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Despite the importance of human milk fatty acids for infant growth and development, there are few reports describing infant intakes of
individual fatty acids. We have measured volume, fat content and fatty acid composition of milk from each breast at each feed over a 24 h
period to determine the mean daily amounts of each fatty acid delivered to the infant from breast milk at 1, 2, 4, 6, 9 and 12 months of
lactation in five women. Daily (24 h) milk production was 336-60 (SEM 26-21) and 414-49 (seM 28-39) ml and milk fat content was 36-06
(sEm 1-37) and 34-97 (seM 1-:50) g/l for left and right breasts respectively over the course of the first year of lactation. Fatty acid com-
position varied over the course of the day (mean CV 14-3 (SD 7-7) %), but did not follow a circadian rhythm. The proportions (g/100 g total
fatty acids) of fatty acids differed significantly between mothers (P<<0-05) and over the first year of lactation (P<<0-05). However, amounts
(g) of most fatty acids delivered to the infant over 24 h did not differ during the first year of lactation and only the amounts of 18:3n-3,
22:5n-3 and 22:6n-3 delivered differed between mothers (P<<0-05). Mean amounts of 18:2n-6, 18:3n-3, 20:4n-6 and 22 : 6n-3 deliv-
ered to the infant per 24 h over the first year of lactation were 2-380 (sp 0-980), 0-194 (sp 0-074), 0-093 (sp 0-031) and 0-049 (sp 0-021) g
respectively. These results suggest that variation in proportions of fatty acids may not translate to variation in the amount delivered and

that milk production and fat content need to be considered.

Fatty acids: Infant nutrition: Human milk lipids: Sampling protocols: Breast-feeding

It is now recognised that fat in human milk contributes sig-
nificantly to the growth and development of the infant.
Whilst fatty acids (FA) provide approximately 50 % of the
infant’s energy requirements (Jensen et al. 1995), the
long-chain polyunsaturated FA have been the focus of
intense investigation for their roles in neonatal neural and
visual development (Gibson et al. 1996; Innis et al. 2001)
and immunological development (Isaacs et al. 1986).
Despite the importance of these FA, Gibson & Makrides
(2000) noted that there is currently a lack of knowledge
regarding infant FA intake, but concluded that we may
need to rely on the composition of breast milk from well-
nourished mothers as a guide to dietary recommendations
for infants.

However, the determination of infant FA intake is not
straightforward. Fat in human milk is variable, changing
in content over the course of a feed (Hytten, 1954),
during the day (Daly et al. 1993; Hartmann et al. 2000)
and over the course of lactation (Butte et al. 1984,

Mitoulas et al. 2002). Furthermore, the FA composition
itself can vary over the course of the day (Hall, 1979;
Daly et al. 1993) and throughout the first year of lactation
(Idota et al. 1991; Luukkainen et al. 1994; Makrides et al.
1995; Huisman et al. 1996), as well as from country to
country (Read er al. 1965; Kneebone et al. 1985; Innis &
Kuhnlein, 1988). It is, therefore, imperative that all levels
of variation are taken into account in order to accurately
determine FA composition and ultimately the FA intake
of the breast-fed infant.

We have used a sampling protocol similar to that of
Hartmann efr al. (1986): this takes into account changes
in fat content of milk during a feed, differences between
breasts and changes over the course of the day, and ensures
minimum interference with infant feeding behaviour.
Using this technique, we have determined the volume of
milk removed by the infant, together with the fat content
and FA composition of milk from each breast at each
feed over a 24 h period at 1, 2, 4, 6, 9 and 12 months of

Abbreviation: FA, fatty acid.
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lactation for five breast-feeding women. These results were
used to determine mean 24 h content of fat in milk and
amounts of twenty-nine individual FA consumed by the
infant from breast milk over 24h periods from 1 to 12
months after birth.

Methods
Subjects

Healthy mothers and infants were recruited through the
Australian Breastfeeding Association, Western Australian
Branch, or from private healthcare centres. All mothers
supplied written, informed consent to participate in the
study, which was approved by the Human Research
Ethics Committee, The University of Western Australia.
Details of the subjects have been described previously
(Cox et al. 1999; Kent et al. 1999). Briefly, all infants
were fully breast-fed on demand for at least 4 months,
with complementary solid foods being introduced between
4 and 6 months of age. All mothers maintained their own
breast-feeding patterns throughout study periods and were
consuming their own ad libitum diets. All study periods
were within 1 week of the indicated month of lactation.

Milk sampling

Milk samples (= 1 ml) were collected before and after each
feed from each breast over a 24-28h period by either
manual breast pump (Kaneson Expression and Feeding
Bottle, Yanasem Waitch K.K., Osaka, Japan) or hand
expression into 5 ml polypropylene vials (Disposable Pro-
ducts Pty Ltd., Adelaide, South Australia, Australia).
Samples were initially stored in a household freezer for a
maximum of 24 h and then transported on ice to the labora-
tory, where they were stored at —20°C until analysis.

Determination of 24 h milk production

Milk yield was determined for each breast by test weighing
the mother, accounting for insensible water loss as
described by Arthur et al. (1987). Test weighing was car-
ried out at each mother’s home over the same 24-28h
period that milk samples were collected using an electronic
Sauter balance (weighing platform, model EC 240; evalua-
tor unit with data output printer, model ED 3300; FSEM
Scientific, Perth, Western Australia, Australia). Briefly,
mothers weighed themselves before and after each feed
from each breast. To account for the insensible water
loss incurring during feeding, mothers were instructed to
reweigh themselves 20 min after the end of each feeding
session. The rate of water loss for this 20 min period was
then used to calculate insensible water loss during the feed-
ing period. Final corrected 24 h milk yield was calculated
from the data collected over the 24-28h period using
the method described by Arthur et al. (1987).

Biochemical analyses

Milk fat. The fat content of the fore- and hindmilk
samples was determined using the modified method of

Stern & Shapiro (1953) as described by Cox et al
(1996). Briefly, 2-5ul milk samples (warmed to 37°C)
and standards (0—200 mM-triolein) were added to
redistilled ethanol (600 wl) and mixed for 10s. Hydroxyl-
amine hydrochloride (2m, 100wl) and NaOH (3:5M,
100 wl) were then added to each sample and the samples
mixed and left to stand at room temperature for 20 min.
Each sample was acidified by the addition of HCI
(4M, 100 D) and colour production achieved by the
addition of a FeCl;—TCA solution (7-5g TCA in 10ml
0-37M-FeCl;—-0-1M-HC1, 100 pl). The tubes were
mixed and 250 ul was pipetted into duplicate wells on a
ninety-six-well microtitre plate. The absorbance of each
well was determined at 540nm using a plate spectro-
photometer. The detection limit of this assay was 0-45
(SEM 0-41) g/l (n 13) and the interassay CV was 8-1 %
(n 13).

Fatty acid composition. FA were extracted with
chloroform—methanol (2:1, v/v) using butylated hydro-
xyanisole as an antioxidant, according to the modified
method of Folch et al. (1957, Gibson & Kneebone,
1981). FA methyl esters from milk lipid extracts were
prepared by acid transmethylation using H,SO,4 (10 ml/l
in methanol) according to a modified method of Christie
(1973). FA methyl esters were separated using a GC
(Shimadzu GC-14A, Shimadzu Corporation, Kyoto,
Japan) equipped with a 50m capillary column (0-32 mm
internal diameter) coated with BPX-70 (0-25 pm film
thickness; SGE Pty Ltd, Ringwood, Victoria, Australia)
using a method modified from that of Makrides et al.
(1995). Each sample (3 pul) was injected onto the column
using an automatic injector (Shimadzu AOC-14;
Shimadzu Corporation) at a split ratio of 30: 1. The injec-
tor temperature was set at 250°C and the detector (flame
ionisation) temperature at 300°C. The initial oven tempera-
ture was 140°C and was programmed to rise to 230°C at
5°C/min. The carrier gas was He at a velocity of 4 ml/
min. FA were identified based on retention time to auth-
entic lipid standards (Nu-Chek-Prep Inc., Elysian, MN,
USA).

The CV of the proportions of 12:0, 16:0, 18: 1n-9,
18:2n-6 and 22:6n-3 over five separate extractions were
6-30, 0-82, 1-08, 0-98 and 3-10 % respectively. The CV of
the proportions of 12:0, 16:0, 18:1n-9, 18:2n-6 and
22:6n-3 over five separate GC injections were 3-49,
0-30, 0-49, 0-60 and 1-90 % respectively. The recovery of
17:0 (added as triheptadecanoic acid) to milk prior to
extraction with respect to the addition of 15:0 (added as
a methyl ester after transesterification) was 101-4 (SEM
2:26) % (n 6).

Determination of 24 h fatty acid intake

For each feed from each breast, the fat contents of fore-
and hindmilk samples were averaged to provide the fat
content for each feed. The volume of the feed was then
used to determine the amount of fat consumed by the
infant at each feed. This amount, together with the FA
composition of that feed, as determined by GC, was then
used to determine the amount of individual FA consumed
by the infant. The sum of the amounts of each FA provided



Table 1. Changes in the volume of milk produced, the fat content and the amount of fat delivered to the infant in 24 h for left and right breasts over the course of the first year of lactation*
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*For details of subjects and procedures, see p. 980.
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by all feeds over the study period (24—28h) and the total
volume of milk consumed by the infant over the study
period were then used to determine an average concen-
tration (g/l). This concentration and the corrected 24h
volume (Arthur et al. 1987) were then used to determine
the amount consumed in 24 h by the infant.

Statistical analysis

All longitudinal analyses were performed using the SAS
System for Windows, version 6.12 (SAS Institute Inc.,
Cary, NC, USA) with the general linear means (PROC
GLM) procedure. The GLM longitudinal analyses for the
composition of FA were weighted for the number of obser-
vations for each woman, at each time point. Student’s
paired ¢ tests and other statistics were performed
using Statview ™ SEM 4 Graphics (Abacus Concepts Inc.,
Berkeley, CA, USA). All values are reported as means with
their standard errors unless otherwise stated. Differences
with P values <0-05 were considered significant.

Results
Breast-feeding characteristics

The mean age and parity of the participating mothers was
33-00 (seM 1-30) years and 2-60 (SEM 0-24) children
respectively. Mean daily milk production for all mothers
over the course of the year (five mothers, months 1, 2, 4,
6, 9 and 12, n 30) was 336-60 (SEM 26-21) ml for the left
breast and 414-49 (SEm 28:39) ml for the right breast and
did not differ over the course of the year (Table 1). The
mean daily fat content for all mothers over the course of
the year was 36-06 (SEM 1-37) g/l for the left breast and
34.97 (sem 1:50) g/l for the right breast and differed
over the course of the year (P<<0-05). This corresponded
to the baby receiving 12.08 (SEmM 0-89) g fat per 24h
from the left breast and 13-63 (SEM 0-88) g fat per 24h
from the right breast.

Fatty acid composition

There was no significant difference in the proportional
composition of FA in fore- and hindmilk. Therefore, sub-
sequent analyses of FA composition for left and right
breasts were performed on hindmilk samples only. FA
composition did vary over the course of the day: the
mean daily CV for all FA identified was 14-3 (SEM 7-7)
%. The pattern of daily variation of individual FA was
not conserved either between women or over the course
of lactation (Fig. 1).

The observed variation in the composition of 10:0,
12:0, 14:0, 16:0, 18:0, 18:1n-9, 18:2n-6, 18:3n-3,
20:4n-6 and 22:6n-3 between women and over the
course of lactation was significant (P<<0:05) in all cases
(Table 2). Over the course of lactation, the medium-chain
FA 10:0, 12:0 and 14:0 all decreased with time to 6
months (P<<0-0001). Following this, 12:0 and 14:0
increased markedly towards 12 months (P<<0-0001)
whilst 10:0 remained constant. Palmitic acid (16:0)
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Fig. 1. Variation in the proportion of 22:6n-3 in milk from each feed from the left breast over a 24 h period for five mothers at 1 (A), 2 (B),
4 (C), 6 (D), 9 (E) and 12 (F) months of lactation. ¢, Mother 1; O, mother 2; A, mother 3; X, mother 4; x, mother 5. Fatty acid composition
varied over the course of the day, but this variation was not consistent between mothers or over the course of lactation. For details of subjects

and procedures, see p. 980.

behaved similarly to 10:0, showing an initial decrease
towards 4 months (P<<(0-0001) and then remaining constant
to 12 months of lactation. Although not a medium-chain
FA, 18:0 followed a similar trend to 12:0 and 14:0,
decreasing towards 9 months (P<<0-0001) and then increas-
ing from 9 to 12 months of lactation (P<<0-0001).

For 18: 1n-9, there was no difference in the proportional
composition between the values obtained at 1 and 12
months. However, 18 : 1n-9 did increase towards 6 months
(P<0-0001) before decreasing towards 12 months
(P<<0-0001). Linoleic acid (18:2n-6) also followed this
trend by increasing towards 6-9 months (P=0-0001)
and then decreasing at 12 months of lactation (P<<0-05).
Linolenic acid (18:3n-3) increased towards 6—9 months
(P<<0-0001) and then remained constant to 12 months. Ara-
chidonic acid (20 :4n-6) decreased towards 6 months and
then remained constant to 12 months (P=0-0006). Docosa-
hexaenoic acid (22:6n-3) decreased from 1-2 months
(P=0-0002), after which there was an increase towards 6
months (P<<0-0001) followed by no change through to 12
months.

Amounts of fatty acids consumed by the infant

On average, over the first year of lactation, the greatest
amount of any individual FA consumed by the infant over
the 24h period was that of 18:1n-9 (827 (Sp 2-84) g/
24 h). The infant also consumed both the n-6 and n-3 essen-
tial FA 18:2n-6 (2-:38 (sp 0-98) g/24h) and 18:3n-3 (0-19
(sp 0-07) g/24h) respectively. The infant consumed 92-5
(sp 31-1) mg arachidonic acid (20 : 4n-6)/24 h and 49-3 (SD
21-1) mg 22:6n-3/24h. Overall, the infant consumed
12-14 (SD 4-29) g saturated FA/24h and 3-58 (sp 1-07) g
polyunsaturated FA/24 h, of which 3-22 (sp 0-95) g was of
the n-6 family and 0-3 (spD 0-11) g was from the n-3
family. This gave a ratio of 8-9 (sp 1.94) for the consump-
tion of the n-6 FA : n-3 FA. The infant also consumed 0-62
(sD 0-:35) g trans FA/24 h.

The amounts of major individual FA of interest (10:0,
12:0, 14:0, 16:0, 18:0, 18:1n-9, 18:2n-6, 18:3n-3,
20:4n-6 and 22:6n-3) consumed by the infant during the
first year of lactation showed no significant difference
with time (Table 3). Only the intakes of 22:1n-9,
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18:3n-6, 20: 2n-6 and 20 : 3n-6 differed with time over the
first year of lactation (P<<0-05). Furthermore, there were
no differences between infants in amounts of the FA con-
sumed, except for the n-3 FA:18:3n-3, 22:5n-3 and
22:6n-3.

Discussion

The FA composition of milk was found to vary over the
course of the day (Fig. 1) and this finding is in agreement
with previous results from this laboratory (Daly et al.
1993), but in contrast to reports in the literature (Hall,
1979; Jensen, 1989). Hall (1979) found no evidence of a
circadian rhythm in FA composition in human milk
samples taken at regular time points over 3d. However,
upon closer inspection of Hall’s results, FA composition
did vary, with some FA showing daily CV of up to
40%. The current results agree with those of Hall
(1979); however, the interpretation differs, as Hall was
specifically looking for a circadian rhythm. The lack of a
circadian rhythm, however, does not preclude the FA com-
position from changing in a regulated manner over the
course of the day, as was the case with the results of
Daly et al. (1993).

The FA composition varied between the five mothers in
the present study and with time over the first year of lacta-
tion (Table 2). Differences between mothers were expected
and are well documented, and are most likely to be due to
differences in maternal diet (Jensen, 1989). Reports on
longitudinal changes in FA composition over the course of
lactation are not as common; furthermore, there is a lack
of consistency in the results in the literature. For example,
the two essential FA (18:2n-6 and 18:3n-3) increased at
6—9 months of lactation. Similar trends were observed up
to 3 (Huisman et al. 1996), 6 (Luukkainen et al. 1994)
and 8 (Idota et al. 1991) months of lactation. However,
Makrides et al. (1995) showed no change in either FA
over 7-5 months (30 weeks) of lactation, whereas Marangoni
et al. (2000) showed differences over 12 months but no
specific trend. Similar differences in the literature can be
found for other FA and these results highlight the complex
nature of the relationships between individual FA in human
milk and clearly suggest a need for future research investi-
gating the regulation of FA incorporation into breast milk.

Whilst much recent interest has focused on infant long-
chain polyunsaturated FA status, few studies have actually
investigated infant FA intake (Marangoni et al. 2000). An
important feature of the current study was the ability of the
sampling method of Hartmann ef al. (1986) to allow the
conversion of concentrations of individual FA into
amounts consumed by the infant. Changes in the amounts
of specific FA (10:0, 12:0, 14:0, 16:0, 18:0, 18: 1n-9,
18:2n-6, 18:3n-3, 20:4n-6 and 22:6n-3) delivered to
the infant in a 24h period over the first year of life
(Table 3) showed no significant differences with stage of
lactation. Furthermore, of these FA, only the n-3 FA dif-
fered between women. This is in contrast to changes in
the proportional composition of FA: all of these FA were
different both between women and over the course of lac-
tation, as was also shown by Marangoni er al. (2000).
These results suggest that variation in the proportional

composition of individual FA cannot be translated to
variation in infant intake. Intake needs to be determined
directly using FA concentration and milk production.
Therefore, changes in the composition of FA (either
between women or with time) can be compensated for by
changes in milk intake by the infant. It is interesting to
note that only the n-3 long-chain polyunsaturated FA
were different between women, perhaps suggesting the
dependence of these FA on immediate diet as opposed to
body depots (Del Prado et al. 2000).

Estimated whole-body 22 : 6n-3 requirement rates of 20
(Cunnane et al. 2000) and 30 (Farquharson et al. 1993)
mg/24h are below the mean infant intakes recorded in
the current study (Table 3). Furthermore, the mean 24 h
infant intake of 22:6n-3 of 49 (SEM 21) mg/24h deter-
mined in the current study agrees with the reported esti-
mated intakes of 50 (Hachey, 1994) and 60 (Cunnane
et al. 2000) mg/24 h by the breast-fed infant. These results
suggest that the five breast-fed infants in the present study
had access to a surplus of preformed 22 :6n-3 and in this
regard they are probably representative of the average,
term-delivered, exclusively breast-fed infant from 1 to 6
months of age. However, the present study cannot establish
whether or not these intake levels are sufficient or indeed
‘optimal’, because of the limited number of subjects and
the lack of any outcome measures. Further studies are
required to associate actual infant intakes of specific FA,
as opposed to breast-milk concentrations, with specific
functional outcomes before formal dietary recommen-
dations can be made.

In conclusion, the FA composition of milk determined in
the current study was similar to that previously reported
(Jensen et al. 1995). In contrast to the study of Jensen
et al. (1995), we observed that the FA composition did
vary over the short-term; however, there was no consistent
pattern (circadian or otherwise) in FA variation. It is, there-
fore, recommended that this variation together with the
variation in total fat content (Mitoulas et al. 2002) be
accounted for by the use of a suitable sampling protocol,
i.e. similar to that of Hartmann er al. (1986), when investi-
gating infant FA intakes. FA composition also varied over
the long-term; however, the variation in FA composition
both between women and with stage of lactation was not
conserved when amounts of FA consumed by the infant
per 24h were investigated. Therefore, it is important to
recognise that changes in the proportions of individual FA
may not necessarily result in commensurate changes in
24h infant intake of those FA, and that intake must be
measured directly if the effects of altering milk FA
composition are to be correlated with infant functional
outcomes.
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