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Abstract

Background

Numerous studies have shown that specific components of breast milk, considered sepa-

rately, are associated with disease status in the mother or the child using univariate analy-

ses. However, very few studies have considered multivariate analysis approaches to

evaluate the relationship between multiple breast milk components simultaneously.

Aim

Here we aimed at visualizing breast milk component complex interactions in the context of

the allergy status of the mother or the child.

Methods

Milk samples were collected from lactating mothers participating in the Leipziger For-

schungszentrum für Zivilisationskrankheiten (LIFE) Child cohort in Leipzig, Germany. A

total of 156 breast milk samples, collected at 3 months after birth from mother/infant pairs,

were analyzed for 51 breast milk components. Correlation, principal component analysis

(PCA) and graphical discovery analysis were used.

Result

Correlations ranging from 0.40 to 0.96 were observed between breast milk fatty acid and

breast milk phospholipids levels and correlations ranging from 0 to 0.76 between specific

human milk oligosaccharides (HMO) were observed. No separation of the data based on

the risk of allergy in the infants was identified using PCA. When graphical discovery analysis

was used, dependencies between maternal plasma immunoglobulin E (IgE) level and the
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Eckhardt E, Holvoet S, Nutten S, et al. (2020) Novel

approach to visualize the inter-dependencies

between maternal sensitization, breast milk

immune components and human milk

oligosaccharides in the LIFE Child cohort. PLoS

ONE 15(4): e0230472. https://doi.org/10.1371/

journal.pone.0230472

Editor: Laxmi Yeruva, UAMS/ACHRI/ACNC,

UNITED STATES

Received: June 1, 2019

Accepted: March 1, 2020

Published: April 21, 2020

Copyright: © 2020 Michel et al. This is an open

access article distributed under the terms of the

Creative Commons Attribution License, which

permits unrestricted use, distribution, and

reproduction in any medium, provided the original

author and source are credited.

Data Availability Statement: All mothers included

were informed and provided their written informed

consent to participate. LIFE Child study is

registered in ClinicalTrials.gov under the clinical

trial number: NCT02550236. The legal

requirements and the given informed consent do

not allow public sharing of the dataset. Interested

researchers can contact LIFE Child (research@life-

child.de) for further information on how to access

to the dataset PV-0195.

http://orcid.org/0000-0002-3377-290X
https://doi.org/10.1371/journal.pone.0230472
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0230472&domain=pdf&date_stamp=2020-04-21
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0230472&domain=pdf&date_stamp=2020-04-21
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0230472&domain=pdf&date_stamp=2020-04-21
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0230472&domain=pdf&date_stamp=2020-04-21
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0230472&domain=pdf&date_stamp=2020-04-21
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0230472&domain=pdf&date_stamp=2020-04-21
https://doi.org/10.1371/journal.pone.0230472
https://doi.org/10.1371/journal.pone.0230472
http://creativecommons.org/licenses/by/4.0/
mailto:research@life-child.de
mailto:research@life-child.de


breast milk immune marker transforming growth factor-beta 2 (TGF-ß2), between TGF-ß2,

breast milk immunoglobulin A (IgA) and TGF-ß1 as well as between breast milk total protein

and birth weight were observed. Graphical discovery analysis also exemplifies a possible

competition for the fucosyl group between 2’FL, LNFP-I and 3’FL in the HMO group. Addi-

tionally, dependencies between immune component IgA and specific HMO (6’SL and blood

group A antigen tetraose type 5 or PI-HMO) were identified.

Conclusion

Graphical discovery analysis applied to complex matrices such as breast milk composition

can aid in understanding the complexity of interactions between breast milk components

and possible relations to health parameters in the mother or the infant. This approach can

lead to novel discoveries in the context of health and diseases such as allergy. Our study

thus represents the first attempt to visualize the complexity and the inter-dependency of

breast milk components.

Introduction

Human breast milk is the gold standard for infant nutrition, providing optimum nutrition and

immune protection for healthy growth and development [1]. As early as 1898, the British Med-

ical Journal published a study associating breast milk components with childhood morbidity

and mortality [2]. In 1900, the complexity of breast milk composition and the changes in com-

position with the mother’s health status were discussed [3]. Since then, numerous reports have

described the effect of breast milk composition on atopic or allergic diseases in infants, as well

as the effect of environmental factors such as maternal diet or lifestyle behaviours on breast

milk composition [4–6].

Currently, the literature has yet to reach a consensus on whether any breast milk compo-

nent or a specific profile for breast milk composition is associated with allergy risk, allergic

sensitization, or allergic disease in the infant [7, 8]. Numerous studies have associated breast

milk levels of transforming growth factors (TGF) such as TGF-ß1, TGF-ß2 and/or levels of

immunoglobulin (Ig) A with allergy in infants or mothers [9–11], yet a recent review suggests

that the data were not robust enough to reach a conclusion on TGF-ß1 and 2 [12]. Similarly,

breast milk fatty acids such as polyunsaturated fatty acid (PUFA) and polyunsaturated fatty

acid (MUFA) levels or ratio have been found inversely associated with allergy risk in the

infants while others did not found any association [13]. Finally, 3 recent studies have suggested

a possible association between human milk oligosaccharides (HMO) and atopic dermatitis

[14, 15], milk allergy [14] or allergic sensitization [16] in the infants. Interestingly, the latter

study did not found direct positive or negative associations between HMO levels and allergic

sensitization using univariate analysis but rather identified that overall profiles should be con-

sidered when examining the health effects of HMO and the risk of sensitization in infants [16].

Besides the possible confounding environmental factors, the study design, methodology, and

sample size, these conflicting results in the literature also emphasized the complexity of the

association between breast milk composition and allergy, and suggest that univariate analysis

in complex data set [17] or in a dynamic fluid, like breast milk, may be limited due to underly-

ing interactions amongst components.
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To date, very few studies have considered multivariate analysis approach to evaluate the

relationship between multiple breast milk components simultaneously and with disease risk,

and even fewer in the context of allergy [13, 16]. Visualization of complex interactions is thus

an interesting method to generate new hypothesis and discoveries in a complex matrix like

breast milk. To our knowledge, none used graphical causal discovery algorithms to visualize

the possible direct and indirect interaction between breast milk components.

In this short communication, we illustrate hidden breast milk component interactions that

might affect the association with clinical parameters like allergic sensitization in the mother.

Multivariate analysis approach was used to assess the interactions among 51 different breast

milk components, along with some of the main confounders which influence breast milk com-

position and allergic sensitization in the mother and the infant or allergic outcomes in the

infant. Breast milk samples used in the analysis were collected from a group of mothers

enrolled in the Leipziger Forschungszentrum für Zivilisationskrankheiten (Leipzig Research

Center for Civilization Diseases) (LIFE) Child study in Germany [18].

Methods

Breast milk cohort

This cohort of 156 mother/infant pairs were selected from the LIFE Child study (5). When the

project started in March 2015, at that time, 333 mother-infant pairs were included in the LIFE

Child cohort since 2011. Of these 333 pairs, 237 mothers (75%) provided breast milk samples

at 3 months, 156 pairs were selected due to the completion of the allergy questionnaires in the

mother and or the child. The number of subjects in the different groups is summarized in

Table 1 and S1 Fig. While the sample size is small (n = 156) allergy prevalence was in expected

ranges for the general European/German infant population. The selection of the samples was

based on the availability of breast milk samples at three months of life along with the comple-

tion of the allergy questionnaires in mothers at any time during the study and/or infants in the

first year of life of the infant. For the purpose of the study, maternal allergic sensitization was

defined by the total IgE level in plasma greater than 127 KU/L [19] and allergy defined as self-

reported asthma, rhinitis, atopic dermatitis eczema and, and / or allergic reactions to specific

food (with vomit, nausea, diarrhea, exacerbation of eczema or asthma symptoms) in the

mother. For the purpose of this study, infant allergic sensitization was defined as a total plasma

IgE greater than 35 kU/L and 53 kU/L at 6 and 12 months respectively [19], and allergy risk as

a positive answer to the questions “did a doctor ever diagnose food allergy in your child” “Did

your child ever have eczema / atopic dermatitis” or “did your child suffer from recurrent

rashes associated with pruritus during more than 15 days” at 3, 6 months or at one year.

Mother and child total plasma IgE was quantified using ImmunoCAP© Phadia Laboratory

Systems technology (Phadia AB, Uppsala, Sweden). In this cohort, allergy and confounders

such as socio-economic status were obtained via various questionnaires. Confounders were

identified based on available literature associating allergy and breast milk components and

were chosen based on available data (delivery mode (delivery), child gender (gender), child

weight at birth (weight), exclusively breastfeeding at 3 months (breastfeed), socioeconomic sta-

tus (ecoStatus) and number of siblings (siblings). We used this cohort as an exploratory cohort.

Breast milk was expressed, collected and stored at −80˚C from lactating mothers the third

month postpartum as previously described [20]. Only one mother/child pair was excluded due

to missing values for the breast milk components levels (>50%). The study was designed in

accordance with the Declaration of Helsinki and under the supervision of the Ethics Commit-

tee of the University of Leipzig (Reg. No. 264-10-19042010). All mothers included were

informed and provided their written informed consent to participate. LIFE Child study is
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registered in ClinicalTrials.gov under the clinical trial number: NCT02550236. [18] The legal

requirements and the given informed consent do not allow public sharing of the dataset. Inter-

ested researchers can contact LIFE Child (research@life-child.de) for further information on

access to the dataset PV-0195.

Breast milk component level assessment

In total, 51 breast milk components were measured using the following technics: enzyme-

linked immunosorbent assay (ELISA) for breast milk TGF-β1, TGF-β2 using Quantikine

ELISA Kit (R&D systems1 Inc., Bio-Techne AG, Zug, Switzerland), IgA (Bethyl Laboratories,

Montgomery, Texas, USA), beta-lactoglobulin (BLG) RIDASCREEN1 ELISA (R-Biopharm

AG, Darmstadt, Germany) and by colorimetric assay for breast milk choline MAK056 (Sigma-

Aldrich, Buchs SG, Switzerland). Breast milk folate was quantified using the Siemens (Sie-

mens), human milk oligosaccharides (HMO) 2’ Fucosyllactose (2FL), 3’ Fucosyllactose (3FL),

Table 1. Baseline demographics.

Mothers N Mean Median SD Min Max

Age at birth (years) 156 30.57 30.61 4.36 22.60 42.12

IgE (36 weeks) 129 193.16 37.90 734.62 0.90 6026.00

Allergic status out of 156 Mothers Count Percentage

Non-allergic 42 26.92

Atopic dermatitis or sensitization (>127KU/L) 53 33.97

Atopic dermatitis only 22 14.10

Sensitization only (>127KU/L) 36 23.08

Asthma 10 6.41

Allergic rhinitis 26 16.67

Food allergy 10 6.41

Any of the above 60 38.46

Infants N Count Percentage

Male 156 82 52.56

Caesarian delivery 155 24 15.48

Exclusive breastfeeding at 3 months 138 121 87.68

Dog keeping 148 13 8.78

Cat keeping 148 24 16.22

Smoke exposure in house 126 10 7.94

N Mean Median SD Min Max

Gestational age (weeks) 153 39.73 40.14 1.64 30.71 41.86

Birth weight (g) 156 3442.29 3435.00 514.52 2230.00 5035.00

Duration of exclusive breastfeeding (months) 150 4.52 5.00 1.92 0.00 13.00

Income (level 1 to 13) 148 8.49 9.00 2.60 3.00 13.00

IgE level at 6 months 57 20.79 2.00 106.52 <0.1 803.00

IgE level at 1 year 47 52.08 8.00 155.90 0.30 1002.00

Children allergic status out of 156 included Count Percentage

Non-allergic 40 25.64

Atopic dermatitis (Diagnosed or Incidence recurrent itchy rashes) or allergic sensitization (IgE>30 at 6

months n = 5 or >53KU/L at 1 year n = 8)

36 23.08

Atopic dermatitis (Diagnosed) 20 12.82

Atopic dermatitis (Incidence>15 days of recurrent itchy rashes) 18 11.54

Rashes (diaper rashes excluded) 56 35.90

https://doi.org/10.1371/journal.pone.0230472.t001
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3’ Sialyllactose (3SL), 6’ Sialyllactose (6SL), Lacto-N-tetraose (LNT), Lacto-N-neotetraose

(LNnT), Lacto-N-fucopentaose V (LNFP-V), Lacto-N-neofucopentaose (LNnFP)) Blood

group H antigen pentaose type 1 (LNFP-I), blood group A antigen tetraose type 5 (PI-HMO)

were selected because there are the ten HMO that can be quantified with their own standards

and were measured by UHPLC as previously described [21]. Breast milk fatty acids (6:0, 8:0,

10:0, 12:0, 14:0, 16:0, 16:1.n-7, 18:0, trans-18:1, 18:1.n-9, 18:1.n-7,18:2.n-6, 18.3.n-3, 18.3.n-6,

20:0, 20:1.n-9, 20:2.n-6, 20:3.n-6, 22:1.n-9, 20:4.n-6, 20:5.n-3,22:6.n-3, 24:0, 24:1.n-9) were

measured using previously published methods [22, 23]. Total fatty acids (total Fat) levels were

calculated as the sum of individual fatty acids. Breast milk MUFA, PUFA, omega-3 conversion

rate(N3cr), omega-6 conversion rate (N6cr) were calculated measures based on fatty acids

data. The N3cr rate was calculated by dividing the docosahexaenoic acid (DHA) by the alpha-

linolenic acid (ALA) content (DHA:ALA). The N6cr ratio was calculated by dividing the ara-

chidonic acid (ARA) by the linoleic acid (LA) content (ARA:LA) [24]. Sphingomyelin (SM),

phosphatidylcholine (PC), phosphatidylethanolamine (PE), phosphatidylinositol (PI), phos-

phatidylserine (PS), were also measured by High-performance liquid chromatography

(HPLC). Total phospholipids (TotalPhos) was calculated as the sum of phospholipids. Total

protein (TotalProt) levels were assessed using Pierce BCA Protein Assay Kit (Thermo Scien-

tific, Rockford, Illinoi, USA). Vitamin A was assessed using iCheck fluoro kit (Bioanalyt, Tel-

tow, Germany). As such, up to 51 breast milk components and 2 lipid ratios were used for the

analyses.

Statistical analysis

Statistical analyses were performed with the statistical software R, version 3:3:1. In the explor-

atory analysis, Pearson and Spearman’s correlations were estimated and their pairwise signifi-

cance evaluated. For the principal component (PCA) and correlation analyses all the loading

extractions as well as the projection of variables and observations on the principal components

were implemented with help of the R package prcomp [25]. A total of 3 sets of analyses were

performed 1) Raw PCA: PCA analysis with raw data of breast milk components quantification

and without some of the aggregated variables (introducing evident collinearity in the data). 2)

Reduced PCA: PCA analysis with a reduced number of variables suggested by the results of the

first PCA. Namely, all individual fatty acids and phospholipids were grouped in the new PCA

by their respective total amounts. 3) PCA with mothers IgE values: PCA analysis as conduced

in 2) with IgE values from mothers as added variable to see how mothers IgE correlate with the

variables from the second PCA.

Graphical causal discovery algorithm

We applied a causal discovery algorithm named pc (Peter-Clark) with the help of the R pack-

age pcalg [25] and based on causal and graphical inference. The algorithm looks iteratively for

conditional independence relations (based on statistical tests) between variables in the dataset

by increasing at each step the size of the conditioning set. Since we are facing both continuous

and binary variables, we had to adapt our tests to the nature of the data. We tested statistical

independence of two variables x and y (for example x = total fatty acids and y = weight) condi-

tioned on a set of variables S (for example S = gender; TGF-β1) then we follow the branching:

1). If S is void (test of marginal independence): if x and y are both binary, we use Fisher-exact

test (function fisher.test in R) to test the association between the variables; if one variable is

binary and the other continuous, we test for a difference of mean of the continuous variable

with respect to the two groups induced by the binary one using the t-test (function t.test in R);

if both are continuous, we use the correlation test (function cor.test in R). 2) If S is not void
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(test of conditional independence): we fit either a linear regression model or a generalized

binomial regression model (functions lm and glm.fit in R) to the variables x and y depending

on their respective nature with covariates being interactions between variables from the set S.

So that we adjust x and y for these predictors separately. We then extract the residuals (and

generalized residuals for the binomial regression) from the respective models and use the cor-

relation test on these residuals to assess conditional independence of x and y. Moreover, since

our analysis was exploratory, we did not correct for multiplicity. Concerning missing data, out

of the initial pool of 156 mother/child pairs, complete cases for the 51 milk components

amount to 148 (this number reduces to 130 if we consider milk components and the 5 con-

founders used in the analysis). In average, out of the 56 variables (51 milk components and 5

confounders) 55 are measured per mother/child pair. One mother/child pair presenting 68%

of missing values was removed from the analysis set (all other pairs have at most 2 missing val-

ues out of 56 variables). The remaining missing values were imputed by the observed median

per variable resulting in a final analysis set of 155 mother/child pairs. As for the confounders

concerned, we did not include the number of older siblings as a variable in the analysis, due to

the too high number of missing values (more than 50% of the observations).

Results

When the project started in March 2015, 333 mother-infant pairs were included in the LIFE

Child cohort. Of these 333 pairs, 237 mothers provided breast milk samples at 3 months, 156

pairs were selected due to the completion of the allergy questionnaires in the mother and or

the child (S1 Fig). The average mother age at birth was 30.57 years and the median total IgE

level was 37.90KU/L. A total of 42 mothers reported no allergic disease, and a total of 60 moth-

ers were reporting at least one type of allergic disease or had a total IgE level>127KU/L as

seen in Table 1. A total of 52.56% of the infants were males, infants were born on average dur-

ing the 40th week of pregnancy. Total IgE level was quantified in n = 57 infants at 6 months

and n = 47 infants at 1 year with median values of 2 and 8KU/L respectively. To determine the

risk of allergy in the infants a combination of symptoms involving a possible skin impairment,

or a high sensitization level based on total IgE were considered (S1 Fig). To be considered at

risk of allergy, infants needed to have a diagnosed AD, an incidence of long episodes (>15

days) of recurrent itchy rash reported by the mother, or a total IgE level>to 30 KU/L at 6

months and> 53KU/L at 1 year. Five infants were above the total IgE cut off level at 6 months

and n = 8 infants at 1 year. A total of 40 infants was classified as low risk of allergy. Some of the

leading confounders including delivery mode, gender, birth weight, breastfeeding exclusivity

and duration, economic status, and sibling number were recorded (Table 1).

Identification of correlation between breast milk components

Pearson and Spearman’s correlations both showed positive correlations between breast milk

fatty acids and phospholipids, as well as positive and negative correlations between specific

HMO (S2 Fig). The correlation coefficient within the fatty acids and phospholipids ranged

from 0.40 to 0.96. Recent findings suggest that breast milk fatty acid levels are not associated

with allergic disease risk. [13, 26] Fatty acids thus were grouped to better identify other weaker

correlations, and total fatty acids, polyunsaturated fatty acid (PUFA), monounsaturated fatty

acid (MUFA) and MUFA and PUFA conversion ratios (DHA:ALA and ARA:LA) were then

conserved (Fig 1). As previously shown, we confirmed the correlation between the immune

factors TGF-β1 and TGF-β2 with an r = 0.62, (Fig 1). Correlations between IgA and TGF-β1

or IgA and TGF-β2 were r<0.40. Some correlations between HMO were also found as signifi-

cant (p<0.05) (S2 Fig), and these included the following: 2’-fucosyllactose (2FL) was inversely
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correlated with 3-fucosyllactose (3-FL) and lacto-N-fructopentaose V (LNFP-V) (r = -0.77 and

-0.76, respectively) and positively correlated with lacto-N-fuctopentaose I (LNFP-I) (r = 0.68);

3-FL was positively correlated with LNFP-V and inversely with LNFP-I (r = 0.68 and -0.7,

respectively). Other low and moderate correlations were also seen between other components

as shown in Fig 1A.

Principal component analysis in allergic and non-allergic individuals

Principal component analysis (PCA) was then performed to obtain a lower-dimensional repre-

sentation of the data, and to investigate the composition in the context of allergic diseases and

maternal or child sensitization. The cumulative percentage of variance captured in the first

five principal components was<60%, highlighting the complexity of the breast milk composi-

tion (Fig 2A). Lipid and protein variance were captured in the first principal component in the

same direction on the y-axis. The HMO variance was captured on the second and third com-

ponents. The HMO and immune factor variances were projected in the same direction on the

third component axis. IgA was only well represented in the fifth component (Fig 2A). When

observations were identified by maternal or child allergy status, no clear data separations of

the groups were observed (Fig 2B and 2C).

Visualization of the inter-dependencies between milk components

Finally, to visualize breast milk components and possible confounders inter-dependencies,

Graphical Discovery Algorithm (GDA) based on causal discovery algorithm and graphical

inference was used (Fig 3). The infant sensitization level was omitted as measured in less than

30% of the infant participants. This technique allowed the visualization of the inter-dependen-

cies between component levels and the metadata that were not observed using the previous

correlation matrix or PCA. Both presumed (based on prior literature) and novel interactions

were identified with the GDA. Total phospholipids, IgA and total protein were the most con-

nected components. Considering one arrow as one connection and a bidirectional arrow as 2

Fig 1. Correlation matrix of breast milk components. Pearson correlations represented by a color gradient based on

the r coefficient are shown for the 24 selected breast milk components.

https://doi.org/10.1371/journal.pone.0230472.g001
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connections, total phospholipids, IgA and total protein displayed 10, 8 and 7 connections

respectively. Interestingly, there was a unique dependency with maternal plasma IgE, con-

nected directly with the immune markers TGF-ß2. The analysis also revealed a possible depen-

dency between total protein and birth weight. It also draws attention to the apparent

competition between the different fucosyltransferases for the fucosyl group to form 2’FL, 3’FL

Fig 2. Principal components analysis (PCA). Amount and cumulative percentage of variance in each component in the

PCA (A). PCA analysis with the allergic status in the infant (B) and the mother (C) is shown. The length of the arrow

corresponds to the strength of the correlation between a variable and the PC axes. The direction of the arrow shows which

direction and with which axis the variable (breast milk component) is correlated.

https://doi.org/10.1371/journal.pone.0230472.g002
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and LNFP-I. In contrast, 3’SL was not connected with any other HMO, and A-tetrasaccharide

(PI-HMO, a blood group A marker) was only connected with IgA. Novel dependencies

between IgA levels and 6’sialyllactose (6’SL) as well between 6’SL and total protein were identi-

fied. Other unexpected findings include the dependency between LNnT levels and exclusive

breastfeeding duration (breastfed). Altogether, these data suggest inter-dependencies between

maternal sensitization and the breast milk immune component TGF-ß2; TGF-ß2 with IgA

and IgA with specific human milk oligosaccharides more specifically 6’SL, which itself is linked

with total protein, and then indirectly to the other HMO levels measured in the LIFE Child

cohort.

Discussion

Overall, our study represents an original first attempt to visualize the complexity and inter-

dependency of breast milk components. Our results illustrate the complexity of the breastmilk

composition at 3 months postpartum in the LIFE child cohort. This is exemplified by the lim-

ited percentage of the variance that could be captured in the first 3 components of the PCA

(less than 60% was captured within the 5 first components) and the numerous inter-dependen-

cies identified in the graphical discovery analysis. Yet, the correlation matrix and more impor-

tantly the graphical discovery analysis isolate the possible inter-dependencies ruling the breast

milk component expression in this cohort.

Numerous immunological components in breast milk have been associated with allergy

risk in the infant [27]. Our data draw the attention on the inter-dependency between IgE in

the mother plasma and the immune marker TGF-β2 and indirectly with IgA and TGF-ß1 in

the breast milk. This finding partially validates our model as it identified a cluster of interac-

tions (IgA, TGF-ß1, and TFG-ß2) that was already suggested in other studies [9–11]. Yet most

studies, have looked at the influence of breast milk on the offspring allergy rather than the

influence maternal sensitization could have on breast milk composition. Maternal allergy is

one of the main risk factors of allergy risk in the infant. The possibility that maternal sensitiza-

tion influence breast milk components directly or indirectly add a new perspective on the

understanding of possible hidden interactions.

Fig 3. Graphical discovery analysis. An arrow pointing from a variable x to a variable y indicates the influence of the

first variable on the second one. The length of the arrow and the position on the graph was generated automatically.

The colouring of the components is similar to the one used in PCA. Possible confounders are in grey.

https://doi.org/10.1371/journal.pone.0230472.g003
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It remains unclear in the scientific literature whether specific HMO are more protective

against allergy than other components. A recent paper by Miliku et al. investigated the rela-

tionship between 19 HMO and the development of food sensitization in infants [16]. Using

multivariate analysis, they reported no positive or negative association between sensitization

and individual or total HMO but that overall HMO profiles differed significantly between sen-

sitized vs. non-sensitized infants [16]. Another study by Seppo et. al also reported that

breastfed infants consuming breast milk with low concentrations of 6’SL, LNFP-III and

LNFP-III were more likely to develop cow’s milk allergy but were not necessary for protection

and concluded that other substances or mechanisms must be in play [14]. In the present study,

the data are suggesting possible indirect influences of allergic sensitization in the mother

(based on IgE level) on HMO in breast milk (indirectly via TGF beta2 and IgA). Some key con-

founders to several HMO levels have been identified and include seasonal and geographical

variations along with other possible associated factors such as parity, ethnicity and breastfeed-

ing exclusivity [28]. This last finding is quite interesting since our data also suggest a link

between exclusive breastfeeding duration and LNnt levels whether this dependency or others

identified here may be representing new physiological processes will need to be further tested.

To our knowledge, our data represent the first attempt to characterise the complexity of

breastmilk using visualization of the multivariate dependencies between some breast milk

components and their confounders. No associations with allergy in the infant could be found.

Yet, our findings shed light on the complex inter-relationships between breast milk compo-

nents. We also identified a dependency between breast milk TGF-β2 and maternal sensitiza-

tion based on IgE level in mother blood as well as between breast milk IgA and PI-HMO and

6’SL. Some limitations are inherent to the design and the technique used. To consider only

bivariate (and not partial) correlations in such settings may lead to spurious findings at the

level of the p-values since the overall data structure is not considered. This is the reason why

both r and p-values are considered rather than p-value only. The purpose of the multivariate

analysis (the PCA and the GDA) was exactly to overcome this situation of false-negative p-

value in correlation matrix, by exploring the dependencies between variables. Indeed, since

PCA and GDA rely on the Pearson correlation matrix between variables; we only presented

the Pearson correlations in order to be coherent with multivariate methods because consider-

ing the ranking of the data rather than the levels is less relevant in PCA or inference analysis as

the dynamic of the data distribution is lost. Here we were not able to identify a separation of

the data with the allergic status in the mother or the mom based on PCA. It is important to

keep in mind that separation of data using PCA need to be interpreted with caution as PCA is

intended to provide a lower-dimensional representation of the data by capturing the maximal

variance of the data into each component and are not intended to identify significant differ-

ences between groups [29]. One limitation here is that PCA relies on some kind of linear

assumptions and that any non-trivial association with the response would not be spotted with

PCA alone. Elastic net and other methods of variable selection [30] are very powerful tech-

niques for selecting factors associated with the response, however, the goal here was to explore

different ways of visualization of complex relationships and not modelling them directly rea-

son why emphasis on GDA was made. It must be noted that employing a multivariate

approach is not without limitations such as false-positive discovery. In addition, breast milk is

a dynamic fluid, and the small sample size could have influenced these data. Further research

at different time points, in larger well-controlled cohorts, and standardized sample collection

are required to confirm the validity and relevance of this new approach. Our sample size may

in part be an explanation behind the absence of separation between the groups.

In conclusion, this study highlights how an original multivariate approach can be used to

unravel the complexity of breast milk composition. It also suggests that conducting univariate
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and multivariate analyses in parallel may address some of the literature inconsistencies from

studies that have examined breast milk components and their positive or negative associations

with health outcomes such as allergy.
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S1 Fig. Flow chart and characterization of the patients.

(TIF)

S2 Fig. Pearson correlations. Pearson correlation represented by the color gradient based on

the r coefficient values for the 51 components and 2 composite ratios (A and C). Pearson cor-

relation represented by the color gradient based on the r coefficient values with p-values based

on Pearson correlation test (text values), p-values are rounded to two digits, meaning that a 0

value represents a p-value less than 0.01. P-values are shown for the 24 selected breast milk

components (B).
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Eckhardt, Sebastien Holvoet, Sophie Nutten, Norbert Sprenger, Antje Körner, Mandy

Vogel, Chiara Nembrini, Wieland Kiess, Carine Blanchard.

References

1. Saadeh MR. A new global strategy for infant and young child feeding. Forum Nutr. 2003; 56:236–8.

Epub 2005/04/06. PMID: 15806879.

2. Carter AH RH. Some Observations on the Composition of Human Milk. British Medical Journal. 1898; 1

(1934):199–203. British Medical Journal. 1898;1(1934):199–203. https://doi.org/10.1136/bmj.1.1934.

199 PMID: 20757569

3. Worcester A. Breast feeding. Boston Med Surg J. 143:3. https://doi.org/10.1056/

NEJM190010111431502

4. Moore MM, Rifas-Shiman SL, Rich-Edwards JW, Kleinman KP, Camargo CA Jr., Gold DR, et al. Peri-

natal predictors of atopic dermatitis occurring in the first six months of life. Pediatrics. 2004; 113(3 Pt

1):468–74. Epub 2004/03/03. https://doi.org/10.1542/peds.113.3.468 PMID: 14993536; PubMed Cen-

tral PMCID: PMC1488729.

5. Ballard O, Morrow AL. Human milk composition: nutrients and bioactive factors. Pediatric clinics of

North America. 2013; 60(1):49–74. Epub 2012/11/28. https://doi.org/10.1016/j.pcl.2012.10.002 PMID:

23178060; PubMed Central PMCID: PMC3586783.

6. Fleischer DM, Spergel JM, Assa’ad AH, Pongracic JA. Primary prevention of allergic disease through

nutritional interventions. J Allergy Clin Immunol Pract. 2013; 1(1):29–36. https://doi.org/10.1016/j.jaip.

2012.09.003 PMID: 24229819.

7. Munblit D, Boyle RJ, Warner JO. Factors affecting breast milk composition and potential consequences

for development of the allergic phenotype. Clinical and experimental allergy: journal of the British Soci-

ety for Allergy and Clinical Immunology. 2015; 45(3):583–601. Epub 2014/08/01. https://doi.org/10.

1111/cea.12381 PMID: 25077553.

8. Kramer MS KR. Maternal dietary antigen avoidance during pregnancy or lactation, or both, for prevent-

ing or treating atopic disease in the child. Cochrane Database of Systematic Reviews. 2012; 9(Art. No.:

CD000133.). https://doi.org/10.1002/14651858.CD000133.pub3 PMID: 22972039

9. Ismail IH, Licciardi PV, Oppedisano F, Boyle RJ, Tang ML. Relationship between breast milk sCD14,

TGF-beta1 and total IgA in the first month and development of eczema during infancy. Pediatr Allergy

Immunol. 2013; 24(4):352–60. https://doi.org/10.1111/pai.12075 PMID: 23577672.

10. Joseph CL, Havstad S, Bobbitt K, Woodcroft K, Zoratti EM, Nageotte C, et al. Transforming growth fac-

tor beta (TGFbeta1) in breast milk and indicators of infant atopy in a birth cohort. Pediatr Allergy Immu-

nol. 2014; 25(3):257–63. https://doi.org/10.1111/pai.12205 PMID: 24520941; PubMed Central PMCID:

PMC3997590.

11. Morita Y, Campos-Alberto E, Yamaide F, Nakano T, Ohnisi H, Kawamoto M, et al. TGF-beta Concen-

tration in Breast Milk is Associated With the Development of Eczema in Infants. Front Pediatr. 2018;

6:162. https://doi.org/10.3389/fped.2018.00162 PMID: 29911097; PubMed Central PMCID:

PMC5992274.

12. Khaleva E, Gridneva Z, Geddes DT, Oddy WH, Colicino S, Blyuss O, et al. Transforming growth factor

beta in human milk and allergic outcomes in children: a systematic review. Clinical and experimental

allergy: journal of the British Society for Allergy and Clinical Immunology. 2019. https://doi.org/10.1111/

cea.13409 PMID: 31058363.

13. Logan CA, Brandt S, Wabitsch M, Brenner H, Wiens F, Stahl B, et al. New approach shows no associa-

tion between maternal milk fatty acid composition and childhood wheeze or asthma. Allergy. 2017; 72

(9):1374–83. https://doi.org/10.1111/all.13161 PMID: 28306160.

14. Seppo AE, Autran CA, Bode L, Jarvinen KM. Human milk oligosaccharides and development of cow’s

milk allergy in infants. J Allergy Clin Immunol. 2017; 139(2):708–11 e5. https://doi.org/10.1016/j.jaci.

2016.08.031 PMID: 27702672; PubMed Central PMCID: PMC5303147.

15. Sprenger N, Odenwald H, Kukkonen AK, Kuitunen M, Savilahti E, Kunz C. FUT2-dependent breast milk

oligosaccharides and allergy at 2 and 5 years of age in infants with high hereditary allergy risk. Eur J

Nutr. 2017; 56(3):1293–301. https://doi.org/10.1007/s00394-016-1180-6 PMID: 26907090.

16. Miliku K, Robertson B, Sharma AK, Subbarao P, Becker AB, Mandhane PJ, et al. Human milk oligosac-

charide profiles and food sensitization among infants in the CHILD Study. Allergy. 2018; 73(10):2070–

3. https://doi.org/10.1111/all.13476 PMID: 29775217.

17. Munro BH, Page EB. Statistical methods for health care research. Edition t, editor. Philadelphia PA,

USA: Lippincott Williams & Wikins; 2005.

PLOS ONE Visualization of breast milk component interactions

PLOS ONE | https://doi.org/10.1371/journal.pone.0230472 April 21, 2020 12 / 13

http://www.ncbi.nlm.nih.gov/pubmed/15806879
https://doi.org/10.1136/bmj.1.1934.199
https://doi.org/10.1136/bmj.1.1934.199
http://www.ncbi.nlm.nih.gov/pubmed/20757569
https://doi.org/10.1056/NEJM190010111431502
https://doi.org/10.1056/NEJM190010111431502
https://doi.org/10.1542/peds.113.3.468
http://www.ncbi.nlm.nih.gov/pubmed/14993536
https://doi.org/10.1016/j.pcl.2012.10.002
http://www.ncbi.nlm.nih.gov/pubmed/23178060
https://doi.org/10.1016/j.jaip.2012.09.003
https://doi.org/10.1016/j.jaip.2012.09.003
http://www.ncbi.nlm.nih.gov/pubmed/24229819
https://doi.org/10.1111/cea.12381
https://doi.org/10.1111/cea.12381
http://www.ncbi.nlm.nih.gov/pubmed/25077553
https://doi.org/10.1002/14651858.CD000133.pub3
http://www.ncbi.nlm.nih.gov/pubmed/22972039
https://doi.org/10.1111/pai.12075
http://www.ncbi.nlm.nih.gov/pubmed/23577672
https://doi.org/10.1111/pai.12205
http://www.ncbi.nlm.nih.gov/pubmed/24520941
https://doi.org/10.3389/fped.2018.00162
http://www.ncbi.nlm.nih.gov/pubmed/29911097
https://doi.org/10.1111/cea.13409
https://doi.org/10.1111/cea.13409
http://www.ncbi.nlm.nih.gov/pubmed/31058363
https://doi.org/10.1111/all.13161
http://www.ncbi.nlm.nih.gov/pubmed/28306160
https://doi.org/10.1016/j.jaci.2016.08.031
https://doi.org/10.1016/j.jaci.2016.08.031
http://www.ncbi.nlm.nih.gov/pubmed/27702672
https://doi.org/10.1007/s00394-016-1180-6
http://www.ncbi.nlm.nih.gov/pubmed/26907090
https://doi.org/10.1111/all.13476
http://www.ncbi.nlm.nih.gov/pubmed/29775217
https://doi.org/10.1371/journal.pone.0230472


18. Poulain T, Baber R., Vogel M. et al. The LIFE Child study: a population-based perinatal and pediatric

cohort in Germany. European Journal of Epidemiology. 2017; 32(2):145–58. https://doi.org/10.1007/

s10654-016-0216-9 PMID: 28144813

19. Martins TB, Bandhauer ME, Bunker AM, Roberts WL, Hill HR. New childhood and adult reference inter-

vals for total IgE. J Allergy Clin Immunol. 2014; 133(2):589–91. https://doi.org/10.1016/j.jaci.2013.08.

037 PMID: 24139495.

20. Quante M, Hesse M, Dohnert M, Fuchs M, Hirsch C, Sergeyev E, et al. The LIFE child study: a life

course approach to disease and health. BMC Public Health. 2012; 12:1021. https://doi.org/10.1186/

1471-2458-12-1021 PMID: 23181778; PubMed Central PMCID: PMC3533937.

21. Austin S, Benet T. Quantitative determination of non-lactose milk oligosaccharides. Anal Chim Acta.

2018; 1010:86–96. https://doi.org/10.1016/j.aca.2017.12.036 PMID: 29447675.

22. Cruz-Hernandez C, Goeuriot S, Giuffrida F, Thakkar SK, Destaillats F. Direct quantification of fatty

acids in human milk by gas chromatography. J Chromatogr A. 2013; 1284:174–9. https://doi.org/10.

1016/j.chroma.2013.01.094 PMID: 23452468.

23. Thakkar SK, De Castro CA, Beauport L, Tolsa JF, Fischer Fumeaux CJ, Affolter M, et al. Temporal Pro-

gression of Fatty Acids in Preterm and Term Human Milk of Mothers from Switzerland. Nutrients. 2019;

11(1). https://doi.org/10.3390/nu11010112 PMID: 30626044; PubMed Central PMCID: PMC6356418.

24. Salvador AM, Garcia-Maldonado E, Gallego-Narbon A, Zapatera B, Vaquero MP. Fatty Acid Profile and

Cardiometabolic Markers in Relation with Diet Type and Omega-3 Supplementation in Spanish Vege-

tarians. Nutrients. 2019; 11(7). Epub 2019/07/25. https://doi.org/10.3390/nu11071659 PMID:

31330792; PubMed Central PMCID: PMC6683283.

25. Team RC. R: A language and environment for statistical computing. R Foundation for Statistical Com-

puting, Vienna, Austria. ISBN 3-900051-07-0, URL http://www.R-project.org/. 2013.

26. Waidyatillake NT, Dharmage SC, Allen KJ, Lodge CJ, Simpson JA, Bowatte G, et al. Association of

breast milk fatty acids with allergic disease outcomes-A systematic review. Allergy. 2018; 73(2):295–

312. Epub 2017/09/05. https://doi.org/10.1111/all.13300 PMID: 28869762.

27. Rajani PS, Seppo AE, Jarvinen KM. Immunologically Active Components in Human Milk and Develop-

ment of Atopic Disease, With Emphasis on Food Allergy, in the Pediatric Population. Front Pediatr.

2018; 6:218. https://doi.org/10.3389/fped.2018.00218 PMID: 30131949; PubMed Central PMCID:

PMC6090044.

28. 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.

29. Alter O, Brown PO, Botstein D. Singular value decomposition for genome-wide expression data pro-

cessing and modeling. Proc Natl Acad Sci U S A. 2000; 97(18):10101–6. https://doi.org/10.1073/pnas.

97.18.10101 PMID: 10963673; PubMed Central PMCID: PMC27718.

30. Zou H. The adaptive lasso and its oracle properties. Journal of the American Statistical Association.

101(476):1418–29.

PLOS ONE Visualization of breast milk component interactions

PLOS ONE | https://doi.org/10.1371/journal.pone.0230472 April 21, 2020 13 / 13

https://doi.org/10.1007/s10654-016-0216-9
https://doi.org/10.1007/s10654-016-0216-9
http://www.ncbi.nlm.nih.gov/pubmed/28144813
https://doi.org/10.1016/j.jaci.2013.08.037
https://doi.org/10.1016/j.jaci.2013.08.037
http://www.ncbi.nlm.nih.gov/pubmed/24139495
https://doi.org/10.1186/1471-2458-12-1021
https://doi.org/10.1186/1471-2458-12-1021
http://www.ncbi.nlm.nih.gov/pubmed/23181778
https://doi.org/10.1016/j.aca.2017.12.036
http://www.ncbi.nlm.nih.gov/pubmed/29447675
https://doi.org/10.1016/j.chroma.2013.01.094
https://doi.org/10.1016/j.chroma.2013.01.094
http://www.ncbi.nlm.nih.gov/pubmed/23452468
https://doi.org/10.3390/nu11010112
http://www.ncbi.nlm.nih.gov/pubmed/30626044
https://doi.org/10.3390/nu11071659
http://www.ncbi.nlm.nih.gov/pubmed/31330792
http://www.R-project.org/
https://doi.org/10.1111/all.13300
http://www.ncbi.nlm.nih.gov/pubmed/28869762
https://doi.org/10.3389/fped.2018.00218
http://www.ncbi.nlm.nih.gov/pubmed/30131949
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/10.1073/pnas.97.18.10101
https://doi.org/10.1073/pnas.97.18.10101
http://www.ncbi.nlm.nih.gov/pubmed/10963673
https://doi.org/10.1371/journal.pone.0230472

