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Abstract

Objectives—Understanding the dynamics of feeding is essential for preventing accelerated 

weight gain during infancy, a risk factor for obesity. Because infants satiate on larger volumes of 

cow milk formula (CMF) than CMF enriched with the free amino acid glutamate (CMF+glu), we 

used this model system to determine whether infants displayed consistent behaviors despite 

satiating on lower volumes.

Methods—In this laboratory-based, within-subject experimental study of ≤4-month-old infants 

(N=41) and their mothers, infants were videotaped while feeding to satiation CMF on one test day 

and CMF+glu on the other, in counterbalanced order. Each video-recording was analyzed frame-

by-frame for frequency and timing of behaviors.

Results—Infants’ behaviors were consistent in types and frequency but were displayed sooner 

when feeding CMF+glu compared with CMF. The less responsive the mother’s feeding style, the 

less consistently the infant displayed behaviors across the two formula meals (p=0.05). Infants 

who spat up (a possible sign of overfeeding) consumed more formula (p=0.01) and had less 

responsive mothers (p=0.04) compared with the other infants.

Conclusions—Infants are consistent in their behavioral displays during feeding at this 

developmental age. Regulation of intake and signaling of satiation during bottle-feeding are 

associated with formula composition and maternal feeding style.
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INTRODUCTION

Because accelerated weight gain during the first year postpartum increases risks for later 

obesity, metabolic syndrome, and mortality from cardiovascular disease,1,2 understanding 

what contributes to the regulation of feeding and growth during early life, and how to 

measure it, is key. Central to this issue is determining why infants who are fed cow milk 

formula (CMF, the most common formula consumed by infants in the U.S.) consume more 

and exhibit faster rates of growth compared with infants fed breast milk3 or an isocaloric, 

extensive protein hydrolysate formula (ePHF, a type of formula typically fed to infants who 

have cow milk protein allergy or intolerance to intact protein).4

How (breast vs. bottle) and/or what (breast milk vs. formula) infants are fed are 

hypothesized factors underlying overfeeding. A recent prospective study revealed that 

feeding from a bottle was related to accelerated weight gain,5 perhaps because mothers 

sometimes feed in response to the amount in the bottle rather than feeding responsively to 

their infants’ cues.6 Maternal feeding styles characterized by low levels of responsiveness to 

feeding cues may impair their infants’ response to internal cues of hunger and satiation, 

which may lead to less healthy weight gain trajectories during early life.7–10

However, recent evidence suggests that in addition to the bottle, the composition of formulas 

(CMF vs ePHF) affects intake and satiation,4,11,12 as well as growth trajectories during the 

first year of life.4,13 CMF usually includes combinations of intact casein and whey protein 

and very low levels of free amino acids (FAAs), whereas the milk proteins in ePHF are 

treated with enzymes to break down their structure to reduce allergenicity resulting in a 

formula that contains small peptides and many FAAs.14 As a point of reference, breast milk 

contains substantially higher levels of most FAAs, particularly glutamate, than does CMF,14, 

and both contain substantially lower levels of most FAAs than do ePHF.14,15

Using an infant-led feeding paradigm, we discovered that infants satiated on smaller 

volumes of ePHF than on isocaloric CMF4,12 and that levels of the free amino acid 

glutamate, when added to CMF, were sufficient to account for the intake differences,16 

possibly because free glutamate exerts is effect though satiation signaling in the 

gastrointestinal tract.17 The present study used this model system to objectively determine 

how and when infants signal satiation, an unexplored research area that is critical to our 

understanding of contributors to early growth. We aimed to determine: 1) whether the 

timing, frequency, and types of behaviors displayed differ when the same infants fed 

isocaloric formulas with differing satiation properties; 2) whether infants are consistent in 

their display of these behaviors, regardless of how much formula they consume; and 3) the 

relationship between maternal feeding styles and infant self-regulation of intake and 

behavioral displays during feeding.

METHODS

Subjects

Subjects were mothers with healthy infants ≤4 months of age who were born term and were 

exclusively (n=37) or predominantly (>80% of the feeds were formula; n=4) formula 
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feeding but had no prior exposure to ePHF. Mothers were recruited for an infant feeding 

study of different formulas through ads and Women, Infants, and Children offices; they were 

unaware of the hypothesis being tested. Some participated in past research using an identical 

paradigm16 but their video-recordings had not been analyzed. All study procedures were 

approved by the Office of Regulatory Affairs at the University of Pennsylvania, and 

informed consent was obtained from each mother at study entry.

Test Formulas

Based on our prior research,16 two isocaloric (68kcal/100ml) formulas were used: CMF 

(Enfamil; Mead Johnson Nutrition) and CMF with 105mg/100ml added monosodium 

glutamate (USBioAnalyzed, Cleveland, OH; hereafter referred to as CMF+glu). Levels of 

free glutamate were 2mg/100ml16 and 84mg/100ml, respectively. The latter was slightly 

lower than that found in ePHF (107mg/100ml)16 but allowed for similar sodium levels (18–

32mg/100ml) and molarities (8–14mM) between the two isocaloric formulas (see also 16). 

An adult sensory panel found no differences in taste between CMF and CMF+glu.16

Experimental Design

Mother-infant dyads came to the Monell Center at the same time of day on two different 

days separated by, on average, two days. The within-subject factor was type of formula fed. 

Infants were videotaped as their mothers fed them, in randomized order, CMF on one test 

day and CMF+glu on the other. To minimize possible effects due to different levels of 

hunger, the two testing sessions took place at the same time of day that the infants were 

typically fed formula.

Procedures

At the beginning of each test session, infants and mothers were weighed and measured after 

which we determined the infants’ age- and sex-specific percentiles18 and maternal BMI 

(weight[kg]/height[m2]). We used an infant-led feeding paradigm that controls for a number 

of factors and allows assessment of infants’ behavioral responses during feeding.4,12 In 

brief, infants acclimated to the testing room for at least 30 min. When they displayed hunger 

by exhibiting such behaviors as sucking on hands or fussing, and mothers verified babies 

were hungry, infants were fed at their customary pace. A video camera was placed 1.75m in 

front of the dyad, and the experimenter sat behind a partition, out of sight of the dyad. The 

feeding ended after the infant displayed one or more behavior types listed in Table 1 on at 

least three consecutive occasions or fell asleep (and did not awaken when the bottle was 

offered again). Immediately after each test meal, mothers rated how similar the meal was to 

the infant’s typical formula feeding and how much the infant enjoyed the formula.

Five minutes later, on both testing days, infants were offered a bottle of CMF and allowed to 

consume this formula ad libitum to determine whether they had satiated during the formula 

test meals (hereafter referred to as the satiation check). Intake was determined by weighing 

bottles immediately before and after test meal and satiation check. The length of time that 

elapsed between initial acceptance of the bottle and display of the last satiation behavior 

(meal duration) was determined by analysis of the video-recordings. Mothers completed the 
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Infant Feeding Styles Questionnaire,19 from which we focused on the responsive and 

pressuring feeding subscales, each with possible scores of 0–5.

Video-record analyses

Each video-recording was analyzed frame-by-frame using an event recorder program 

(Observer XT, version 10.5). Raters (N=3), unaware of the experimental conditions, coded 

11 mutually exclusive behavior types (Table 1) in real time, focusing on 1) the first quartile 

of the meal duration, to determine whether initial acceptance of the two formulas differed, 

and 2) the second half of the meal duration, to determine whether infants were consistent in 

their timing and display of behaviors to signal satiation.

We determined the primary outcome measures for each of the 11 coded behaviors, for each 

infant, and for each meal: 1) frequency of each behavior type during the meal’s (a) first 

quartile and (b) second half; 2) summed frequency of all behaviors (i.e., number of 

behaviors) displayed during the meal’s (a) first quartile and (b) second half; 3) number of 

behavior types (regardless of frequency) during the meal’s (a) first quartile and (b) second 

half; 4) during the second half of the meal, the type of (a) first behavior and (b) last three 

behaviors displayed; 5) the time (in minutes) from the initial acceptance of the bottle (start 

of meal) to the (a) first behavior of the meal and (b) last behavior displayed during the 

second half; and 6) during the second half of the meal, the time (in minutes) between the 

first and last behavior displayed. Inter-coder reliability was established by the common 

scoring of a total of 51 videos by at least two raters. The mean Pearson’s Rho for the scoring 

of all coded behaviors was ρ(49df)=0.97 and for the duration of the feed was ρ(49df)>0.99, 

indicating good reliability.

Statistical Analyses

All analyses were conducted using SAS (version 9.3; SAS Institute Inc., Cary, NC). All data 

were assessed for normality. Distributions for most primary outcome measures were 

positively skewed and thus were normalized using log or square root transformations. After 

analysis, data were back-transformed by calculating the antilog or square of the estimate.20 

Repeated-measures analyses of variance (ANOVAs) were conducted on primary outcome 

measures with formula type (CMF, CMF+glu) as the within-subjects factor; time elapsed 

since the last feeding and infant age was covaried in models that tested the influence of 

formula type on intake and meal duration. Pearson’s correlations and ANOVAs were 

conducted to test for associations among infant feeding behaviors and maternal 

characteristics; we averaged primary outcome measures across the two meals and controlled 

for time since last feeding. Results are presented as means or least squared means ± standard 

errors. P-values≤0.05 indicated significant effects.

RESULTS

Sample Characteristics

Mothers (N=41) averaged 27.5±0.9 years of age, and their infants (56% female) averaged 

2.2±0.1 months of age. Infants’ average weight-for-length percentile was 58.8±4.7 and 

mothers’ average BMI was 28.7±1.0 kg/m2. Sixty-one percent of mothers were non-
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Hispanic black, 20% non-Hispanic white, 15% Hispanic white, 2% Hispanic black, and 2% 

Asian. The majority (46%) attended or graduated from college, 37% graduated from high 

school whereas 17% did not complete high school. About 15% reported an annual family 

income above $75,000; 54% were between $15,000 and $74,999; and 31% were below 

$15,000. Maternal responsive and pressuring feeding style scores were 4.1±0.1 (range: 2.4–

4.9) and 2.2±0.1 (range: 1.2–3.5), respectively.

Feeding and Satiation Behaviors

As shown in Table 2, infants consumed less CMF+glu and tended to feed for shorter periods 

of time compared with CMF. There were no differences in number of behaviors or behavior 

types during the first quartile of the meals or amount of formula infants consumed during the 

satiation check, suggesting that infants were equally accepting of and satiated by both 

formulas. Mothers reported their infants enjoyed both formulas and the meals were typical 

for their infants.

We found notable consistency in the behavior types displayed during the second half of the 

meal but differences in the timing of the behaviors. Analyses of the video-records confirmed 

that every infant exhibited at least three behaviors (range: 3–35) during the second half of 

each test meal. The number of behavior types ranged from 2 to 9 per meal. There were no 

differences in number of behaviors or behavior types between the two meals (Table 2). The 

greater the number of behaviors and behavior types during the CMF meal, the greater the 

number of behaviors (r[39]=0.40, p=0.01) and behavior types (r[39]=0.34, p=0.03) during 

the CMF+glu meal. Further, there were no significant differences between the two meals for 

frequency of each behavior (all p’s>0.05) or in the amount of time that elapsed between the 

first and last behaviors displayed during the second half of the meal. However, infants 

tended to display the first and final behaviors earlier when feeding CMF+glu than when 

feeding CMF.

Although the type of formula differed between the meals, significantly greater percentages 

of infants were consistent than were not consistent across the two meals in their display of 

all but three behaviors (leans away; pushed bottle away; gags, coughs, chokes) during the 

second half of the meals (Table S1). On average, infants were consistent in their display of 

7.5±0.2 (range: 5–10) of 11 coded behaviors. The greater number of behaviors (p=0.04) and 

behavior types (p=0.01) displayed the less consistent the infant was in the behaviors 

displayed across the two meals (Table 3). The final three behaviors displayed had at least 

one behavior in common for the vast majority of infants (78%), albeit in different order 

(Figure 1). The most frequent final behaviors were arm waving (22%), spitting out the 

nipple (21%), and negative facial expressions (15%). Infants were as likely to fall asleep 

(F[1,40]=0.11, p=0.74) or spit up (F[1,40]=0.13, p=0.72) when feeding CMF as when 

feeding CMF+glu.

Consistent with previous research, pressuring feeding style scores were not significantly 

associated with responsive feeding style scores;19 however, both were independently related 

to outcome measures (Table 3). The older the mother, the less formula her infant consumed, 

the shorter the meal duration, and the lower she scored on pressuring feeding style. The less 

responsive her feeding style, the less consistent the infant was in his or her behavioral 
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display. Infants who spat up at the end of feeding (n=19), which is a possible sign of 

overfeeding, consumed significantly more formula (187.1±14.5ml vs. 138.7±10.5ml; 

F[1,40]=7.56, p=0.01) and had mothers who scored significantly lower in responsive 

feeding (4.1±0.1 vs 4.4±0.1; F[1,40]=4.66, p=0.04) compared with remaining dyads. There 

was no association between spitting up and infant weight status.

DISCUSSION

Infants 4 months of age and younger are not passive recipients of formula fed from a bottle. 

Rather, each exhibits a changing repertoire of behaviors during feeding and, at least during 

this developmental stage, is consistent in how often and what behaviors are displayed. By 

testing infants on two separate days and varying only the type of formula in the bottle, we 

demonstrated that infants satiated on lower volumes of formula and tended to signal 

satiation sooner when feeding CMF+glu than when feeding CMF. Infants were equally 

accepting of and satiated by both formulas: the number of behaviors or behavior types that 

infants displayed during the beginning or end of the feed, the duration of signaling, or how 

much formula was consumed during the satiation check did not differ between formula 

meals. Mothers reported their babies enjoyed both formulas. Thus, both our direct, 

observational measures and mothers’ indirect, subjective reports indicate that infants 

displayed consistent behaviors across the two different feedings, despite the decreased 

intake and latency to meal termination during the CMF+glu meal.

Such findings add to a growing body of research showing that formula-fed infants, as a 

group, can sense and respond to compositional differences in formulas.4,11,16 In the present 

study, compositional differences in the levels of the FAA glutamate decreased intake, 

perhaps through its ability to trigger satiation when detected by glutamate receptors in the 

gastrointestinal tract.17,21 In another study, compositional differences in levels of another 

amino acid, tryptophan, decreased sleep latency in young infants but did not influence the 

display or patterning of other behaviors (e.g., orienting to light).22 Taken together, these data 

suggest that the FAA content of the formula consumed can influence select aspects of 

behavior.

Our within-subjects design, objective measurement of infant behaviors, and use of an infant-

led feeding paradigm allowed us to describe both between- and within-infant variation in the 

infants’ behavioral display during feeding. In the present study, we objectively measured 11 

behavior types, chosen based on prior experimental23 and observational24 research, that 

characterized some, but not all, of the behaviors that infants of this age exhibit during 

feeding. We acknowledge that some behaviors might be specific signs of satiation while 

others (e.g., waving arms, crying) are not specific but, rather, reflect changes in overall 

arousal or motivation. We found a negative correlation between consistency score and 

number of behaviors and number of behavior types, which likely resulted from the tendency 

for infants not to display a behavior on both days: significantly more infants displayed 8 of 

the 11 coded behaviors consistently (i.e., on neither or on both days) than inconsistently 

(i.e., on either day but not both), but failure to display was the primary source of consistency 

for less frequent behaviors.
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Which types of behaviors were displayed changed over the course of the feeding: those that 

may be regarded as more indicative of satiation and rejection of the bottle, such as spitting 

out the nipple, were more prevalent toward the end. There was wide between-infant 

variation in the overall number of behaviors displayed and the number of behavior types; 

some behaviors (e.g., waving) were displayed by most infants, whereas others (e.g., fell 

asleep) were not. Despite this between-infant variation, there was notable within-infant 

consistency in the numbers of behaviors and behavior types displayed. For most infants, the 

last three behaviors during both meals had at least one behavior in common, albeit in 

different orders, and the majority of infants were consistent in which behaviors they 

displayed. Why infants were not consistent in the display of some behaviors is unknown. It 

is possible that some behaviors (e.g., leans away, pushes bottle away) become more 

consistent with increasing age and motor development, while others (e.g., gagging) are more 

consistent earlier in infancy. Nonetheless, these findings indicate that infants’ overall 

behavioral responses may be more a characteristic of the infant and less a reaction to 

changing environmental stimuli such as the type of formula. We caution that the present 

study focused on a limited age range, and longitudinal studies would better inform how age, 

sex, weight status, or feeding transitions influence feeding behaviors over developmental 

time and how socioeconomic and anthropometric measures of mothers are related to feeding 

styles and infant outcomes.8,9,25

In the present study, we purposely observed infants within an infant-led feeding paradigm to 

assess their behavioral responses and intake on repeated occasions independent of the 

mother and experimenter. In reality, infants’ feeding behaviors and mothers’ feeding 

practices are intertwined, and at the time of testing the baby brings to the experimental 

paradigm a history of past experiences and learning. This is supported by the finding that 

those infants who spat up at the end of feeding consumed significantly more, regardless of 

the formula type in the bottle, and had mothers who scored lower on responsive feeding. 

Spitting up is common for infants of this age group, but it may also be a sign of 

overfeeding26 and inability to regulate intake, possibly as a result of low maternal 

responsiveness.8 Although the analysis of video-recordings for types and frequency of 

behaviors that infants use to signal hunger and satiation is laborious, it provides objective 

measures that current questionnaire-based assessments of infant behavior may not.27,28 

Because the study of one member of the dyad in isolation creates an incomplete 

understanding of formula feeding during infancy,10 research using objective measures of 

both members of the dyad is needed. Additionally, because free glutamate is abundant in 

human milk;15 its role in feeding and satiation signaling by breastfed infants is another 

important question for future research.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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CMF cow milk formula

CMF+glu cow milk formula with added glutamate

ePHF extensive protein hydrolysate formula
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What is already known about this subject

• Complex issues related to mode of feeding (breast vs. bottle), milk composition, 

and parents’ feeding practices and styles affect how much infants consume and 

how fast they grow.

• Infants feed more cow milk formula to satiation than a formula with higher 

levels of free amino acids, such as glutamate, demonstrating that bottle-feeding 

infants can self-regulate intake in response to formula composition.

• Maternal responsiveness to infant cues promotes positive developmental 

outcomes, such as effective self-regulation of emotional reactivity.

What this study adds

• We identified a model system that can be used to objectively study within- and 

between-infant variation in feeding behaviors, self-regulation of intake, and 

satiation signaling.

• Young infants exhibit a changing repertoire of behaviors during feeding and are 

consistent in how often and what behaviors they display, despite decreased 

intake and latency to meal termination when feeding a more versus less satiating 

formula.

• The more responsive the feeding style of the mother, the more consistently the 

infant displays types of behaviors across two formula meals.

• Infants who spat up at the end of the feeding (which may be a sign of 

overfeeding) consumed significantly more formula and had mothers with 

significantly lower responsive feedings scores compared with other infants.
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Figure 1. Patterning of the last three behaviors displayed by each individual infant
Each row represents an individual infant; subject IDs were randomly assigned. The left and 

right columns display the third to last (3rd), second to last (2nd), and last behaviors during 

the CMF and CMF+glu meal, respectively. A white cell indicates a behavior that an infant 

displayed on one day only. A pink cell indicates a behavior that an infant displayed on both 

days. A maroon cell indicates a behavior that an infant displayed in the same sequence (e.g., 

as the first behavior) on both days.
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Table 1

Coded behaviors types

Behavior Description

Waves arm(s) The infant waves one or both hands/arms but does not make contact with the bottle or mother 
(contacting the bottle would be considered “pushes bottle away”).

Displays negative facial expressions The infant’s eyes are squinted and/or mouth turned downward.

Leans away or arches back The infant leans away from the bottle and/or arches the back when bottle is offered.

Turns head and/or body away from 
bottle

The infant turns the head sideways or tilts the head back, resulting in detachment from the nipple.

Bites or chews nipple The infant chews or bites (but is not sucking) on the nipple of the bottle.

Pushes bottle away The infant pushes the bottle out of the mouth by hitting the bottle or the mother’s arm with his or her 
hand.

Spits out nipple The infant actively ejects the nipple from the mouth with the lips or tongue.

Gags, coughs, or chokes The infant gags, coughs, or chokes during active feeding.

Spits out formula or spits up The infant actively ejects the formula from the mouth.

Crying bout The infant emits a cry and displays characteristic facial responses and tears.

Sleeping bout The infant’s eyes are closed.
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Table 2

Least squares mean (SE) differences for infants’ feeding, behavioral outcomes, and mothers’ perceptions: 

CMF versus CMF+glu meals (N=41 infants)

Type of Formula

F-valueCMF CMF+glu

Infant Feeding:

Formula Meal:

 Amount consumed (ml) 170.0 (10.3) 152.2 (9.0) 4.45*

 Meal duration (min) a,b 10.3 (0.9) 9.3 (0.6) 3.36Ŧ

Satiation check:

 Amount consumed (ml) 13.1 (3.6) 10.4 (2.5) 0.42

Behavioral Outcomes:

First quartile of formula meal:

 Number of behaviors a 1.6 (0.6) 1.8 (0.5) 0.92

 Number of behavior types a 1.4 (0.2) 1.6 (0.2) 1.55

Second half of formula meal:

 Number of behaviors a,c 9.5 (1.1) 9.6 (1.3) 0.01

 Number of behavior types a,d 4.3 (0.2) 4.6 (0.3) 0.80

 Latency to first behavior (min) a,e 6.9 (0.5) 6.2 (0.4) 2.78

 Latency to last behavior (min) a,b 10.3 (0.9) 9.3 (0.6) 3.36

 Time elapsed between first and last behavior (min) a 3.4 (0.5) 2.9 (0.3) 1.43

Maternal Perceptions

 How similar was this feed to your infant’s typical formula feeding? f 7.3 (0.3) 7.1 (0.3) 0.29

 How much did your infant like the formula? g 7.4 (0.3) 7.1 (0.3) 1.06

*
p<.05;

Ŧ
p<.10

Note: All analyses were adjusted for time since last fed. Analyses with amount consumed and meal duration were also adjusted for infant age.

a
Distributions were positively skewed and thus were normalized by log or square root transformations prior to analysis. Data presented are back-

transformations.

b
Defined as length of time elapsed between initial acceptance of the bottle and display of the last satiation behavior for each test meal.

c
Sample range = 3–35 behaviors

d
Sample range = 2–9 behavior types

e
Defined as length of time elapsed between initial acceptance of the bottle and display of the first satiation behavior during the second half of each 

meal.

f
Responses range from 1 (not at all similar) to 9 (very similar)
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g
Responses range from 1 (extreme dislike) to 5 (neutral) to 9 (extreme like)
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