMID: 30247646.

24. Spann MN, Bansal R, Rosen TS, Peterson BS. Morphological features of the neonatal brain support

development of subsequent cognitive, language, and motor abilities. Hum Brain Mapp. 2014; 35

(9):4459–74. https://doi.org/10.1002/hbm.22487 PMID: 24615961

25. Oliveros E, Vazquez E, Barranco A, Ramirez M, Gruart A, Delgado-Garcia JM, et al. Sialic Acid and Sia-

lylated Oligosaccharide Supplementation during Lactation Improves Learning and Memory in Rats.

Nutrients. 2018; 10(10). https://doi.org/10.3390/nu10101519 PMID: 30332832

26. Bayley N. Bayley Scales of Infant and Toddler Development, Third Edition. Journal of Psychoeduca-

tional Assessment. 2006; 25(2):180–98.

27. Baron RM, Kenny DA. The moderator-mediator variable distinction in social psychological research:

conceptual, strategic, and statistical considerations. J Pers Soc Psychol. 1986; 51(6):1173–82. https://

doi.org/10.1037//0022-3514.51.6.1173 PMID: 3806354.

28. Daraki V, Roumeliotaki T, Koutra K, Georgiou V, Kampouri M, Kyriklaki A, et al. Effect of parental obe-

sity and gestational diabetes on child neuropsychological and behavioral development at 4 years of

age: the Rhea mother-child cohort, Crete, Greece. Eur Child Adolesc Psychiatry. 2017; 26(6):703–14.

https://doi.org/10.1007/s00787-016-0934-2 PMID: 28050707.

29. Tanda R, Salsberry PJ, Reagan PB, Fang MZ. The impact of prepregnancy obesity on children’s cogni-

tive test scores. Matern Child Health J. 2013; 17(2):222–9. https://doi.org/10.1007/s10995-012-0964-4

PMID: 22350633

2’-fucosyllactose and infant cognitive development

PLOS ONE | https://doi.org/10.1371/journal.pone.0228323 February 12, 2020 11 / 12

https://doi.org/10.1016/j.bbr.2017.02.030
http://www.ncbi.nlm.nih.gov/pubmed/28238825
http://www.ncbi.nlm.nih.gov/pubmed/8441573
https://doi.org/10.1016/j.jnutbio.2015.12.014
http://www.ncbi.nlm.nih.gov/pubmed/27133420
https://doi.org/10.1016/j.jnutbio.2014.11.016
https://doi.org/10.1016/j.jnutbio.2014.11.016
http://www.ncbi.nlm.nih.gov/pubmed/25662731
https://doi.org/10.1111/nure.12106
http://www.ncbi.nlm.nih.gov/pubmed/24828428
https://doi.org/10.3389/fped.2018.00385
https://doi.org/10.3389/fped.2018.00385
http://www.ncbi.nlm.nih.gov/pubmed/30564564
https://doi.org/10.1093/glycob/cwt065
https://doi.org/10.1093/glycob/cwt065
http://www.ncbi.nlm.nih.gov/pubmed/24013960
https://doi.org/10.1016/j.biopsych.2017.06.021
https://doi.org/10.1016/j.biopsych.2017.06.021
http://www.ncbi.nlm.nih.gov/pubmed/28793975
https://doi.org/10.1111/ijpo.12560
http://www.ncbi.nlm.nih.gov/pubmed/31297972
https://doi.org/10.1093/ajcn/72.5.1074
https://doi.org/10.1093/ajcn/72.5.1074
http://www.ncbi.nlm.nih.gov/pubmed/11063431
https://doi.org/10.1111/j.2047-6310.2012.00059.x
https://doi.org/10.1111/j.2047-6310.2012.00059.x
http://www.ncbi.nlm.nih.gov/pubmed/22577092
https://doi.org/10.3390/nu9020146
https://doi.org/10.3390/nu9020146
http://www.ncbi.nlm.nih.gov/pubmed/28212335
https://doi.org/10.1093/jn/nxy175
https://doi.org/10.1093/jn/nxy175
http://www.ncbi.nlm.nih.gov/pubmed/30247646
https://doi.org/10.1002/hbm.22487
http://www.ncbi.nlm.nih.gov/pubmed/24615961
https://doi.org/10.3390/nu10101519
http://www.ncbi.nlm.nih.gov/pubmed/30332832
https://doi.org/10.1037//0022-3514.51.6.1173
https://doi.org/10.1037//0022-3514.51.6.1173
http://www.ncbi.nlm.nih.gov/pubmed/3806354
https://doi.org/10.1007/s00787-016-0934-2
http://www.ncbi.nlm.nih.gov/pubmed/28050707
https://doi.org/10.1007/s10995-012-0964-4
http://www.ncbi.nlm.nih.gov/pubmed/22350633
https://doi.org/10.1371/journal.pone.0228323


30. Pugh SJ, Richardson GA, Hutcheon JA, Himes KP, Brooks MM, Day NL, et al. Maternal Obesity and

Excessive Gestational Weight Gain Are Associated with Components of Child Cognition. J Nutr. 2015;

145(11):2562–9. https://doi.org/10.3945/jn.115.215525 PMID: 26423736

31. Pugh SJ, Hutcheon JA, Richardson GA, Brooks MM, Himes KP, Day NL, et al. Child academic achieve-

ment in association with pre-pregnancy obesity and gestational weight gain. J Epidemiol Community

Health. 2016; 70(6):534–40. https://doi.org/10.1136/jech-2015-206800 PMID: 26729706

32. Casas M, Chatzi L, Carsin AE, Amiano P, Guxens M, Kogevinas M, et al. Maternal pre-pregnancy over-

weight and obesity, and child neuropsychological development: two Southern European birth cohort

studies. Int J Epidemiol. 2013; 42(2):506–17. https://doi.org/10.1093/ije/dyt002 PMID: 23569191.

33. Hinkle SN, Schieve LA, Stein AD, Swan DW, Ramakrishnan U, Sharma AJ. Associations between

maternal prepregnancy body mass index and child neurodevelopment at 2 years of age. Int J Obes

(Lond). 2012; 36(10):1312–9. https://doi.org/10.1038/ijo.2012.143 PMID: 22964791

34. Isganaitis E, Venditti S, Matthews TJ, Lerin C, Demerath EW, Fields DA. Maternal obesity and the

human milk metabolome: associations with infant body composition and postnatal weight gain. Am J

Clin Nutr. 2019. https://doi.org/10.1093/ajcn/nqy334 PMID: 30968129

35. Ou X, Thakali KM, Shankar K, Andres A, Badger TM. Maternal adiposity negatively influences infant

brain white matter development. Obesity (Silver Spring). 2015; 23(5):1047–54. https://doi.org/10.1002/

oby.21055 PMID: 25919924

36. Deoni S, Dean D 3rd, Joelson S, O’Regan J, Schneider N. Early nutrition influences developmental

myelination and cognition in infants and young children. Neuroimage. 2017. https://doi.org/10.1016/j.

neuroimage.2017.12.056 PMID: 29277402.

37. Croteau-Chonka EC, Dean DC 3rd, Remer J, Dirks H, O’Muircheartaigh J, Deoni SCL. Examining the

relationships between cortical maturation and white matter myelination throughout early childhood.

Neuroimage. 2016; 125:413–21. https://doi.org/10.1016/j.neuroimage.2015.10.038 PMID: 26499814

38. Czosnykowska-Lukacka M, Krolak-Olejnik B, Orczyk-Pawilowicz M. Breast Milk Macronutrient Compo-

nents in Prolonged Lactation. Nutrients. 2018; 10(12). https://doi.org/10.3390/nu10121893 PMID:

30513944

39. Morrow-Tlucak M, Haude RH, Ernhart CB. Breastfeeding and cognitive development in the first 2 years

of life. Soc Sci Med. 1988; 26(6):635–9. https://doi.org/10.1016/0277-9536(88)90028-7 PMID:

3363405.

40. Wall R, Cryan JF, Ross RP, Fitzgerald GF, Dinan TG, Stanton C. Bacterial neuroactive compounds pro-

duced by psychobiotics. Adv Exp Med Biol. 2014; 817:221–39. https://doi.org/10.1007/978-1-4939-

0897-4_10 PMID: 24997036.

41. Moossavi S, Atakora F, Miliku K, Sepehri S, Robertson B, Duan QL, et al. Integrated Analysis of Human

Milk Microbiota With Oligosaccharides and Fatty Acids in the CHILD Cohort. Front Nutr. 2019; 6:58.

https://doi.org/10.3389/fnut.2019.00058 PMID: 31157227

42. MacCallum RC, Zhang S, Preacher KJ, Rucker DD. On the practice of dichotomization of quantitative

variables. Psychol Methods. 2002; 7(1):19–40. https://doi.org/10.1037/1082-989x.7.1.19 PMID:

11928888.

43. Altman DG, Royston P. The cost of dichotomising continuous variables. BMJ. 2006; 332(7549):1080.

https://doi.org/10.1136/bmj.332.7549.1080 PMID: 16675816

44. Kimbro RT, Brooks-Gunn J, McLanahan S. Racial and ethnic differentials in overweight and obesity

among 3-year-old children. Am J Public Health. 2007; 97(2):298–305. https://doi.org/10.2105/AJPH.

2005.080812 PMID: 17194857

2’-fucosyllactose and infant cognitive development

PLOS ONE | https://doi.org/10.1371/journal.pone.0228323 February 12, 2020 12 / 12

https://doi.org/10.3945/jn.115.215525
http://www.ncbi.nlm.nih.gov/pubmed/26423736
https://doi.org/10.1136/jech-2015-206800
http://www.ncbi.nlm.nih.gov/pubmed/26729706
https://doi.org/10.1093/ije/dyt002
http://www.ncbi.nlm.nih.gov/pubmed/23569191
https://doi.org/10.1038/ijo.2012.143
http://www.ncbi.nlm.nih.gov/pubmed/22964791
https://doi.org/10.1093/ajcn/nqy334
http://www.ncbi.nlm.nih.gov/pubmed/30968129
https://doi.org/10.1002/oby.21055
https://doi.org/10.1002/oby.21055
http://www.ncbi.nlm.nih.gov/pubmed/25919924
https://doi.org/10.1016/j.neuroimage.2017.12.056
https://doi.org/10.1016/j.neuroimage.2017.12.056
http://www.ncbi.nlm.nih.gov/pubmed/29277402
https://doi.org/10.1016/j.neuroimage.2015.10.038
http://www.ncbi.nlm.nih.gov/pubmed/26499814
https://doi.org/10.3390/nu10121893
http://www.ncbi.nlm.nih.gov/pubmed/30513944
https://doi.org/10.1016/0277-9536(88)90028-7
http://www.ncbi.nlm.nih.gov/pubmed/3363405
https://doi.org/10.1007/978-1-4939-0897-4_10
https://doi.org/10.1007/978-1-4939-0897-4_10
http://www.ncbi.nlm.nih.gov/pubmed/24997036
https://doi.org/10.3389/fnut.2019.00058
http://www.ncbi.nlm.nih.gov/pubmed/31157227
https://doi.org/10.1037/1082-989x.7.1.19
http://www.ncbi.nlm.nih.gov/pubmed/11928888
https://doi.org/10.1136/bmj.332.7549.1080
http://www.ncbi.nlm.nih.gov/pubmed/16675816
https://doi.org/10.2105/AJPH.2005.080812
https://doi.org/10.2105/AJPH.2005.080812
http://www.ncbi.nlm.nih.gov/pubmed/17194857
https://doi.org/10.1371/journal.pone.0228323

