
Differential Growth Patterns Among Healthy Infants
Fed Protein Hydrolysate or Cow-Milk Formulas

WHAT’S KNOWN ON THIS SUBJECT: The different classes of
formulas, and different brands within each class, vary in
composition and flavor profiles, both of which may influence
feeding and growth patterns. Because recent evidence suggests
that, relative to intact proteins, hydrolyzed proteins are absorbed
and metabolized in a way that promotes greater satiation, we
conducted a randomized study on healthy, formula-fed infants to
determine whether growth patterns and feeding behaviors differ
on the basis of formula type.

WHAT THIS STUDY ADDS: Not all formulas are alike. On the basis
of World Health Organization standards, z-score trajectories
indicate that cow-milk formula-fed infants’ weight gain was
accelerated, whereas protein-hydrolysate formula-fed infants’
weight gain was normative.

abstract
OBJECTIVE: Infant formulas differ considerably in composition and
sensory profiles. In this randomized study, we examined whether
healthy infants fed an extensively protein hydrolysate formula (PHF)
would differ in feeding behavior and growth from those fed cow-milk
formula (CMF).

PATIENTS AND METHODS: Infants were randomly assigned to be fed
CMF or PHF between 0.5 and 7.5 months of age. Each month for 7
months, infants were weighed and measured and then videotaped
while being fed their assigned formula. Anthropometric z scores were
calculated by using World Health Organization growth standards. Mul-
tilevel linear growth and piecewise mixed-effects models compared
trajectories for growth measures and formula acceptance.

RESULTS: When compared with infants fed CMF, infants fed PHF had
significantly lower weight-for-length z scores across ages 2.5 to 7.5
months. There were no differences in length-for-age z scores, which
indicate that group differences resulted from gains in weight, not
length. Infants fed PHF also had significantly slower weight gain veloc-
ity compared with infants fed CMF. During the monthly assessments,
PHF-fed infants consumed less formula to satiation than did CMF-fed
infants across the study period. Maternal ratings of infants’ accep-
tance of the formula did not differ at any age.

CONCLUSIONS: z-score trajectories indicate that CMF-fed infants’ weight
gain was accelerated, whereas PHF-fed infants’ weight gain was norma-
tive. Whether such differences in growth are because of differences in the
protein content or amino acid profile of the formulas and, in turn, metab-
olism is unknown. Research on the long-term consequences of these early
growth differences is needed. Pediatrics 2011;127:110–118
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Sensitive periods early in life have
long-term consequences on health and
food habits. Rapid rates of growth dur-
ing the first year increase the risk for
later obesity,1,2 metabolic syndrome,3

andmortality from cardiovascular dis-
ease,4 which leads some to speculate
that interventions designed to reduce
the incidence and severity of disease
should begin during infancy.3,5

Using breastfed infants as the gold
standard, past research has sug-
gested that infants who are fed for-
mula weigh more and have greater
risk for later obesity.6–9 Formula
choices include cow-milk–based for-
mulas (CMFs), soy-based formulas,
and protein hydrolysate–based for-
mulas (PHFs); PHFs are the feeding
regimen of choice for formula-fed in-
fants who cannot tolerate intact pro-
teins. In hydrolysates, milk proteins
are broken down by enzymes and then
ultrafiltrated to remove large residual
peptides.10 These classes of formulas,
as well as different brands within each
class, vary in composition and flavor
profiles,11 both of which may influence
feeding and growth patterns. Thus, it
may be inappropriate to consider
formula-fed infants as a homogeneous
group.

Recent evidence from animal models
and adult human populations suggests
that, relative to intact proteins, hydro-
lyzed proteins are absorbed and me-
tabolized in a way that promotes
greater satiation, possibly because of
the gut nutrient-sensing system12

and/or more rapid nutrient absorp-
tion.13–16 On the basis of this research,
we hypothesized that the feeding and
growth patterns of infants fed PHF
would differ from those fed an isoca-
loric CMF. Evidence consistent with
this hypothesis comes from 2 clinical
trials of infants with a family history of
atopic disease who were randomly as-
signed at birth to be fed PHF or CMF for
the first 617 or 1218 months of life. In-

fants randomly assigned to be fed ei-
ther partially or extensively hydrolyzed
PHF gained less weight compared with
infants randomly assigned to be fed
CMF. However, this reduced weight
gain could be attributed to not only dif-
ferences in the formulas but also to
some aspect of these infants’ family
history.19 Moreover, in 1 of the stud-
ies,18 exclusive breastfeeding that was
recommended for the first months of
life may have confounded the results.
Because neither of these studies ob-
jectively measured the infants’ behav-
iors during formula feeding, differ-
ences in growth caused by differences
in satiation could not be determined.

To rigorously test the hypothesis that
the type of formula fed affects formula
intake and growth patterns, we con-
ducted a randomized study in which
healthy infants, with no reported fam-
ily history of allergies or atopic dis-
eases and whose mothers decided to
formula feed, were randomly assigned
to receive either an extensively hydro-
lyzed PHF or CMF from 0.5 through 7.5
months of life. Monthly assessments
provided information on infant for-
mula intake and growth patterns. This
randomization and frequent assess-
ment permitted precise control of ex-
posure history and in-depth longitudi-
nal follow-up.

SUBJECTS AND METHODS

Study Design

Sixty-four mother-infant pairs partici-
pated in randomized experiments to
study sensitive periods in human
flavor-learning (data reported else-
where is currently under review). The
most recent experiment was regis-
tered at clinicaltrials.gov (identifier
NCT00994747). Through ads in local
newspapers and Web sites, we re-
cruited recently parturient women
who, before recruitment, had chosen
to formula feed their healthy, term
newborns a CMF. The majority of re-

cruited mothers (n � 61) were exclu-
sively formula feeding; 3mothers were
predominantly formula feeding but
breastfed fewer than 3 times daily dur-
ing the first 2 months of life.

Participation began when the infants
were aged 0.5 months. At this time, the
mother-infant pairs were randomly as-
signed to groups that differed accord-
ing to the type of formula provided to
the mother for her infant during the
entire 7-month study on the basis of
minimization to ensure balance among
groups in terms of race/ethnicity and
infant gender. One group (n� 35) was
assigned to a CMF (Enfamil [Mead
Johnson Nutrition, Evansville, IN]); the
other group (n� 29) was assigned to
an extensively hydrolyzed PHF (Nutra-
migen [Mead Johnson Nutrition]). A to-
tal of 8 mother-infant dyads withdrew,
which yielded final group sizes of 32
for the CMF group and 24 for the PHF
group. Each formula provided 67.7
kcal/100 mL; the PHF contained 35%
more protein equivalent than the CMF
(1.9 vs 1.4 g/100 mL, respectively)20,21

and greater amounts of small peptides
and free amino acids22 (A.K.V., A. San
Gabnel, DVM MS, M. Hirota, BS, and
J.A.M., unpublished data, 2010). The
PHF and CMF both contained 3.6 g/100
kcal fat and differed slightly in their
carbohydrate content (7.0 and 7.4
g/kcal, respectively).20,21 Mothers were
blind to the type of formula to which
they were assigned, and study person-
nel were blind to the hypotheses and
group assignment of the subjects
when analyzing the videotapes and en-
tering data. The University of Pennsyl-
vania Office of Regulatory Affairs ap-
proved all procedures, and informed
consent was obtained from each
mother before study entry.

Monthly Procedures

On the first day of the study, when the
infants were�0.5 months of age, and
at the beginning of each monthly cycle,
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the mother-infant pairs came to our
outpatient laboratory for evaluation. At
study entry, mothers reported their in-
fants’ birth weights and lengths.24 At
study entry and each monthly visit
thereafter, infants and mothers were
weighed and measured for length or
height, respectively (Seca model 232
[Seca, Hamburg, Germany]; Health-O-
Meter [Sunbeam Products, Inc, Boca
Raton, FL]). Infants were weighed and
measured in lightweight clothing or
diapers. Mothers reported when
their infants were last fed formula,
solid foods, or beverages and pro-
vided information on parity, income,
and other demographic measures.

During eachmonthly visit, infants were
videotaped while their mothers fed
them a meal of the assigned formula
by using established methodolo-
gies.25,26 A video camera was placed 10
to 12 feet away and focused on the in-
fant’s face to document the feeding
bout. Feeding occurred at approxi-
mately the same time of day each
month and under naturalistic condi-
tions in which the infant determined
the pace and duration of the feed.25,26

Feeding ended when the infant refused
the bottle on 3 consecutive occasions,
at which point the total amount of mil-
liliters consumed was recorded. Two
other indicators of formula accep-
tance were measured: (1) amount of
time the infant spent attached to the
nipple of the bottle, which was deter-
mined from the videotapes; and (2)
mothers’ perception of their infant’s
enjoyment of the formula, which they
rated on a 9-point scale (from 1, ex-
treme dislike, to 9, extreme like) at the
end of each test meal.

During the 2 days before each monthly
visit, mothers recorded in a diary how
often and when they fed their infants
formula or any other foods or bever-
ages. The next month’s supply of for-
mula (with labels removed) was dis-
tributed at the end of each visit.

Mothers were given instructions on
how to prepare the formula but were
never given instructions by study per-
sonnel on how or how much to feed
their infants or on when or how to in-
troduce solid foods.

Statistical Analyses

Data were analyzed by using SAS 9.2
(SAS Institute, Inc, Cary, NC). Descrip-
tive information was generated for all
variables of interest. Each outcome
variable was assessed for normality.
We normalized anthropometric data
(infant weight and length) to z scores 2
ways. First, we used World Health
Organization (WHO) Anthro 3.0.1 soft-
ware (available at www.who.int/
childgrowth/en) to calculate age- and
gender-specific z scores on the basis
of the WHO growth standards, which
use the breastfed child as the norm.
Second, we used Epi Info 3.5.1 software
(available at www.cdc.gov/epiinfo) to
calculate age- and gender-specific z
scores on the basis of the Centers for
Disease Control and Prevention
growth references,27 which are based
on growth data from predominantly
formula-fed infants. Following the
methods of Burnham et al,28 weight-
gain and linear-growth velocity were
evaluated by using continuous differ-
ence scores for the change in weight
or length between monthly assess-
ments (calculated as �weight [kg]/
�age [days] or �length [cm]/�age
[days] between subsequent monthly
visits).

Independent t tests and �2 tests were
used to analyze differences among in-
fants in the 2 formula groups at study
entry. With repeated-measures analy-
ses of variance we examined the ef-
fects of group on infant feeding and
anthropometric measures. In addition,
we used multilevel linear-growth mod-
els to compare the 2 group trajecto-
ries for each of thesemeasures across
the study period. A multilevel linear-

growth model approach has advan-
tages over repeated-measures analy-
sis of variance for analyzing repeated
measures over time: it accounts for
the correlated data structure that
arises from repeated measurements;
enables use of the exact age of mea-
surement; and allows retention of
cases with 1 or more missing data
points.30

We examined 3 z scores as indica-
tors of infant growth: weight-for-age;
length-for-age; and weight-for-length.
The use of z scores allows statistical
comparison between the sample and
current growth references and stan-
dardizes weight and length data for
what is considered normative for each
infant’s gender and age at measure-
ment. In addition, the weight-for-length
z score combines weight and length
data to indicate how appropriate the
infant’s weight is for a given length.
Analyses of the trajectories of these 3
growth indicators provide an age- and
gender-standardized metric of the ap-
propriateness of infants’ weight and
length gains from birth to 7.5 months
and the effect of formula type on these
gains.

Initial analyses of the growth trajecto-
ries for both the WHO and Centers for
Disease Control and Prevention
weight-for-age, length-for-age, and
weight-for-length z scores indicated
that separate slopes should be speci-
fied for birth to 0.5 months and 0.5 to
7.5 months for weight-for-age and
weight-for-length z scores and for
birth to 1.5 months and 1.5 to 7.5
months for length-for-age z scores.
Thus, we tested whether piecewise
mixed-effects models fit better than
linear or quadratic mixed-effects mod-
els.29,30 Akaike information criteria and
Bayesian information criteria values
for the weight-for-age, length-for-age,
and weight-for-length z score models
all indicated that the piecewisemodels
fit better than the linear or quadratic
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models. For other variables related to
growth velocity and formula accep-
tance, comparison of Akaike informa-
tion criteria and Bayesian information
criteria values indicated that linear or
quadratic models fit better than piece-
wise models. The amount of time
elapsed since the infant was last fed
was included as a covariate in analy-
ses of formula acceptance.

RESULTS

Subject Characteristics

Table 1 lists the characteristics of the 2
groups of mother-infant dyads. Infants
who were randomly assigned to be fed
CMF or PHF did not significantly differ
in weight or length at birth or in age,
weight, or length at study entry, and
mothers did not differ in age, BMI, or
parity at study entry or in race/ethnic-
ity or income levels.

No group effect or group-by-time inter-
action effect was seen for the number
of times per day infants were fed for-
mula across the study period (Table 2).
Across both groups, mothers reported
that their infants consumed formula
7.6� 1.9 times per day at study entry

and 4.9 � 1.6 times per day at 7.5
months. Infants in both groups also
were introduced to solid foods simi-

larly: cereal first, at �3.5 months;
fruits at 4.5 months; vegetables at 5
months; and meats at 6 months of age.
By 5.5 months, all but 7 infants had
started consuming solid foods. There
were no effects of timing of solid-food
introduction or frequency of solid-food
consumption on group differences in
infants’ weight-for-age, length-for-age,
or weight-for-length z scores.

Infant Growth Patterns

Figure 1 presents weight-for-age,
length-for-age, and weight-for-length z
score trajectories calculated from the
WHO growth standards from birth to
7.5 months. At study entry, group z
scores did not differ for weight-for-
age, weight-for-length, or length-for-
age. However, PHF-fed infants had
significantly lower z scores for weight-
for-age from 3.5 to 7.5 months of age
(F1,42 � 4.72; P � .05) and for weight-
for-length from 2.5 to 7.5 months of

TABLE 1 Subject Characteristics According to Formula Group

CMF Group
(N� 32)

PHF Group
(N� 24)

�2 or t P

Infant characteristics
Gender, male, % (n) 50.0 (16) 58.3 (14) 0.38 .54
Age at study entry, mean� SD, mo 0.5� 0.3 0.4� 0.3 �0.63 .53
Birth weight, mean� SD, kg 3.4� 0.5 3.5� 0.6 0.88 .38
Birth length, mean� SD, cm 51.1� 2.8 51.1� 2.7 0.06 .95
Weight at study entry, mean� SD, kg 4.2� 0.6 4.2� 0.6 �0.10 .92
Length at study entry, mean� SD, cm 53.0� 2.5 53.0� 2.4 �0.01 .99

Maternal/familial characteristics, mean� SD
Age at study entry, y 29.8� 6.2 30.3� 8.5 0.22 .82
BMI at study entry 35.8� 13.4 30.1� 5.9 �1.24 .23
Family income level, % (n)a

Less than $10 000 15.6 (5) 12.5 (3) 0.47 .79
$10 000–49 999 21.9 (7) 29.2 (7) — —
More than $50 000 46.9 (15) 31.7 (10) — —
Racial/ethnic category, % (n)
Black 21.9 (7) 29.2 (7) 4.76 .19
White 59.4 (19) 62.5 (15) — —
Hispanic 15.6 (5) 0.0 (0) — —
Other/mixed 3.1 (1) 8.3 (2) — —
Parity, primiparous, % (n) 28.1 (9) 33.3 (8) 1.63 .44

a Data not available for 9 families.

TABLE 2 Number of Daily Formula Feedings and Age of Solid-Food Introduction as Determined by
Maternal Reports and Intake of Assigned Formula as Determined by Laboratory-Based
Monthly Assessments

CMF Group
(N� 32)

PHF Group
(N� 24)

F P

No. of daily formula feedings, mean� SE
0.5 mo 7.7� 0.3 7.4� 0.5 — —
1.5 mo 7.3� 0.4 6.4� 0.3 — —
2.5 mo 6.9� 0.4 5.8� 0.4 — —
3.5 mo 6.2� 0.3 5.7� 0.4 — —
4.5 mo 5.9� 0.3 5.6� 0.3 — —
5.5 mo 5.2� 0.4 5.8� 0.3 — —
6.5 mo 5.0� 0.4 5.1� 0.4 — —
7.5 mo 4.8� 0.3 5.0� 0.4 — —
Average 6.2� 0.1 5.9� 0.1 2.6a .12

Intake of assigned formula at laboratory-based
assessment, least-squares mean� SE, mLb

1.5 mo 130.1� 8.8 94.7� 10.1 — —
2.5 mo 157.2� 12.1 124.3� 14.0 — —
3.5 mo 160.8� 12.7 152.1� 13.5 — —
4.5 mo 190.8� 14.6 128.4� 17.0 — —
5.5 mo 180.2� 15.2 152.8� 16.9 — —
6.5 mo 160.7� 17.1 154.1� 18.7 — —
7.5 mo 190.1� 22.4 188.8� 24.0 — —
Average 164.9� 5.6 143.4� 6.7 3.96a .05

Age at solid-food introduction, mean� SE, mo
Cereal 3.6� 0.3 3.5� 0.3 0.03 .86
Fruit 4.9� 0.3 4.5� 0.3 0.87 .36
Vegetables 5.3� 0.3 5.0� 0.3 0.43 .51
Meat 6.3� 0.2 6.0� 0.3 0.47 .50

a Main effect of group; group-�-time interaction was not significant.
b Analysis adjusted for time since last formula or solid-food feeding.
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age (F1,42 � 8.52; P � .01) compared
with CMF-fed infants (Fig 1). In addi-
tion, from 0.5 to 7.5 months of age, the
PHF-fed group had significantly less
z-score change for weight-for-age
(F1,409� 20.00; P� .0001) and weight-
for-length (F1,409� 7.08; P� .01) than
did CMF-fed infants. In contrast, the
groups did not significantly differ in

length-for-age z scores across the
study period (P� .86). All of these find-
ings were unchanged when we used
the Centers for Disease Control and
Prevention–based growth-referenced
z scores and when we excluded the 3
infants who also received breast milk
during the first 2 months of the study.
Figure 2A shows that, overall, infants

fed PHF had a slower weight-gain ve-
locity compared with infants fed CMF
(F1,44� 6.60; P� .05), whereas Fig 2B
illustrates that these groups of infants
did not differ in linear-growth velocity.

Objective Monthly Assessments of
Infant Intake and Acceptance of
the Formulas

There was a main effect of group on
infants’ intake of the formulas during
the monthly assessment (F1,52 � 3.96;
P� .05). From 1.5 to 7.5 months of age,
PHF-fed infants consumed less for-
mula to satiation during the monthly
assessment than did CMF-fed infants
(Table 2). However, they did not differ
in length of feeding (CMF: 11.2 � 5.9
minutes; PHF: 11.9� 6.1minutes) (P�
.86) or mothers’ ratings of their in-
fant’s liking of the formulas (CMF:
8.4� 1.1; PHF: 8.3� 1.5) (P� .63).

DISCUSSION

Beginning 2 months after random as-
signment of the formulas, growth tra-
jectories for infants fed PHF differed
significantly from those for infants fed
CMF on the basis of weight-for-length z
scores. Weight-for-age, length-for-age,
and weight-for-length z scores of 0 are
considered normative, and z-score-
tracking (or, alternatively, percentile-
tracking) is used as an indication of
healthy, normative growth.31 Weight-
for-age and weight-for-length z scores
for the PHF-fed group tracked close to
0 for most of the study period, which
indicated that they were gaining
weight at a normal rate, whereas
those for the CMF-fed group were con-
sistently above 0 and increased across
time, which indicated accelerated
rates of weight gain. These trajectory
differences were supported by ana-
lyses of growth velocities, which indi-
cated that CMF-fed infants had a signif-
icantly greater weight-gain velocity
than PHF-fed infants across the first 7
months of life. These findings are sim-
ilar to previous findings that infants
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FIGURE 1
Infant weight-for-age (A), weight-for-length (B), and length-for-age (C) z-score trajectories from birth
to 7.5 months according to formula group. z scores were calculated by using the WHO growth stan-
dards. The arrow (2) indicates the age at which infants were randomly assigned to either CMF or
PHF. Infants randomly assigned to PHF had significantly lower weight-for-age and weight-for-length z
scores and significantly less weight-for-age and weight-for-length z score change than did infants
randomly assigned to CMF. No effect of formula was found for length-for-age z scores. A z score of 0 is
considered normative, and z score-tracking is a clinical indicator of normative growth.32 a Groups
differed significantly at P� .05 in the posthoc comparison.
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fed CMF exhibit accelerated weight
gain during infancy when compared
with breastfed infants.32,33 Length-for-
age z scores and linear-growth velocity
did not differ between groups, which
indicated that growth differences
were attributable to differences in
gains in weight, not length, across the
study period. Overall, our findings for
slower weight gain for healthy infants
randomly assigned to be fed a PHF
compared with those randomly as-
signed to be fed a CMF are consistent
with previous research on infants who

had a family history of atopic disease,
many of whom also were breastfed for
the first few months of life.17,18

PHF-fed infants consumed less for-
mula than did CMF-fed infants during
monthly laboratory-based, infant-led
feeding sessions.25 This finding is also
consistent with previous, shorter-term
(0.5- to 3-month) studies of healthy 1-
to 3-month-old infants, which also re-
vealed, on the basis of feeding diaries
kept bymothers, that infants randomly
assigned to feed with PHFs had lower

daily intakes than did infants randomly
assigned to feed CMF.34–36 These effects
of being fed PHF on infant weight gain,
at least during the first 8 months of
life, did not seem to bemediated by the
introduction of solid foods into the in-
fant’s diet. Such null effects of solid-
food introduction on formula-fed in-
fants’ weight gain are consistent with
previous studies.18,37 In addition, the
age at which infants in the current
study began eating solids, although
younger than current recommenda-
tions,38 is consistent with findings in
national studies.39

What can explain these substantial dif-
ferences in both intake and weight
gain related to the type of formula con-
sumed? We present several, not mutu-
ally exclusive, hypotheses. First, the
sensory characteristics of the formu-
las may have differentially influenced
the infants’ feeding behaviors. Infants
may dislike the taste of PHF and conse-
quently consume less, thereby gaining
weight more slowly. To adults, PHFs
have a distinctive, unpleasant flavor
(taste and odor) because the hydroly-
sis results in high levels of free amino
acids and small peptides, which taste
sour, bitter, and savory and emit
unpleasant sulfur-based odors.11,40,41

However, the evidence that negative
sensory properties of food or bever-
ages alone can result in decreased
growth during infancy is weak or non-
existent. For example, in animal mod-
els, total food intake and the growth
efficiency of weanling rats was not af-
fected by feeding a solid-food diet adul-
terated with aversive flavors.42 More-
over, introducing PHF to infants during
the first 3 months of life renders this
formula highly palatable and accepted
throughout infancy.27 The infants in
our study were introduced to PHF dur-
ing this sensitive period; they were fed
PHF to satiation, and their mothers
perceived that they enjoyed the for-
mula during the course of the 7-month
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FIGURE 2
A, Infant weight-gain velocity, calculated as weight change (in kilograms) divided by age change (in
days) between assessments (which were �1 month apart), from 1.5 to 7.5 months for infants ran-
domly assigned to either CMF or PHF. B, Infant linear-growth velocity, calculated as length change (in
centimeters) divided by age change (in days) between assessments (which were�1 month apart),
from 1.5 to 7.5 months for infants randomly assigned to either CMF or PHF. x-axis values represent the
end point for the monthly linear-growth velocity calculation (eg, 1.5 months represents the length
change between the 0.5- and 1.5-month visits). Infants randomly assigned to PHF had significantly
slower overall weight-gain velocity (F1,44� 6.60; P� .05) (A) but no difference in linear-growth velocity
(F1,44� 0.02; P� .89) (B) across the study period than did infants randomly assigned to CMF.
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study. Taken together, all of these find-
ings strongly suggest that the lower
intakes and differences in growth
were not attributable to rejection of
the formula on the basis of its negative
flavor characteristics.

Second, as has been observed in
animal-model studies and studies on
older children and adults,43–46 the
higher protein content of the PHF may
havemade this formulamore satiating
than CMF for infants. PHF and CMF are
isocaloric but differ in their protein (or
protein equivalent47) content in that
PHF is 35% higher in protein than
CMF.20,21 However, this explanation is
contradictory to data obtained from
recent clinical trials in which infants
who were fed CMFs that were high in
protein consumed more formula and
gained more weight than infants who
consumed lower-protein milk formu-
las, even when controlling for energy
intake.37,48 Specifically, Koletzko et al37

randomly assigned healthy newborns
to be fed, during the first year of life,
isocaloric CMF and follow-on formulas
with low (1.8 and 2.2 g of protein per
100 kcal, respectively) or high (2.9 and
4.4 g of protein per 100 kcal, respec-
tively) protein content (as a reference,
the CMF and PHF used in or study con-
tained 2.1 and 2.8 g of protein equiva-
lent per 100 kcal, respectively20,21).
Infants who consumed the higher-
protein CMF and follow-on formula had
higher weight-for-age z scores than
did infants who consumed the lower-
protein CMF. Thus, absolute difference
in the protein equivalencies of the 2
formulas in our study, in and of them-
selves, was unlikely to be solely re-
sponsible for the relative differences
in intake, body weight, and weight gain
between the 2 groups.

The third and most parsimonious hy-
pothesis, given the present findings, is
that the form in which the amino acids
are delivered to the infants, rather
than overall amount of amino acids

consumed (via total protein content),
was responsible for the differences in
infant intake and growth. Specifically,
the amino acids in PHF predominantly
are free amino acids, which means
that they are not contained within in-
tact proteins, whereas little of the
amino acid content of CMF is in free
form (A.K.V., A. San Gabriel, DVMMS, M.
Hirota, BS, and J.A.M., unpublished
data, 2010). This difference that may
have important implications in nutri-
ent absorption and metabolism.13–16

Differential intake and growth pat-
terns may result from the ability of
free amino acids to stimulate sensory
receptors in the oral cavity and/or gas-
trointestinal tract,12 which, in turn,
may serve as key signals for intake
regulation and satiation.49,50

Previous research14,15 has shown that
protein hydrolysates stimulate a cas-
cade of satiation signals. Specifically,
receptor mechanisms in the gut re-
lease cholecystokinin in response to
protein hydrolysates,51 which provides
a mechanistic pathway for associa-
tions among protein hydrolysate in-
gestion, cholecystokinin release, and
satiation.14,15,50–53 In addition, receptor
mechanisms for certain amino acids,
such as free glutamate, are present in
the gut, which, in turn, signal the pres-
ence of ingested protein12 through
stimulation of the vagus nerve.54 The
vagus, a principal transmitter of food-
related messages from the gastroin-
testinal mucosa to the central nervous
system, seems to be the primary path-
way that conveys gut glutamate infor-
mation to the brain as minimal plasma
glutamate passes the blood-brain bar-
rier.55 Thus, the detection of protein hy-
drolysates, in general, or specific free
amino acids or small peptides in the
gut after feeding may serve as satia-
tion signals and stimulate earlier meal
termination for infants who consume
PHFs. Alternatively, stimulation of gut
receptors by free amino acids (eg, glu-

tamate) may stimulate an increase in
energy expenditure, which, in turn,
contributes to slower weight gain over
time.56 We caution, however, that sev-
eral studies have documented that in-
fants who were fed PHF have signifi-
cantly higher serum free amino acids
compared with infants fed breast milk
or CMF.57–60 The consequence of the
higher serum amino acids is still un-
clear, but theymay signal an inefficient
use of nutrients, which also could have
contributed to the slower growth rates
among PHF-fed infants. Furthermore, it
is unclear whether there are compo-
nents in CMF that contribute to over-
feeding by infants.

CONCLUSIONS

Our results show that the composi-
tional differences between CMF and
PHF result in differential weight-gain
trajectories. Additional research
into the exact mechanisms underly-
ing these differences is needed both
for practical concerns of optimizing
infant feeding and for theoretical
concerns focusing on understanding
mechanisms underlying hunger and
satiation. Longer-term effects of hy-
drolyzed protein diets, which are rel-
atively new in the human food supply
and are growing in use, also need to
be investigated. Because dietary and
nutritional programming can have
long-term consequences in terms of
later development of obesity, diabe-
tes, and other diseases,61 it is imper-
ative that we learn more about the
long-term consequences of the early
growth differences caused by envi-
ronmental triggers, such as those
associated with infant formulas, and
how and why they differ from breast-
feeding, which is the optimal mode of
feeding.
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