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ABSTRACT
Background: Fatty acids are a vital component of human milk. They
influence infant neurodevelopment and immune function, and they
provide ∼50% of milk’s energy content.
Objectives: The objectives of this study were to characterize the
composition of human milk fatty acids in a large Canadian birth
cohort and identify factors influencing their variability.
Methods: In a subset of the CHILD cohort (n = 1094), we analyzed
milk fatty acids at 3–4 mo postpartum using GLC. Individual and
total SFAs, MUFAs, and n–3 and n–6 PUFAs were analyzed using
SD scores and principal component analysis (PCA). Maternal diet,
sociodemographic, health, and environmental factors were self-
reported. Single-nucleotide polymorphisms were assessed in the
fatty acid desaturase 1 (FADS1-rs174556) and 2 (FADS2-rs174575)
genes.
Results: Fatty acid profiles were variable, with individual fatty acid
proportions varying from 2- to >30-fold between women. Using
PCA, we identified 4 milk fatty acid patterns: “MUFA and low SFA,”
“high n–6 PUFA,” “high n–3 PUFA,” and “high medium-chain fatty
acids.” In multivariable-adjusted analyses, fish oil supplementation
and fatty cold water fish intake were positively associated with
DHA and the “high n–3 PUFA” pattern. Mothers carrying the minor
allele of FADS1-rs174556 had lower proportions of arachidonic
acid (ARA; 20:4n–6). Independent of selected dietary variables and
genetic variants, Asian ethnicity was associated with higher linoleic
acid (18:2n–6) and total n–3 PUFAs. Ethnic differences in ARA were
explained by FADS1 genotype. Maternal obesity was independently
associated with higher total SFAs, the “high medium-chain fatty
acid” pattern, and lower total MUFAs. Lactation stage, season, study
site, and maternal education were also independently associated with
some milk fatty acids. No associations were observed for maternal
age, parity, delivery mode, or infant sex.
Conclusions: This study provides unique insights about the
“normal” variation in the composition of human milk fatty acids
and the contributing dietary, genetic, sociodemographic, health,

and environmental factors. Further research is required to assess
implications for infant health. Am J Clin Nutr 2019;110:1370–
1383.

Introduction
Maternal nutrition during pregnancy has many short- and long-

term effects on the offspring (1, 2). In addition to nutritional
factors during pregnancy, the importance of breastfeeding for
infant growth and development is widely recognized (3, 4).
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Yet, substantial variation in these associations is reported across
different populations (5–7), reflecting the variable and dynamic
nature of human milk. Variations in human milk composition
are related to multiple factors, including maternal diet, genetics,
lactation stage, breastfeeding practices, maternal and infant
health status, and environmental exposures.

Human milk fatty acids are the most variable macronutrient
of human milk and account for ∼50% of its energy content (8).
Their role in infant physical and cognitive development is well
known (9–12) and has stimulated interest in identifying fixed and
modifiable factors that influence their composition. Fatty acids in
human milk are derived from maternal body stores, endogenous
synthesis in the mammary gland, and uptake from maternal
plasma (8, 13, 14). Variants in the fatty acid desaturase genes
(FADS1, encoding �-5 desaturase, and FADS2, encoding �-6
desaturase) have been shown to influence long-chain PUFAs (LC-
PUFAs) in human milk (15, 16). These �-5 and �-6 desaturases
are important enzymes in the endogenous formation of LC-
PUFAs. Maternal nutrition is another key factor that impacts
the fatty acids available for uptake from the maternal plasma
(13). Thus, both genetic and dietary factors can influence the
proportions of milk fatty acids.

In addition to diet and genetics, length of gestation and
lactation stage are known to influence milk fatty acid com-
position (17); however, little is known about the impact of
other sociodemographic characteristics, health conditions, and
environmental exposures. To our knowledge, these factors have
never been studied simultaneously to assess their independent
and combined impact on different milk fatty acids and fatty
acid patterns. Although plasma fatty acid patterns have been
extensively studied during pregnancy (18), less is known about
milk fatty acid patterns during lactation. In the current study,
we aimed to identify milk fatty acid patterns among over 1000
women from the CHILD birth cohort and comprehensively assess
their association with genetic, dietary, sociodemographic, health,
and environmental factors.

Methods

Design and study population

This study was embedded in the CHILD study (n = 3455),
a population-based birth cohort recruited from 4 sites in
Canada (19). Women with singleton pregnancies from Edmonton,
Manitoba, Toronto, and Vancouver were enrolled between 2008
and 2012 and remained eligible if they delivered a healthy infant
>35 weeks of gestation. This study was performed in a selected
subsample of all mothers who breastfed and provided a milk
sample at a home visit 3–4 mo postpartum (n = 1200). For the
current study, we excluded mothers with missing information
on key dietary, health, environmental, or genetic factors of
interest (n = 13). In order to meet assumptions of normality in
regression analyses, we also excluded dyads with ≥1 milk fatty
acid values <4 or >4 SD from the mean (n = 93) (Supplemental
Figure 1). Excluding these mothers did not appreciably change
the overall distribution or mean proportions of individual fatty
acids (Supplemental Table 1). Our final subsample of 1094
mothers included a representative subset of 406 dyads (20) plus
688 additional dyads selected to enrich for maternal and infant
chronic health conditions (e.g., asthma, allergies, and obesity).

This study was approved by the Human Research Ethics Boards at
McMaster University and the Universities of Manitoba, Alberta,
and British Columbia and the Hospital for Sick Children.

Maternal diet, sociodemographic, health, and environmental
factors

Maternal diet during pregnancy was estimated using an FFQ
(21). For this study, we specifically analyzed fatty cold water
fish (salmon, mackerel, and bluefish), white fish (sole, halibut,
snapper, or cod), and shell fish (shrimp, lobster, crab, and oysters)
(converted from servings per week to ounces per day). We also
analyzed red meat (beef, pork, veal, lamb, and game), egg, and
nuts (nuts and seeds) (ounce equivalents of lean meat). Dietary
intakes of fish, meat, egg, and nuts were adjusted for total daily
energy intake using the nutrient residual method (22). The total
Healthy Eating Index 2010 (HEI-2010) score and individual
HEI components (fatty acids and dairy) were also derived and
analyzed per quintile increase (23). Fish oil (fish oil or cod liver
oil) supplement and daily multivitamin use (yes or no) were self-
reported during pregnancy (19). Fish oil supplement use was self-
reported again during lactation, at the time of milk collection.

Questionnaires were administered at enrollment in the study
(second or third trimester of pregnancy) to collect information
about maternal age, ethnicity (classified for the purposes of this
analysis as Caucasian, Asian, First Nation, or Other), education
(completion of postsecondary degree), parity, marital status, and
smoking (19). The study site (Vancouver, Edmonton, Manitoba,
or Toronto) and season (spring, summer, fall, or winter) of sample
collection were also assessed as indicators of the environment.

Maternal prepregnancy BMI (in kg/m2) was calculated from
measured height and self-reported prepregnancy weight, and
it was classified as underweight (<18.5), normal weight (18.5
to <25.0), overweight (25.0 to <30.0), and obese (≥30.0).
Information on gestational weight gain and health conditions
such as gestational diabetes and hypertension, atopy (hay fever,
skin allergies, or aeroallergen, drug, insect, food, pet, or other
allergies), asthma, and inflammatory bowel disorders was also
obtained through standardized questionnaires.

Birth, lactation, and infant factors

Delivery mode, infant sex, gestational age at birth, and birth
weight were obtained from medical records. Lactation stage
(weeks postpartum), season at milk sample collection (spring,
summer, fall, or winter), breastfeeding exclusivity (breast milk
only or breast milk supplemented with formula), and mode of
breastfeeding (nursing directly at the breast only or including
some pumped milk) were documented at the time of sample
collection. Infant colds from birth until the time of milk sample
collection were reported by parents and classified as any or no
colds.

Fatty acid desaturase (FADS) genotypes

Maternal DNA was isolated from peripheral blood samples
collected during pregnancy. Genotyping of single nucleotide
polymorphisms (SNPs) was performed using the HumanCore-
Exome BeadChip (Illumina) comprising >240,000 tagSNPs
and >240,000 exome-focused markers. A stringent process of
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FIGURE 1 PUFA metabolism (A) and association of milk PUFAs with FADS genetic variants in the CHILD cohort (B and C) (n = 902). Metabolism
of n–6 PUFA and n–3 PUFA involves desaturation steps that compete for the FADS1 and FADS2 enzymes (A). FADS1 (B) and FADS2 (C) genotypes are
strongly associated with proportions of n–6 PUFA 20:4n–6 (ARA) but not n–3 PUFAs 20:5n–3 (EPA) or 22:6n–3 (DHA) in milk. Differences in milk fatty
acid proportions between FADS1 and FADS2 genotypes were evaluated using ANOVA. ∗P < 0.05. ARA, arachidonic acid; FADS, fatty acid desaturase; SDS,
standard deviation score.

quality control at subject and SNP levels using PLINK version
1.9 was applied. Subjects were omitted who demonstrated low
genotype call rates (missingness >0.10), discrepancies with
reported sex, were ethnic outliers based on principal component
analysis (PCA), or were related as determined by identity by
descent. SNPs with missingness >0.10, those that had significant
departures from Hardy–Weinberg equilibrium (P < 1 × 10−6),
or those that had a minor allele frequency <0.01 were excluded.
IMPUTE2 software was used to impute genotypes based on the
1000 Genomes Project reference panel (24), which resulted in
>23 million single nucleotide variants of high quality (>0.7).
Using this imputed data set, we selected 2 SNPs that were
previously reported to influence the endogenous formation of
LC-PUFA (25, 26): rs174556, located in the FADS1 gene, and
rs174575, located in the FADS2 gene (27) (Figure 1A). Because
these 2 SNPs are in linkage disequilibrium, we included only
rs174556 in the multivariable analyses.

Milk collection and fatty acid measurements

In advance of the 3- to 4-mo postpartum CHILD home visit
(median: 15.3 wk; 95% range: 11.3, 28.5 wk), mothers were
provided a sterile collection jar and instructed as follows: “One

day prior to the home visit, collect breast milk over 2 or more
feedings to a volume of at least 10 mL. Once you have started
collecting breast milk, keep the container refrigerated” (28).
Although mothers were asked to hand express the milk, some
reported using a pump. Milk samples were aliquoted aseptically
according to a standardized protocol and then stored at –80◦C.
Total milk lipids were extracted using a modified Folch protocol
(29). Samples were processed and analyzed in 3 batches at the
University of Alberta by GLC as previously described (30). Fatty
acids were identified according to commercial standards GLC-
502 and GLC-643 (Nu-Chek Prep; Elysian) and expressed as a
relative percentage of total identified fatty acids. These standards
were included in each GC batch run for quality assurance between
batches to correctly identify and quantify each column run with
potential changes in column conditions or peak retention time.
The fatty acids analyzed in this study include SFAs: capric acid
(10:0), lauric acid (12:0), myristic acid (14:0), palmitic acid
(16:0), margaritic acid (17:0), stearic acid (18:0), and arachidic
acid (20:0); MUFAs: palmitoleic acid (16:ln–7), oleic acid
(18:ln-9), vaccenic acid (18:lc–11); n–3 PUFAs: α-linoleic acid
(ALA; 18:3n–3), eicosatetraenoic acid (20:4n–3), EPA (20:5n–
3), docosapentaenoic acid (DPA; 22:5n–3), and DHA (22:6n-
3); and n–6 PUFAs: linoleic acid (LA; 18:2n–6), γ -linolenic
acid (GLA; 18:3n–6), conjugated linoleic acid (CLA; 18:
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2c–9, t–11), dihomo-γ -linoleic acid (DGLA; 20:3n–6), arachi-
donic acid (ARA; 20:4n–6), and adrenic acid (22:4n–6). In addi-
tion, the following summary measures and ratios were assessed:
total SFA, total MUFA, total n–3 PUFA, total n–6 PUFA, n–6:n–
3 PUFA ratio, ARA:DHA ratio, ARA:(EPA + DHA) ratio, and
(EPA + DPA):DHA ratio.

Statistical analysis

First, we calculated the mean and SD for each fatty acid and
used t test and ANOVA to compare mean values according to fish
intake and fish oil supplement use. For all subsequent analyses,
to enable comparison between effect estimates for different fatty
acids, we converted measurements into SD scores so that all
fatty acids could be evaluated on a comparable scale (per SD
increase). We examined correlation coefficients between fatty
acids and used PCA, a dimensionality reduction technique, to
transform the 21 correlated fatty acids into a smaller number
of uncorrelated principal components (or “fatty acid patterns”)
(31). Each component is present in every sample. We retained
PCA components with an eigenvalue ≥2 and named the patterns
on the basis of high factor loadings >|0.20|. To improve the
interpretability of the patterns, we applied a varimax rotation
(18).

We used crude (unadjusted) linear regression analyses
to explore the associations between dietary, genetic, socio-
demographic, health, environmental, birth, and lactation factors
(described previously) and human milk fatty acid composition
(individual and total fatty acids, fatty acid ratios, and fatty
acid patterns defined by PCA). Finally, after accounting for
multiple testing, the factors that were significantly associated
with multiple fatty acid measures in the unadjusted regression
analyses were further investigated in multivariable linear re-
gression models to identify independent determinants of fatty
acid composition. To avoid collinearity, some highly correlated
variables were excluded from the final models (e.g., fatty acid
HEI score, estimated DHA and ARA intake, white fish and shell
fish intake, fish oil supplement use during lactation, multivitamin
use during pregnancy, and gestational weight gain). For example,
fatty cold water fish, white fish, and shell fish intake were
highly intercorrelated, and upon mutual adjustment, only fatty
cold water fish remained significantly associated with DHA
in milk; thus, only fatty cold water fish was retained in the
final model. Similarly, fish oil supplementation during pregnancy
and lactation were highly correlated, and both were associated
with LC-PUFAs in milk. Because supplementation in pregnancy
was more common, it was retained in the final model. The
multivariable adjusted models were further adjusted for rs174556
FADS genotype. In the final models, we adjusted for batch
(to account for any potential variability between milk fatty acid
subsets) and excluded dyads with missing data for exposure
variables.

In a sensitivity analysis to control for constant-sum constraint
(compositional nature of milk fatty acids), proportions data were
transformed using the centered log ratio (CLR) method (32),
and all of the previously discussed analyses were repeated using
the CLR-transformed values. P values < 0.05 were considered
statistically significant, after applying false discovery rate
correction for multiple testing using the Benjamini–Hochberg
method (33). Analyses were performed using SPSS for Windows,

version 21.0 (IBM). Figures were generated using the ggcorrplot
and ggplot2 packages in R studio software version 3.3.2 (R
Foundation for Statistical Computing).

Results
In this subsample of 1094 dyads, the mean ± SD maternal

age was 32.9 ± 4.3 y, and the mean gestational age at delivery
was 39.1 ± 1.4 wk (Table 1). Approximately half of mothers
were primiparous (57%), and the majority were Caucasian (72%).
Nearly 80% had a postsecondary education, almost 35% were
overweight or obese, and 23% had asthma. The median lactation
time at milk sample collection was 15.3 wk (95% range: 11.3,
28.5 wk).

Milk fatty acid composition, variation, correlations, and
patterns

Overall, the most abundant classes of milk fatty acids were
MUFA, ranging from 32% to 56% of total fatty acids (mean:
43.06% ± 3.59%), and SFA, ranging from 25% to 56%
(39.75% ± 5.00%). The most abundant individual fatty acids
were MUFA 18: ln–9 (oleic acid: 37.05% ± 3.59%) and SFA
16:0 (palmitic acid; 20.90% ± 2.76%) (Table 2). The mean
proportions of total n–3 and n–6 PUFAs were 2.39% ± 0.70%
and 14.78% ± 3.09%, respectively (Table 2), and the mean ratio
of total n–6:n–3 PUFA was 6.53 ± 1.72. The mean proportions
of 22:6n–3 (DHA) and 20:4n–6 (ARA) were 0.18% ± 0.12% and
0.38% ± 0.09%, respectively (Table 2). Relative interindividual
variation was higher for n–3 PUFAs (5.5-fold variation between
mothers with the highest compared with lowest proportions)
and n–6 PUFAs (3.8-fold) than for MUFAs (1.7-fold) and SFAs
(2.3-fold). The n–3 PUFAs DHA and EPA were among the
most variable fatty acids, with 24.7- and 39.0-fold variation,
respectively.

The proportions of n–3 and n–6 PUFAs were positively cor-
related with each other, with the highest correlation coefficients
between 18:3n–3 (ALA) and 18:2n–6 (LA) (r = 0.59, P < 0.001)
(Figure 2). SFAs were negatively correlated with MUFAs, n–
3 PUFAs, and n–6 PUFAs (r = –0.71, –0.55, and –0.67,
respectively; P < 0.01). Some of these correlation coefficients
differed when using CLR-transformed fatty acids (Supplemental
Figure 2), including notable inverse correlations between n–3
PUFA and n–6 PUFA.

Using PCA, we identified 4 components (or “patterns”) that
explained ∼60% of the variation in milk fatty acids: “MUFA
and low SFA” (23.3% of variation explained), “high n–6 PUFA”
(14.2%), “high n–3 PUFA” (12.0%), and “high medium-chain
fatty acids” (fatty acids with <14 carbons; 10.0%). The factor
loadings, which describe how strongly each individual fatty acid
contributes to each fatty acid pattern, are shown in Table 3.

Dietary determinants of human milk fatty acids

During pregnancy, 78% of mothers reported consuming fish
or shell fish, and 22% reported taking a daily fish oil supplement.
About 40% of mothers using fish oil during pregnancy continued
using this supplement during lactation (12% of all mothers). The
mean proportions of n–3 PUFAs were higher in mothers using
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TABLE 1 Characteristics of mothers and infants from a subset of the
CHILD cohort (n = 1094)1

Values

Maternal characteristics
Age, y 32.9 ± 4.3
Parity, n (%)

1 618 (56.5)
2 340 (31.1)
≥3 136 (12.4)

Completed postsecondary education, n (%) 874 (79.9)
Marital status, married, n (%) 1036 (94.7)
Ethnicity, n (%)

Asian 181 (16.5)
Caucasian 792 (72.4)
First Nations 44 (4.0)
Other 75 (6.9)

Study site, n (%)
Edmonton 240 (21.9)
Toronto 284 (26.0)
Vancouver 278 (25.4)
Manitoba 292 (26.7)

Prenatal smoking, n (%) 54 (4.9)
Prepregnancy BMI, kg/m2 23.1 (18.2, 38.2)

Underweight, n (%) 33 (3.0)
Normal weight, n (%) 634 (58.0)
Overweight, n (%) 239 (21.8)
Obese, n (%) 140 (12.8)

Weight gain during pregnancy, kg 15.4 (4.1, 29.5)
BMI at 1 y postpartum, kg/m2 23.8 (18.2, 38.9)

Maternal diet during pregnancy
Diet quality, HEI-2010 score (max 100) 73.2 ± 7.9
Fatty acids HEI-2010 score (max 10) 4.00 ± 2.6
Dairy HEI score (max 10) 8.39 ± 2.2
Nuts and seed intake,2 oz equivalents/d 1.10 ± 1.04
Meat intake,2 oz equivalents/d 1.69 ± 1.30
Egg intake,2 oz equivalents/d 0.58 ± 0.54
Energy intake, kcal/d 2015.8 ± 686.1
Fatty cold water fish intake,2 oz/d 0.25 ± 0.41

Never or 1 time per month 422 (39.6)
≤ 1–3 times per month 443 (40.5)

1–6 times per week 179 (16.4)
White fish intake,2 oz/d 0.19 ± 0.32

Never or 1 time per month 437 (39.9)
≤ 1–3 times per month 493 (45.1)

1–6 times per week 114 (10.4)
Shell fish intake,2 oz/d 0.12 ± 0.26
Never or 1 time per month 575 (52.6)
≤ 1–3 times per month 369 (33.7)

1–6 times per week 100 (9.1)
Estimated dietary DHA intake, mg/d 128.3 ± 128.8
Estimated dietary ARA intake, mg/d 118.4 ± 86.4
Fish oil supplement use during pregnancy, n (%) 242 (22.1)
Fish oil supplement use during lactation (n = 888),

n (%)
109 (12.3)

Multivitamin use during pregnancy, n (%) 975 (89.1)
Maternal health conditions, n (%)

Asthma 256 (23.4)
Atopy3 730 (66.7)
Gestational diabetes 95 (8.7)
Gestational hypertensive disorders 31 (2.8)
Inflammatory bowel disorders 25 (2.3)

Birth and infant characteristics
Cesarean delivery, n (%) 284 (26.0)
Sex, male, n (%) 603 (55.1)
Gestational age at birth, wk 39.1 ± 1.4
Birth weight, g 3453.9 ± 502.5

(Continued)

TABLE 1 (Continued)

Values

Colds from birth to 3 mo, n (%) 483 (44.1)
Infant weight at 3 mo, kg 6.5 ± 1.0
Infant length at 3 mo, cm 62.7 ± 3.8

Breastfeeding characteristics at sample collection
Lactation time, wk 15.3 (11.3, 28.5)
Exclusive breastfeeding, n (%) 553 (50.5)
Feeding mode, n (%)

Direct breastfeeding only 429 (39.2)
Some pumping 636 (40.3)

Season of milk sampling, n (%)
Spring 259 (23.7)
Summer 305 (27.9)
Fall 264 (24.1)
Winter 264 (24.1)

Maternal SNPs in the FADS1–FADS2 gene cluster
(n = 902),4 n (%)

Rs174556 (FADS1)
CC 402 (44.6)
CT 364 (40.4)
TT 136 (15.1)

Rs174575 (FADS2)
CC 490 (54.3)
CG 363 (40.2)
GG 49 (5.4)

1Values are n (%) for categorical variables, means ± SDs for
continuous variables with a normal distribution, or medians (95% ranges)
for continuous variables with a skewed distribution. ARA, arachidonic acid;
FADS, fatty acid desaturase; HEI-2010, Healthy Eating Index 2010; SNP,
single nucleotide polymorphism.

2Ounce equivalents of lean meat: 1 oz = 28.35 g.
3Maternal atopy includes hay fever, skin allergies, or aeroallergen,

drug, insect, food, pet, or other allergies at milk collection.
4Rs174556 (FADS1) located in CHR 11, position 61580635; Rs174575

(FADS2) located in CHR 11, position 61602003.

fish oil supplements, especially if supplementation occurred
during lactation. For example, DHA proportions were lowest in
mothers who did not use fish oil supplements (0.16%), higher in
mothers who used fish oil supplements during pregnancy only
(0.23%), and even higher in mothers who used fish oil during
pregnancy and lactation (0.27%) (p-for-trend < 0.001; Figure
3A, Supplemental Table 2). In regression models, these
differences translate to 0.66 SD (95% CI: 0.52, 0.80) and 0.86
SD (95% CI: 0.66, 1.05) increases in DHA proportions with fish
oil supplementation during pregnancy and lactation, respectively
(Figure 4).

Fish oil supplement use during pregnancy was also positively
associated with the “high n–3 PUFA” pattern and negatively
associated with adrenic acid, the “high n–6 PUFA” pattern, and
n–6:n–3 PUFA, ARA:DHA, and ARA:(EPA + DHA) ratios
(P < 0.05) (Table 2, Figures 4 and 5). Similar results were
observed for white fish, shell fish, and especially fatty cold
water fish intake. For example, there was a dose-dependent
increase in DHA proportions according to the frequency of fatty
cold water fish consumption (Figure 3B), with an estimated
0.62 SD (95% CI: 0.47, 0.76) increase in DHA per 1-ounce
increase in estimated daily fatty cold water fish intake. The
associations of DHA with fish oil supplement use and fatty cold
water fish intake remained significant after adjustment for other
dietary, genetic, sociodemographic, and environmental factors
and multiple testing [multivariable adjusted βs for DHA: +0.50
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TABLE 2 Human milk fatty acid composition (% total fatty acids) and differences by fish oil supplementatio n during pregnancy in the CHILD cohort
(n = 1094)1

All mothers (n = 1094) Fish oil supplementation, mean values

Mean ± SD Range Fold variation No (n = 839) Yes (n = 242) P value

Total SFA, % 39.75 ± 5.00 24.52–55.81 2.3 39.90 39.31
10:0 (capric acid) 0.71 ± 0.30 0.01–1.64 164.0 0.70 0.74 ∗
12:0 (lauric acid) 4.80 ± 1.57 1.25–10.18 8.1 4.82 4.71
14:0 (myristic acid) 5.97 ± 1.80 2.10–12.68 6.0 6.04 5.76 ∗
16:0 (palmitic acid) 20.90 ± 2.76 13.22–32.21 2.4 20.98 20.65
17:0 (margaric acid) 0.31 ± 0.08 11.60–58.32 5.0 0.31 0.32
18:0 (stearic acid) 6.54 ± 1.31 2.56–11.88 4.6 6.53 6.60

Total MUFA, % 43.06 ± 3.59 32.20–55.99 1.7 43.04 43.09
16:ln–7 (palmitoleic acid) 2.69 ± 0.68 0.75–5.25 7.0 2.70 2.65
18:ln–9 (oleic acid) 37.05 ± 3.59 26.66–48.55 1.8 36.97 37.23
18:l c–11 (vaccenic acid) 1.62 ± 0.40 0.09–3.48 38.7 1.64 1.57 ∗

Total n–3 PUFA, % 2.39 ± 0.70 0.93–5.07 5.5 2.34 2.57 ∗∗
18:3n–3 (ALA) 1.92 ± 0.61 0.44–4.38 10.0 1.90 1.99 ∗∗
20:4n–3 (eicosatetraenoic acid) 0.08 ± 0.03 0.03–0.22 7.3 0.08 0.09 ∗∗
20:5n–3 (EPA) 0.08 ± 0.05 0.01–0.39 39.0 0.07 0.11 ∗∗
22:5n–3 (DPA) 0.13 ± 0.05 0.04–0.34 8.5 0.12 0.15 ∗∗
22:6n–3 (DHA) 0.18 ± 0.12 0.03–0.74 24.7 0.17 0.24 ∗∗

Total n–6 PUFA, % 14.80 ± 3.09 7.14–27.39 3.8 14.73 15.02
18:2n–6 (LA) 13.62 ± 3.01 6.17–25.59 4.1 13.55 13.84
18:3n–6 (GLA) 0.10 ± 0.05 0.02–0.31 15.5 0.10 0.10
18:2c–9, t–11 (CLA) 0.02 ± 0.01 0.01–0.06 6.0 0.02 0.02
20:3n–6 (DGLA) 0.35 ± 0.11 0.06–0.74 12.3 0.35 0.34
20:4n–6 (ARA) 0.38 ± 0.09 0.15–0.74 4.9 0.38 0.38
22:4n–6 (adrenic acid) 0.04 ± 0.03 0.01–0.15 15.0 0.04 0.04

Ratios
n–6:n–3 PUFA 6.53 ± 1.72 3.19–17.29 5.4 6.63 6.14 ∗∗
ARA:DHA 2.71 ± 1.47 0.44–17.60 40.0 2.89 2.03 ∗∗
ARA:(EPA + DHA) 1.83 ± 0.80 0.29–5.91 20.4 1.96 1.36 ∗∗
(EPA + DPA):DHA 1.31 ± 0.67 0.37–11.85 32.0 1.33 1.21 ∗

1Values are mean ± SD percentages of fatty acids (expressed as percentage of total fatty acids). Thirteen participants were missing data for fish oil
supplementation. Differences in milk fatty acid proportions between the fish oil supplement groups were evaluated using t test. P ∗<0.05, ∗∗ <0.001. ALA,
α-linolenic acid; ARA, arachidonic acid; CLA, conjugated linoleic acid; DGLA, dihomo-γ -linoleic acid; DPA, docosapentaenoic acid; GLA, γ -linolenic
acid; LA, linoleic acid.

SD (95% CI: 0.35, 0.65) for fish oil supplement use and +0.30
SD (95% CI: 0.14, 0.45) per 1-ounce fatty cold water fish intake]
(Figure 5). In contrast, SFA, MUFA, and n–6 PUFA were mostly
unaffected by fish intake and fish oil supplement use (Table 2,
Figures 3 and 4, Supplemental Table 2).

We also investigated other sources of dietary fat and overall
diet quality. Dairy, egg, meat, and nut intake during pregnancy
were positively associated with a few human milk fatty acids
(e.g., palmitic acid, margaric acid, palmitoleic acid, and CLA);
however, these associations were relatively weak (Figure 5). A
higher HEI-2010 score, reflecting diet quality, was associated
with lower individual and total SFA and higher total n–6
PUFA, LA, and GLA. HEI-2010 score was also positively
associated with the “MUFA and low SFA” pattern (P < 0.05)
(Figure 5).

Similar associations were observed using CLR-transformed
fatty acid data (Supplemental Figure 3), except that fish oil
supplement use was associated with multiple fatty acids beyond
n–3 PUFAs, including some SFAs, MUFAs, and n–6 PUFAs
(including ARA), although most of these additional associations
attenuated to nonsignificant after adjusting for other factors and
multiple testing (Supplemental Figure 4). Overall in the fully

adjusted model, the estimated dietary factors explained 0.02–
17% of the variance in human milk fatty acids, with the lowest
explained variance for SFAs and MUFAs (e.g., 0.02% for capric
acid and 0.07% for palmitoleic acid) and the highest explained
variance for n–3 PUFAs, including EPA (11%), DHA (15%),
ARA:DHA (12%), ARA:(EPA + DHA) (17%), and the “high
n–3 PUFA” pattern (12%).

Genetic determinants of milk fatty acids

Mothers carrying the minor allele of rs174556 (C>T; minor
allele frequency = 15.1%) in FADS1 had lower proportions of
the longer chain n–6 PUFAs (GLA, DGLA, and ARA), scored
lower on the “high n–6 PUFA” pattern, and had lower ratios of
ARA:DHA and ARA:(EPA + DHA) (Figures 1B and 4). The
strongest effect estimates were observed for 20:4n–6 (ARA),
which was >1 SD lower among FADS1 homozygotes (–1.23 SD;
95% CI: –1.43, –1.05 for genotype TT compared with CC) and
intermediate among heterozygotes (–0.40 SD; 95% CI: –0.53,
–0.27 for genotype TC compared with CC). These associations
were essentially unchanged in adjusted models (Figure 5).
Mothers carrying the minor alleles of rs174575 (G>C; minor
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FIGURE 2 Correlation of human milk fatty acids in the CHILD cohort (n = 1094). Coloring reflects direction and magnitude of the Pearson correlation
coefficients. ∗Correlation is significant at P < 0.05. False discovery rate not applied.

allele frequency = 5.4%) in FADS2 also had lower proportions
of ARA (Figures 1C and 4). Furthermore, these mothers had
higher proportions of SFAs, including 12:0 (lauric acid) and 14:0
(myristic acid); higher proportions of 20:4n–3 (eicosatetraenoic
acid); and scored higher on the medium-chain fatty acid pattern
(Figure 4).

For most of these genetic associations, similar results were
observed using SD scores and CLR-transformed fatty acids,
with one notable exception: using CLR-transformed data, we
additionally observed lower proportions of EPA and DPA in
mothers homozygous for rs174575 (genotype GG) in FADS2
(Supplemental Figure 3). Overall, FADS genotypes explained a
substantial proportion of variance in n–6 PUFAs, particularly

ARA (17% variance explained), but did not significantly
contribute to the observed variance in human milk SFAs, MUFAs,
or n–3 PUFAs (range: 0–5%).

Other sociodemographic, health, and environmental
determinants of human milk fatty acids

In addition to dietary and genetic factors, we explored other
potential determinants of human milk fatty acids, including
maternal ethnicity, age, parity, education, health (BMI, gesta-
tional weight gain, atopy, gestational diabetes, or hypertensive
disorders), environmental (study site, smoking, and season of
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TABLE 3 Human milk fatty acid patterns from principal component analysis in the CHILD cohort (n = 1094) 1

MUFA
and low SFA

High
n–6 PUFA

High
n–3 PUFA

High
medium-chain SFA

SFA
10:0 (capric acid) — — — 0.45
12:0 (lauric acid) — — — 0.91
14:0 (myristic acid) — — — 0.90
16:0 (palmitic acid) –0.83 — — —
17:0 (margaric acid) –0.78 — — —
18:0 (stearic acid) –0.76 — — —
20:0 (arachidic acid) — 0.66 — —

MUFA
16:ln–7 (palmitoleic acid) –0.31 — — —
18:ln–9 (oleic acid) 0.36 — — –0.73
18:lc–11 (vaccenic acid) — — — —

n–3 PUFA
18:3n–3 (ALA) 0.63 — 0.25 —
20:4n–3 (eicosatetraenoic acid) — 0.46 0.58 —
20:5n–3 (EPA) — — 0.94 —
22:5n–3 (DPA) — 0.33 0.86 —
22:6n–3 (DHA) — — 0.89 —

n–6 PUFA
18:2n–6 (LA) 0.68 — — —
18:3n–6 (GLA) 0.27 0.59 — —
18:2c-9, t11 (CLA) — 0.59 — —
20:3n–6 (DGLA) — 0.87 — —
20:4n–6 (ARA) — 0.49 0.33 —
22:4n–6 (adrenic acid) — 0.82 — —

Explained variance, % 23.3 14.2 12.0 10.0

1Values are factor loadings from principal component analysis. Only loadings >|0.20| are shown. ALA,
α-linolenic acid; ARA, arachidonic acid; CLA, conjugated linoleic acid; DGLA, dihomo-γ -linoleic acid; DPA,
docosapentaenoic acid; GLA, γ -linolenic acid; LA, linoleic acid.

milk collection), birth (delivery mode, sex, and birth weight),
and lactation factors (lactation stage and breastfeeding exclu-
sivity). These were first explored individually in unadjusted
(crude) analyses (Figure 4, Supplemental Figure 3) and then
considered collectively, along with FADS1 genotypes and
dietary factors, in multivariable models (Figure 5, Supplemental
Figure 4).

Several associations with ethnicity were observed; some
were explained by ethnic variations in FADS SNPs, whereas
others were independent of FADS as well as dietary factors.
For example, Asian mothers had –0.47 SD (95% CI: –0.65,
–0.30 SD) lower ARA proportions compared with Caucasian
mothers, but this association was completely attenuated after
adjusting for FADS1 genotype (Figure 5) (adjusted β: 0.01
SD; 95% CI: –0.17, 0.21 SD). By contrast, in multivariable
adjusted models accounting for genetics and other factors, Asian
ethnicity remained independently associated with higher DHA,
ALA, and total n–3 PUFA; higher LA and total n–6 PUFA;
and lower total SFA, myristic acid, margaric acid, and DGLA.
Asians also had lower ARA:DHA and ARA:(EPA + DPA)
ratios, scored lower on the “high n–6 PUFA” pattern, and scored
higher on the “MUFA and low SFA” pattern (Figure 5). Similar
associations were observed when using CLR-transformed data,
although not all reached statistical significance (Supplemental
Figure 4). Mothers with a postsecondary degree had higher
eicosatetraenoic acid, EPA, and DPA proportions and scored
higher on the “high n–3 PUFA” pattern compared with mothers

without a postsecondary education (Figure 5, Supplemental
Figure 4).

Independent of dietary, genetic, and socioeconomic factors,
maternal weight status was associated with milk fatty acid com-
position. Compared with normal-weight mothers, overweight and
obese mothers had +0.32 SD (95% CI: 0.16, 0.49 SD) and
+0.39 SD (95% CI: 0.18, 0.60 SD) higher total SFA, respectively
(Figure 5). Being overweight or obese was also positively
associated with the “high medium-chain fatty acid” pattern and
negatively associated with total MUFA and ARA proportions
(Figure 5). Some of these associations were not replicated
using CLR-transformed fatty acids (Supplemental Figure 4). In
addition, using CLR-transformed fatty acids, DPA and DHA
proportions were lower among obese mothers (Supplemental
Figure 4).

Milk collected later in lactation had higher lauric and myristic
acid and lower CLA, eicosatetraenoic acid, DGLA, and the “high
n–6 PUFA” pattern (P < 0.05 in multivariable models) (Figure 5,
Supplemental Figure 4). Exclusive breastfeeding at the time
of milk sample collection tended to be associated with lower
SFA and higher MUFA (Figure 4), but these relations were not
observed in multivariable models (Figure 5). In the multivariable
models, exclusive breastfeeding was associated with lower CLA,
adrenic acid, and the “high medium-chain fatty acid” pattern.
Using CLR-transformed data, both lactation stage and exclusive
breastfeeding were independently associated with lower total n–
6 PUFA (Supplemental Figure 4). No consistent associations
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FIGURE 3 Association of PUFAs in human milk with fish oil supplement use (A) and fatty cold water fish intake (B) in the CHILD cohort (n = 1094).
Long-chain n–3 PUFAs, but not n–6 PUFAs, are associated with fish oil supplement use during pregnancy and lactation and fatty cold water fish intake in a
dose-dependent manner. Associations were evaluated using ANOVA and test for trend analysis. ∗P-for-trend < 0.001. ALA, α-linoleic acid; ARA, arachidonic
acid; DGLA, dihomo-γ -linoleic acid; DPA, docosapentaenoic acid; GLA, γ -linolenic acid; LA, linoleic acid; 20:4n–3, eicosatetraenoic acid.

were observed between milk fatty acids and maternal age,
parity, health conditions (including atopy, asthma, gestational
diabetes and hypertension, and inflammatory bowel disorders),
delivery mode (cesarean compared with vaginal), breastfeeding
mode (direct compared with pumping), infant birth weight,
gestational age, sex, or cold symptoms (Figure 4). Using CLR-
transformed data, we observed similar associations (Supplemen-
tal Figure 4).

Finally, when considering environmental exposures, some
associations with smoking were observed in the unadjusted
analyses (Figure 4), but these were largely explained by
dietary factors and sociodemographic factors (Figure 5). Notably,
in the multivariable adjusted models, mothers in Edmonton
and Manitoba had lower DHA proportions compared with
mothers in Toronto. In addition, higher ARA and adrenic
acid proportions were observed in milk collected in winter
compared with spring (Figure 5), although these seasonal pat-
terns differed when using CLR-transformed data (Supplemental
Figure 4).

Altogether, these sociodemographic and environmental factors
explained 1.4–16% of variance in human milk fatty acids,

with the lowest percentage for palmitoleic acid and the highest
percentage for ARA:(EPA + DHA) ratio.

Discussion
In this study of 1094 mother–infant dyads, we demonstrated

the interindividual variation of human milk fatty acid profiles,
identified 4 human milk fatty acid patterns, and assessed
the combined impact of maternal genetics and diet on milk
fatty acid composition. We further identified novel associations
with maternal prepregnancy BMI, education, ethnicity, and
environmental factors. This evidence regarding the determinants
of milk fatty acid composition has important clinical implications
because fatty acids have immediate and long-term effects on
infant growth, health, and neurodevelopment (34).

Human milk DHA proportions are low in the CHILD cohort
compared with other populations

Previous studies of human milk have shown substantial
worldwide variability for some individual fatty acids (35, 36).
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FIGURE 4 Crude associations of individual factors with human milk fatty acids (n = 1094). Coloring reflects the direction and the magnitude
of β estimates from crude linear regression models for each fatty acid (relative proportions converted to SDSs). Ratios are not expressed as SDSs.
One ounce = 28.35 g. ∗P < 0.05 after false discovery rate adjustment for multiple comparisons. ARA, arachidonic acid; CLA, conjugated linoleic acid;
DPA, docosapentaenoic acid; FA, fatty acid; HEI, Healthy Eating Index; PC, principal component; SDS, standard deviation score.
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FIGURE 5 Multivariable adjusted (˜) models of maternal diet, genetic, sociodemographic, health, and environmental predictors of human milk fatty
acid composition in the CHILD cohort (n = 806). Coloring reflects the direction and the magnitude of β estimates from multivariable linear regression
models for each fatty acid (relative proportions converted to SDSs), with adjustment for batch and all variables shown. Ratios are not expressed as SDSs.
One ounce = 28.35 g. ∗P < 0.05 after false discovery rate adjustment for multiple comparisons. ARA, arachidonic acid; CLA, conjugated linoleic acid; DPA,
docosapentaenoic acid; FA, fatty acid; HEI, Healthy Eating Index; PC, principal component; SDS, standard deviation score.

Across 9 countries, Yuhas et al. (36) found that SFAs and MUFAs
were relatively constant, whereas large variations were seen in
PUFAs, especially DHA. Our study confirms this variability in
milk PUFAs and DHA at the individual level. A systematic
review of 65 studies (total n = 2,474, ranging from 5 to
198 mothers per study) showed that worldwide mean DHA
proportions were 0.32% ± 0.22% and mean ARA proportions
were 0.47% ± 0.13% (35). In our study of 1094 Canadian
mothers, the mean values of ARA (0.38% ± 0.09%) were
similar to the global average, whereas mean DHA proportions
(0.18% ± 0.12%) were lower by ∼50% (35), consistent with
the low estimated dietary DHA intake in our population (mean:
128 mg/d; substantially below the recommended amount of 200
mg/d) (37). Notably, 69% of mothers in our study produced
milk with DHA proportions <0.2%, which is the minimum
proportion required in human milk substitutes according to the

World Association of Perinatal Medicine’s dietary guidelines
(37). However, if the mothers used fish oil supplements during
pregnancy and/or lactation, the average breast milk DHA
proportions exceeded this minimum recommendation.

Diet and genetics are key determinants of human milk fatty
acid composition

Among mothers who consumed fatty cold water fish or
took fish oil supplements during pregnancy and/or lactation, we
observed higher proportions of n–3 PUFAs and lower ratios of
total n–6:n–3 PUFAs, ARA:DHA, and ARA:(DHA + EPA).
These findings are consistent with those of a community-based
intervention cohort study (38) and several randomized controlled
trials in which fish oil supplementation during pregnancy or
lactation (39–41) or salmon intake during pregnancy (42)
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increased human milk EPA and DHA proportions without
affecting individual n–6 PUFA proportions, including ARA
(42). In our study, when examining the CLR-transformed fatty
acids, in the unadjusted analyses, fish oil supplement use was
also associated with lower ARA proportions, although in the
multivariable analyses, the genetic determinants had a stronger
impact on ARA. Our results demonstrate the relevance of
maternal fish oil intake during both pregnancy and lactation and
suggest short- and long-term effects on PUFA proportions in
human milk, consistent with2 different mechanistic pathways: 1)
incorporation into body stores during pregnancy for later release
into milk during lactation and 2) direct absorption into serum and
transfer to milk during lactation.

Among other dietary variables examined, we found that total
HEI-2010 score (23) was associated with lower SFAs and higher
n–6 PUFA, whereas red meat intake was associated with higher
margaric acid. In line with these findings, a study exploring
maternal dietary patterns and human milk fatty acids among
Chinese mothers showed differences in SFAs and n–6 PUFAs
among the 4 dietary patterns that the researchers identified
(43).

Our findings confirm previously reported associations of
FADS1 and FADS2 SNPs with human milk ARA (25), explaining
17% of the variation in this n–6 PUFA. In addition, we
found some novel associations between FADS variants and n–
3 PUFAs, which compete with n–6 PUFAs for these desaturase
enzymes. Notably, the FADS1 genotype fully explained the ethnic
difference in ARA proportions between Asians and Caucasians
in our multiethnic cohort. We also replicated the associations of
rs174575 in FADS2 with EPA (26), although these were only
apparent when using CLR transformation that accounts for the
compositional nature of the milk fatty acid data. A few other
associations were also observed between FADS1/2 and MUFAs
(using CLR-transformed data) and SFAs, which could indicate
direct metabolism by these enzymes (44) or reflect indirect effects
related to overall fatty acid homeostasis.

Maternal BMI, ethnicity, and environmental factors are
associated with milk fatty acid composition

Independent of FADS1 genotype and dietary factors, we
observed higher SFA and lower MUFA proportions among
overweight and obese mothers, in line with results from studies
in South Korea (n = 238) (45) and Finland (n = 100)
(46). We observed ethnic differences in fatty acid profiles
independent of diet, FADS1 genotypes, and BMI, suggesting that
other unmeasured genetic, sociodemographic, or lifestyle factors
related to ethnicity may influence milk fatty acid composition,
although it is possible that our FFQ was unable to completely
capture ethnic differences in diet.

Other sociodemographic and environmental factors, including
maternal education, study site, and season of milk sampling, were
also associated with human milk fatty acids. These results might
reflect ethnicity- or education-related differences in diet that
were not captured by our adjustments for key dietary sources of
PUFAs, overall diet quality, and fish oil supplement use. We also
observed differences across the 4 study sites despite following
a standardized protocol for milk collection and processing and
analyzing all samples in the same laboratory, suggesting a
possible role for other unmeasured site-specific factors, such as

climate or lifestyle. Contrary to some previous studies (17, 47),
we did not find any associations between milk fatty acids and
infant gestational age and sex, maternal age, parity, marital status,
or smoking, although we had limited power to address some of
these factors. To date, few studies have examined the associations
of maternal health conditions and milk fatty acids, suggesting
higher milk DHA proportions among mothers with gestational
hypertensive disorders and changes in SFAs during maternal
infections (48, 49). We did not capture maternal infection data in
the CHILD cohort, and we did not find any consistent associations
between milk fatty acids and gestational hypertension or diabetes,
nor any other maternal health condition we assessed (including
asthma, atopy, and inflammatory bowel disorders). However, we
had relatively low power to study these outcomes in our generally
healthy cohort.

Overall, our study suggests that a combination of diet,
genetics, sociodemographic, health (BMI), and environmental
factors influence human milk fatty acid patterns. Together,
these factors explained ∼25% of the variation observed in
n–3 PUFAs (e.g., 26% for DHA, mainly explained by diet,
sociodemographic, and environmental factors) and n–6 PUFAs
(e.g., 24% for ARA, mainly explained by genetics) and ∼10%
of the variation observed in SFAs (e.g., 10% for palmitic acid,
mainly diet) and MUFAs (e.g., 9% for oleic acid, mainly BMI).
We acknowledge that these estimates do not fully capture the
contributions of genetics and diet because we only assessed
2 genetic variants and selected dietary variables. Nevertheless,
they provide useful information about the relative importance of
different determinants of milk fatty acid composition.

Strengths and limitations

To our knowledge, this is the largest (n = 1094) multi-
ethnic study of human milk fatty acids in a population-based
cohort. We comprehensively assessed multiple dietary, genetic,
sociodemographic, health, and environmental factors, and we
used statistical approaches to correct for multiple testing, reduce
data dimensionality, and account for the compositional nature
of our data. Using CLR-transformed data, we observed mostly
similar but also some different associations. Further research is
needed to explore the utility of CLR or other transformations
for studying compositional fatty acid data and to compare these
against absolute proportions in appropriately collected human
milk samples. Limitations of our study include the use of an
FFQ, which cannot accurately estimate nutrient intakes, and the
reliance on dietary data collected during pregnancy, which may
not accurately reflect diet during lactation (50). In addition, we
lacked information on total milk fat, calories, and volume and
therefore could not determine the total “dose” of milk fatty acids
delivered to each infant for comparison against dietary intake
recommendations. Finally, we restricted our genetic analyses to
known SNPs in the FADS genes; further research is needed to
identify other genetic factors influencing milk fatty acids.

In conclusion, in the large multiethnic CHILD cohort, we
showed that human milk fatty acid composition is variable
and independently associated with several dietary, genetic,
sociodemographic, and environmental factors. Together, these
factors explained ∼25% of the variation observed in n–3 PUFAs
and n–6 PUFAs and ∼10% of the variation observed in SFAs and
MUFAs. The contribution of diet and BMI was mainly observed
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for SFAs, whereas diet and sociodemographic factors contributed
to n–3 PUFA variability and FADS genotypes contributed mainly
to n–6 PUFA variability. Further research is needed to confirm our
findings in other populations, identify additional determinants
of human milk fatty acid composition, and understand their
collective biological impact on the health and development of
breastfed infants.
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