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Abstract

Human milk odour has for long elicited research interest with regard to its function in breastfeeding
initiation. The present review aims to provide an overview of the behavioural effects of human milk
odour in the human neonate, considering different types of response measures in a feeding or non-
feeding context. Further, an overview of the current knowledge of odorant composition and factors
influencing milk odour is provided by summarizing results from analytical studies using olfactometry,
and addressing changes in milk odour due to storage, lactational stage, and maternal dietary intake

of odorous substances. We finally highlight some issues for future research.
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1. Introduction

Food aroma scientists elucidate the chemical structure of food odorants, and the principles of their
formation and of their release from the food matrix. They further investigate the biochemical
interaction of food odorants with the organism, considering ensuing metabolic responses, and
perceptual and behavioural effects. This also holds true for research on milk aroma. Human milk,
however, is a special food for at least two reasons. First, its consumption is restricted to early human
life and comes along with close mother-infant interaction. Second, it is of human origin. Thereby,
another facet is added to research on human milk odour, namely the question of whether it conveys
some conspecific information that is implicated in stimulating sucking behaviour and in favouring the

development of the infant’s brain and body functions.

In the following, we take an interdisciplinary perspective to human milk odour research by providing
a review on the current knowledge of: i) the neonatal perception and reaction to human colostrum
and milk odour, and ii) the chemical nature of the odorous compounds of human colostrum and milk
(hereinafter: colostrum and milk). We aim to identify the principal findings in the respective fields of
ethology, developmental psychobiology and food chemistry, and fruitful questions for future
research both within each field and at their interface. We specifically aim to stimulate research into
the chemosensory and chemical principles underlying the behavioural and physiological functions of

milk odour.

2. Human neonates’ responses to human milk odour

Colostrum is the breast fluid obtained before the second secretory phase of lactation (stage Il
lactogenesis) which occurs around the third day after parturition in humans, and is thus the first
mammary secretion ingested by the neonate. Considering its significance, and the significance of milk
in a neonate’s and nursling’s life, generally being their sole nourishment, it is tempting to expect
neonates to detect the odours of these breast secretions and to behaviourally respond to them

positively (i.e., by appetence and acceptance). In the present review, we aim to examine the current



knowledge on neonatal responses to the odours of colostrum and milk alone, disregarding other
potential maternal and mammary sources of olfactory information (otherwise reviewed in [1-3]),

unless such stimuli have been directly compared with milk.

2.1 Head orientation and oral movements in double choice tests

In 1975, Macfarlane [4] pioneered neonate infant responsiveness to the odour of the breast of their
lactating mothers. He simultaneously presented an odorous breast pad and an odourless control pad
to 2- to 7-day-old newborns, recording the duration of head orientation towards each of these
stimuli. The neonates discriminated between these two stimuli by turning their head for a longer
time towards the breast pad than to the control. This approach was taken on and refined by other
researchers, to assess neonatal responses to various stimuli including milk. Thus, in a series of studies
by Schaal and colleagues, 2-day-old infants were shown to display non-random responses towards
the odours of colostrum and milk. The neonates turned their head longer to a stimulus bearing 20
drops of their mother’s colostrum compared to an aqueous odourless control [5]. Similarly, 4-day-old
newborns oriented longer and showed longer mouthing movements to a stimulus bearing 20 drops
of their mother’s milk compared to an odourless control. This was also the case when the control
was replaced by a stimulus bearing 20 drops of the age-matched milk from another woman
(hereinafter: unfamiliar milk; [5, 6]). These results imply, first, that the odours of colostrum and milk
are detected by 2- to 4-day-old neonates; second, that these odours elicit an orienting and mouthing
response; and third, that 4-day-old infants recognize their mother’s milk odour, meaning that for

them, some information (odour familiarity, quality) differs between the milks from different women.

The next question to ask is how neonates behave when simultaneously exposed to two maternal
stimuli collected from different body sites, e.g. to maternal odours from the prenatal environment as
compared to odours from the postnatal environment. This question was addressed using 20 drops of
colostrum or milk as the postnatal stimulus, and 20 drops of amniotic fluid as the prenatal stimulus.

Whereas the duration of head orientation towards the one or the other stimulus was not



discriminative in three groups of breast-fed neonates with a mean age of 10, 34, and 55 hours after
birth, respectively, two other groups of neonates, tested at a mean age of 85 and 114 hours, oriented
their head significantly longer to the postnatal stimulus, i.e., the milk stimulus [7]. This result of age-
related responsiveness towards simultaneously presented prenatal and postnatal odour cues of their
own mothers was replicated with two other groups of neonates (mean age: 42 and 91 hours,
respectively; [5]). However, such a shift in behavioural response did not occur in bottle-fed infants
who oriented longer towards the amniotic fluid stimulus on day 4 when it was paired with their
formula ([8]; see also [9]).

Human infants’ responses have also been tested when simultaneously exposed to two odours
experienced postnatally in the context of breastfeeding. When their mother’s milk and neck odour,
or their mother’s milk and areola odour were paired, 3-day-old newborns did not show any
preferential orientation or discriminative mouthing response [10]. However, when milk odour was
opposed to breast odour, 3-day-old neonates tended to orient their head more often, yet no longer,
to the breast odour [10].

Taken together, these results suggest, first, that the odour of mammary secretions gains
attractiveness over the odour of amniotic fluid during the first few postnatal days (see [7] for a
discussion of possible underlying mechanisms), and, second, that, in 3-day-old neonates, the odour
of milk elicits orienting and mouthing responses that are equivalent to those elicited by maternal

neck or breast odours.

It remains to ask about the relative attractiveness of milk odour with regard to non-maternal odours,
including the odours of animal milk and animal milk-based formulas. Marlier and Schaal [11]
presented 3- to 4-day-old infants with milk of an unfamiliar mother and unfamiliar bovine milk-based
formula (i.e., formula that had not been ingested by the infants before). Irrespective of the feeding
mode (bottle or breast), the newborns oriented longer and with shorter latency towards the milk
odour, and showed more search-like mouthing movements to it. Similarly, 3- to 4-day-old bottle-fed

neonates evinced enhanced head orientation and scanning/mouthing activation towards milk odour



from an unfamiliar mother as compared to the iso-intense odour of the formula milk they had been
fed since birth [11]. Otherwise, studying 3- to 4-day-old neonates’ behaviour in a test opposing milk
odour and a chamomile scent (conveyed by a cream applied on the areola), Delaunay-El Allam et al.
[12] showed that breast-fed infants turned their head longer and expressed longer mouthing
movements towards their mother’s milk odour than to the chamomile odour. However, when the
test was performed with a group of infants having been exposed to the chamomile scent during
breastfeeding in the days before, no such discriminative response was observed [12]. One can thus
conclude, first, that 3- to 4-day-old neonates preferentially orient towards human milk odour when it
is paired with a non-maternal odour, and, second, that associative learning during breastfeeding

renders the learned odour as attractive as the odour of milk.

In sum, two-choice tests including human milk odour as a stimulus have shown that the odour of
colostrum elicits neonatal orienting and mouthing response as early as on day two (earlier behaviour
has not been investigated, to date). The relative salience of prenatal and postnatal odour cues
changes with the newborn’s age and with the lactational stage of milk secretion, the odour of
transitional milk (milk secreted in the several day-long transition between colostrum and mature
milk) becoming more attractive to 3- to 4-day-old breast-fed neonates than the odour of amniotic
fluid. In contrast to this, different postnatal maternal odours (milk, breast, and neck odours) appear
to be barely behaviourally discriminated at this age (but more tests are needed). Finally, both bottle-
and breast-fed 3- to 4-day-old neonates orient longer and show more mouthing to the odour of milk
as compared to formula odour, and analogous results were obtained with low-intensity artificial
odour mixtures associated with breastfeeding. Despite this evidence, however, our understanding of
the relative attractiveness of milk odour compared to other postnatal odours associated with the

mother, and similarly to non-conspecific odours, appears still incomplete.

2.2 (Non)-nutritive sucking in a feeding context




The effect of milk odour on sucking or searching behaviour in a feeding context has been investigated
in infants born at term and in infants born preterm. Thus, when 24-day-old preterm infants (mean
gestational age (GA): 30.3 weeks) were orthonasally stimulated with the odour of fortified breast
milk (thawed breast milk charged with a fortifier powder containing similar constituents as bovine-
milk based formula) during nasal tube feeding of this milk, non-nutritive sucking on the odour-
releasing pacifier was enhanced compared to a control condition. Such an effect was not observed in
a group stimulated with formula (mean GA: 29.3 weeks; [13]). The study, however, lacks information
on certain experimental parameters (e.g., familiarity of formula odour, origin and storage duration of
human milk). In another study on 2- to 5-week-old preterms (mean GA of the two groups: 31.8 and
31.2 weeks), Raimbault et al. [14] investigated how exposure to their mother’s milk odour just before
the initial breastfeeding trials influences the neonates’ breastfeeding behaviour. Compared to the
control group, the regularly exposed infants evinced longer maximal durations of sucking bouts and
more frequent long sucking bouts (i.e., bouts composed of 7 or more sucking movements), and
ingested more milk at a later breastfeeding session. Nutritive sucking parameters were further
monitored in a bottle-feeding session with 12-day-old term infants who had been separated from
their mothers since birth [15]. The newborns evinced a higher expression pressure and sucking
frequency when their mother’s milk odour was presented orthonasally, as compared to the formula
odour condition and the water control condition. Other researchers compared the sucking behaviour
of term infants when being fed formula and milk without additional orthonasal odour stimulation
(i.e., milk odorants were released intraorally and reached the olfactory areas retronasally). Whereas
no or only marginal differences were reported concerning the neonates’ sucking behaviour, a
consistent outcome of these studies was a higher respiration frequency when the neonates were fed

milk in comparison with formula [16-18].

Finally, Doucet et al. [19] tested the behaviour of 3-day-old neonates when facing their mother’s
breast in a nursing position. The breast was partly or completely covered by a transparent plastic film

to avoid the release of milk- or breast-related volatiles, or to selectively release odorants from the



nipple only, from the areola only, or from milk only. Whereas the newborns’ behaviour in the
odorous conditions was different from their behaviour in the odourless condition for a range of
parameters (e.g., crying time, duration of opening the eyes, duration of licking, sucking and rooting),
the type of odorous condition (“total breast”, “areola only”, “nipple only”, “milk only”) did not have a

major influence on oral activation or other behaviours, with the exception of rooting, which was

enhanced in the “total breast” condition compared to the “areola only” and “milk only” conditions.

In sum, these results indicate that milk odour, but not formula odour or water, promotes (non)-
nutritive sucking in a feeding context. However, this conclusion appears provisional in view of the
low number of studies and often the special early life circumstances of the participating newborns
(preterm birth). Hence, the effect of milk odour on nutritive sucking in a feeding context, and its
relative potency to stimulate sucking with regard to other maternal and non-maternal odours, still

deserves further study.

2.3 Oral movements, facial expressions, and physiological responses in sequential tests

Sequential tests permit administering numerous odours to neonates, and in those studies assessing
neonatal responses to milk odour, the stimulus set generally comprised additional maternal or dairy
substrates, specific odours or odorants, and an odourless control. Studies using sequential stimulus
administration are designed to judge a stimulus’ relative efficacy to induce specific neonatal facial
actions or physiological responses, and have been used to screen for odorants that may elicit
responses comparable to those towards milk odour. In a study by Mizuno et al. [20], two groups of
newborns were sequentially presented on both day 1 and day 4 postpartum with their mothers’
colostrum / milk, the colostrum / milk from an unfamiliar mother, formula (origin not specified),
orange juice, and water. All neonates had been separated from their mothers and bottle-fed during
the first 24 hours. The neonates were divided into two groups. Whereas group A had skin-to-skin
contact, including suckling, for an average of 64 minutes immediately after birth, group B did not

experience skin-to-skin contact or suckling before being separated from the mothers. On day 4,



group A, but not group B, showed more frequent mouthing to their own mother’s milk odour than to
the unfamiliar milk odour. In both groups, no discriminative responsiveness to the odours of their
own mother’s colostrum and unfamiliar colostrum was evident on day 1. Further, on both days 1 and
4, the two groups evinced a higher mouthing frequency to the odours of familiar and unfamiliar
colostrum / milk than to the odours of formula, orange juice, and water, and the mouthing frequency
was higher to the odour of formula than to that of orange juice and water. These results indicate that
familiar and unfamiliar human milk odour leads to a higher mouthing frequency than formula odour,
a non-dairy odour (orange juice), and the odourless control stimulus as early as on day 1. However,
this has not been replicated in other studies. Thus, in a study conducted by Soussignan et al. [21], no
evidence of milk-specific facial responsiveness was obtained in 3- to 4-day-old breast- and bottle-fed
neonates the responses of whom were compared for unfamiliar milk odour, water, and iso-intense
vanillin and butanoic acid odours. In addition to the neonates’ behaviour, the authors also recorded
their breathing rate and skin temperature to assess physiological responses to the odour stimuli. No
discriminative responses occurred with regard to the skin temperature. The proportion of
behaviourally active neonates, the duration of facial displays, the number of action units (distinct
muscle movements according to the Facial Action Coding System [22]), and the increase in
respiratory rate were higher for the three odorous stimuli (milk, vanillin, and butanoic acid) than for
the control. Further, more neonates showed disgust expressions (facial action units 9 and 10) when
smelling butanoic acid odour than water. In the same study, breast-fed neonates evinced a higher
breathing rate change to unfamiliar milk than to unfamiliar formula, and vice versa in bottle-fed
neonates. Thus, even if Soussignan et al. [21] found distinct facial and respiratory responses to milk
odour and to the odourless control, indicating perception of milk odour by the neonates, the
respiratory responses to milk and formula appeared to be modulated by the feeding mode of the
infants, and the responses towards milk odour did not significantly differ from those towards the
odours of iso-intense vanillin and butanoic acid. One might speculate that this result is related to the
iso-intensity of the stimuli (cf. [23]), or to the presence of these two odorants in milk (cf. [12]). Yet,

the inconsistencies in the relative efficacy of milk, formula, other odorants, and the odourless control



to induce sucking or other facial expressions may also be due to different methods applied in the
different studies, e.g., regarding the neonate’s behavioural state or the duration of stimulus
presentation. For instance, Mizuno et al. [20] recorded the mouthing frequency during a 120 s-long

odour stimulation, whereas Soussignan et al. [21] administered the odour stimuli for 10 s each.

Recording oro-cephalic responses, respiratory parameters and heart rate during sequential stimulus
administration, Doucet et al. [24] investigated responses of 3-day-old infants to the odours of their
familiar food (milk or formula), unfamiliar formula, non-pasteurized cow milk, vanillin, and water.
Further, the stimulus set comprised unfamiliar milk, sebum, and areolar gland (AG) secretions.
Amongst others, they observed that the odour of unfamiliar AG secretions activated oro-cephalic
actions during the 10-s-stimulus presentation to a higher extent than the odours of unfamiliar milk
and of familiar food. Analogous results were obtained for the maximum change of inspiratory rate
upon stimulus administration. Further, in the 10-s-period after stimulus presentation, non-
pasteurized cow milk odour led to a higher oro-cephalic activation than the odour of unfamiliar
human milk. Whereas no significant stimulus-specific alteration of respiratory rate became evident,
bottle-fed but not breast-fed neonates evinced a higher increase in heart rate to the odour of AG
secretions than to unfamiliar milk and to their familiar food. These results point towards a high
efficacy of AG secretions in inducing neonatal physiological and behavioural activation. Yet, neonates
apparently did not behaviourally discriminate between milk odour and the odours of other maternal
stimuli, formula, vanillin, and the control.

In a more recent work, 3-day-old neonates were studied by Loos et al. [25, 26] with regard to their
responses to aqueous solutions of steroids, acids, and thiols occurring in milk and/or sweat. In these
studies, the neonates did not enhance oral movements to their familiar feed (milk or bovine milk-
based formula) as compared to the odourless control water, and the respiratory rate of the neonates
did not differ between any of the stimuli. Certain of the odorous stimuli led to facial responses that
differed from those elicited by the familiar feed of the newborns, but these responses appeared

concentration-dependent. For example, the compound 3-hydroxy-3-methylhexanoic acid, a



contributor to sweat odour supposed to occur in milk, elicited a longer duration of negative oro-facial
responses than familiar food when it was presented at 50 ng/L, but not at 0.5 ng/L or at 200 pg/L.
Such concentration-dependent effects may relate to different perceived odour intensities,
familiarities, and qualities [27, 28], reflecting that concentration is put forward to contribute to
odour identity [29, 30]. Such concentration-dependent responsiveness to odorants is also evident in

other species, on a behavioural or neuronal level [31, 32].

Using near-infrared spectroscopy (NIRS), Bartocci et al. [33] studied processing of odours by the
neonatal brain. Whereas newborns younger than 24 h showed a higher change in oxygenated
haemoglobin when presented with their own mother’s colostrum odour compared to the control,
this was not the case for infants older than 24 h. No such age-dependent responsiveness was
observed for vanillin which elicited a cortical metabolic activation in all infants at any age. In a more
recent NIRS study, Aoyama et al. [34] found that the change in oxygenated haemoglobin was higher
upon stimulation with familiar milk odour than with formula in a sample of about 5-day-old

newborns, irrespective of the feeding mode.

In sum, no consistent picture is emerging from the currently available tests using milk odour in a
sequential stimulus design. Discriminative responses to milk odour and the odourless control, or to
milk and formula odours were only reported in part of the studies. With regard to other odorant
mixtures or odorants, neonatal responses appear to depend on the nature of the stimulus, and its
concentration.

The available evidence further indicates that the own mother’s milk odour is recognized on day 4,
and that this response is dependent on the neonates’ postpartum experience of maternal odours
[20]. Yet, this was not replicated by Doucet et al. [24]. Maternal stimuli other than milk applied in
sequential tests were amniotic fluid (yet, no statistical comparison to responses to milk odour was
performed; [21]), unfamiliar sebum and AG secretions [24], and familiar sweat [26]. From these, the
odour of unfamiliar AG secretions was found to elicit a distinct neonatal response, i.e. longer oro-

cephalic movements, as compared to the odours of unfamiliar milk and the familiar feed of the



neonates.
Sequential tests are promising since they allow multiple comparisons between stimuli of different
origins. Yet, it appears that the methodological standard for testing newborns should be

implemented in future studies.

2.4 Facial expressions, motor activation, crying, and physiological responses in a pain context

Heel pricks and venipuncture are used as a routine procedure to obtain neonatal blood samples for
medical tests, and it has been investigated whether related pain responses can be diminished by
olfactory cues. Indeed, de Chanville et al. [35] report lower pain scores and shorter crying duration in
a sample of preterm infants (median GA: 32.4 and 33.6 weeks) undergoing venipuncture while being
exposed to their familiar milk odour as compared to an odourless condition. Similarly, Nishitani and
colleagues [36] compared the soothing effects on 5 day-old newborns of the odours of either their
own mother’s milk, the milk of an unfamiliar mother, formula, and saline, in a sample of term-born
newborns undergoing a heel prick procedure. The own mother’s milk odour reduced significantly
general motor activity, and crying and grimacing time, as compared to the other conditions. In a
second experiment, the same authors further showed that the salivary cortisol concentration was
increased in infants of the control group (saline) but not in the group exposed to their mother’s milk
odour. Analogous results were obtained by Badiee et al. [37] for the effect of familiar milk odour and
formula in two groups of preterm newborns (mean GA: 43.1 and 43.5 weeks).

However, it has also been demonstrated that a familiar non-maternal odour can alleviate pain
responses during venipuncture and support recovery after a heel prick procedure in preterm
newborns [38]. Hence, subsequent studies aimed at comparing the soothing effect of milk and other
familiar odours. In 2005, Rattaz et al. [39] investigated the behaviour of 4 groups of 3-day-old full-
term neonates during a heel prick procedure, smelling the own mother’s milk, a familiar vanilla

odour, an unfamiliar vanilla odour, and a dry control, respectively. Comparing the effects of familiar



vanilla odour to those of milk odour, the infants showed equivalent crying and facial activity. Yet,
during the heel prick procedure, infants smelling the milk odour moved their head to a lower extent
than those smelling the familiar vanilla odour, indicating a different behaviour with maternal vs non-
maternal odours (or with less vs. more intense odours). Neshat et al. [40] reported for a
venipuncture intervention that 10-day-old preterm infants in the breastmilk condition showed a
lower increase in heart rate and lower decrease in blood oxygen saturation than infants presented
with a familiar vanilla odour or no odour (mean GA: 31.6, 30.9, and 31.5 weeks, respectively). In the
same study, pain responses in the milk group were significantly reduced compared to the two other
groups both during and after venipuncture. In comparison to the control group, the pain response in
the vanilla group was reduced during, but not after the procedure. Finally, Mellier and colleagues
[41] demonstrated that recovery from venipuncture was more efficient in breast-fed term neonates
smelling their mother’s milk than in bottle-fed neonates smelling their formula and a control group

smelling saline.

Taken together, these studies suggest that familiar human milk odour is more efficient in alleviating
neonatal pain responses than unfamiliar human milk, formula, and familiar odorants. Nonetheless, as
compared to the odourless condition, familiar odours have also been shown to reduce neonatal pain
responses. Thus, it remains to ascertain whether human milk carries some components that affect
inborn mechanisms of stress and pain buffering in neonates, e.g., related to the endogenous opioid
system, or if the familiarity of its chemical signature is sufficient to elicit the same effects, or finally

whether both processes are involved sequentially or simultaneously.

2.5 Conclusions

From the above cited research, we can deduce that neonates detect the odour of human milk and
show calming, orienting, and appetitive behaviour towards it. Since such behaviour results in

breastfeeding success, growth, and positive perception of the infant’s behaviour by the mother, milk



odour is considered to indirectly promote and maintain mother-infant interaction and attachment.
Thereby, the nature of neonatal responsiveness to milk odour is expected to be context-appropriate,
and in experimental research depends on the posed question, design, and setting. Double-choice
tests and sequential tests mostly aim at quantifying responses related to feeding including pre-
ingestive (head orientation, non-nutritive sucking) and ingestive (nutritive sucking) behaviour.
Accordingly, neonates are generally studied in the pre-prandial state in these tests. In contrast, when
studying infant responsiveness in a pain context, milk odour has been demonstrated to reduce pain
responses. One might speculate that not only the behavioural response in these different settings is
different, but also the supposed dimension of chemosensory information underlying the respective
behaviour. Whereas one may expect information about the presence of food to be a reinforcing
driver of (pre)-ingestive behaviour, familiarity of an odour or information about the mother’s
presence might induce calming of the infant while experiencing pain. Such responses are, however,
not restricted to milk odour. As indicated by the above-cited studies, neonates rapidly acquire odours
related to breastfeeding or interaction with the mother. Together with other research (e.g., [12, 42-
45]), these studies thus demonstrate that human newborns are highly sensitive to odours and that
the first postnatal days offer highly reinforcing conditions for odour learning. The learned odours are
then capable of influencing the newborn’s behaviour in a similar manner or even an equivalent
manner as milk odour. Thus, it remains of interest to carve out the significance of milk odour in the
postnatal odour landscape, and to expand our knowledge on neonatal behaviour towards non-milk
odours. In doing this, future studies should exercise due diligence to multiple aspects of the
experimental conditions, e.g., response measures, behavioural state and age of the infants, choice of

stimuli, or blindness of experimenters regarding the stimulus presented.

In view of the behavioural responses of human neonates to milk odour, one might ask which
odorants in human milk guide this behaviour. One should also assess which factors influence the
quality of milk odour, since the maternal diet, lactation stage or storage conditions might impact the

milk stimulus used for behavioural assays.



3. Human milk odour

3.1 Odorous volatiles of milk

The main constituents of mature milk are water, lactose (5.2-7.0 %; [46]), triglycerides (2.5-6.4 %;
[46]), proteins (0.9-2.8 %; [46]), and oligosaccharides (average 16 g/L; [47]). Quantitatively minor
constituents comprise minerals and vitamins (e.g., [48]), free amino acids (see [49, 50]), extracellular
microRNA (e.g., [51]), and cells and vesicles (see [52]). Excellent recent reviews are available covering
the occurrence and function of milk macro- and micronutrients (e.g., proteins: [53, 54], lipids: [55,

56], carbohydrates: [57], minerals and vitamins: [58, 59]).

Knowing the secretion pathways [60]and the overall composition of milk, one can expect milk to
contain diverse odorous structures, including compounds derived from oxidative and/or enzymatic
degradation of lipids (e.g., fatty acids, aldehydes, ketones, lactones), amino acids (e.g., aldehydes,
heterocyclic compounds), and carbohydrates (e.g., pyranones, furanones), as well as compounds
originating from blood, and lipophilic environmental contaminants. Further, some odorous
compounds may be synthesized and secreted by the mammary or skin glands. Indeed, various
volatile compounds occur in milk, with important inter- and intra-individual qualitative and
guantitative variations [1, 61-70]. Further, amino acid conjugates known as precursors of sweat
odour have been detected in milk [71], and might analogously contribute to milk odour after
cleavage. The present review, however, focuses on those milk volatiles that are perceivable by an
adult human nose, as determined via gas chromatography-olfactometry/mass spectrometry (GC-
O/MS; [72, 73]). Extraction methods used in combination with GC-O comprise solvent extraction, and
stir bar sorptive extraction from the headspace and from the milk. A compilation of odorants
detected with these techniques is given in table 1.

Structurally diverse odorants contribute to milk odour, including aldehydes, ketones, terpenes,
phenols, acids, heterocyclic structures, and steroids. Several of these compounds can be

hypothesized to originate from known biosynthetic routes or degradation processes, such as lipid



oxidation (e.g., (E)-4,5-epoxy-(E)-dec-2-enal, 1-octen-3-one; [74, 75]), carotenoid degradation (e.g.,
B-ionone; [76, 77]), or carbohydrate or amino acid degradation (e.g., furaneol, 2-acetyl-1-pyrrolin,
indole; [78, 79]). Others, however, likely are environmental contaminants being transferred into the

milk after maternal dermal, oral or inhalatory uptake (e.g., 2-bromophenol; [80, 81]).



Table 1: Odorous compounds detected in milk (references [82-86]) and colostrum samples (reference [87]) by GC-O and GC-O/MS, with the reported odour

description, retention index (RI) on capillary columns FFAP and DB-5, extraction technique, and best identification criterion. The odorants are listed in the order

of their retention index, determined on capillary column FFAP. Certain odorants have been olfactorily detected but not identified by the authors, these are not

listed.

Compound Odour description RIFFAP RIDB-5 Extraction technique® Identification criterion”? Reference®
Methylpropanal malty 821 552 a a [82]

Diacetyl butter-like 981 596 a,b a [82], [87]

Hexanal grassy 1079 801 a, b a [82], [84], [85]
Hex-1-en-3-one glue-like, metallic 1086 775 a a [82]

(2)-Hex-3-enal grassy, green 1131 805 b a [84], [85]
(2)-4-Heptenal fishy, fatty 1233 896 b b [84], [85]

Octanal soapy, citrus-like 1270 1000 a, b a [82], [87],[84], [85]
Oct-1-en-3-one mushroom-like 1289 975 a,b a [82], [87], [84], [85], [86]
2-Acetyl-1-pyrroline roasty, popcorn-like 1339 925 b b [87]
(2)-1,5-Octadien-3-one geranium leaf-like, metallic 1372 984 a,b a [82], [87],[84], [85]
Nonanal citrus-like, soapy 1385 1103 a,b a [82], [87]



Nonan-2-one
Non-1-en-3-one
(E)-2-Octenal
2-Ethyl-3,5-dimethylpyrazine
Acetic acid
3-Methylthio-propanal
Decanal

(2)-2-Nonenal
3-Isobutyl-2-methoxypyrazine
(E)-Non-2-enal

Linalool
(E,Z2)-Nona-2,6-dienal
(E,E)-Octa-2,4-dienal
Butanoic acid
(E,2)-2,4-Nonadienal

Phenylacetaldehyde

milky
mushroom-like
fatty, perfume-like
green, fatty
vinegar-like
cooked potato-like
citrus-like, soapy
fatty, green
bellpepper-like
fatty, green
flowery
cucumber-like, fatty
fatty

cheesy

fatty

honey-like

n.a.

1395

1423

1455

1451

1458

1497

1498

1517

1527

1540

1583

1585

1615

1640

1642

n.a.

1077

1059

1087

n.a.

914

1207

1144

1184

1161

1103

1154

1110

818

1193

1047

not specified

a,b

a,b

a,b

a,b

a,b

a,b

a,b

(86]

(82]

(82]

(87]

(82], [84], [85]
(82], [87], [84], [85]
(82]

(82], [87], [84], [85]

(82]

[82], [87], [84], [85], [86]

(82], [87]
(82], [87], [83]
(82]

(82], [83]
(84], [85]

(82]



2/3-Methylbutanoic acid
(E,E)-Nona-2,4-dienal
Pentanoic acid
(E,2)-2,4-Decadienal
(E,E)-2,4-Decadienal
2,4,6-Trichloroanisole
2-Methoxyphenol
2-Phenylethanol
y-Octalactone

B-lonone

Maltol

Benzothiazole
2-Bromophenole
tr-4,5-Epoxy-(E)-2-decenal
y-Nonalactone

Furaneol

sweaty, cheesy
fatty

sweaty

fatty

fatty

cork-like, musty
smoky, ham-like
rose-like
coconut-like
violet-like
caramelized
rubber-like
plaster-like

metallic

coconut-like, flowery

caramel-like

1659

1698

1720

1741

1802

1806

1840

1902

1922

1933

n.a.

1961

1977

2006

2035

2031

870

1215

911

1291

1317

1331

1084

1117

1258

1491

n.a.

1227

1071

1382

1363

1070

a,b

a,b

a,b

a,b

a,b
not specified

b

a,b
a,b

a, not specified

(82], [87], [83]

(82]

(82]

(871, [84], [85]
(82], [87], [83]

(871

(82], [87], [84], [85]
(82], [87]

(87]

(82], [87]

(86]

(871

(871

(82], [87], [84], [85]
(82], [87], [83]

[82], [86]



Octanoic acid
(E,Z,2)-2,4,7-Tridecatrienal
y-Decalactone
4-Ethyloctanoic acid
6-Decalactone

Sotolone
2-Aminoacetophenone
Decanoic acid
y-Dodecalactone
(2)-6-y-Dodecenolactone
6-Dodecalactone

Indole

Coumarin

Dodecanoic acid
3-Methylindole

Phenylacetic acid

musty, plastic-like
blood-like, metallic
peach-like, fruity
goat-like
coconut-like
savory

sweet, honey-like
fatty, rancid
peach-like, sweet
peach-like, green
fruity, sweet
jasmin flower-like, faecal
woodruff-like
fatty, rancid
faeces-like

honey-like

2050

2115

2137

2190

2190

2196

2200

2276

2345

2380

2431

2456

2465

2465

2484

2539

1277

1581

1470

n.a.

1497

1110

1670

n.a.

1673

1715

1701

1296

1438

n.a.

1262

1248

a,b

a,b
a,b

a,b

a,b

a,b

a,b

a, b

(83]

[87], [84], [85]
[82], [84], [85]
(82]

[82], [84], [85]
[82], [84], [85]
[82], [87]

[87], [84], [85]
[87], [84], [85]
[82], [87], [84], [85]
[82], [84], [85]
(87]

(87]

[87], [84], [85]
[82], [87]

[82], [84], [85]



Vanillin
3-Phenylpropanoic acid
5a-Androst-16-en-3a-ol

5a-Androst-16-en-3a-one

Y a: stir bar sorptive extraction and headspace-stir bar sorptive extraction, b: solvent assisted flavour evaporation

2)

compound

vanilla-like
beewax-like, cheese-like
sandalwood-like

urine-like, animalic

2548

2600

2906

3082

1391

1334

2234

2255

a,b

a,b

(82], [84], [85]
(84], [85]
(871

[82], [87], [84], [85], [88]

a: comparison of retention index, odour, and mass spectrum with reference compound, b: comparison of retention index and odour with reference

3 [82]: Buettner 2007, [83]: Spitzer 2013, [84]: Spitzer & Buettner 2009, [85]: Spitzer & Buettner 2010, [86]: Bingham et al. 2003, [87]: Loos 2015, [88]:

Hartmann et al. 2013
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A rough estimate of the most potent odorants in an odour extract can be achieved via step-wise
dilution and GC-O (aroma extract dilution analysis: AEDA; [74]). Odour sensations perceived during
GC-O are generally named according to a flavour language of the respective lab, which is established
in frequent trainings and panel sessions to achieve a consensus decision for the odour quality
attributes of individual odorants. In 2010, Buettner and colleagues started applying AEDA to milk
extracts. The fishy smelling (2)-hept-4-enal, the metallic smelling (E)-4,5-epoxy-(E)-dec-2-enal, the
savoury-like 3-hydroxy-4,5-dimethyl-2(5H)-furanone, the honey-like phenylacetic acid, the vanilla-like
vanillin, and three musty unknown compounds had the highest flavour dilution factors and might be
suggested to mainly contribute to the overall milk odour [85]. However, in another sample of milk,
the compounds oct-1-en-3-one, 2/3-methylbutanoic acid, methional, vanillin, (E)-4,5-epoxy-(E)-dec-
2-enal and dodecanoic acid had the highest flavour dilution factors [83]. Thus, the milk odour
composition varies inter-individually, and this has also been noticed regarding volatile organic
compounds (VOCs) in general, both on a quantitative and qualitative level [66, 86, 89, 90]. Most
often, however, the authors did not control for the diet of the mothers in these studies, which

probably contributes to the reported variability (see below).

A more precise method to estimate the relative contribution of an odorant to the overall aroma of a
food is the calculation of its “aroma value”, defined as the ratio of the odorant’s concentration in the
food to its threshold concentration in the food matrix [91]. So far, the aroma value concept has very
seldom been applied to the odour of milk. Thus, we are only aware of one study providing aroma
values for 20 milk odorants, referring to thresholds determined in a model matrix containing 4%
vegetable oil [92]. Amongst the selected odorants, the only compound with an aroma value > 1 was
butanoic acid. Odorants with aroma values approaching 1 (or, in some samples, exceeding 1) were
oct-1-en-3-one and (E)-4,5-epoxy-(E)-dec-2-enal. For future determination of aroma values, the use

of a more complex model matrix would be suggested to mimic the release of odorants from the milk



matrix. Further, since the aroma value has some limitations (e.g., [93]), an odorant’s impact to the

overall aroma needs to be confirmed via reconstitution and omission experiments (e.g., [94]).

In sum, GC-O/MS experiments allowed to identify and quantify milk odorants which are diverse in
structural and perceptual terms. In line with the overall odour of milk being of low intensity, only a
few odorants have so far been determined to occur in milk in concentrations that are sufficient for
orthonasal detection by adults. To fully characterize the odorant composition of milk, certain
odorants still remain to be identified, and others to be quantified and evaluated in terms of their
odour activity values. Thereby, the impact of the macronutrient composition of milk on the
guantitative occurrence of aroma compounds and their release from the matrix should be taken into
account. Available studies often lack information about experimental details which may influence the
outcome of the analyses, e.g., the sampling method and time, timing of milk collection along
lactation, or the diet of the mother. This information should be systematically reported in future
studies.

Still, newborns might perceive milk odour in a different way than adults do. For instance, there is
evidence on different olfactory sensitivity of neonates to certain odorants as compared to adults
(e.g., [26]). Determining the odorants that are most important for the neonates thus remains a

scientific challenge to be solved by future research.

3.2 Factors influencing the odour of milk

The overall composition of milk varies during the feed [95-97] and is influenced by various other
factors (reviewed by [98, 99]), including maternal or infantile illness [100], maternal BMI, age, and
parity [101-103], daytime [46, 104], and maternal exercise (e.g., [105-107]). Studies on parallel
variation in milk odour, however, are scarce. Understanding the molecular principles of aroma

variation in milk is of interest from a chemical point of view, but also relevant with regard to a



potential modulating effect of this variation on neonatal behaviour. The evidence available so far

mainly relates to odour changes due to storage, lactational stage, and maternal diet.

3.2.1 Storage

It is common and convenient practice to store milk before feeding infants with it, be it for milk
banking or to supply the mother’s own nursling when she is absent, or nurslings for whom own
mother’s milk is not available in sufficient amounts. To ensure the quality of stored milk in terms of
nutritive value, the impact of storage and prior milk treatments has been investigated for several
constituents (see [108, 109], for reviews). Ideally, the sensory quality of milk should not be altered by
storage, enabling the suckling to experience the original milk aroma. However, storage can affect the
sensory attributes of milk [110], as shown by Buettner and colleagues who determined the aroma
profile and odorant composition of milk samples upon storage at different conditions. They first
stored milk at 4°C and -19°C to compare the resulting odour to the odour released by fresh milk
samples, i.e., milk that has not been stored but evaluated immediately after sampling. The odour of
fresh human milk is of very low intensity to an adult’s nose [21] and has been described as hay-like,
metallic, sweet, fatty, fishy, and cooked-milk-like (attributes determined by aroma profile analyses
performed by [85, 92]) or fruity, sour, and earthy [111]. After 1 and 3 days of storage at 4°C, the
overall intensity rating of milk odour increased, and certain attributes were rated with higher
intensities, including “rancid” and “sweaty” attributes [92]. Concurrent quantitative analyses of 13
targeted odorants revealed that the concentrations of (E)-2-nonenal, y-nonalactone, octanoic acid,
decanoic acid, and dodecanoic acid increased during storage at 4°C, possibly generating the more
pronounced rancid and sweaty odour descriptions. When stored for 3 or more months at -19°C,
however, an intense metallic, fishy, rancid and sweaty off-odour developed in human milk samples,
which was not detected with storage at 4 °C [85, 112]. Characterizing the odorant composition of
fresh samples and samples stored at -19 °C, Spitzer & Buettner [85] detected several carbonyl
compounds and acids with increased flavour dilution factors in the sample stored at -19°C, notably 1-

octen-3-one, (2)-1,5-octadien-3-one, (E)-4,5-epoxy-(E)-2-decenal, (E,Z,2)-2,4,7-tridecatrienal, (E,2)-



2,4-nonadienal, and (E,Z)-2,4-decadienal, as well as decanoic acid, dodecanoic acid, phenylacetic
acid, and 3-phenylpropanoic acid. This observation was corroborated by quantification of 20 targeted
odorants in fresh and stored samples, demonstrating a statistically significant increase in the
concentrations of hexanal, octanal, 1-octen-3-one, (E)-2-nonenal, (E,E)-2,4-nonadienal, &-
decalactone, y-nonalactone, y-dodecalactone, octanoic acid and decanoic acid during storage

at -19 °C [90]. The development of the metallic, fishy off-odour was prevented by heat treatment of
the milk before storage, indicating that the off-odour develops by enzymatic oxidation of
(poly)unsaturated fatty acids [112]. According to Spitzer and Buettner [85], preliminary experiments
did not indicate a discriminative feeding behaviour of neonates (n = 4) who were bottle-fed milk
stored at -19°C (bearing the off-odour), in comparison with fresh milk. Yet, rating of the feeding
behaviour was performed by the respective mother without specifying response criteria. The authors
further report that the same quantities were consumed with both milks. However, the infant age,
important parameter for food acceptance in infants [113], was not provided for each participating
newborn, preventing a conclusion from the reported observation. In a similar study on preterm
infants, Hung et al. [114] assessed heart rate, oxygen saturation, and feeding behaviour when
feeding thawed milk (stored at -13°C for a minimum of 6 and a maximum of 98 days) and “fresh” milk
(stored at 4-7°C for less than 24 hours) to preterm infants (GA: < 37 weeks, mean postmenstrual age
(PA): 36.9 weeks). On a whole group level, the physiological measures did not differ between the two
milks. However, in the subgroup with PA > 36 weeks (n = 10), thawed milk elicited more heart rate
changes (> 2 standard deviations from the baseline) than the “fresh” milk. According to items of a
Preterm Feeding Cues Coding System (PFCCS; Lin 2005, personal communication in [114]), more
stress cues (e.g., crying) were observed during feeding of the milk stored at -13°C. This difference
was significant on a whole group level and in the group with PA > 36 weeks, but not in the subgroup
with PA < 36 weeks (n = 8). The feeding time and efficacy, and self-regulation cues (according to
PFCCS) did not differ between the two milks. Again, certain methodological information is missing,

e.g., the age of the infants at testing, and the coder was not blind to the nature of the stimulus.



In another study, Buettner and colleagues [89] investigated whether storage for 24 months at -80 °C
would affect the overall odour or odorant composition of human milk. The aroma profile was
established using the attributes fatty, metallic, grassy-green, rancid, sweaty, butter-like, sweet, hay-
like, egg-white-like, and fishy, which were all rated with low intensities both in the fresh and the
stored milk samples. In contrast to the samples stored at -19°C (see above), no significant increase in
the fishy, metallic, sweaty or rancid attributes was noticed. However, the stored sample was rated as
slightly sweeter compared to the fresh sample. Yet, “sweet” is an imprecise attribute. The
concentrations of selected odorants did barely differ between fresh and stored samples, with the
exception of (E,E)-2,4-decadienal, y-dodecalactone, and 6-decalactone, being a factor 1.5, 2.1, and

2.3, respectively, higher in the stored samples [89].

In sum, different storage conditions affect the odour of milk in a different manner. Whereas short
storage at 4°C and long storage at -80°C had no or only minor influence on the aroma profile of milk,
storage at -19°C for more than 2 months led to an intense metallic, fishy off-odour, resulting from an
increase of carbonyl compounds and acids due to lipid oxidation, and reflecting the high content of
(poly)unsaturated fatty acids in milk. Newborns might thus be exposed to this off-odour when fed
with milk stored at -19°C for more than 2 months. Preliminary feeding experiments point towards the
possibility of discriminative neonatal behaviour, but need corroboration due to methodological
limitations and patchy reporting. Indeed, the field still lacks a thorough investigation of neonatal

responses to the sensory properties of stored milk.

3.2.2 Lactational stage

The initiation of lactation is a two-stage process. The morphological and intracellular changes in the
mammary gland that occur during pregnancy are referred to as lactogenesis | [60]. Lactogenesis Il
occurs after childbirth and is mirrored by a continuous increase in milk volume and a continuous
change in milk composition during the first days postpartum [115]. Accordingly, breast secretions can

be classified as colostrum (before lactogenesis Il), transitory milk, and mature milk. It can be



hypothesised that lactational stage might influence odorant composition, due to different secretory
activity or closure of the paracellular pathway. Whereas we are not aware of any study addressing
odour changes upon weaning, a few studies are available investigating whether the odour of milk

changes during initiation of lactation.

Colostrum has been subjected to GC-MS analyses, demonstrating the presence of odorants that had
been reported in milk before, including fatty acids, aldehydes, lactones, alcohols, amines, terpenes,
and oxygen-containing heterocycles [1, 67, 116]. By directly comparing colostrum and mature milk
samples, higher methylamine concentrations were detected in colostrum [63]. Similarly, Hartmann et
al. [71] detected amino acid conjugates of human sweat odorants in colostrum and milk samples,
with higher concentrations in colostrum. Yet, these analyses did not include olfactometry, and the
relative impact of the detected odorous compounds on the overall odour of colostrum remains to be
elucidated. Hence, we recently applied GC-O to dichloromethane distillates of colostrum and
transitional milk samples obtained < 50 h and > 65 h postpartum, respectively, identifying the
odorants via odour quality and retention indices on two GC capillaries of different polarity [87]. The
detected odorants are listed in Table 1, and it becomes evident that many odorants of the colostrum
samples also occur in mature milk samples. Yet, this still needs to be confirmed for those odorants
that had not been described in mature milk before. These were the roasty smelling 2-acetyl-1-
pyrroline, the green, earthy smelling 2-ethyl-3,5-dimethylpyrazine, the rubber-like smelling
benzothiazole, the plaster-like smelling 2-bromophenol, the coconut-like smelling y-octalactone, the
woodruff-like smelling coumarin, the lily-like, faecal smelling indole, and the sandalwood-like
smelling 5a-androst-16-en-3a-ol. Flavour dilution factors varied between individual samples. Thus,
no odorant was found to be of major olfactory importance in all samples. Nonetheless, for certain
women, the flavour dilution factors of (E,Z,2)-2,4,7-tridecatrienal, as well as B-ionone, (E)-2-nonenal,
and two unidentified compounds were higher in the colostrum samples compared to the
corresponding transitional milk samples. Such differences may be explained by the higher carotenoid

concentrations [117] and the different fatty acid composition in colostrum, transitional and mature



milk [118, 119]. Indeed, colostrum from days 1-5 is known to contain high contents of
polyunsaturated fatty acids including arachidonic acid [118-121]. The compound (E,Z,2)-2,4,7-
tridecatrienal being a product of autoxidation of this acid [75], its concentration can be expected to
be related to its precursor’s concentration. Autoxidation products that are specific to certain fatty
acid precursors might be a common principle of different fatty acid compositions of colostrum and
transitional or mature milk resulting in distinct aroma profiles that might be differentiated by the

newborns.

It can be concluded that we are only at the beginning of understanding in which way the lactational
stage influences the odour profiles of colostrum and milk. The available evidence supports the
hypothesis that the concentration of odorants in breast secretions depends on the lactational stage,
and that quantitative changes occur during lactogenesis |l, notwithstanding that the majority of milk
odorants has been detected in both colostrum and milk. Future research should address the
supposed quantitative differences in odorant concentrations via quantification experiments.
Thereby, it needs to be kept in mind that colostrum differs from milk in its overall composition which

might additionally affect aroma release.

3.2.3 Maternal exposure to and intake of odorants

Odorants are most often lipophilic and of low molecular weight and can thus, from our knowledge on
drug transfer [122], be expected to pass into milk. Indeed, the odour quality of milk can vary
according to the maternal diet, e.g. after consumption of garlic [123], alcohol [124], vanilla [125],
carrots [126], 1,8-cineol [127], and after smoking [128, 129]. Mennella and colleagues investigated
whether neonates can perceive such differences, and to which extent the different odour qualities
may be reflected in infants’ discriminative behaviour during breastfeeding [123-125, 129, 130]. These
studies have been excellently reviewed [131, 132]. Hence, only more recent literature, together with

research on the chemical bases underlying the aroma transfer into milk, is presented here.



A common food with characteristic flavour is garlic, and the transfer of its odour into milk has been
demonstrated by Mennella & Beauchamp [123], yet without unravelling the underlying molecular
principles. In a more recent study by Scheffler et al. [133], the garlic- and cabbage-like odour in milk
samples was detected 2 to 3 hours after consumption of 3 g raw garlic by the mothers. Using GC-
O/MS, three garlic-derived compounds were detected in the milk samples, namely allyl methyl
sulfide (AMS), allyl methyl sulfoxide (AMSO) and allyl methyl sulfone (AMSO,). The maximum
concentrations ranged between 1 and 4 pg/kg, 30 and 145 pg/kg, and 49 and 200 pg/kg, respectively
[134]. Whereas AMS has a garlic-like odour, AMSO and AMSO, are odourless. Thus, though the
natural aroma profile of garlic (a combination of different odorants) was not replicated in milk, one
characteristic garlic odorant (AMS) was transferred in amounts perceivable to adults. Similarly,
ingestion of 10 g ramson led to a garlic- and cabbage-like odour of milk and excretion of the same
metabolites, with maximum concentrations of AMS, AMSO, and AMSO2 ranging between 1.7 and 2.0

ug/kg, 38 and 90 pg/kg, and 53 and 99 pg/kg, respectively [135].

In another study, Kirsch and colleagues [127] investigated whether the eucalyptus-like smelling 1,8-
cineole (eucalyptol), which is the major constituent of a non-prescription pharmaceutical product
(Soledum®), is transferred into milk. Aroma profile analyses indicated that the highest intensity of the
eucalyptus-like odour occurred in milk sampled around two hours after ingestion of 100 mg 1,8-
cineole (one capsule). This odour was traced back not only to the molecule 1,8-cineole itself but also
to several metabolites bearing an eucalyptus-like odour, namely 2,3-dehydro-1,8-cineole, a2,3-
epoxy-1,8-cineole, 2-oxo-1,8-cineole, 3-oxo0-1,8-cineole, a2-hydroxy-1,8-cineole, 2-hydroxy-1,8-
cineole, a3-hydroxy-1,8-cineole, 4-hydroxy-1,8-cineole, 7-hydroxy-1,8-cineole and 9-hydroxy-1,8-
cineole [136]. Thereby, the metabolite profiles of 1,8-cineole differed both between individuals as
well as between different body fluids [136-139]. Thus, urine mainly contained glucuronides of 1,8-

cineole metabolites, whereas milk contained the non-conjugated aglycone metabolites.

Individual odorants were also consumed by mothers participating in a study by Hausner et al. [140].

They investigated the transfer of d-carvone, I-menthol, trans-anethole and 3-methylbutyl acetate



into milk after consumption of 100 mg of each odorant in capsules. After around two hours,
concentration maxima in milk were determined for d-carvone and trans-anethole, whereas I-menthol
showed a plateau pattern over several hours. In contrast, the ester 3-methylbutyl acetate was not
transferred into milk, at least not in amounts above the detection limit of the method. Yet, the
authors provide anecdotal evidence that transfer into milk might occur very fast for this odorant (and
hence prior to the first sampling point in that study). Otherwise, the authors raise further possible

explanations such as poor solubility in milk fat or hydrolysis in the stomach.

In other studies, no odour transfer into milk was detected. Sandgruber et al. [141] performed
experiments on long-term fish oil supplementation in lactating women. In a first step, the odour
profile and composition of fish oil were determined by sensory analyses and GC-O/MS. The marker
odorants were then screened for in milk samples after the women took part in a defined long-term
fish oil supplementation project (starting from the 16" week of gestation, until 4™ month
postpartum). No statistically significant higher concentrations of the marker odorants were evident
in milk samples obtained from mothers supplemented with fish oil, compared to a control group of
mothers. However, the diet of the control group’s mothers is not specified in that study, and the
marker odorants (e.g., saturated aldehydes and ketones) can be expected to occur in other foods as
well. Otherwise, Denzer et al. [142] studied the transfer of odorants from commercially available
nursing (fennel-anise-caraway) tea into mothers’ milk. After identification and quantification of the
main terpenes in the tea samples, selected target terpenes were quantified in milk before and after
tea consumption by means of GC-MS in combination with stable isotope dilution assays. The terpene

concentrations did not significantly increase in milk after tea consumption.

In sum, the evidence available so far is restricted to specific foods and suggests that the aroma
profile of the breastfeeding mother’s diet is partly transferred into milk, certain molecules being
either not transferred or metabolised. Further studies would be important to gain a more
comprehensive understanding of the metabolic fate of odorants in the lactating body. For instance, it

remains to be investigated whether the metabolism of odorants in general, and hence also their



transfer into milk, is shaped by genetic or epigenetic factors. Further, it might be worth to evaluate
to which extent the milk/plasma concentration ratios or temporal or quantitative aspects of the
transfer of odorants into milk can be predicted from the respective chemical structures, e.g. via

adapting models derived from research on drug transfer [143].

3.3 Conclusions

From the above-cited studies, it becomes evident that milk is of overall low odour intensity for adult
noses but nonetheless comprises a plethora of odorants. It is still unknown whether an odorant out
of these, or a combination of odorants, conveys the chemosensory percept of milk odour to the
infant and hence induces the behavioural effects summarised in the first part of this review.

We further deduce that the aroma of milk is altered by cold storage, and that the extent and nature
of aroma changes depends on storage temperature and duration. This finding is not only of
theoretical interest but may also be used to optimise storage conditions of expressed milk. Milk
odour further varies according to maternal dietary aroma intake, the supposed molecular mechanism
being metabolism and exogenous aroma transfer from the plasma. Lactational stage has also been
suggested to be reflected by quantitative differences in aroma composition, possibly due to a
different pattern of enzymatic processes and substrates. Other factors potentially influencing the
odour of milk, e.g., weaning or physical activity, have not yet been addressed in depth. Further, the
field still lacks a systematic effort to investigate the detection of milk odour changes by the infant.
For this reason, it is unclear whether storage-induced changes are noticed by the infant. The
available studies mostly addressed diet-induced milk odour alterations and point towards the
detection of such changes by the nursling. This needs to be considered when planning research with

the aim of elucidating the role of milk odour in mother-infant interaction.

4. Future directions



It is evident that several aspects of research on milk odour deserve closer attention. We therefore
aim to elaborate further on selected areas of research that we deem to be of major importance to

the field.

4.1 Deciphering milk odorant composition and its behaviourally active principles

Certainly, the first steps have been taken to elucidate the odorant composition of milk. Despite this,
however, we still lack quantitative data on the occurrence of odorants in relation to the overall
composition of the milk, most notably the fat content (see [144]). This would not only contribute to
our basic understanding of milk odour, e.g. via calculation of additional odour activity values, but
would also contribute to characterize differences in odorant composition that occur between
individuals, or in the context of lactational stage or dynamic changes during a breastfeeding session.
Such research might also indicate the origin of certain odour-active compounds (e.g., from the
environment, specifically the diet, or from metabolism).

Finally, two aspects related to the communicative value of milk odour remain to be elucidated. First,
what makes human milk odour specific to humans? The odour-generating principle beyond amino
acid conjugates occurring in human sweat, and having been detected in milk, is one potential
candidate for conveying information specific to humans [145], but there might be others. Second,
what makes human milk odour specific to a human mother? As reported above, infants behaviourally
discriminate between the odours of their own mother’s milk and of another mother’s milk. It is
tempting to assume a signature odour specific to the respective mother as an underlying principle
(see [146]). But if so, will this signature odour be disturbed by alterations of milk odour due to
dietary aroma intake? And, once learned, can the same signature odour be recognized in other body
fluids, e.g. learned in amniotic fluid and recognized in milk odour? And finally, can such a signature
odour be determined by the methods described above, or do we need complementary techniques,

e.g., those targeting molecules of higher molecular weight?

4.2 Elucidating the starting point of neonatal responses to milk odour




In view of the crucial need of the newborn to gain access to colostrum, best during the first hour
postpartum [3, 147], an adaptive behavioural interaction between the mother and the neonate can
be supposed to occur right after birth. Thus, maternal odours may elicit and modulate infantile
behaviours and states in a way that favours successful birth transition and that conserves energy in
the mother-infant dyad. As outlined above, the odours of colostrum and milk do indeed promote
sucking and intake, and have a soothing effect on infants experiencing distress or pain. Yet, is this set
of responses present right at birth, or is it the result of some kind of postnatal learning? Due to
ethical and practical reasons, this question has been addressed very seldom. One of the rare studies
having investigated neonatal behaviour towards the odour of milk before the first breastfeeding
experience was accomplished by Marlier et al. in 1997 [7]. In a double-choice test with 9 neonates, of
whom 6 were without any breastfeeding experience (and 3 just exposed to mother’s breast in the
labour room), no discriminative behaviour towards familiar amniotic fluid and familiar colostrum was
evident, supporting the hypothesis of transnatal chemosensory continuity between the amniotic and
milk environments (see [148, 149], for reviews). Further, indirect evidence comes from studies with
bottle-fed neonates. Thus, as outlined above, 1-day-old bottle-fed neonates evinced longer mouthing
movements in response to unfamiliar and familiar milk compared with formula, water, and orange
juice [20]. Even after 3 days of formula feeding, neonates further showed a preferential head
orientation and longer mouthing towards the odour of unfamiliar milk compared to the odour of the
familiar formula [11]. However, this is indirect evidence. Direct evidence on how newly-born
neonates react to milk odour is still missing. Therefore, future experiments are needed to answer the

guestion of how the odour of milk is involved in very early adaptive maternal-infantile interactions.
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Human milk odour affects mother-infant-interaction during breastfeeding.

Human neonates detect and respond to human milk odour by physiological and behavioural means.

Many odour-active molecules have been identified in human milk.

Issues that deserve attention in future research are highlighted, especially those concerning the

communicative function of human milk odour.



