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ABSTRACT. Objective. Although individuals differ
substantially in their flavor and food preferences, the
source of such differences remains a mystery. The
present experimental study was motivated by clinical
observations that early experience with formulas establishes subsequent preferences.
Design. Infants whose parents had chosen to formula-feed them were randomized into 1 of 4 groups by the
second week of life. One group was assigned to be fed a
milk-based formula (Enfamil), whereas another was assigned to be fed (Nutramigen), a particularly unpleasanttasting protein hydrolysate formula. The remaining
groups were assigned to be fed Nutramigen for 3 months
and Enfamil for 4 months; the timing of exposure differed between the groups. After 7 months of exposure,
infants were videotaped on 3 separate days while feeding, in counterbalanced order, Enfamil, Nutramigen, and
Alimentum, a novel hydrolysate formula.
Results. For each of the 4 interrelated measures of
behavior (intake, duration of formula feeding, facial expressions, and mothers’ judgments of infant acceptance),
previous exposure to Nutramigen significantly enhanced
subsequent acceptance of both Nutramigen and Alimentum. Seven months of exposure led to greater acceptance
than did 3 months.
Conclusions. The bases for clinical difficulties in introducing hydrolysate formulas during older infancy are
clarified in this study. More broadly, variation in formula flavor provided a useful model for demonstrating
experimentally the effects of long-term exposure differences on later acceptance. Such early variation, under
more species-typical circumstances (eg, via exposure to
different flavors in amniotic fluid and mothers’ milk),
may underlie individual differences in food acceptability
throughout the life span. Pediatrics 2004;113:840 – 845;
protein hydrolysate, formula, taste, flavor, infants, programming, development, nutrition.
ABBREVIATIONS. E, Enfamil; N, Nutramigen; ANOVA, analysis
of variance.

S

ources of individual differences in food preferences and habits are one of the most fundamental mysteries of human behavior. Although genetic differences may underlie some of these
differences,1,2 for omnivores such as humans, it is
important that there not be too many genetically
determined restrictions on what constitutes an acceptable food.3 Instead, as suggested by a growing
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body of data from other sensory and motor systems,4 – 6 experience may have important influences
on later functioning and preferences. We hypothesized that there are sensitive periods during which
the human infant is particularly likely to form flavor
preferences and aversions that, in turn, serve as the
foundation for lifelong food habits.7
Recently, we suggested that a particularly apt
model system to explore potential early sensitive
periods in flavor learning involves the inherent flavor variations characteristic of infant formulas and
the ontogenic changes in acceptance/rejection of particular flavors.7–9 Within each of the 3 classes of
commercially available formulas (ie, cow’s milk
based, soy protein based, and hydrolyzed protein
based), and in particular between the hydrolysateand milk-based varieties, differences in sensory quality (flavor) are profound. Milk-based formulas are
often described as having low levels of sweetness
and being “sour and cereal-like,” whereas hydrolyzed protein-based formulas are of a most unpleasant character, with a bitter and sour taste profile,
unpleasant odor volatiles, and a horrible after
taste.10,11 The extreme unpalatability of hydrolysates,
which supply protein nutrients in a “predigested”
form, is likely caused by both its processing and
composition, because many amino acids and small
peptides taste sour and bitter and are characterized
by unpleasant volatile components.12
There are striking developmental changes in infants’ acceptance of hydrolysate formulas. Infants ⬍4
months old readily accept these formulas on first
exposure, whereas older infants strongly reject them
within the first few minutes of feeding.8,9,13 Clinicians report that infants who consume a hydrolysate
formula from early infancy readily continue to accept
it well after 5 months of age.7 These observations
suggest that there is a profound change at ⬃4
months of age in the infants’ perception of these
formulas and that early experience modifies later
acceptance.
To test rigorously the suggestion derived from
such cross-sectional data, we designed a longitudinal
experimental study wherein infants were assigned
randomly to different experience groups. This permitted precise control of exposure history and consequently is the ideal test of the hypothesis that prior
exposure to a particular flavored formula impacts
later acceptance of that and other formulas. More
generally, this experimental study can provide a convenient and powerful model system for investigating
the existence of sensitive periods in the development
of human flavor preferences.
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METHODS
Subjects
Mothers who had chosen previously to formula feed their term
newborns were recruited by advertisements in local newspapers.
When the infant was ⬍3 weeks old and the mother’ s decision not
to lactate was well established, the mother-infant pairs (24% African American and 76% white) were randomized into 1 of 4
groups (Table 1) differing in the timing and type of formula (ie,
Enfamil: milk-based formula [E]; Nutramigen: protein hydrolysate
formula [N]) that the infant was fed during each month of the
7-month study. One group, EEEEEEE (hereafter referred to as the
control group; n ⫽ 14), was assigned to a milk-based formula,
Enfamil, whereas another group, NNNNNNN (n ⫽ 12), was assigned to the protein hydrolysate formula Nutramigen during the
entire 7-month period of the study. The 2 other groups,
NNNEEEE (n ⫽ 15) and EENNNEE (n ⫽ 12), were assigned to
feed Nutramigen for specified periods during their first 7 months
of life, as indicated by the Ns and Es in the groups’ names. Infants
were fed on demand and ad libitum. All procedures used in this
study were approved by the Office of Regulatory Affairs at the
University of Pennsylvania, and informed consent was obtained
before entry into the study. Mothers were compensated for their
participation in the study.

Monthly Procedures
At the start of the study and then again at the beginning of each
1-month cycle, mothers came to the Monell Center (Philadelphia,
PA), where they were videotaped feeding their infants the formula
consumed since the last visit. The infants’ weights and heights
before feeding and the amount of formula consumed during this
midday feed were recorded. These monthly evaluations were
performed to ensure compliance with the study protocols, to chart
infants’ acceptance of the assigned formulas, and to obtain accurate information on the introduction of cereal, fruits, and vegetables. The next month’s supply of formula (with the labels removed) then was distributed. Mothers were informed that the
formula was either Enfamil or Nutramigen. Mothers completed
questionnaires to evaluate their food and general neophobia at the
end of the first and last monthly visit14 as well as questionnaires
related to infant temperament at 0.5, 3.5, and 7.5 months.15,16

Test Procedures at the End of the 7-Month Exposure Period
By using methodologies established in our laboratory,8,9 infants
were tested on 3 separate days within 1 week. At the same time of
day and 4.1 ⫾ 0.2 hours after their last formula feed, each infant
was videotaped feeding the hydrolysate formula Nutramigen on 1
test day, the milk-based formula Enfamil on another day, and
Alimentum (a novel hydrolysate formula to all infants) on yet
another test day. Testing occurred under naturalistic conditions in
which the infants determined the pacing and duration of feeding.
The order of testing was counterbalanced between and within
groups, and the mothers were not aware of the hypothesis or
which formula was being fed to the infant during each of the 3 test
sessions. The mothers refrained from talking or making faces
during the feeding sessions to eliminate any potential influence of
the mother’s verbal or facial responses on her infant’s behaviors17;
replays of the videotapes verified that this indeed was the case.
Mothers were instructed to feed the infants at their customary
pace until the infant refused the bottle 3 consecutive times, using

the criterion that the infant exhibited such behaviors as turning his
or her head away, pushing the bottle away, crying, or becoming
playful. The experimenter, who was unaware of the hypothesis of
the study, sat behind the video camera, which was placed at the
far corner of the testing room ⬃10 to 12 feet from the motherinfant dyad, and was out of view of the mother and her infant.
Immediately after each feeding session, the mothers then rated
how much they thought their infant liked the formula on a 9-point
scale.8,9 Intermediate ratings were to be marked at the appropriate
locations between the extremes such that ratings could range from
1 (did not like at all) to 9 (liked very much).
Trained raters who were unaware of the experimental conditions and hypothesis of the studies scored the videotaped records
to determine the length of the formula feed and frequency of
various facial expressions. During scoring, the sound was turned
off so that the raters would not be influenced by the infants’
vocalizations. The Ekman and Friesen Facial Action Coding System,18 an anatomically based system that specifies facial movements in terms of minimally distinguishable actions of the facial
muscles (termed action unit), was used to code a variety of facial
expressions. Based on previous research of the type of facial
responses made by human infants and other primates to a variety
of taste and olfactory stimuli that differed in hedonic valence,19 –21
we determined the frequency of 4 negative facial expressions (ie,
nose wrinkling, frowning, upper-lip raise, and gaping). Two observers individually scored the videotapes of 41 feedings selected
at random. Reliability for scoring of each of the facial responses
and the length of the feeding was ⬎85% (P ⬍ .0001).

Statistical Analyses
For each infant, we determined the total intake (milliliters) and
length (minutes) of each feed, the frequency of negative facial
expressions during the first 2 minutes of feeding, and mothers’
ratings of their infants’ enjoyment of the formulas during each of
the 3 test sessions conducted at the end of the 7-month exposure
period. To determine whether there were significant differences
among the 4 groups, we conducted separate repeated-measures
analyses of variance (ANOVA) with group (n ⫽ 4) as the grouping
factor and type of formula (n ⫽ 3) as the within-subjects factor.
Significant effects in the ANOVA were probed by Tukey honest
significant difference tests to determine whether the 3 exposure
groups differed from each other as well as the control group. All
summary statistics are expressed as mean ⫾ standard error, and
the level of significance was P ⬍ .05 for the ANOVA and P ⬍ .02
for the Tukey tests.

RESULTS
Subject Characteristics

There were no significant differences among the 4
groups in the ages of mothers and infants, the number of females/males, or the infants’ weights and
lengths at the start of the study. There also were no
significant group differences for any of the various
measures of infant temperament, the age at which
infants were introduced to solid foods, or maternal
measures of food and general neophobia (all P values ⬎ .10).

Description of Experimental Groups

TABLE 1.

Infant Age at Start
of Exposure, mo*
0.5
1.5
2.5
3.5
4.5
5.5
6.5

Experimental Groups
EEEEEEE

NNNEEEE

EENNNEE

NNNNNNN

Enfamil
Enfamil
Enfamil
Enfamil
Enfamil
Enfamil
Enfamil

Nutramigen
Nutramigen
Nutramigen
Enfamil
Enfamil
Enfamil
Enfamil

Enfamil
Enfamil
Nutramigen
Nutramigen
Nutramigen
Enfamil
Enfamil

Nutramigen
Nutramigen
Nutramigen
Nutramigen
Nutramigen
Nutramigen
Nutramigen

* Infants’ age at the start of each 4-week exposure period (⫾ 1 week). Each infant was evaluated at the
end of each month and at the end of the study at 7.5 months. The names of the groups refer to the
month of life that infants were fed Nutramigen or Enfamil.
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Mothers’ Perceptions

Infants’ Formula Acceptance Throughout the 7-Month
Study

There were no significant differences between the
groups in the infants’ acceptance of the formula that
they were fed during the previous month throughout
the 7-month study (F[3,49 df] ⫽ 0.91; P ⫽ .44; data
not shown), thus indicating compliance with study
procedures.
Infants’ Acceptance of Hydrolysate Formulas at 7.5 Months of
Age

There was a significant interaction between groups
and the infants’ acceptance of the 3 brands of formulas when tested at the end of the 7-month exposure
period (intake: F[6,98 df] ⫽ 8.12 and P ⬍ .000000;
duration of feed: F[6,98 df] ⫽ 5.60 and P ⬍ .00005).
The 3 groups of Nutramigen-exposed infants drank
significantly more and spent more time feeding Nutramigen and Alimentum when compared with
those infants who were fed only Enfamil during the
first 7 months of life (Table 2 and Fig 1; all P values ⬍
.05). However, exposure to Nutramigen for 7 months
(group NNNNNNN) resulted in greater acceptance
of the Nutramigen when compared with exposure
for 3 months (groups NNNEEEE and EENNNEE).
There was also a significant effect of group on the
number of negative facial actions displayed while
feeding the formulas (F[6,98 df] ⫽ 2.51; P ⬍ .05).
Infants in groups NNNNNNN, NNNEEEE, and
EENNNEE made significantly less negative facial
responses while ingesting Nutramigen when compared with infants exposed only to the milk-based
Enfamil formula (Fig 1). Differences in facial responses made while feeding Nutramigen are also
illustrated in Fig 2.
TABLE 2.

There was a significant group-by-formula interaction (F[6,96 df] ⫽ 9.96; P ⫽ .00000) in mothers’ perceptions of their infants’ behaviors that was consistent with the infants’ acceptance patterns (Table 2).
Mothers of infants in the 3 groups who had previous
exposure to Nutramigen were significantly more
likely to report that their infant enjoyed feeding Nutramigen when compared with the infants who had
never been exposed to Nutramigen. In addition,
mothers of infants who were exposed only to Nutramigen during the first 7 months of life were significantly more likely to report that their infants liked
feeding Alimentum but disliked feeding Enfamil
when compared with the group never exposed to
Nutramigen (P ⬍ .0001).
DISCUSSION

Previous exposure to a hydrolysate formula, Nutramigen, enhanced its later acceptance. Infants who
were never fed Nutramigen during the first 7 months
of life strongly rejected it when it was first offered at
7.5 months, whereas those who were regularly fed
this formula during most of their infancy responded
to it as if it were very acceptable at 7.5 months of age.
Between these 2 extremes, infants fed Nutramigen
either during their first 3 months of life or during
months 3 through 5 were generally more accepting
than those who had never been fed this formula but
less so than those fed Nutramigen for the entire 7
months. No differences were evident between these 2
midexposure groups, providing no evidence for differential potency of exposure during different portions of early infancy.

Infants’ Feeding Behaviors and Mothers’ Perceptions After the 7-Month Exposure Period
Experimental Group

Intake, ml
Enfamil
Nutramigen
Alimentum
Duration of feed, min
Enfamil
Nutramigen
Alimentum
Frequency of negative facial action units during first
2 min of feed
Enfamil
Nutramigen
Alimentum
Mothers’ ratings of infants’ acceptance of formula:
(range: 1–9; 1 ⫽ did not enjoy at all)
Enfamil
Nutramigen
Alimentum
No. of subjects (females/males):

EEEEEEE

NNNEEEE

EENNNEE

NNNNNN

160.9 ⫾ 22.3
22.7 ⫾ 21.7
43.9 ⫾ 21.2

237.1 ⫾ 21.6*
88.9 ⫾ 21.0*†
120.7 ⫾ 20.4*

158.8 ⫾ 24.1
92.6 ⫾ 23.4*†
145.5 ⫾ 22.9*

119.1 ⫾ 22.9
194.3 ⫾ 23.4*
119.3 ⫾ 24.1*

7.2 ⫾ 1.3
1.8 ⫾ 1.2
3.1 ⫾ 1.5

12.0 ⫾ 1.2*
6.2 ⫾ 1.1*†
8.1 ⫾ 1.5*

7.3 ⫾ 1.4
6.0 ⫾ 1.3*†
8.4 ⫾ 1.6*

7.1 ⫾ 1.4
11.8 ⫾ 1.3*
8.1 ⫾ 1.6*

3.9 ⫾ 1.8
9.5 ⫾ 1.5
5.7 ⫾ 1.3

1.5 ⫾ 1.8
4.5 ⫾ 1.4*
3.3 ⫾ 1.2

3.8 ⫾ 2.0
4.8 ⫾ 1.6*
4.3 ⫾ 1.4

6.4 ⫾ 2.0
1.1 ⫾ 1.6*
4.2 ⫾ 1.4

7.7 ⫾ 0.6
1.4 ⫾ 0.7
2.6 ⫾ 0.8
14 (7:7)

8.5 ⫾ 0.6†
4.6 ⫾ 0.6*†
4.2 ⫾ 0.8
15 (6:9)

7.3 ⫾ 0.7†
4.6 ⫾ 0.7*†
5.3 ⫾ 0.9
12 (8:4)

4.9 ⫾ 0.7*
8.3 ⫾ 0.7*
6.1 ⫾ 0.9*
12 (5:7)

The amount of formula consumed, the duration of the feeding, the frequency of negative and positive facial action units displayed, and
the mothers’ ratings of their infants’ acceptance of formula are shown for each of the 3 testing sessions in which 7.5-month-old infants
consumed, in counterbalanced order, Enfamil, Nutramigen, and Alimentum. The groups differed in the type of formula consumed during
the first 7 months of life. Group EEEEEEE was assigned to be fed Enfamil and group NNNNNNN was assigned to be fed the protein
hydrolysate formula Nutramigen during the entire 7-month period of the study. Groups NNNEEEE and EENNNEE were assigned to feed
Nutramigen for 3 months and Enfamil for 4 months; the timing of exposure differed between the groups. The values shown are means ⫾
standard error.
* P ⬍ 0.05 for the comparison with the EEEEEEE group.
† P ⬍ 0.05 for the comparison of group NNNEEEE or EENNNEE with the NNNNNNN group.
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Fig 1. Relative responses of the 4 groups of infants
(groups EEEEEEE, NNNEEEE, EENNNEE, and
NNNNNNN) to Nutramigen at the 7.5-month test session. The points (connected by lines to enhance visual
appreciation only) represent relative response for 4 of
the behaviors monitored: the amount of formula consumed (filled circle), the duration of the feed (filled
square), and the mothers’ perceptions of her infants’
enjoyment of the formula (filled diamond) at the 7.5
month test sessions. The response of group
NNNNNNN was set to 100%. The groups differed in
the type of formula the infants were fed during the
entire 7 months preceding the test session. One group
of infants was assigned to be fed Enfamil (EEEEEEE),
another group was fed the protein hydrolysate formula, Nutramigen (NNNNNNN), and the remaining 2
groups were fed Nutramigen for 3 months and Enfamil
for 4 months (NNNEEEE and EENNNEE); the timing
of exposure differed between the groups.

Fig 2. Infants’ typical facial responses while feeding Nutramigen when tested at 7.5 months of age. The infant shown on the left was fed
Nutramigen (group NNNNNNN) during the entire 7-month period preceding this test session, whereas the infant on the right was fed
Enfamil (group EEEEEEE) during the entire 7-month period preceding this test session.

Sensory Basis for Differential Responsiveness

The remarkable consistency among the 3 indices of
acceptance (Fig 1) suggests that these measures reflect a common underlying factor that is most likely
differential responses to the formulas based on their
chemosensory attributes. Strengthening this conclusion are the data on expressive responses (mothers’
judgments and analyses of facial expressions) that
most likely directly reveal hedonic responses to sensory stimuli. Based on adult sensory profiling of
these formulas, the 2 primary sensory pathways involved are likely taste and olfaction.7
Concerning taste, hydrolysate formulas taste more
bitter and sour than most traditional milk-based formulas including Enfamil. Thus, it would not be surprising that hydrolysate formulas would be rejected
more strongly, because newborns reject bitter and
very sour stimuli.20 –23 What makes this hypothesis
questionable is that rejection does not occur until
after 4 months of age. However, at least as it concerns

bitterness perception, there are multiple classes of
bitter compounds presumably recognized by members of a large family of bitter receptors.24 The bitterness of hydrolysate formulas, probably caused by
bitterness of free amino acids and small peptides12
and possibly other substances produced during processing, may be detected by receptors that do not
mature until the infant is several months old.
Concerning olfaction, that the cloying, unpleasant,
nauseating flavor and aftertaste of hydrolysates can
be reduced substantially if the olfactory component
is eliminated by tasting hydrolysates with the nares
held closed, implicates olfaction in the adults’ and
perhaps the infants’ hedonic judgments. It has been
suggested that although hedonic judgments for
tastes are relatively “hard wired” or determined innately,25 hedonic responses to the olfactory components of flavor are influenced strongly by experience.26 Thus, the observed changes in response to the
hydrolysate formulas with age and prior experience
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may depend on developmental and experiential
changes (“olfactory imprinting”)27,28 in response to
the volatile components of the formulas.
Persistence

There are indications that the effects of early experience to hydrolysate formulas may be long lived. In
a prior study, we found that 4- to 5-year-old children
who were fed hydrolysates during their infancy exhibited more positive responses to sensory attributes
associated with them (eg, sour taste and aroma) several years after their last exposure to the formula
when compared with same-aged children without
such experience.26,29 In addition, clinical studies on
adolescent children with phenylketonuria who went
off their modified hydrolysate formula suggest that
they can often, albeit with some difficulty, return to
formulas on which they were reared as infants.30 –32
Because these formulas are unpalatable to adolescents who have not had infant exposure, this relative
ease of return could reflect the long-term effects of
prior experience.33
Generality

The effects observed in these studies are likely of
substantially broad significance, revealing a fundamental feature of mammalian dietary learning. Studies of humans and other animals have shown that
fetuses are bathed in flavored amniotic fluids that
reflect in part the pregnant animals’ diet.34 After
birth, mammals are exposed further to milk that is
flavored by the diet the nursing mother is consuming. Consequently, even during very early development, mammals usually sample a large and varied
set of flavor compounds. We suggest that these “natural” experiences with flavored amniotic fluid and
milk serve to familiarize the young infant with flavors of the dietary constituents the mother consumes
and establish them as acceptable and preferred.35
Culturally determined flavor preferences, one of the
most enduring characteristics of an ethnic group,36,37
can be understood in the context of early flavor
exposure. Flavors common to an ethnic group are
experienced early in life, at a time when the pregnant
or lactating mother is most likely being fed foods
most characteristic of and most revered by that particular culture.37
Clinical Implications

Some of the original impetus for this work came
from questions raised by clinicians concerning the
practical difficulties in introducing hydrolysate formulas to older infants as well as the long-term effects
of early feeding.38 Our studies reveal the basis for
these clinical impressions and suggest some remedies.
First, if infants are to be placed on hydrolysate
formulas, they should be introduced as early as possible and certainly before 4 months of age. A strategy
of gradually introducing hydrolysates to older infants by mixing it with regular, milk-based formula
at increasing proportions seems reasonable39 but to
our knowledge has not been experimentally tested.
844

Second, caregivers who feed infants recognize hydrolysates are very unpalatable. They may feel that
they are punishing their child by feeding such an
offensively flavored formula. Our studies make it
clear that this is not the case if infants are started
early, however. The infant will not only accept it
readily but will find it palatable.
Third, there is room to develop more palatable
hydrolysate formulas. The first step in such a program should be to determine the specific sensory
aspects of these formulas that are offensive to the
naive infant and preferred by the exposed infant.
Such information would help suggest a rational strategy for favorably modifying current formulations.
CONCLUSIONS

These data underscore one of the most fundamental differences in the experiences of the formula- and
breastfed infants. To be sure, the nutrient composition of formula is held to standards and regulation
that are based, in part, on the analyses of human
milk. However, unlike breast milk, the flavors of all
types of formulas are monotonous and lack sensory
information on the dietary choices of the mother.
Thus, the formula-fed infant is being deprived of rich
and varied sensory experiences that at one time were
common to all mammalian young. How this impacts
on later food habits and flavor preferences remains
to be determined, but it seems likely that the consequences could be profound.
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AGE OF PRIM PARA

“The average age at which American women are having their first child has
climbed to a record 25.1, the government said. The rise reflects a drop in teen births
and an increase in the number of women who are putting off motherhood until
their 30s and 40s. The age of first-time American moms has risen steadily during
the past three decades from an average of 21.4 in 1970. The latest figure, for 2002,
was released by the Centers for Disease Control and Prevention.”

Associated Press. Average age its 25.1 for first time moms. Wall Street Journal. December 18, 2003
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