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ABSTRACT 

 

 Excessive weight gain in infancy increases the risk for overweight and obesity in 

adolescence and adulthood. Research indicates that infants fed cowôs milk formula 

(CMF) tend to gain weight more rapidly than breastfed infants, while those fed extensive 

protein hydrolysate formula (EHF) show patterns of weight gain similar to breastfed 

infants. In addition to formula composition, the rate at which food is consumed during a 

meal has been associated with increased energy intake and adiposity. Interventions to 

decrease eating rate in adults and adolescents have been shown to result in decreased 

energy intake, while research on the topic is non-existent in the infant population.  

The purpose of this study was to evaluate the effect of formula composition and 

feeding rate on both intake volume and gastrointestinal peptide response. Infants (n=7 

males, n=3 females) aged 1-4 months old were recruited to participate in a 3-way 

crossover study. Participants completed 3 study visits, with no more than 3 days between 

visits. In random order, infants received either CMF, EHF or CMF formula with one-

minute pauses throughout the feeding (CMF-slow), at each study visit. To assess 

differences in gastrointestinal peptide response by feeding type, blood samples were 

drawn pre-feeding and post feeding. 

 The average age of infants at all visits combined was 82.4 days (95%CI 70.9-

94.0), and the average weight was 5.6 kg (95%CI 5.3-5.8). After controlling for order of 

feedings, infants in the EHF condition consumed significantly less total volume and 



 

 x 

volume per kilogram of bodyweight as compared to infants in CMF and CMF-slow 

conditions, and demonstrated a significantly decreased feeding rate as compared to 

infants in the other two conditions. Furthermore, absolute change in satiation peptide 

response did not differ by condition, and while change in peptide concentration per 

milliliter of formula consumed did not differ significantly between conditions, change in 

PYY and GIP approached statistical significance, as infants in the EHF condition showed 

an increased change in these peptides per milliliter of formula consumed. As only ten 

subjects participated in this study, and only nine subjects completed all three study visits, 

current findings must be interpreted with caution.  
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Chapter 1 

INTRODUCTION  

 

 Data from the 2013-2014 National Health and Nutrition Examination Survey 

(NHANES) indicate that 33.4% of children and adolescents (2-19 years old) in the United 

States are overweight or obese.1 More specifically, 34.5% of 6-11 year olds and 22.8% of 

2-5 year olds are overweight or obese, and 8.1% of infants have a weight for recumbent 

length at or above the 95th percentile on the Centers for Disease Control and Prevention 

(CDC) growth charts.2 The fact that even our youngest children are demonstrating early 

signs of overweight is of concern, since high weight for length and rapid weight gain in 

infancy are risk factors for obesity in adolescence and adulthood.3,4  Monitoring of weight 

gain and interventions that support healthy weight should begin during the early stages of 

life. 

 Diet is a key determinant of infant growth and development. Breastfeeding is 

considered the gold standard for infant nutrition, and the American Academy of 

Pediatrics recommends exclusive breastfeeding for the first 6 months of life, followed by 

introduction of complementary foods along with continued breastfeeding through the first 

year of life.5,6 However, of infants born in 2013, just over 50% were breastfed at 6 

months of age, and about 30% were breastfed at 12 months of age.7,8  Given that 81% of 

infants less than 1 year old are fed infant formula in combination with breastmilk or as a 
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sole source of nutrition,9 it is important to gain an understanding of the different types of 

infant formulas and their effects on weight gain. 

 About 69% of formula-fed infants receive standard, cowôs milk formula (CMF), 

while approximately 12% of formula-fed infants receive soy-based formula, and about 

6% receive a specialty formula.9 Infants fed CMF during the first year of life have been 

shown to have increased adiposity and weight gain compared to breastfed infants,10,11 

while infants fed extensive protein hydrolysate formula (EHF), a type of specialty 

formula, have been shown to gain weight at a velocity similar to that of breastfed 

infants.12,13 In-laboratory feeding studies find that infants fed EHF consume less formula 

to satiation when compared to CMF fed infants.12,14 It is possible that by consuming less 

formula per feeding, EHF fed infants have a lower energy intake121415 thus leading to 

more normative weight gain. The mechanism by which EHF fed infants consume less 

formula to satiation is not known. It may be related to the composition of the formula, 

whereby small peptides and free amino acids in EHF formula transit the gastrointestinal 

tract faster and thus signal satiation earlier.16 

 The effect of EHF formula on infant satiation may also be related to the rate at 

which infants consume different types of formula. Decreased eating rates have been 

shown to result in greater satiation and lower energy intake in adults,17,18,19 with limited 

research showing an effect in infants and adolescents.20,21,22,23,24 There is limited research 

examining the impact of feeding rate and formula composition on satiation gut peptides 

and feeding intake volume in healthy infants.   
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Chapter 2 

REVIEW OF THE LITERATURE  

2.1 Infant Feeding 

2.1.1 Current Feeding Recommendations 

 The American Academy of Pediatrics (AAP) and the World Health Organization 

(WHO) both recommend that infants are exclusively breastfed for the first six months of 

life, with continued breastfeeding throughout the first year of life, and the introduction of 

complementary foods around 6 months of age.5,6 Exclusive breastfeeding for 6 months is 

associated with decreased risk of gastrointestinal infection.25 Infant formula is considered 

the next best feeding alternative for mothers who choose not to or are unable to 

breastfeed.26  

2.1.2 Current Feeding Practices 

Healthy People 2020 goals for breastfeeding in the United States are 81.9%, 

60.6%, and 34.1% for any breastfeeding, breastfeeding at 6 months, and breastfeeding at 

12 months, respectively.27 While rates of breastfeeding have steadily increased over the 

past decade,8 they still do not meet Healthy People 2020 goals. According to the 2016 

breastfeeding report card from the CDC, 81.1% of mothers in the United States reported 
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any breastfeeding, 51.8% were breastfeeding at 6 months, and 30.7% reported any 

breastfeeding at 12 months postpartum.7   

 According to a recent study using data from the National Health and Nutrition 

Examination Survey (NHANES), of infants 0-12 months old in 2003-2012, 

approximately 81% of infants consumed some infant formula or milk and 69.4% of the 

formula or milk consumed by infants was cowôs milk formula. Specialty formula (for 

preterm, acid reflux, phenylketonuria, or allergies) was consumed by 7.5%, gentle/lactose 

free formulas were consumed by 4.4%, and 6.3% of infants consumed regular milk.9 

2.2 Infant Diet Composition 

2.2.1 Breastmilk, Infant Formula, and Infant Weight Gain  

 Given that millions of infants receive infant formula in the first year of life, it is 

important to understand how formula fed infants differ from breastfed infants in terms of 

weight gain. A systematic review and meta-analysis of 15 studies found that, while fat 

mass was decreased in formula-fed infants as compared to breastfed infants at 3-4 months 

and 6 months of age, by 1 year of age there was a reversal in this trend, with formula-fed 

infants showing a tendency for increased fat mass as compared to breastfed infants.28 

Another quantitative review of 28 studies found that breastfed infants were at a decreased 

risk for obesity in infancy, childhood, and adulthood, as compared to formula-fed infants 

(OR = 0.87; 95%CI: 0.85ï 0.89). And infants who were exclusively breastfed had even 

lower odds of later obesity (OR = 0.76; 95%CI: 0.70 ï 0.83).29 Taken together, the 
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totality of studies indicate an overall protective effect of breastfeeding against excess 

weight gain and obesity as compared to formula-feeding.  

2.2.2 Cowôs Milk Formula and Protein Hydrolysate Formula 

 To understand why breastmilk may be advantageous to CMF, it is important to 

understand key differences in their composition. One key difference is the quantity of 

free amino acids (FAA) found in human milk. In one study, human breast milk (obtained 

from 40 healthy mothers) contained over 3,000 ɛm/L of total FAA, whereas infant 

formulas analyzed (11 cowôs milk formulas and one soy-based formula) contain a range 

of 615.5-1959.1 ɛm/L of total FAA.30 It has been speculated that the quantity of FAAs in 

breastmilk may impact satiation responses in infants, leading to earlier cessation of 

feeding and hence lower intake volume as compared to formula-fed infants.12,14,15,31  

While the majority of formula-fed infants consume standard cowôs milk formula 

(CMF), approximately 6% of infants consume a protein hydrolysate formula (PHF).9 

PHF contains proteins that have been broken down by enzymes (hydrolyzed) to yield 

small peptides and amino acids.15 PHF formulas that contain nitrogen in the form of very 

small peptides (<1,500 kDa) and free amino acids (FAA) are known as extensively 

hydrolyzed formulas (EHF).15 EHF formulas contain far greater concentrations of FAA 

than standard CMF formulas. One study, which reported the levels of FAA in CMF and 

EHF infant formulas showed that, while the two CMF formulas analyzed contained 864 

and 523 ɛmol/L FAA, the two EHF formulas analyzed contained 80,375 and 85,445 

ɛmol/L FAA.31 
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Given the difference in composition between CMF and EHF formulas, it is not 

surprising that weight gain outcomes differ in infants fed these formulas. This was first 

reported in a study published in 2011 where healthy, formula-feeding infants were 

randomly assigned to receive either a CMF formula (Enfamil), or an EHF formula 

(Nutramigen) from 0.5 months of age through 7.5 months. Both formulas contained 67.7 

kcal/100mL, however the EHF formula contained a greater protein concentration, and 

higher concentrations of small peptides and FAA. Infants fed EHF formula had 

significantly lower z-scores for weight-for-length from 2.5 to 7.5 months of age (p<0.1) 

and lower z-scores for weight-for-age from 3.5 to 7.5 months of age (p<0.05) as 

compared to CMF fed infants. Length-for-age z-scores did not differ significantly, 

suggesting that the difference was due to differences in weight, not length. Additionally, 

during monthly assessments, infants fed EHF consumed less formula to satiation than did 

CMF fed infants.12 Another study, using data from the German Infant Nutritional 

Intervention Study, randomized infants to one of the following formulas: partially-

hydrolyzed whey formula (pHF-W), extensively-hydrolyzed whey formula (eHF-W), 

extensively-hydrolyzed casein formula (eHF-C), or cowôs milk formula (CMF) during 

the first four months of life; growth of exclusively breastfed infants was also analyzed for 

comparison. At birth, formula-fed infants were randomized to one of the four formulas, 

and growth trajectories were compared to each other and to infants exclusively breastfed. 

Interestingly, infants in the eHF-C group gained significantly less weight between the 8th 

and 48th weeks of life, as compared to the other formula groups. The eHF-C group also 

gained significantly less weight than the breastfed group between the 8th and 28th week of 
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life, although this difference was smaller than that observed between the eHF-C group 

and other formula-fed groups. While the breastfed group gained less weight during the 

first year as compared to the other three formula fed groups, this difference was not 

significant. The eHF-C group did not show significant differences in length gain, 

indicating that the lower weight at 1 year was not due to impaired development.13 These 

studies suggest that infants fed EHF formula tend to gain weight at a slower pace than 

infants fed other formulas, although more research on the topic is needed.  

2.3 Regulation of Energy Intake 

 Energy homeostasis is maintained through a variety of signals relayed between 

the central nervous system (CNS) and various peripheral organs, such as the stomach, 

small intestine, and the liver.32 Hormones and peptides are secreted to ensure long-term 

balance of energy intake, energy stores (such as adipose tissue and glycogen in the liver 

and muscle), and blood glucose. Signals that influence energy intake and expenditure can 

be classified into two categories: satiation/satiety signals and adiposity signals. 

Satiation/satiety signals arise during a meal in response to food intake, and either 

contribute to the feelings of fullness (satiation) or delay the feelings of hunger between 

meals (satiety). Adiposity signals, on the other hand, provide continuous feedback to the 

brain over time regarding the quantity of adipose tissue in the body. These signals ensure 

that stores of body fat are not insufficient or excessive.32  
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2.3.1 Satiation Signals 

 Glucagon-like peptide-1 (GLP-1) is produced when the small intestine, primarily 

the ileum, is exposed to nutrients such as carbohydrates and fats, following food intake.33 

One of the primary functions of GLP-1 is stimulation of the secretion of insulin, which 

functions to decrease blood glucose following a meal.32,33 GLP-1 also inhibits gastric 

emptying and inhibits GI motility. GLP-17-36 amide, the active form of the peptide, is 

rapidly degraded into GLP-19-36 amide, the inactive form. GLP-1 levels rise immediately 

after a meal, and levels reach a peak 30-150 minutes after meal termination, depending 

on the composition of the meal.19,34 It has been shown to reduce appetite and increase 

satiation in both normal weight and obese individuals.33,34 

 Glucose-dependent insulinotropic polypeptide (GIP), produced primarily in the 

duodenal K cells of the small intestine, rises within 15-30 minutes of food ingestion, and 

returns to fasting values after approximately 3 hours. Like GLP-1, GIP stimulates 

glucose-dependent insulin secretion. GIP levels have been shown to increase up to six-

fold in response to a meal, and ingestion of carbohydrates and fats tends to elicit a greater 

GIP response than ingestion of protein. GIP has also been shown to stimulate GLP-1 

secretion.35 

 Peptide YY (PYY), like GLP-1, is secreted in response to the presence of 

nutrients within the ileum following food intake.32 PYY exists as PYY1-36 and PYY3-36, 

the latter existing as the biologically active form.33 PYY concentrations are low in the 

fasted state, peak at 1-2 hours after a meal, and return to baseline levels in the fasting 

state.36 
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Ghrelin, produced primarily in the stomach, is an orexigenic peptide, and 

therefore promotes increased food intake. Ghrelin concentrations rise prior to the start of 

a meal and tend to fall within 1 hour of meal termination.42 Ghrelin is considered a valid 

biomarker of satiety, with higher levels of ghrelin indicative of lower levels of satiety.33  

2.3.2 Adiposity Signals 

Leptin, synthesized by adipose tissue, enters the brain through the blood-brain 

barrier, and provides information to the hypothalamus regarding levels of body fat.32 

Leptin is secreted in proportion to the amount of white adipose tissue in the body.43  

Unlike the satiation signals discussed so far, leptin does not change acutely in response to 

meals, but rather is considered a long-term biomarker of satiety.33 Energy restriction over 

>24 hours tends to cause a decrease in circulating leptin, whereas an energy surplus >24 

hours causes increases in circulating leptin.33 Decreased levels of leptin decreases 

sensitivity to satiation signals, causing an increase in food intake.32  

2.4 Eating Rate 

2.4.1 Eating Rate and Satiation in Infants 

 Few studies have investigated feeding rate and adiposity in infants. One study 

evaluated the association between feeding style in breastfed infants and adiposity at one, 

two, three, and six years of age. A vigorous feeding style in the first few weeks of life, 

characterized by rapid, high pressure sucking, longer sucking bursts, and shorter intervals 

between sucking bursts, was associated with greater body mass index (BMI) at each age 
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(p<0.05, r2=0.508, 0.118, and 0.256, at 1, 2, and 3 years of age, respectively). 20,21  While 

these results seem to suggest that infants who consume breastmilk more rapidly are at a 

higher risk for weight gain, more research needs to be conducted on infant feeding rate 

and its effects on energy intake and infant weight status.  

2.4.2 Eating Rate and Satiation in Adolescents 

The effect of eating rate on the amount of food consumed and gut peptides has 

been evaluated in adolescents. Research suggests that manipulation of eating rate in 

adolescents may facilitate decreased energy intake and increased satiation. In one study, 

investigators sought to determine how brief pauses between bites would affect food 

consumption in six seven-year-old children. Three of the children were obese, and three 

were non-obese. After investigators observed the children during a lunch period at school 

to obtain baseline measurements of bite rate (defined as number of bites per unit of time) 

and food consumption, children were instructed to place their utensils down after each 

bite of food. The results indicated a significant reduction in bite rate (p < 0.05) after 

instruction to put eating utensils down between bites. Additionally, analysis demonstrated 

a significant effect of treatment (p < 0.05) on the amount of food consumed by the 

children, with pauses during the meal leading to decreased food intake.22 Another study 

evaluated the effect of eating rate in obese adolescents and obese adults on postprandial 

satiation gut peptides (GLP-1 and PYY), as well as subjective feelings of hunger and 

satiety. Obese adolescents and adults consumed the same ice cream test meal on two 

separate days. In one study condition (fast feeding), subjects ate the entire meal within 

five minutes, whereas in the other study condition (slow feeding), the meal was divided 
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into six equal portions, each given to the subjects every five minutes over the course of 

thirty minutes. Blood samples were drawn prior to the meals and at thirty-minute 

intervals after meal initiation in both groups, and visual analog scales (VASs) were used 

to determine feelings of hunger and satiety. In obese adolescents, slow feeding resulted in 

a significant increase in GLP-1 at 90, 120, 150, 180, and 210 minutes after meal initiation 

(P<0.05), a significant increase in PYY at 90, 120, and 180 minutes after meal initiation, 

and a significant increase in satiety two hours after the meal. In contrast, in obese adults, 

no significant differences in postprandial gut peptides, hunger, or satiety were seen 

between the fast and slow feeding conditions. These results suggest that a slow feeding 

rate may induce greater satiation in obese adolescents relative to a more rapid feeding 

rate.23 

Finally, another study evaluated differences in eating behavior between normal-

weight and obese 11-year-old children. Researchers used a hidden scale built into a table 

to measure the amount of food consumed and rate of consumption of a mixed-

macronutrient Swedish hash meal. Each child ate the same meal on two separate 

occasions. The obese children, on average, ate the meal significantly faster than the 

normal weight children (42±14g/min and 33±14g/min, respectively, p<0.05). Normal-

weight children were decelerated eaters, meaning that they slowed down their eating rate 

towards the end of the meal, whereas obese children were non-decelerated eaters. These 

results suggest that obese adolescents tend to eat more quickly than normal weight 

adolescents.24 While these findings are not necessarily causative (fast eating rate may not 
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cause children to become obese) eating rate may be an important contributor to energy 

intake. 

2.4.3 Eating Rate and Satiation in Adults 

Research in adults suggests that manipulation of eating rate may affect energy 

intake at a meal. In one study, thirty healthy females were instructed to consume a 600g 

portion of a mixed-macronutrient lunch on two test days. In one experimental condition 

(quick condition), the subjects were instructed to consume the meal as fast as possible, 

not to pause in-between bites, and to use a large soup spoon. In the other experimental 

condition (slow condition), the subjects were instructed to put their spoon down between 

bites, to chew each bite 20-30 times, to take small bites, and used a teaspoon rather than a 

soup spoon. While duration of the meal was significantly longer in the slow vs. quick 

condition (29.2±8.9 and 8.6±3.1 min respectively, p<0.001), subjects in the slow 

condition consumed considerably less energy (579.0±154.7 and 645.7±155.9 kcal in slow 

and quick eating conditions, respectively, p<0.01). Additionally, despite increased energy 

intake, the subjects in the quick condition had significantly lower satiety ratings, based on 

validated visual analog scales (p=0.02). Differences in hunger ratings were significant, 

being higher at the completion of the quick meal (p=0.05).17 In another study, 

investigators determined the effects of eating speed on energy intake, hunger, desire to 

eat, and fullness in both normal weight and overweight/obese adults. Thirty-five normal 

weight and thirty-five overweight or obese subjects took part in the randomized, 

crossover design, in which each subject consumed a vegetable pasta meal on two separate 

study days. On one study day, each subject was instructed to consume the meal at either a 
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fast or a slow pace. On the following study day, the same meal was consumed at the 

alternative pace. During the fast-paced meal, subjects were told to take large bites, chew 

quickly, eat as though they had a time constraint, not to pause during the meal, and not to 

put their utensil down between each bite. During the slow-paced meal, subjects were told 

to eat as though there was no time limit, take small bites, chew thoroughly, and to pause 

and put down their utensil between bites. Interestingly, while both groups demonstrated 

decreased food and energy intake during the slow-paced meal, the difference was only 

statistically significant in the normal-weight group (p=0.04) and not in the 

overweight/obese group (p=0.18). In both groups, reported hunger was significantly 

lower 60 minutes from the beginning of the meal during the slow eating condition as 

compared to the fast condition (p=0.01 in the normal weight group and p=0.03 in the 

overweight/obese group). Fullness ratings were significantly higher 60 minutes after the 

meal in the slow-paced condition in the normal weight group but did not differ in the 

overweight/obese group. These results suggest that a meal that is consumed at a slower 

rate may induce greater satiety and influence the amount of energy consumed, and that 

these effects may vary by weight status.18 

2.4.4 Eating Rate and Satiation Signals 

 Some research suggests that eating rate may influence levels of postprandial 

satiation gut peptides. In one study, seventeen male volunteers consumed the same ice 

cream test meal under both slow-paced and fast-paced conditions. During the slow 

condition, the ice cream meal was divided into seven equal portions, and each portion 

was consumed five minutes apart. During the fast condition, the entire meal was divided 
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into two equal portions, also consumed five minutes apart. Subjects were instructed to 

consume each portion in less than one minute in both conditions, to ensure uniform rate 

of ingestion. Blood samples were drawn before the meal and at thirty-minute intervals 

after meal initiation, for 210 minutes. The area under the curve (AUC) over the course of 

the trial was significantly higher for both PYY and GLP-1 after the slow condition than 

after the fast condition (p=0.004 and p=0.001 for PYY and GLP-1 AUC, respectively). 

These results suggest that eating at a rapid pace may result in an attenuated anorexigenic 

postprandial gut peptide response, independent of total intake.19 More research needs to 

be done on the effect of eating rate on satiation peptide response. 

2.5 Literature Review Summary 

 There is evidence that the type of formula consumed by the infant can affect 

velocity of weight gain, as CMF fed infants demonstrate accelerated weight gain 

compared to EHF fed infants. While diet composition plays a role in intake, we were 

interested in determining the effect of eating rate on intake. Very few studies to date have 

examined the effect of manipulation of feeding rate in the infant, and how this may affect 

volume of formula consumed or satiation gut peptide response in infants fed CMF. Given 

that CMF fed infants are at increased risk of accelerated weight gain, an intervention to 

decrease the volume of formula consumed by these infants to prevent excess intake and 

hence weight gain was of interest. 
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Chapter 3 

AIMS  

 The overall aim of this study was to determine the effect of both formula 

composition (CMF vs. EHF) and feeding rate, on feeding volume and gut peptide 

response in healthy, formula fed infants. Associations between volume of formula (mL), 

rate of infant feeding mL/min, and change in postprandial gut peptide concentration were 

examined in a randomized, cross-over design study in which infants were fed EHF, CMF, 

or CMF at a slow pace manipulated by the study team (CMF-slow).  

3.1 Specific Aims 

The primary aim : 

 Specific Aim 1: Describe the effect of formula feeding (CMF, EHF, CMF-slow) 

on feeding dynamics including feeding volume, duration of feeding, and feeding rate, 

both within and between subjects. Because infants fed EHF have been shown to consume 

less formula to satiation,12 and some studies suggest that decreased eating rate leads to 

lower energy intake,17,18,22 we hypothesized that EHF and CMF-slow groups would 

consume lower volumes to satiation, feeding rate would be positively correlated with 

feeding volume, and that duration of feeding would be negatively correlated with feeding 

volume.   
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 Specific Aim 2: Examine the effect of feeding condition (CMF, EHF, CMF-slow) 

on changes in satiation/satiety/adiposity peptides (difference between post-feeding and 

pre-feeding). Because infants fed EHF have been shown to consume less formula to 

satiation,12 and some studies suggest that decreased eating rate leads to lower energy 

intake,18,22 we hypothesized that infants fed EHF and CMF-slow would show greater 

changes in satiation/satiety/adiposity peptides than CMF-fed infants. 
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Chapter 4 

METHODS 

4.1 Subjects 

Mothers and their infants in the greater Newark, DE area were recruited through 

flyers, Craigslist advertisements, the Hudson State Service Center Special Supplemental 

Nutrition Program for Women, Infants, and Children (WIC) Clinic, expectant mother 

support groups, primary care medical practices, and child care centers. Eligibility criteria 

specified that: infants were healthy, term (Ó37 and Ò42 week gestation at birth), 

singleton, and appropriate for gestational age. At the time of enrollment infants were Ó30 

days and Ò120 days old (date of birth = day 0); infants were exclusively formula fed, 

primarily receiving standard (intact protein) cowôs milk formula (CMF), had no allergies 

to CMF, and had never received an extensive protein hydrolysate formula (EHF; 

Nutramigen, Alimentum, Pregestimil or PurAmine). Exclusion criteria specified that 

infants did not: have major congenital malformations (i.e. cleft palate, extremity 

malformation) or genetic disorders, have suspected or documented systemic or congenital 

infections (e.g., human immunodeficiency virus, cytomegalovirus), have evidence of 

significant cardiac, respiratory, endocrinologic, hematologic, gastrointestinal, or other 

systemic diseases, or receive prescription medication. This study was part of an ongoing 
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study in which a total of 25 mother-infant dyads will be recruited. A total of 10 formula 

fed infants participated in this study. Of the 10 infants that participated, 9 completed all 

three study visits, and 1 completed two of three study visits.  

4.2 Research Design 

 This study, and all supporting documents (informed consent, study protocol, data 

collection forms, and recruitment fliers) were approved by the Institutional Review Board 

(IRB) at the University of Delaware prior to the start of any study activities. Initial 

interviews were conducted via telephone to determine initial interest and preliminary 

eligibility. If a parent was interested in participating, and their infant met eligibility 

criteria, study visits were scheduled via telephone.  

 This study required three, three-hour visits to the lab, with no more than 7 days 

between each visit.  Mothers were asked to bring their own clean, empty bottles from 

home. Study formulas included a CMF, Enfamil44 (Mead Johnson Nutrition, Evansville, 

IN), and an EHF, Nutramigen45 (Mead Johnson Nutrition, Evansville, IN) (Table A.1). 

Formula fed infants received EHF at one visit, and CMF at the other two visits (self-

paced feeding and slow feeding), with formulas assigned in random order.  

4.3 Study Visit Procedures 

 Prior to the visit: A blank copy of the informed consent form (ICF) was mailed 

or emailed to the participant, along with directions for the study visit, contact information 

for study personnel, and the address of the building where study visits occurred. 
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Visit 1: Upon arrival to the lab, the investigator verbally reviewed the ICF, and mothers 

were encouraged to ask any questions regarding the study. After the ICF was signed, 

study visit procedures began as follows (Figure B.1): 

¶ Topical numbing cream was applied to the outside of the infantôs heel 

¶ Inclusion/exclusion criteria were completed 

¶ Infant was randomized  

¶ Infant weight, length, and head circumference was measured 

¶ Pre-feeding blood sample was obtained via heel stick 

¶ Bottle was prepared with CMF or EHF formula and weighed to nearest 

0.1 gram 

¶ Feeding was observed and videotaped 

¶ Bottle was weighed following feeding 

¶ Post-feeding blood sample was obtained via heel stick 

¶ Demographic, medication, general interview, and infant feeding 

history questionnaires were completed 

¶ Mother signed subject payment verification form 

Visit 2: After arrival to the lab, numbing cream was placed on the infantôs foot, and study 

procedures commenced (Figure B.1): 

¶ Infant weight was measured 

¶ Pre-feeding blood sample was obtained via heel stick 

¶ Bottle was prepared with CMF or EHF formula and weighed to the 

nearest 0.1 gram 
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¶ Infant feeding was videotaped and observed 

¶ Bottle was weighed after feeding 

¶ Post-feeding blood sample was obtained via heel stick 

¶ Medication and infant feeding questionnaires were completed 

¶ Mother signed subject payment verification form 

Visit 3: After arrival to the lab, numbing cream was placed on the infantôs foot, and study 

procedures commenced (Figure B.1): 

¶ Infant weight was measured 

¶ Pre-feeding blood sample was obtained via heel stick 

¶ Bottle was prepared with CMF or EHF formula and weighed to the 

nearest 0.1 gram 

¶ Infant feeding was videotaped and observed 

¶ Bottle was weighed after feeding 

¶ Post-feeding blood sample was obtained via heel stick 

¶ Medication, infant feeding, and baby eating questionnaires were 

completed 

¶ Mother signed subject payment verification form 

4.4 Demographic Measures 

 Demographic data was collected at visit 1 via demographic and general interview 

forms (Appendix C). Data collected included: parental age, parental anthropometrics, 

parental education level, parental smoking, history of past pregnancies, child 
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anthropometrics, child birth weight/length, family race/ethnicity, religious preference, 

household income, participation in federal nutrition education programs, and household 

composition.  

4.5 Infant Anthropometric Measures 

 Infant weight was measured on an electronic SECA 336 mobile digital scale 

accurate to 0.001 kg.46 Recumbent length was measured using a measuring rod 

attachment (SECA) for the scale accurate to 0.1 cm.47 Infant head circumference was 

measured with measuring tape accurate to 0.1 cm. Anthropometric z-scores were 

determined using the World Health Organization (WHO) Multicenter Growth Reference 

Standards.48  For each infant, length for age, weight for age, and weight for length z-

scores were calculated.  

4.6 Infant Feeding Measures 

 At each study visit, one or two bottles of the assigned test formula (EHF or CMF) 

were prepared. Mothers fed their infants until the infant demonstrated three consecutive 

signs of satiation such as leaning away, pushing away the bottle, falling asleep, or waving 

arms.49 Bottles were weighed to the nearest 0.1g before and after feedings. Volume of 

infant feeding (mL) was calculated by subtracting post-feeding weight of the bottle from 

pre-feeding weight of the bottle. The amount consumed per kilogram of infant 

bodyweight (mL/kg) was determined by dividing milliliters of formula consumed by the 

infantôs bodyweight in kilograms. Duration of infant feeding in minutes (min) was 
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calculated from the time feeding started to the time feeding stopped. Feeding rate was 

determined as volume (mL) divided by duration (min). The duration of total bottle latch 

time (min) was determined by analysis of infant feeding videos, and thereafter 

determining the total time in which the infant was sucking on the bottle.  

4.7 Biochemical Measures 

 Blood Sample Collection: Infant blood samples were drawn two times at each 

study visit (pre- and post-feeding). Infantôs heels were numbed with topical numbing 

cream (1% lidocaine, 1%prilocaine) (Fougera Pharmaceuticals, NY), and were cleaned 

with iodine swab sticks (Dynarex, NY). Heel sticks were completed by trained personnel 

using Tenderfoot Newborn devices (Accriva Diagnostics, CA).50 Blood was collected 

drop-wise via capillarity tube into a micro-collection tube with EDTA, 5ɛL of dipeptidyl 

peptidase IV (Millipore, MA), and 25ɛL of aprotinin (Sigma-Aldrich, MO).51,52 Volume 

at each blood draw was approximately 1.0 mL. If  the infant consumed less than 30mL of 

formula during the feeding, a post-feeding blood sample was not collected as the volume 

of consumption was not considered a full feeding.   

 Biologic Sample Processing and Storage: Blood was immediately stored on ice 

until the end of each study visit, and was centrifuged for 10 minutes at 4,400 rpm 

following each study visit. Plasma was separated and stored at -80°C until assayed. A 

human metabolic hormone magnetic bead panel ï metabolism multiplex assay (Millipore, 

Massachusetts, U.S.) was used to measure the concentration of leptin, GLP-1, GIP, PYY, 

and ghrelin.  
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4.8 Data Analysis and Statistics  

 Descriptive statistics regarding infant characteristics (age, gender, 

anthropometrics, etc.) and mother characteristics (age, education, income level, and 

anthropometrics) were conducted. Data are reported as minimums, maximums, and 

means (95% CI) if normally distributed, or as medians (IQR) if skewed. 

Dependent variables of interest in the analysis are the independent variables: 

feeding type (EHF, CMF, or CMF-slow) and the dependent variables: volume of infant 

feeding (mL), volume of feeding per kilogram of bodyweight (mL/kg), duration of infant 

feeding (min), rate of infant feeding (mL/min), total bottle-latch time, rate of total bottle-

latch time, and pre- and post-feeding concentrations of ghrelin, leptin, GLP-1, GIP, and 

PYY. Pearson correlations were used to examine relationships among feeding dynamic 

variables.  

 This study used a three-way crossover design with within subject factors of 

formula feeding condition (CMF, EHF, CMF-slow) and between subject factor of 

formula order. The primary aim of the study was to determine the effect of formula 

feeding condition on intake volume and gastrointestinal peptide response. Each subject in 

the study received all three treatments, with the treatment order randomly assigned to 

control for order effects. 

 Specific Aim 1: Examine effect of feeding condition (CMF, EHF, CMF -slow) 

on infant feeding dynamics including feeding volume (mL/kg bodyweight), duration 

of feeding (min), and feeding rate (mL/min) . Descriptive statistics (median, 

interquartile range, mean, standard deviation, minimum, maximum) were computed for 
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each feeding dynamic variable. A repeated measures analysis of variance (ANOVA), 

with the independent variables feeding condition and order of feedings, was used to 

determine effect of feeding condition on each feeding dynamic of interest (volume, 

duration, rate).  

Specific Aim 2: Examine the effect of feeding condition (CMF, EHF, CMF -

slow) on change in satiation/satiety/adiposity peptides (post-feeding vs. pre-feeding).  

A repeated measures ANOVA, with the independent variables feeding condition and 

order of feedings, was used to determine effect of feeding condition on each dependent 

variable of interest: change in GLP-1, GIP, PYY, ghrelin and leptin.  
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Chapter 5 

RESULTS 

5.1 Normality and Distributions of Variables 

 Continuous variables were tested for normality using the Shapiro-Wilk W test and 

visual inspection of histograms. For anthropometric measures and infant characteristics 

(Table A.2a), the variables age (days), weight (kg), length (cm), weight-for-age z-score, 

weight-for-length z-score, length-for-age z-score, and head circumference were normally 

distributed (p>0.05). For maternal anthropometric measures and characteristics (Table 

A.2b), the variables maternal age (years) and maternal BMI (kg/m2) were not normally 

distributed (p<0.05).  

 For infant feeding dynamics (Table A.3a), the variables volume of infant feeding, 

volume of feeding per kilogram bodyweight, rate of total feeding (mL/min), rate of 

feeding latch time, and time elapsed from pre-feeding blood draw to start of the test 

feeding (min), were normally distributed (Shapiro Wilks test, p>0.05). The variables 

duration of feeding (min), duration of total bottle latch time (min), time since last feeding 

(min), and time elapsed from end of test feeding to post-feeding blood draw (min), were 

not normally distributed (Shapiro Wilks test, p<0.05).  
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 For adiposity and satiation gut peptides, distributions of the change in 

concentrations of ghrelin, leptin, GLP-1, GIP, and PYY were examined. With the 

exception of GIP, the change in all adiposity/satiation peptides was not normally 

distributed (p<0.05). As such, changes in adiposity/satiation peptide concentrations were 

log transformed.  

5.2 Completion of Study Visit Testing 

 Ten healthy, formula-fed infants and their mothers participated in the study. All 

ten mother-infant dyads participated in visit one and visit two. However, one mother-

infant dyad did not participate in visit three. For this infant, data from the first two visits 

were included in the analysis. Additionally, blood was not collected post-feeding at one 

visit for two different infants as the infants consumed <30mL of formula. Finally, post-

feeding concentrations of satiation and adiposity peptides could not be determined at one 

visit for two infants due to insufficient blood volume collection.  

5.3 Infant and Maternal Demographic and Anthropometric Characteristics 

 Infant demographic and anthropometric characteristics are summarized in Table 

A.2a. Ten healthy, formula fed infants (n=7 males and n=3 females) participated in the 

study. Sixty percent of infants were classified as mixed race. At enrollment, the mean 

weight-for-age z-score was -0.23 (90% CI -0.92 ï 0.47), the mean length-for-age z-score 

was 0.19 (95% CI -0.45 ï 0.83), and the mean weight-for-length z-score was -0.56 (95% 

CI -1.66 ï 0.54).  
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 Maternal demographic and anthropometric characteristics are described in Table 

A.2b. The median age of mothers was 33 years old (IQR 26-38). The median maternal 

body mass index (BMI) was 31.9 kg/m2 (IQR 29.0-36.1), with 33% (n=3) of mothers 

having a BMI classified as overweight (Ó25.0 kg/m2 but <30.0kg/m2) and 55.6% (n=5) 

having a BMI classified as obese (Ó30 kg/m2). One mother had a BMI in the underweight 

category, <18.5 kg/m2. BMI data for one mother could not be determined. Forty percent 

of mothers were single, 30% were married, 20% were engaged or co-habitating, and 10% 

were divorced. Twenty percent of mothers had obtained a college degree, 40% had 

completed some college, and 40% did not attend college or trade school. Sixty percent of 

mothers self-reported a total family income of under $10,000.  

5.4 Infant Feeding Dynamics at the Individual Level  

 Data on feeding dynamics (volume, duration, rate) by formula condition are 

shown in Table A.3a. When analyzed at the individual level, of the nine infants who 

completed all three feeds, five consumed more formula (mL/kg) in the CMF-slow 

condition than in the CMF condition, and eight consumed less formula in the EHF 

condition than in the CMF condition (Figure B.2a). When analyzed at the individual 

level, six infants consumed formula at a higher rate (mL/min) in the CMF versus CMF-

slow condition, and eight infants consumed formula at a lower rate (mL/min) in the EHF 

versus CMF condition (Figure B.2b).  

Pearson correlations were used to understand relationships among feeding 

dynamics (total volume, volume consumed per kilogram bodyweight, duration of 
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feeding, duration of total bottle latch time, rate of feeding, rate of feeding by bottle latch 

time, and time since last feeding). The following variables were significantly related to 

total volume consumed: duration of feeding (r=0.588, p=0.001), duration of total bottle 

latch time (r=0.40, p=0.035), rate of feeding (r=0.523, p=0.004), and rate of feeding by 

bottle latch time (r=0.599, p=0.001). Time since last feeding was not significantly related 

to total volume consumed (r=0.170, p=0.378).  

5.5 Time Since Last Feeding 

 Since time since last feeding was not normally distributed, a Kruskal-Wallis test 

was performed to determine if time since last feeding differed by feeding condition. 

There was no significant difference in time since last feeding by feeding condition 

(p=0.711) 

5.6 Satiation and Adiposity Gut Peptides 

5.6.1 Pre- and Post-Feeding Concentrations of Peptides by Formula 

 

 Concentrations of pre- and post-feeding adiposity and satiation gut peptides were 

assessed for all three study visits. Pre- and post-feeding concentrations of ghrelin, leptin, 

GLP-1, GIP, and PYY are summarized in Table A.3b. To examine the stability of pre-

feeding concentrations of satiation and adiposity peptides, pre-feeding concentrations of 

each peptide (ghrelin, leptin, GLP-1, GIP, and PYY) were plotted for each participant by 

formula type (Figure B.3 A-E). The coefficient of variation for pre-feeding 
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concentrations of ghrelin, leptin, GLP-1, GIP, and PYY among the three visits were 52%, 

55%, 43%, 32%, 65%, respectively. 

5.6.2 Change in Concentration of Satiation and Adiposity Peptides  

 

 To determine change in concentrations (difference) of gut peptides in response to 

different feeding conditions, the pre-feeding concentration of each peptide was subtracted 

from the post-feeding concentration. Change in concentration of each peptide by feeding 

condition is shown in Table A.3c. Change in concentration of each peptide per mL 

formula consumed, by feeding condition, is shown in Table A.3d.  

5.7 Specific Aim 1 

 The goal of specific aim 1 was to examine the effect of formula feeding condition 

(CMF, EHF, CMF-slow) on infant feeding dynamics (feeding volume, duration, and 

rate). Of primary interest was the effect of feeding condition on total volume of formula 

consumed and volume consumed per kilogram body weight. Initially, an ANCOVA 

model was run with total volume as the dependent variable, and feeding condition and 

order as independent variables; since duration of feeding and rate of feeding variables 

were significantly correlated with total volume consumed, these potential covariates were 

tested for inclusion in the model. None of the potential covariates were found to 

significantly impact total volume or volume consumed per kilogram. The final model was 

therefore a repeated measures ANOVA with volume as the dependent variable and 

formula condition and order of feedings as the independent variables. A significant effect 
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of feeding condition on total volume (p=0.035) was found. Post-hoc analysis revealed 

that when fed EHF, infants consumed significantly lower total volume (p=0.004) and 

volume per kg (p=0.001) compared to when fed CMF. When fed EHF, infants also 

consumed significantly lower total volume (p<0.001) and volume per kg (p<0.001) than 

when fed CMF-slow.  

Next the effect of feeding condition (CMF, EHF, CMF-slow) on feeding duration 

and bottle latch duration was evaluated. Since duration was not normally distributed, 

duration variables were log transformed.  Initially, an ANCOVA model was run with 

feeding duration as the dependent variable, and feeding condition and order as 

independent variables; volume and rate of feeding were tested for inclusion in the model. 

None of the potential covariates were found to significantly impact duration of feeding or 

bottle latch duration.  As such the final model was a repeated measures ANOVA with 

duration as the dependent variable and formula condition and order of feeding as the 

independent variables. Post-hoc analysis revealed feeding duration was significantly 

longer in the CMF-slow condition compared to when infants were fed CMF (p=0.001) or 

EHF (p<0.001). For bottle latch time, when feeding EHF, infants has a significantly 

shorter bottle latch time compared to when they were fed CMF-slow (p=0.001). 

Finally, we were interested in the relationship between feeding rate and total 

volume consumed by feeding condition. Separate regression models were run with 

formula volume as the dependent condition and feeding rate (ml/min) as the independent 

condition. A significant, direct relationship was found between increase feeding rate and 
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total volume of formula consumed for the CMF condition (R2=0.44, p=0.04), EHF 

condition (R2=0.71, p=0.002), but not for the CMF slow condition (R2=0.24, p=0.14).  

 5.8 Specific Aim 2 

 The goal of specific aim 2 was to examine the effect of feeding condition (CMF, 

EHF, CMF-slow) on change in satiation/satiety/adiposity peptides (difference between 

post-feeding and pre-feeding concentrations). Since change in peptide concentration was 

not normally distributed, these data (change in peptide concentration) were log 

transformed. We first examined whether feeding dynamic variables (volume, duration, 

rate) were associated with change in peptide concentration via correlation analysis. 

Among all feeding dynamic variables, only feeding rate was found to be significantly 

correlated with change in ghrelin (p=0.05), GLP-1 (p=0.03), and GIP (p=0.06). As such, 

feeding rate was included as a covariate in analyses for these peptides. ANCOVA models 

with log of change in peptide concentration as the dependent variable, and feeding 

condition, order of feeding, and feeding rate as independent variables were tested, and 

feeding rate was not found to be a significant factor in any of the models. Therefore a 

repeated measures analysis of variance (ANOVA) with feeding condition and order of 

feeding as independent variables was used to determine effect of feeding condition on 

each dependent variable of interest: change in GLP-1, GIP, PYY, ghrelin and leptin. A 

separate repeated measures ANOVA model was run for each peptide. We first analyzed 

absolute change in peptide concentration (pg/ml). There was no significant effect of 

feeding condition on changes in ghrelin (p=0.68), leptin (p=0.50), GLP-1 (p=0.63), GIP 
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(p=0.40), or PYY (p=0.38). Next, we analyzed change in peptide concentration per 

milliliter of formula consumed (pg/ml per ml formula). There was no significant effect of 

feeding condition on change in ghrelin/ml formula (p=0.37), change in leptin/ml formula 

(p=0.11), or change in GLP-1/ml formula (p=0.42). There was a near significant effect 

(p=0.07) of feeding condition on change in GIP/ml formula consumed, with the EHF 

feeding having a greater change per milliliter of formula consumed compared to the CMF 

feeding; and a near significant effect (p=0.06) of feeding condition on change in PYY/ml 

formula consumed, with EHF feeding have a greater change per milliliter of formula 

consumed compared to the CMF feeding.   

5.9 Power Analysis 

 Power calculations were conducted to determine if the current sample size (n=9) 

was sufficient to detect differences between conditions in the variables analyzed. The 

mean difference for each variable and the standard deviation of the mean difference for 

each variable were used to calculate effect size (dz) of the variables. Using the calculated 

effect size, power set to 0.95 and type one error (Ŭ) for the null hypothesis set to 0.05, the 

required samples size was calculated for each variable. To detect differences in the 

volume of feeding (mL), duration of feeding (min), and rate of feeding (mL/min) for EHF 

vs. CMF feeds, the sample sizes required are 40, 26, and 24 infants, respectively. To 

detect differences in the change in concentration of GLP-1, GIP, and PYY under the 

same power and error assumptions, the required sample sizes are 40, 64, and 59. 
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Chapter 6 

DISCUSSION 

While prior research has analyzed the effects of feeding rate on satiation and 

energy intake in mainly adolescent and adult populations,17-19,23 this study is the first of 

its kind exploring the effect of both feeding rate and formula composition on satiation 

and satiety gut peptide response in healthy, formula fed infants. The findings from this 

study must be interpreted with caution, as it was a pilot study with a small sample size 

(n=10), and we were not sufficiently powered for outcomes.  

With respect to formula composition, consistent with prior research on the effects 

of EHF on infant satiation,12,15 we found that infants consumed significantly less total 

volume and volume per kg of body weight of formula when fed EHF as opposed to CMF. 

EHF differs from standard formula, in that the intact proteins are enzymatically broken 

down, and ultrafiltrated to remove large residual peptides,53 leaving free amino acids and 

very small peptides as the protein source in EHF. EHF contains higher concentrations of 

free amino acids (~80,000 umol/L) compared to CMF (~860 umol/L).31 Hydrolyzed 

proteins may promote earlier satiation via several potential mechanisms. First, earlier 

satiation may be due to effects of amino acids on the hypothalamus;54 free amino acids in 

EHF are more rapidly digested and absorbed,55,56 which may lead to earlier peaks in 

amino acid concentrations in the blood and brain. Secondly, the bitter and sour taste of 

some of the free amino acids in EHF may, via vagal afferents, transmit signals to the 
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nucleus tractus solitarius (NTS) and eventually the hypothalamus to regulate food intake. 

EHF has a distinct flavor and strong taste57, and while it is accepted by infants younger 

than 3 months old (such as the infants in this study) several studies have shown that 

infants may detect the difference in flavor between CMF and EHF, leading to decreased 

intake of the latter.12,14,58  We hypothesize that individual tastes of the free amino acids in 

EHF may contribute to the decreased feeding rate observed in the present study when 

infants were fed EHF, leading to decreased volume of intake. Third, the more rapid 

digestion and absorption of EHF may lead to earlier signals (peptides) released from 

peripheral tissue such as the gastrointestinal tract which also act on the hypothalamus to 

decrease food intake.55,56  

Contrary to our initial hypothesis, the one-minute pauses during feedings (CMF-

slow condition) did not lead to a decrease in formula volume, and infants in the CMF-

slow condition actually consumed slightly more total volume than infants in the CMF 

condition. Our finding is consistent with that of Yeomans et al, which found that the 

introduction of pauses during consumption of an egg pasta meal led to an increase in 

overall intake.59 However, the Yeomans study was conducted in adult males, and timing 

of pauses was based on quantity of food consumed (pauses every 50g consumed), 

whereas in our study, one-minute pauses were introduced following 2-minute feeding 

intervals. Therefore, it is difficult to draw conclusions regarding our findings based on 

the Yeomans study. Interestingly, feeding rate was directly and moderately correlated 

with total volume of feeding for EHF and CMF conditions, as only in these feeding 

conditions did a slower rate of feeding lead to a lower feeding intake volume. 
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Contrary to our hypothesis, infants did not differ in change in gut peptide 

response by feeding condition (without adjustment for volume of intake). The lack of 

statistical significance is likely due to our small sample size ï only nine subjects 

completed all three visits, and visits in which infants consumed less than 30 milliliters of 

formula were excluded, leaving 7 EHF visits, 9 CMF visits, and 9 CMF-slow visits for 

the analysis. Large within group variance in change in gut peptide response made it 

difficult to detect statistically significant differences between conditions, even when 

mean change in concentration appeared to differ between conditions. For example, 

absolute change in PYY was just 54.2 pg/mL (SD=66.4) for infants in the CMF 

condition, but 198.4 (SD=193.6) and 118.2 pg/mL (SD= 172.4) for infants in EHF and 

CMF-slow conditions, respectively. This difference across groups however, was not 

significant (p=0.38). Furthermore, upon initial inspection of mean change in peptides, 

there appeared to be a greater change in GLP-1 for CMF and CMF-slow conditions as 

compared to EHF (586.6 and 589.4 pg/mL for CMF and CMF-slow conditions, 

respectively, and 265.0 pg/mL for the EHF condition). However, this is likely due to the 

effect of one outlier - change in GLP-1 for one subject was very large, 1966.1 and 1875.5 

pg/mL for visits 2 and 3, respectively, while change in GLP-1 did not exceed 1200 

pg/mL for any other subjects. If these outliers are removed from the analysis, absolute 

change in GLP-1 is 393.9, 265.0, and 428.9 pg/mL for CMF, EHF, and CMF-slow 

conditions, respectively. Therefore, it is unlikely that there was any true difference in 

change in GLP-1 concentrations between feeding conditions. One possible explanation 

for the lack of significant change in gut peptide response is that blood was drawn too 
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early. GLP-1, GIP, and PYY generally peak 30-150 minutes, 15-30 minutes, and 60-120 

minutes following a meal, respectively.34-36 Ghrelin peaks prior to a meal and reaches its 

nadir 30-60 minutes after a meal.42 The average time from start of the feeding to the post-

feeding blood sample collection was 18, 20, and 30 minutes for CMF, EHF, and CMF-

slow feeds, respectively. Therefore, post-feeding blood draws may have been carried out 

too early to capture the peak concentrations of satiation/satiety gut peptides. 

Interestingly, when change in peptide concentration was calculated per milliliter 

of formula consumed, there was a near significant effect of feeding condition on change 

in GIP and change in PYY; the EHF feedings showed a greater change per milliliter of 

formula consumed compared to the CMF feedings. GIP is generally released in response 

to glucose and fat ingestion, while lipid and protein appear to be stimulators of 

PYY.33,36,60 CMF and EHF formulas contain near equivalent concentrations of lipid and 

carbohydrate, but in addition to differing in the form of protein, they also differ in protein 

concentration. EHF has 38% percent higher protein than CMF (see Table A.1), which 

may influence PYY secretion. It has also been suggested that flavor, hedonics, and food 

reward may impact neural mechanisms responsible for food intake and change in 

satiation peptides.61-63 Palatable food influences food reward via brain centers including 

the ventral striatum, the ventral tegmental area, the prefrontal cortex, the hippocampus, 

and amygdala.62 Intravenous infusion of PYY has been shown to modulate activity of the 

orbital frontal cortex, a brain area involved in reward processing, as well as the ventral 

striatum and areas within the limbic system.63 Therefore, it is plausible that differences in 

palatability of CMF and EHF in the current study may have been responsible for 
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differences in the volume of intake of the formulas (CMF being more palatable). 

However, this line of reasoning requires experimental testing. 

One strength of this study was its cross-over design, permitting both between and 

within subject comparisons. Another strength was the randomization of treatment order, 

and the inclusion of treatment order in the final model. One major limitation of the 

present study was its small sample size, as it was underpowered for all outcomes. This 

study is ongoing, and analyses will be repeated when a total of 25 infants have completed 

the study. With a greater sample size, feeding dynamics and post-prandial gut peptide 

response to test formulas can be determined with greater certainty. Another limitation 

was the timing of post-feeding blood draws which, as mentioned previously, may have 

been drawn too soon to show the true change in gut peptides. Future studies should 

implement a longer time period from the end of the feeding to draw blood, or draw 

multiple post-prandial blood samples at several time points, to capture the peak change in 

post-prandial gut peptides. Finally, future studies may provide a fixed volume of intake, 

to better compare changes in satiation and adiposity gut peptide response between 

subjects.  
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Chapter 7 

CONCLUSION 

Diet and growth during infancy can have a strong and long-term effect on 

adiposity in childhood and adulthood. If an infant gains excessive weight early in life, 

this predisposes the infant for a greater risk of obesity later in life. As compared to 

breastfed infants, formula fed infants have been shown to be at an increased risk for 

excess weight gain and subsequent obesity. However, while infants fed cowôs milk 

formula (CMF), the most common type of infant formula, often gain weight at an 

accelerated rate, infants fed extensive hydrolysate formula (EHF) tend to gain weight 

more normatively. Consistent with the literature, we found that infants satiate at lower 

volumes of EHF formula than CMF, and this lower energy intake is thought to drive the 

normative weight gain.  

While the precise mechanism driving earlier satiation and therefore decreased 

energy intake at each feeding when fed EHF is unclear, is has been proposed that the high 

content of free amino acids (FAA) and small peptides in EHF formula may be 

responsible. This hypothesis is supported by the fact that breastmilk contains a 

significantly greater concentration of FAA than CMF. We found that infants in the EHF 

condition consumed less total formula and less formula per kilogram of bodyweight as 

compared to CMF and CMF-slow groups. Further, the present study found infants 
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consumed EHF at a slower rate as compared to CMF, and some research in adolescents 

and adults suggests a link between decreased eating rate and increased satiation. Absolute 

change in peptide concentrations did not differ significantly between formula conditions, 

but the change in peptide concentrations per milliliter of formula did approach 

significance for GIP and PYY, with the EHF conditions having a greater change in these 

peptides than the CMF condition. Further research with a larger sample size must be 

carried out to confirm these preliminary findings, and future studies should also consider 

the implementation of increased time between the initiation of feeding and post-prandial 

blood draws, as well as a fixed volume of intake.  
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Appendix A 

TABLES 

 

 

Table A.1: Nutritional composition of Enfamil (CMF) and Nutramigen (EHF).   

Nutrient  CMF (Enfamil)  EHF (Nutramigen) 

Calories (kcal/100mL) 67.6 67.6 

Protein (g/100mL) 1.3 1.8 

Free Amino Acids 

(ɛmol/100mL) 

86.4 8037.5 

Free Glutamate 

(ɛmol/100mL 

12.5 723.8 

Carbohydrate (g/100mL) 7.6 6.9 

Fat (g/100mL) 3.5 3.5 

DHA (mg/100mL 11.4 11.4 

ARA (mg/100mL) 22.7 22.7 

Sources of Carbohydrate Lactose, polydextrose, 

galactooligosaccharides 

Corn syrup solids, modified 

corn starch 

Sources of Protein Nonfat milk, whey protein 

concentrate 

Casein hydrolysate 

Sources of Fat Palm olein oil, coconut oil, 

soy oil, and high oleic 

sunflower oil 

Palm olein oil, coconut oil, 

soy oil, and high oleic 

sunflower oil 
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Table A.2a: Infant demographic and anthropometric characteristics 

Infant Characteristics (N) % or Mean [95%CI ] 

Gender 

   Male 

   Female 

 

(7) 70% 

(3) 30% 

Race 

   White/Caucasian 

   Black/African American 

   Other (includes ñmixedò) 

 

(2) 20% 

(2) (20%) 

(6) (60%) 

Visit 1 

   Age (days)  

   Weight (kg) 

   Weight for age Z-score 

   Length (cm) 

   Length for age Z-score 

   Weight for length Z-score 

   Head circumference 

   Head circumference Z-

score 

 

79.7 [51.2, 102.2] 

5.5 [5.0, 5.9] 

-0.23 [-0.92, 0.47] 

59.5 [57.3, 61.8] 

0.19 [-0.45, 0.83] 

-0.56 [-1.66, 0.54] 

39.3 [38.8, 39.9] 

-0.26 [-0.88, 0.35] 

Visit 2 

   Age (days) 

   Weight (kg) 

 

83.1 [60.3, 105.9] 

5.5 [5.0, 6.1] 

Visit 3 

    Age (days) 

    Weight (kg) 

 

84.8 [61.1, 108.5] 

5.6 [5.1, 6.0] 
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Table A.2b: Maternal demographic and anthropometric characteristics 

Maternal Characteristics N (%) or Median (IQR)  

Age (years) 33 (26-38)                   

Body Mass Index (BMI ) 

(kg/m2) 

   Underweight 

   Normal 

   Overweight 

   Obese 

 

31.9 (29-36.1) 

1 (11%) 

0 (0%) 

3 (33%) 

5 (55.6%) 

Race/Ethnicity 

   White/Caucasian 

   Black/African-American 

   Other (including ñMixò)  

 

2 (20%) 

2 (20%) 

6 (60%) 

Marital Status 

   Single 

   Married 

   Engaged/co-habitating 

   Divorced 

 

4 (40%) 

3 (30% 

2 (20%) 

1 (10%) 

Education Level 

   High school or below 

   Some College 

   Trade school 

   College 

 

4 (40%) 

4 (40%) 

0 (0%) 

2 (20%) 

Family Income 

   Under $10,000 

   $10,000-$14,999 

   $15,000-$24,999 

   $25,000-$34,999 

   $35,000-$49,999 

   $50,000-$74,999 

   $75,000-$99,999 

   $100,000 or more 

 

6 (60%) 

0 (0%) 

0 (0%) 

0 (0%) 

0 (0%) 

3 (30%) 

0 (0%) 

1 (10%) 
 

 

 

 

 

 

 

 

 

 



 

 54 

 

 Table A.3a: Feeding dynamics by formula type  

Feeding 

Dynamics 

CMF Feeding  

(N=9)* 

EHF Feeding 

(N=10)*  

CMF-Slow Feeding 

(N=10)*  

Volume of 

Feeding (mL) 

    Median(IQR) 

    Mean (SD) 

    Minimum 

    Maximum 

 

 

91.4 (71.6 - 121.0) 

95.1b (27.1) 

61 

136 

 

 

55.1 (24.2 - 79.8) 

62.8a (47.9) 

10 

175 

 

 

94.6 (88.2 - 132.2) 

119.6b (57.3) 

74 

270 

Volume per 

Kilogram 

(mL/kg) 

   Median (IQR)  

   Mean (SD) 

   Minimum 

   Maximum 

 

 

 

15.1 (13.8 - 23.9) 

17.5b (5.7) 

11 

27 

 

 

 

10.06 (4.4 - 14.6) 

11.07a (7.4) 

2 

27 

 

 

 

17.81 (14.9 - 26.2) 

20.91b (7.9) 

14 

39 

Duration of 

Feeding (min) 

   Median (IQR) 

   Mean (SD) 

   Minimum 

   Maximum 

 

 

11.6 (9.2 - 12.3) 

11.4b (2.6) 

8.75 

17.50 

 

 

10.6 (9.7 - 28.2) 

12.8b (4.8) 

7.0 

20.4 

 

 

19.4 (16.1 - 29.4) 

23.2a (9.2) 

14.5 

39.8 

Bottle Latch 

Time (min) 

   Median (IQR) 

   Mean (SD) 

   Minimum 

   Maximum 

 

 

9.6 (8.2 - 10.7) 

9.5b (1.6) 

6.7 

12.0 

 

 

8.64 (6.0 - 12.1) 

9.46b (4.7) 

3.3 

20.0 

 

 

12.5 (9.4 - 15.5) 

13.3a (5.2) 

8.7 

25.3 

Rate of 

Feeding 

(mL/min)  

   Median (IQR) 

   Mean (SD) 

   Minimum 

   Maximum 

 

 

 

7.8a (6.3 - 10.7) 

8.5a (2.5) 

4.9 

12.2 

 

 

 

4.7b (2.3 - 6.7) 

4.7b  (2.7) 

1.3 

8.9 

 

 

 

5.0b  (4.4 - 6.8) 

5.4b  (1.8) 

2.1 

8.9 

Rate of Bottle 

Latch Time 

(mL/min)  

   Median (IQR) 

   Mean (SD) 

   Minimum 

   Maximum 

 

 

 

9.5 (8.8 - 12.3) 

10.1 (2.6) 

5.0 

14.0 

 

 

 

5.6 (3.1 - 10.6) 

7.2 (5.3) 

1.7 

16.7 

 

 

 

8.1 (6.8 - 11.1) 

8.6 (3.3) 

3.2 

14.3 
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Feeding 

Dynamics 

CMF Feeding  

(N=9)* 

EHF Feeding 

(N=10)*  

CMF-Slow Feeding 

(N=10)*  

Time Since 

Last Feeding 

(min) 

   Median (IQR) 

    

   Mean (SD) 

   Minimum 

   Maximum 

 

 

 

167.0 (122.0 - 

200.5) 

162.4 (46.2) 

95.0 

230.0 

 

 

 

142.0 (114.0 -

218.0) 

188.0 (127.0) 

97.0 

525.0 

 

 

 

192.5(116.2 - 271.0) 

 

215.2 (127.5) 

75.0 

511.0 

Time from 

Blood Sample 

Collection to 

Start of Feed 

(min) 

   Median (IQR) 

   Mean (SD) 

   Minimum 

   Maximum 

 

 

 

 

 

5.0 (4.0 - 7.0) 

5.3 (1.7) 

3.0 

8.0 

 

 

 

 

 

4.5 (3.75 - 6.5) 

5.1 (2.4) 

2.0 

10.0 

 

 

 

 

 

4.5 (3.5 - 6.0) 

4.3 (1.7) 

1.0 

6.0 

Time from 

End of Feed to 

Blood Sample 

Collection 

(min) 

   Median (IQR) 

   Mean (SD) 

   Minimum 

   Maximum 

 

 

 

 

 

6.0 (5.5 - 7.0) 

6.1 (1.1) 

4.0 

7.0 

 

 

 

 

 

6.0 (4.5 - 7.0) 

5.7 (1.5) 

4.0 

8.0 

 

 

 

 

 

5.0 (3.8 - 6.3) 

5.8 (3.5) 

3.0 

15.0 

* All visits included in analysis of infant feeding dynamics. One participant did not 

participate in visit three (CMF) 
a,b Values with different superscript letters are significantly different at p<0.05 
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Table A.3b: Pre-feeding and post-feeding concentrations of peptides by formula 

 CMF Feeds  

N=9*  

EHF Feeds 

N=7* 

CMF-slow Feeds 

N=10 pre-feeding,  

N=9 post-feeding* 

Ghrelin 

(pg/mL) 

Pre-feeding 

   Median (IQR) 

   Mean (SD) 

   Minimum 

   Maximum 

Post-feeding 

   Median (IQR) 

   Mean (SD) 

   Minimum 

   Maximum 

 

 

 

57.1 (31.5 - 121.8) 

82.0 (75.5) 

16.3 

255.9 

 

68.6 (20.2 - 160.7) 

87.8 (86.4) 

10.0 

237.6 

 

 

 

50.8 (27.8 - 162.8) 

86.3 (76.5) 

21.6 

221.4 

 

95.3 (33.1 - 120.4) 

84.6 (53.9) 

12.1 

160.7 

 

 

 

88.5 (27.3 - 155.6) 

99.4 (74.7) 

18.4 

236.0 

 

54.0 (27.3 - 165.9) 

128.5 (172.5) 

10.0 

558.7 

Leptin (pg/mL)  

Pre-feeding 

   Median (IQR) 

   

Mean (SD) 

   Minimum 

   Maximum 

Post-feeding 

   Median (IQR) 

    

Mean (SD) 

   Minimum 

   Maximum 

 

 

226.1 (87.4 - 

408.1) 

249.6 (175.1) 

65.5 

563.9 

 

250.8 (79.9 - 

355.4) 

232.5 (174.0) 

41.8 

561.8 

 

 

296.7 (154.0 - 

713.7) 

378.7 (286.0) 

50.0 

804.9 

 

283.8 (124.2 - 

428.0) 

301.5 (190.6) 

105.6 

648.3 

 

 

301.0 (253.5 - 435.2) 

 

369.8 (203.2) 

157.1 

825.5 

 

292.0 (211.2 - 448.0) 

 

341.5 (215.0) 

93.3 

793. 
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 CMF Feeds  

N=9*  

EHF Feeds 

N=7* 

CMF-slow Feeds 

N=10 pre-feeding,  

N=9 post-feeding* 

GLP-1 (pg/mL) 

Pre-feeding 

 Median  (IQR) 

    

Mean (SD) 

   Minimum 

   Maximum 

Post-feeding 

Median (IQR) 

    

Mean (SD) 

   Minimum 

   Maximum 

 

 

298.9 (220.5-

429.5) 

418.2 (360.3) 

160.3 

1342.2 

 

859.2 (409.2 ï 

1332.1) 

986.9 (679.1) 

229.0 

2419.6 

 

 

533.5 (398.0-608.1) 

 

639.5 (410.2) 

286.1 

1532.5 

 

1005.3 (435.9 ï 

1331.0) 

904.5 (519.8) 

113.5 

1504.8 

 

 

621.4 (342.9 ï 821.7) 

 

652.7 (301.6) 

309.5 

1241.4 

 

1017.5 (615.5 ï 1667.7) 

 

1176.7 (752.6) 

409.8 

2630.7 

GIP (pg/mL) 

Pre-feeding 

 Median (IQR) 

    

Mean (SD) 

   Minimum 

   Maximum 

Post-feeding 

 Median  (IQR) 

    

Mean (SD) 

   Minimum 

   Maximum 

 

 

2301.0 (1766.4 ï 

5485.8) 

3461.8 (2499.6) 

1307.0 

8531.0 

 

4547.6 (3103.3 ï 

6394.8) 

4936.6 (2240.7) 

2898.9 

9441.7 

 

 

4088.0 (1049.4 ï 

7881.8) 

4091.5 (3130.7) 

978.3 

8455.8 

 

5453.8 (4070.7 ï 

7756.9) 

5742.9 (2064.9) 

2905.0 

8956.1 

 

 

4253.3 (948.7 ï 5855.7) 

 

3897.5 (2643.8) 

775.6 

8715.9 

 

6073.5 (3866.2 ï 

6840.5) 

5559.1 (1714.9) 

3061.9 

8062.6 

PYY (pg/mL) 

Pre-feeding 

   Mean (SD) 

 Median (IQR) 

   Minimum 

   Maximum 

Post-feeding 

   Mean (SD)  

Median (IQR) 

   Minimum 

   Maximum 

 

 

93.3 (79.1) 

72.5 (35.4 - 124.2) 

26.1 

280.7 

 

147.5 (83.5) 

145.0 (71.5-233.0) 

13.5 

252.5 

 

 

139.4 (87.0) 

113.7 (63.6 - 215.0) 

19.8 

256.7 

 

337.8 (268.5) 

300.5 (44.8-623.0) 

44.8 

749.8 

 

 

236.7 (176.6) 

227.0 (71.2 - 356.1) 

24.0 

559.4 

 

333.6 (281.2) 

196.7 (96.5-569.3) 

82.4 

881.8 

* Only infants who consumed at least 30mL of formula had blood drawn for analysis.  
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Table A.3c: Change in concentration of peptides by formula type  

Gut peptide  CMF-feed 

(post-pre) 

N=9* 

EHF-feed 

(post-pre) 

N=7* 

CMF-slow feed 

(post-pre) 

N=9* 

 Mean (SD) 

[95% CI] 

Mean (SD) 

[95% CI] 

Mean (SD) 

[95% CI] 

Ghrelin 

(pg/mL) 

5.7 (63.34) 

[-42.9, 54.4] 

-1.6 (60.69) 

[-57.5, 54.4] 

29.1 (168.89) 

[-100.6, 158.9] 

Leptin 

(pg/mL) 

-17.1 (63.55) 

[-66.0, 31.6] 

-77.1 (146.86) 

[-213.0, 58.6] 

-40.4 (70.29) 

[-94.4, 13.5] 

GLP-1 

(pg/mL) 

568.6 (649.40) 

[69.4, 1067.8] 

265.0 (429.25) 

[-131.9, 662.0] 

589.4 (607.67) 

[122.3, 1056.5] 

GIP (pg/mL) 1474.8 (1281.13) 

[490.0, 2459.6] 

1651.4 (1434.47) 

[324.7, 2978.0] 

1871.3 (1690.27) 

[572.1, 3170.6]  

PYY 

(pg/mL) 

54.2 (66.44) 

[3.1, 105.2] 

198.4 (193.66) 

[19.3, 377.5] 

118.2 (172.43) 

[-14.2, 250.8] 

* Only infants who consumed at least 30mL of formula had blood drawn for 

analysis. 
 

 

Table A.3d: Change in concentration of peptides per mL of formula consumed 

Gut peptide  CMF-feed 

N=9* 

EHF-feed 

N=7* 

CMF-slow feed 

N=9* 

 Mean (SD) 

[95% CI] 

Mean (SD) 

[95% CI] 

Mean (SD) 

[95% CI] 

Ghrelin  

(ȹ/mL 

formula) 

0.14 (0.94) 

[-0.58, 0.87] 

0.14 (0.83) 

[-0.62, 0.91] 

0.33 (1.72) 

[-0.99, 1.66] 

Leptin  

(ȹ/mL 

formula) 

-0.26 (0.72) 

[-0.82, 0.28] 

-1.23 (2.52) 

[-3.57, 1.10] 

-0.39 (0.76) 

[-0.98, 0.19] 

GLP-1  

(ȹ/mL 

formula) 

5.92 (6.82) 

[0.67, 11.16] 

3.07 (6.82) 

[-3.24, 9.38] 

4.76 (4.60) 

[1.22, 8.30] 

GIP  

(ȹ/mL 

formula) 

15.27a (12.98) 

[5.29, 25.25] 

19.89b (19.13) 

[2.20, 37.59] 

17.11a,b (18.08) 

[3.21, 31.01] 

PYY (ȹ/mL 

formula) 

0.59a (0.89) 

[-0.09, 1.27] 

3.01b (3.67) 

[-0.38, 6.41] 

0.77a,b (1.38) 

[-0.28, 1.84] 

* Only infants who consumed at least 30mL of formula included in analysis 
a,b Values with different superscript letters approached significance (p=0.07 and 

0.06 for change in GIP/mL and PYY/mL, respectively) 
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Appendix B 

FIGURES 

Study Procedures Visit 1 Visit 2 Visit 3 
Informed Consent X   

Inclusion Criteria X   

Exclusion Criteria X   

Demographic 

Questionnaire 

X   

General Interview 

Questionnaire 

X   

Infant Feeding 

Questionnaire 

X   

Baby Eating Behavior 

Questionnaire 

  X 

Medication History 

Questionnaire 

X X X 

Anthropometrics- Infant 

weight 

X X X 

Anthropometrics- Infant 

length and head 

circumference 

X   

Pre-feeding blood sample X X X 

Post-feeding blood 

sample 

X X X 

Test weighing of bottle 

(before and after feed) 

X X X 

Videotape feeding X X X 

Subject payment 

verification signed 

X X X 

Figure B.1: Schedule of events by study visit 
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Figure B.2 (a, b): Volume of Intake/Feeding rate at Individual Level   

At the individual level, of the 9 infants who completed all three feeding protocols, 5 

consumed more formula (ml/kg) in the CMF-slow condition than in the CMF condition.  

8 infants consumed less EHF than CMF. 6 infants consumed formula more quickly in 

CMF than CMF-slow, and 8 infants consumed EHF more slowly than CMF.  
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Figure B.3 (A-E): Pre-feeding concentrations of by formula type. The coefficient of 

variation for pre-feeding concentrations of ghrelin, leptin, GLP-1, GIP, and PYY were 

52%, 55%, 43%, 33%, 65%, respectively. 
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Appendix C 

STUDY VISIT DOCUMENTS  

C.1 Institutional Review Board Approval Letters 

Approval Letter 2017 
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C.2 Informed Consent for Formula-Feeding Mother-Infant Dyads 
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C.3 Visit 1 Documents 

Visit 1 Checklist 
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Inclusion Criteria:  
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Exclusion Criteria: 
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Randomization Form:  
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Anthropometry Visit 1: 

 
 

 

 

 

 

 

 

 

 

 

 

 



 

 75 

Last Infant Feeding Visit 1: 
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Biospecimens and Feeding Intake Visit 1:  
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Demographic Questionnaire: 
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Medications Visit 1: 
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General Interview Form Visit 1: 
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 Infant Feeding History 
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Subject Payment Verification Visit 1: 
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C.4 Visit 2 Documents 

 

Study Visit 2 Checklist 
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Last Infant Feeding Visit 2: 
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Anthropometry Visit 2: 
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Biospecimens and Feeding Intake Visit 2: 
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Medications Visit 2: 
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Subject Payment Verification Visit 2: 
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C.5 Visit 3 Documents 

 

Study Visit 3 Checklist 
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Last Infant Feeding Visit 3: 
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Anthropometry Visit 3: 
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Biospecimens and Feeding Intake Visit 3: 
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Medications Visit 3: 
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Baby Eating Behavior Questionnaire: 
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Subject Payment Verification Visit 3: 
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C.6 Additional Documents 

 

Adverse Event: 

 
 

 

 

 

 

 

 

 


