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ABSTRACT 

Rapid weight gain in infancy is a risk factor for later life overweight and 

obesity.  Diet composition is a key factor affecting growth in infancy.  Numerous 

studies show formula fed infants, the majority of whom are fed cow milk formula 

(CMF), gain more weight than breastfed infants in the first year of life; whereas 

infants fed extensive protein hydrolysate formula (EHF) have more normative growth, 

similar to breastfed infants, the gold standard for infant growth.  Infants fed EHF have 

been shown to satiate at a lower volume and earlier than when fed CMF.  The 

mechanism by which EHF leads to earlier satiation at a lower intake volume is 

unknown, however it is hypothesized the extensively hydrolyzed protein (small 

peptides and free amino acids) found in EHF formulas may lead to differential 

responses in the gastrointestinal peptides that play a role in meal termination 

(satiation). 

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

composition (EHF vs. CMF) on satiation and adiposity peptide response in healthy, 

formula fed infants.  Infants (n=5 males, n=6 females) ages 1-4 months old were 

recruited from the greater Newark, Delaware area.  Subjects completed 2 study visits 

within 7-days, and received one test formula, EHF or CMF, at each visit in random 

order.  Blood samples were drawn pre-feeding and post-feeding at each visit to assess 

differences in peptide response by formula type. 

Infants were on average 86 days old (95%CI 70.7-101.4) and weighed 5.8kg 

(95%CI 5.3-6.4).  Although the study was underpowered for all outcomes, preliminary 
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analysis revealed there were no significant differences in the change in concentration 

of satiation and adiposity peptides by formula type.  Further, there were no significant 

differences in infant feeding dynamics (volume, duration, or rate of feeding) by 

formula type, although volume and rate of feeding was lower for EHF feeds compared 

to CMF feeds in 8 of 10 infants.  Duration of feeding was inversely correlated with 

change in PYY concentration, rate of feeding was positively correlated with change in 

PYY concentration, and time since last feeding was positively correlated with change 

in PYY and GIP concentrations for CMF but not EHF feeds.  Current findings should 

be interpreted with caution and further analysis with a larger sample size is needed 

before definitive conclusions may be drawn.
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Chapter 1 

INTRODUCTION 

In the United States, 8.1% of infants have a weight for length at or above the 

95th percentile on the Centers of Disease Control and Prevention (CDC) growth charts 

indicating a weight for length in the obese category. 1  Additionally, the prevalence of 

overweight and obesity among toddlers, ages 2-5 years, is 14.4% and 8.4% 

respectively. 2  Increasing evidence suggests there are sensitive periods in the lifespan 

in which individuals are more prone to long-term effects of environmental factors such 

as diet. 3,4  Infancy is thought to be one of these sensitive periods.  Rapid weight-gain 

and a higher weight for length during infancy are risk factors for later life overweight 

and obesity. 5-7  With the overweight and obesity epidemic affecting even infants and 

toddlers, it beckons the need for obesity prevention at an early age. 

A key factor affecting growth during infancy is diet.  While exclusive 

breastfeeding is the gold standard for infant nutrition, 8 by three months of age, 

approximately 59% of infants are receiving infant formula. 9  By the end of the first 

year of life, studies have shown formula fed infants have significantly higher weight 

for length z-scores compared to breastfed infants. 10  Formula fed infants, however, are 

not a homogenous group.  Recently, studies have shown infants feeding extensive 

protein hydrolysate formula (EHF) grow more normative to breastfed infants while 

infants fed cow’s milk formula (CMF) had accelerated weight gain. 11  Further, several 

studies have demonstrated that infants randomized to receive EHF consumed less 

volume to satiation at a feeding compared to infants receiving CMF. 11-13   
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The mechanism by which EHF infants satiate at a lower volume during feeding 

is unclear.  It has been hypothesized11 that the small peptides and free amino acids, 

abundant in EHF but not CMF, stimulate satiation gut peptide responses more rapidly 

or to a greater extent, thus resulting in satiation at a lower feeding volume.  There is 

limited research examining satiation gut peptides in response to diets of different 

macronutrient composition in healthy, term infants 
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Chapter 2 

REVIEW OF THE LITERATURE 

2.1 Infant Feeding Practices 

2.1.1 Current Feeding Recommendations and Practices 

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

Organization (WHO) recommend infants be exclusively breastfed for the first six 

months of life. 14,15  According to the WHO, exclusive breastfeeding is defined as “no 

other food or drink, not even water, except breast (human) milk (including milk 

expressed or from a wet nurse) for 6 months of life, but allows the infant to receive 

ORS, drops and syrups (vitamins, minerals and medicines).” 15  Further, the AAP 

recommends breastfeeding be continued through the first year of life. 14  In cases 

where infants are not or cannot be breastfed, infant formula is recommended 

throughout the first year of life. 14  

Breastfeeding is the gold standard for infant feeding and nutrition. 8  The health 

benefits of breastfeeding are well documented and range from immunologic benefits 

for the infant to a reduced risk of breast cancer for the mother. 8,16  According to the 

Centers for Disease Control and Prevention (CDC) Breastfeeding Report Card 2014, 

79.2% of mothers initiate breastfeeding, 49.4% are breastfeeding at 6 months, and 

26.7% are breastfeeding at 12 months. 17  These rates reflect any breastfeeding.  

Exclusive breastfeeding rates however, are approximately 40.7% at 3 months and drop 
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to 18.8% at 6 months17; as such approximately 59% of infants in the United States 

receive infant formula in part or as a sole source of nutrition by 3 months of age. 9   

A recent study utilized data from the National Health and Nutrition 

Examination Survey (NHANES) 2003-2012 to determine the percentage of infants (0-

12 months) consuming various types of infant formula. 9  Of the infants consuming 

formula, 68.9% (95% CI 65.1-72.5) consumed a cow milk formula, 11.6% (95% CI 

9.6-14.0) consumed a soy-based formula, 6.3% (95% CI 4.9-8.1) consumed a specialty 

formula (i.e. formulas for pre-term infants, acid reflux, phenylketonuria, or cow 

milk/soy protein allergy), and 5.4% (95% CI 3.6-7.8) consumed a gentle/lactose-

reduced formula. 9  Given that a large proportion of infants in the United States are 

consuming infant formula, especially cow milk formula (CMF), it is critical to 

examine how infant formula effects early nutrition and growth.  

2.2 Diet Composition and Growth 

Diet composition in early infancy, specifically macronutrient composition, 

effects infant growth and body composition. 18  Rapid weight gain in early infancy is 

associated with a greater risk of later life obesity. 5,6,19,20  Further, studies have shown 

breastfed and formula fed infants have different growth patterns. 10,21,22 As human milk 

is the gold standard for infant nutrition, the growth of a breastfed (BF) infant is 

considered to be the normative and gold standard for infant growth. 8,15  Studies have 

shown however, that formula fed (FF) infants, the majority of whom are fed cow milk 

formula grow, differently than their BF counterparts, especially after the first three 

months of life. 10,21,22  One of the first studies to assess the effect of diet composition 

on infant growth was published in 1992. This study compared growth of BF (n=46) 

and FF (n=41) infants from birth to 18 months. 22  Both BF and FF infants grew 
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similarly between zero and three months, however BF infants gained weight less 

rapidly than FF infants between three and twelve months resulting in a significant 

(0.65kg) weight difference at twelve months.  Additionally, weight for length z-scores 

were significantly higher in FF infants from 4-18 months.  Finally, no significant 

differences in length were seen between the BF and FF cohorts. 22  These findings 

suggest BF infants are leaner than FF infants by the end of the first year old life. 

Differences in growth, specifically weight gain, between BF and FF infants is 

thought to be due in part to differences in the protein content of human milk compared 

to infant formula. 3,21,23  The protein concentration in human milk is dynamic.  It is 

highest after birth and steadily declines over the course of lactation until 

approximately six months of age when the protein concentration of human milk tends 

to stabilize. 24  One study found median protein concentration of human milk to range 

from 17.3g/L at four days post-partum to 7.7g/L at six months. 24  Additionally, human 

milk contains high concentrations of free amino acids (FAA) with one study 

estimating a concentration of 3019.7µm/L. 25  Conversely, cow milk based infant 

formula (CMF), the most commonly consumed infant formula in the United States, 

contains a fixed amount of protein typically ranging from 13.0-14.0g/L26,27.  Further, 

the FAA concentration in cow milk formula is lower much than human milk. 25  A 

study of the FAA concentration of seven commercially available infant formulas in 

Europe found the FAA concentration ranged from 615.5 to 122.4µm/L. 25  The 

increased total protein content of infant formula, likely above the physiologic needs of 

the infant, is thought to play a role in the accelerated weight gain of FF infants. This is 

termed the ‘protein hypothesis’, and suggests that protein intake above needs, 

increases the concentration of circulating amino acids, which in turn is believed to 
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enhance secretion of insulin and insulin-like growth factor 1 (IGF-1), resulting in 

greater weight gain among FF infants. 3,23  However, emerging research has found not 

only the amount of total protein, but also the form of protein in infant formula may be 

important. 

Cow milk formula (CMF) is the most commonly consumed infant formula in 

the United States (consumed by almost 70% of formula fed infants). 9  The protein in 

CMF comes from non-fat cow milk and is primarily composed of intact casein and 

whey protein. 3  However, in the United States, approximately 6% of FF infants 

consume a protein hydrolysate formula (PHF). 9  The major difference between CMF 

and PHF is the form of the protein. 3  Protein hydrolysate formulas contain hydrolyzed 

proteins resulting in smaller peptides.  These formulas can be either partially 

hydrolyzed or extensively hydrolyzed.  Extensive protein hydrolysate formula (EHF) 

contains predominately FAA and small peptides with a mass of <1500kDa. 3  

Emerging research suggests infants’ growth, namely weight gain, is accelerated in 

infants fed CMF, and more normative in infants fed EHF.11 

In one study, 56 healthy and predominately formula feeding mother-infant 

dyads were randomized to receive a CMF (n=32) or EHF (n=24) when infants were 

0.5 months of age and continue feeding the assigned formula for the next 7 months. 11  

Infant anthropometric measures were collected monthly until 7.5 months.  Researchers 

found infants consuming EHF had significantly lower and more normative weight for 

length z-scores (p<0.01) than CMF fed infants at each time point beginning two 

months after randomization through the end of the study.  Additionally, there were no 

significant differences in length for age z-scores at any time point between CMF and 

EHF groups.  Finally, the weight for age and weight for length z-scores of the EHF 
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group remained close to the zero threshold indicating normative growth and weight 

gain whereas the CMF group was consistently above the zero threshold in weight for 

age and weight for length z-scores indicating accelerated growth and weight gain. 

Interestingly, in laboratory feedings that took place at the study site once per month, 

EHF-fed infants consumed less volume to satiation compared to CMF infants. 11  This 

study suggests that it is not solely the total protein intake that impacts weight gain, but 

the form of protein plays a role as well perhaps through its effect on energy intake. 

A within-subject designed study by Ventura et al. explored the role of protein 

form, and more specifically FAA, on formula intake.12  This study enrolled 30 infants 

less than four months of age and involved three infant-led feeding sessions.  In 

counter-balanced order, infants were fed three formulas, CMF, EHF, and CMF with 

added glutamate, one at each feeding session.  Glutamate was selected as the amino 

acid to be added to CMF as it is the most abundant FAA in human milk. 28  At each 

feeding session caregivers were instructed to feed their infant until the infant signaled 

satiation (defined as three consecutive signs of the infant being finished with the 

feeding such as turning their head away, thrusting the bottle out of the mouth with 

their tongue, etc.).  Caregivers and infants remained at the study center until infants 

signaled hunger again.  During the second feeding, all infants were given CMF.  

Infants consumed a significantly lower volume (mL) of CMF with glutamate (p<0.02) 

and EHF (p<0.04) to satiation compared to CMF. 12  This finding suggests the free 

amino acids found in EHF may promote earlier infant satiation during feedings.  

2.3 Energy Intake, Satiation, and Mechanisms that Regulate Intake 

Energy intake is regulated via complex endocrine signaling pathways that relay 

signals between the central nervous system (CNS) and peripheral organs such as the 
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gastrointestinal tract. 29-31  Hormones and peptides produced by the gastrointestinal 

tract (gut) signal, among other feelings, satiation and satiety.  Satiation peptides are 

secreted in response to food intake and ultimately bring the meal or eating occasion to 

a close.  Satiety peptides prevent ingestion of more food between meals, or until 

hunger signals its time to eat again. 29-31   

Gut peptides and hormones act along to the gut-brain axis, communicating 

with the brain to control energy intake. 29-31  These gut peptides can be categorized as 

either satiation or adiposity peptides, and satiation peptides can be further 

dichotomized as either orexigenic (appetite stimulating) or anorexigenic (appetite 

diminishing). 30,31  Additionally, gut peptides can be deemed short or long-term signals 

depending on whether they act on a meal-to-meal basis or on a longer-term basis.29 

2.3.1 Orexigenic Satiation Gut Peptides 

All of the satiation peptides are anorexigenic (meaning they cause loss of 

appetite) except ghrelin. 29-31  Ghrelin is orexigenic in nature and therefore stimulates 

appetite.  Ghrelin is predominately produced in the stomach, but can be produced to a 

lesser extent in the small intestine.  Circulating concentrations of ghrelin peak just 

before a meal and then fall during the postprandial period. 29,30  

2.3.2 Anorexigenic Satiation Gut Peptides 

Glucagon-like peptide 1 (GLP-1) is a short-term, anorexigenic biomarker of 

satiation that is synthesized in the ileum in response to the presence of food. 29,30 GLP-

1 exists in two major forms, the active form (GLP-17-36 amide) and the inactive form 

(GLP-19-36 amide).  Active GLP-1 stimulates the beta cells of the pancreas to release 

insulin thereby lowering blood glucose concentrations.  Circulating concentrations of 
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GLP-1 rise in anticipation of a meal, usually peak shortly after a meal, and fall during 

the post-prandial period.  Presence of GLP-1 promotes reduced food intake and is 

thought to delay gastric emptying. 29,30  

Gastric inhibitory peptide (GIP) is a short-term, anorexigenic satiation 

biomarker that is produced by the enteroendocrine K cells of the small intestine. 32  

Similarly to GLP-1, GIP also stimulates beta cells of the pancreas to release insulin. 

GIP concentrations rise in response to a meal and generally peak 15-30 minutes after 

the start of the meal before returning to fasting concentrations.32 

Peptide YY (PYY) is an anorexigenic biomarker of satiation and is secreted by 

the L-cells of the colon in response to food. 29,30  PYY exists in two major isoforms, 

PYY3-36 and PYY1-36, where PYY3-36 is the major isoform.  PYY concentrations are 

low before a meal and peak shortly after a meal commences.  However, unlike GLP-1 

or GIP, circulating concentrations of PYY remain elevated for 1-2 hours after a 

meal.29,30 

2.3.3 Adiposity Peptides 

Leptin is a hormone produced by adipocytes, and circulating leptin is 

positively correlated with total body fat. 29,30,33  Once released from adipocytes, leptin 

is able to cross the blood brain barrier (BBB) in order to communicate information 

about energy or fat stores to the brain. 30  With respect to energy balance, leptin is not 

thought to be a short-term satiation peptide, meaning its concentrations do not vary 

greatly in response to meals.  Rather, leptin is thought to play a role in longer-term 

appetite regulation, and given its relationship with fat stores, leptin is considered an 

adiposity peptide. 29-31  Plasma leptin concentrations decrease in response to early 

(>24hr) starvation and increase in response to overfeeding after about 24 hours. 29  In 
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cases of positive or negative energy balance, leptin is negatively correlated with 

appetite and food intake.29,30,33 

2.3.4 Interconnection of Satiation and Adiposity Gut Peptides 

The gut peptides work in unison to send signals to the brain to help determine 

how much is eaten and when eating occasions end. 31  However, efficacy of satiation 

peptides can depend on adiposity peptides. 31  For example, when individuals are on a 

diet or have been food restricted, circulating leptin concentrations are low, and 

therefore the adiposity peptide response is reduced.  As a consequence, there is lower 

sensitivity to satiation peptides, resulting in an increased food intake to satiation.  

Conversely, increased leptin due to overeating or weight gain increases sensitivity to 

satiation peptides resulting in decreased food intake. 30,31   

2.3.5 Studies of Satiation and Adiposity Gut Peptides in Infants in Response to 
Feeding 

Very few studies have explored the effect of infant feeding on satiation and 

adiposity peptide response.  A study of GIP concentrations in response to feeding 

evaluated 158 healthy pre-term neonates to explore the response of gastrointestinal 

hormones to a feed. 34  Infants were grouped into four groups based on age; 1-4 days, 

5-7 days, 9-17 days, and 18-42 days.  Infants were fed human milk via nasogastric 

(NG) tube for five minutes.  Venous blood samples were taken either before feeding or 

at 30, 60, or 120 minutes post-feeding.  With respect to GIP, researchers found there 

was no significant rise in GIP after a feeding in infants in the first three groups (ages 

1-17 days).  However, there was a sharp and significant rise in GIP in infants’ ages 18-

42 days, peaking approximately 30 minutes post feeding, perhaps suggesting that 

infant peptide responses become stronger as infants age closer to term.34 
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A second study in infants conducted by Padidela et al., enrolled 22 infants and 

aimed to measure basal and post-feed GLP-1 concentrations. 35  Infants, aged four to 

ten days, were fed 60-70mL of a standard cow milk formula and blood samples were 

taken before feeding began (time zero), and 20 minutes and 60 minutes after feeding 

began.  The mean infant GLP-1 concentration at time zero was 79.1pmol/L, 

156.6pmol/L at 20 minutes post-feed and 121.5pmol/L at 60 minutes post-feed. 35  

These results demonstrate that GLP-1 rises in response to a feeding and peak 

concentrations occur <20 minutes after a feeding. 

2.3.6 Studies of Satiation and Adiposity Gut Peptides in Children in Response 
to Feeding 

A study of obese (n=34) and normal weight (n=20) children aimed to evaluate 

fasting and post-prandial concentrations of leptin and ghrelin, and to examine the 

relationship between both leptin and ghrelin concentration with adiposity and insulin 

resistance in prepurbetal obese children. 36  Anthropometric measures were taken to 

determine body mass index (BMI) and classify children as either obese, a BMI greater 

than the 97th percentile for age and sex, or normal weight, a BMI between the 25th and 

75th percentiles for age and sex.  Baseline fasting blood samples were collected from 

all children to assess fasting concentrations of leptin and ghrelin.  Next, all children 

were fed a standardized breakfast containing 438 kcal, 9.8g of protein (8.9% kcal), 

15.5g of fat (31.8% kcal), and 64.8g of carbohydrates (59.1% kcal).  Blood samples 

were drawn again one, two, and three hours after breakfast to assess changes in leptin 

and ghrelin in response to food.  Plasma leptin concentrations were significantly 

higher in obese children compared to normal weight children at all time points 

(p<0.001).  Ghrelin was similar between obese and normal weight children at baseline 
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(fasting) however the post-prandial time course between groups was significantly 

different (p=0.012).  Ghrelin concentrations one and two hours after the meal were 

significantly lower than fasting in both obese and normal weight children.  However, 3 

hours post-breakfast, obese children had higher ghrelin concentrations than normal 

weight children (p=0.046) and similar to fasting (p=0.439).  Comparatively, normal 

weight children showed plasma ghrelin concentrations still significantly lower than 

fasting at 3  hours (p<0.001) 36, suggesting obese children may have decreased time 

between meals before ghrelin concentrations peak and stimulate hunger/eating again. 

Lomenick et al. studied the differences in ghrelin and PYY secretion after 

consuming a high carbohydrate, high protein, and high fat meal in normal weight 

(n=13) and obese (n=19) children. 37  In this study there were a total of three study 

visits, and subjects received the high carbohydrate, high protein, or high fat meals in 

random order.  Subjects arrived to the lab 8:00am, at least 8-hours fasted, upon which 

a blood sample was collected.  Then, subjects were provided one of the three 

macronutrient breakfasts, and blood samples were collected at 8:30am, 9:00am, 

10:00am, 11:00am, and 12:00pm.  Blood samples were analyzed for total ghrelin and 

PYY concentrations.  Fasting ghrelin concentrations were significantly higher in 

normal weight children compared to obese children, but there were no differences in 

fasting PYY concentrations.  In response to the high-protein meal, ghrelin 

concentrations decreased significantly from 8:00-11:00am (p=0.0001) in normal 

weight children, and did not increase between 11:00am and 12:00pm (p=0.26).  In 

obese children, ghrelin decreased between 8:00am and 12:00pm (p=0.0001).  The area 

under the curve for ghrelin was significantly lower in normal weight subjects and 

obese subjects, 61% and 28% respectively.  PYY concentrations in normal weight 
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children increased from 8:00am to its peak at 12:00pm (p=0.0001), and in obese 

children PYY increased significantly to a peak at 10:00am (p=0.0001) with no 

significant decline between 10:00am and 12:00pm (p=0.26).  There was no significant 

difference in the PYY area under the curve in normal weight versus obese children.  

Following the high carbohydrate and high fat meals, ghrelin reached its minimum 

between 8:00am and 9:00am, however following the high protein meal it appears 

ghrelin reached a minimum between 10:00am and 11:00am in normal weight children 

and between 11:00am and 12:00pm in obese children.  In obese children, PYY was 

significantly higher in response to the protein meal, compared to carbohydrate 

(p<0.0001) and fat meals (p=0.007). 37  This study demonstrates ghrelin and PYY 

concentrations change in response to meal intake, and that both body weight status 

(normal weight vs. obese) and macronutrient composition of the meal influence 

concentrations of the peptides at fasting and after a meal.  

2.3.7 Studies of Satiation and Adiposity Gut Peptides in Adults in Response to 
Feeding 

A randomized crossover study of 39 overweight men (n=19) and women 

(n=20) ages 18-60 years aimed to examine the effects of whey protein (WP), pea 

protein hydrolysate (PPH), a combination of WP and PPH, or a control of milk protein 

(MP) on postprandial changes in ghrelin, GLP-1, and PYY. 38  Subjects completed 

four trials, one for each protein source, and arrived to each trial following an overnight 

fast.  At time zero, subjects drank an isometric volume of each protein shake (WP, 

PPH, WP+PPH, or MP) and 150mL of water.  Blood samples were drawn fasting 

(time zero) and 30, 60, 90, and 120 minutes after time zero.  PYY concentrations at 30 

minutes were significantly higher after consuming WP+PPH compared to WP, PPH, 
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or MP alone (p<0.05).  At 60 minutes, GLP-1 concentrations after consuming MP 

were significantly higher than consuming WP or PPH (p<0.05).  Additionally, at 120 

minutes, GLP-1 concentrations after consuming MP were significantly higher than 

after consuming PPH (p<0.05).  Finally, at 120 minutes, ghrelin concentrations were 

significantly lower after consuming WP+PPH compared to MP (p<0.05).  GLP-1 had 

the highest concentrations the first time the blood was drawn, 30 minutes after 

consuming the shake, for all protein types, and decreased there after through 120 

minutes.  PYY reached its highest concentrations between the first and second blood 

draws (30 and 60 minutes), and decreased thereafter through 120 minutes.  Ghrelin 

reached a minimum concentration before the first blood draw (30 minutes) for MP, 

between the first and second blood draws (30-60 minutes) for PPH and WP+PPH, and 

between the third and fourth blood draw (60-90 minutes) for WP.  Finally, between 90 

and 120 minutes, while not statistically significant, ghrelin concentrations rose in 

subjects who consumed WP or MP, but remained relatively stable in those who 

consumed WP+PPH or PPH. 38  This study suggests the composition of the feeding, 

specifically protein composition, can differentially affect concentrations of satiation 

peptides. 

Another study, by Karl et al., aimed to determine the combined effects of 

eating rate (ER) and energy density (ED) on appetite and energy intake measured 

during consecutive meals, and to examine effects on postprandial pancreatic and gut 

hormone responses. 39  Subjects were healthy, non-obese men (n=12) and women 

(n=8) ages 18-55 years.  All subjects completed four study visits on non-consecutive 

days with no more than two visits per week.  Subjects arrived 12-hours fasted upon 

which fasting blood samples was collected.  After the blood draw, subjects were given 
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either a low or high energy density breakfast at a prescribed eating rate, either 20g/min 

or 80g/min, where the order in which subjects completed the four trials was random.  

Blood samples were drawn 15, 30, 45, 60, 90, 120, and 180 minutes after the first bite 

of breakfast was taken.  Fasting concentrations of GLP-1, PYY, and ghrelin did not 

differ across the four trials.  The area under the curve for GLP-1 and PYY was 

significantly higher for the fast rate (p≤0.05) and high energy density (p≤0.05) trials.  

At meal completion, GLP-1 concentrations were higher after the slow rate meal 

(p=0.05) and high energy density meal (p=0.05).  Eating rate had a significant effect 

on peak GLP-1 (p≤0.05) concentrations and minimum active ghrelin concentrations 

(p≤0.05) with the faster eating rate resulting in higher and lower points, respectively.  

Finally, PYY concentration at 180 minutes was significantly higher during the higher 

energy density trials (p≤0.05). 39  More studies are needed, however this study 

suggests that both eating rate and energy density have an effect on satiation gut 

peptides. 

2.3.8 Eating Rate as a Factor Influencing Satiation Gut Peptides 

Diet composition, specifically macronutrient composition, effects satiation and 

adiposity peptides in response to a meal.  Research suggests eating rate may also have 

an effect on satiation peptide response.  Seventeen healthy, adult males were enrolled 

in a study examining the differences in the postprandial responses of ghrelin, PYY, 

and GLP-1 when identical meals were consumed at two eating rates (fast and slow). 40  

The test meal was 300mL of ice cream (675 kcal, 59% kcal from fat, 33% kcal from 

carbohydrates, and 8% kcal from protein).  Subjects consumed the meal at a fast rate 

(five minutes) and a slow rate (30 minutes), and blood samples were collected at 

baseline and every 30 minutes after the meal began through 210 minutes.  The area 
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under the curve was significantly greater following the 30-minute meal compared to 

the five-minute meal for GLP-1 (p=0.001) and PYY (p=0.004).  PYY concentrations 

were significantly higher following the 30-minute meal at 90-150 minutes.  Finally, 

GLP-1 concentrations were significantly higher 60-210 minutes following the 30-

minute meal compared to the five-minute meal. 40  These findings suggest eating more 

slowly may result in a greater anorexigenic peptide response. 

Another study compared post-prandial responses to GLP-1 and PYY at two 

eating rates, slow and fast, between obese adolescents (n=9) and obese adults (n=9). 41  

Subjects arrived to the study center following an overnight 12-hour fast.  Fasting 

blood samples were collected before the meal (time zero) and then every 30 minutes 

through 210 minutes.  The test meal, 10kcal/kg of ice cream (59% kcal from fat, 33% 

kcal from carbohydrates, and 8% kcal from protein), was consumed fast (five minutes) 

or slow (30 minutes).  Concentrations of GLP-1 and PYY were significantly higher 

compared to baseline from 60 through 210 minutes (p<0.05).  Additionally, 

concentrations of GLP-1 and PYY were significantly higher during the slow eating 

rate compared to the fast eating rate in obese adolescents (p<0.05), but these results 

were not seen in obese adults. 41  These findings suggest a slow eating rate yields a 

more pronounced GLP-1 and PYY response compared to a fast eating rate.  Further, 

significant anorexigenic peptide responses were only seen in obese adolescents, 

suggesting perhaps the anorexigenic peptide response may be disrupted in obese 

adults.  

2.4 Literature Review Summary 

Results from these studies demonstrate concentrations of ghrelin, leptin, GLP-

1, GIP, and PYY change in response to feeding.  Moreover, the change in each 
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peptide, from pre- to post-feeding concentrations, appears to be affected by a variety 

of factors including macronutrient composition of the diet, weight status, and eating 

rate. Very few studies have been conducted in infants to examine satiation and 

adiposity gut peptide response to infant feeding.  Further, no studies to date in term 

infants have accounted for the effect of infant diet composition, specifically the type 

of formula (EHF vs. CMF), on satiation and adiposity gut peptide response, and its 

subsequent effect on intake.  
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Chapter 3 

AIMS 

The overall aim of this proposal is to study the effect of formula composition 

(EHF vs. CMF) on gut peptide response in healthy, formula fed infants.  Relationships 

between volume of infant feeding (mL), duration of infant feeding (min), rate of infant 

feeding (mL/min), and change in concentration of each gut peptide will be explored in 

a 2x2 cross-over design study where infants are fed a test feeding of either CMF or 

EHF. 

3.1 Specific Aims 

The primary aim:  

Specific Aim 1: Assess pre- and post-prandial concentrations of anorexigenic 

(GLP-1, GIP, PYY) and orexigenic (ghrelin) gastrointestinal peptides in response to 

feedings that differ in protein composition (EHF vs. CMF) in 1-4 month-old infants.  

Because EHF has been shown to transit the gastrointestinal tract at a faster rate than 

intact protein formula, 42 we hypothesize the increase in post-prandial concentrations 

of anorexigenic peptides will be greater, and the decrease in post-prandial 

concentration of the orexigenic peptide will be lower, when fed EHF versus CMF.  

The secondary aims are: 

Specific Aim 2:  Explore relationships among dynamics of feeding (volume 

(mL), duration (min), and rate (mL/minute)), with change in anorexigenic peptide 

concentrations in response to feeding formulas that differ in protein composition (EHF 
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vs. CMF).  Consistent with previous findings, 11,12 we hypothesize infants will 

consume a lower volume of the EHF feed versus CMF feed.  Because a slower feeding 

rate has been shown to result in more pronounced anorexigenic gut peptide response 

and lower weight of food intake, 40 we hypothesize that rate of infant feeding will be 

inversely associated with change in anorexigenic peptide concentration. 
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Chapter 4 

METHODS 

4.1 Subjects 

Mothers and their infants from the greater Newark, Delaware area were 

recruited to participate in this study. Institutional Review Board (IRB) approved 

advertisements were distributed via newspapers, flyers, Special Supplemental 

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

support groups, primary care medical practices, and child care centers.  To be eligible 

to participate in the study, the inclusion criteria specified infants be: healthy, term 

(≥37 and ≤42 week gestation at birth), singleton, appropriate for gestational age infant, 

between ≥30 days and ≤120 days old at enrollment where the infant’s date of birth 

equals day zero, primarily receiving a standard (intact protein) cow milk infant 

formula, have no allergies to cow milk formula, and have never received an EHF 

(Nutramigen, Alimentum, Pregestimil or PurAmine).  Exclusion criteria were: infants 

who had major congenital malformations (i.e. cleft palate, extremity malformation) or 

genetic disorders, infants who had suspected or documented systemic or congenital 

infections (e.g., human immunodeficiency virus, cytomegalovirus), infants who had 

evidence of significant cardiac, respiratory, endocrine, hematologic, gastrointestinal, 

or other systemic diseases, and infant who were receiving any prescription medication.  

A total of 12 formula fed infants were screened for this study.  Of the 12 infants 

screened, 11 formula fed infants completed the study. 
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4.2 Research Design 

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

data collection forms, and subject recruitment fliers), were approved by the 

Institutional Review Board (IRB) at the University of Delaware before commencing 

any study activities.  Mothers with eligible infants contacted study personnel at the 

Energy Balance and Nutrition Lab (EBNL) at the University of Delaware.  Initial 

screening was conducted via telephone to assess interest and eligibility.  Assuming 

eligibility criteria were met, mother-infant dyads were enrolled in the study.  

This study required two, three-hour visits to the EBNL within seven days of 

one another.  Subjects scheduled both visits via telephone with study personnel after 

screening and eligibility were complete.  Formula feeding mother-infant dyads were 

instructed to bring a clean, empty bottle from home.  Study formula included two 

isocaloric formulas, a CMF, Enfamil27 (Mead Johnson Nutrition, Evansville, IN), and 

an EHF, Nutramigen43 (Mead Johnson Nutrition, Evansville, IN) (Table 1).  Formulas 

were provided at the study visits.  Formula fed infants received both formulas, one at 

each visit, in random order.  

4.3 Study Visit Procedures 

Prior to the Visit: Mothers were emailed a blank copy of the informed 

consent document, a map of the building where study visits occurred, parking 

directions, and contact information for study personnel.  

Visit 1: Upon arrival to the lab, the informed consent document was reviewed 

verbally with mothers, and mothers were encouraged to ask any questions about the 

study.  Once the informed consent was signed, study visit procedures commenced as 

follows (Figure 1):  
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• Inclusion/exclusion criteria were completed 

• Topical numbing cream was placed on the outside of the infant’s heel 

to allow ample time for numbing to occur 

• Formula-fed infants were randomized to the order in which they 

received the test formulas 

• Infant length, weight, and head circumference were measured 

• Obtained pre-feeding blood sample via heel stick two minutes prior to 

feeding 

• Bottles were prepared with the appropriate test formula and then 

weighed to the nearest 0.1 gram 

• Observed and videotaped infant feeding 

• Weighed bottle after feeding to the nearest 0.1 gram 

• Weighed infant after feeding 

• Obtained post-feeding blood sample via heel stick five minutes after 

feeding 

• Completed demographic, medication, general interview, and infant 

feeding history questionnaires 

• Mothers signed subject payment verification form 

Visit 2: Upon arrival to the lab, topical numbing cream was placed on infant’s 

heels, and then study visit procedures commenced as follows (Figure 1): 

• Infant length, weight, and head circumference were measured 

• Obtained pre-feeding blood sample via heel stick two minutes prior to 

feeding 
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• Bottles were prepared with the appropriate test formula and then 

weighed to the nearest 0.1 gram 

• Observed and videotaped infant feeding 

• Weighed bottle after feeding to the nearest 0.1 gram 

• Weighed infant after feeding 

• Obtained post-feeding blood sample via heel stick five minutes after 

feeding 

• Completed medication, infant feeding, and baby eating questionnaires 

• Mothers signed subject payment verification form 

4.4 Demographic Measures 

Demographic data, including but not limited to maternal and paternal 

race/ethnicity, education level, and income were collected at visit one via demographic 

and general interview forms (Appendix C). 

4.5 Infant Anthropometric Measures 

Infant weight was measured on an electronic scale (SECA) accurate to 0.001 

kg. 44  Infant recumbent length was measured with a measuring rod attachment 

(SECA) for the electronic scale accurate to 0.1cm. 45  Infant head circumference was 

measured with a non-elastic tape measure accurate to 0.1cm.  Anthropometric z-scores 

were calculated using the World Health Organization (WHO) Multicenter Growth 

Reference Standards. 46  Weight for age, length for age, and weight for length z-scores 

were calculated for each infant. 
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4.6 Infant Feeding Measures 

At each study visit, two six-ounce bottles of the assigned test formula (EHF or 

CMF) were prepared.  Mothers fed their infants ad libitum until the infant exhibited 

three consecutive signs of satiation such as waving arms, leaning away, pushing the 

bottle away, or falling asleep. 47  Bottles were weighed to the nearest 0.1g before 

feeding and after feeding.  Volume of infant feeding (mL) was determined by 

subtracting the post-feeding weight of the bottle from the pre-feeding weight of the 

bottle.  Then, the amount consumed in grams was divided by 1.03, resulting in the 

total volume of intake in milliliters.  Duration of infant feeding (min) was determined 

from time feeding started to time feeding stopped.  From these measures, rate was 

determined as volume (mL) divided by duration (min). 

4.7 Biochemical Measures 

Blood Sample Collection:  Infant blood samples were drawn twice at each 

study visit, once pre-feeding (two minutes prior to feeding) and once-post feeding 

(five minutes after feeding ended to allow infants time for the feeding to settle before 

positioning for the heel stick).  Infants’ heels were numbed with topical numbing 

cream (Emla, Fougera Pharmaceuticals, NY), and then cleaned using iodine swab 

sticks (Dynarex, NY). Trained personnel completed the heel stick using TenderFoot 

Newborn devices (Accriva Diagnostics, CA). 48  Blood was collected drop-wise via 

capillarity tube into a micro-collection tube containing EDTA, 5.0µL of dipeptidyl 

peptidase IV (Millipore, MA), and 25.0µL of aprotinin (Sigma-Aldrich, MO). 49,50 

Approximate volume at each heel stick was 1.0mL. 

Biologic Sample Processing and Analysis:  After blood was collected, blood 

was immediately stored on ice until the conclusion of the study visit, at which time 
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blood was centrifuged for 15 minutes at 4,400 rpm.  Plasma was separated and stored 

at -80°C until it was ready to be assayed.  

A human metabolic hormone magnetic bead panel - metabolism multiplex 

assay (Millipore, Germany) was used to determine the concentration of ghrelin, leptin, 

GLP-1, GIP and PYY.  All samples were run in duplicate and the mean of the 

duplicates was calculated.   

4.8 Data Analysis and Statistics 

Variables of interest in this analysis are the independent variables: formula 

type (EHF vs. CMF) and the dependent variables: volume of infant feeding (mL), 

duration of infant feeding (min), rate of infant feeding (mL/min) and the pre- and post- 

feeding concentrations of ghrelin, leptin, GLP-1, GIP, and PYY. 

Descriptive statistics on infant characteristics (age, sex, anthropometrics, etc.) 

and maternal characteristics (age, anthropometrics, education, and income level) are 

described using minimums, maximums, and means (95% CI) if normally distributed, 

or as median (IQR) if skewed.  

Specific Aim 1: Assess pre- and post-prandial concentrations of 

anorexigenic (GLP-1, GIP, PYY) and orexigenic (ghrelin) gastrointestinal 

peptides in response to feedings that differ in protein composition (EHF vs. 

CMF) in 1-4 months old infants.  To assess specific aim 1: summary statistics 

including minimum, maximum, frequency, mean, and 95% CI were determined for the 

change in each gut peptide.  For each gut peptide, a paired samples t-test was used to 

test for a difference in the change in concentration, by formula type (EHF vs. CMF). 

Specific Aim 2: Explore relationships among dynamics of feeding (volume, 

duration, and rate (mL/minute)), with change in anorexigenic peptide 
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concentrations in response to feeding formulas that differ in protein composition 

(EHF vs. CMF).  To assess specific aim 2: summary statistics including minimum, 

maximum, frequency, mean, and 95% CI were determined for volume of feeding, 

duration of feeding, and rate of feeding, for each formula type.  Pearson or Spearman 

correlation coefficients, depending on normality of the variables, were used to 

determine associations between the change in concentration of each anorexigenic 

peptide and the feeding dynamic variables, by formula type (EHF vs. CMF). 
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Chapter 5 

RESULTS 

5.1 Normality and Distributions of Variables 

All continuous variables were tested for normality using the Shapiro-Wilk W 

test.  The null hypothesis of the Shapiro-Wilk W test is data come from a normal 

distribution.  Therefore, p<0.05 indicates non-normal data.  

For infant characteristics and anthropometric measures, the variables age 

(days), weight (kg), length (cm), head circumference (cm), weight for age z-score, 

length for age z-score, and weight for length z-score were normally distributed 

(p>0.05).  Therefore, means and 95% confidence intervals (95% CI) are presented for 

these variables.  For maternal characteristics and anthropometric measures, the 

variables maternal age (years) and maternal BMI (kg/m2) were normally distributed 

(p>0.05).  Therefore, means (95% CI) are presented for these variables.  

For infant feeding dynamics and infant feeding timing, the variables volume of 

infant feeding (mL), duration of infant feeding (min), total duration of infant feeding 

(min), rate of infant feeding (mL/min), time since last feeding (min), and time elapsed 

from the end of the test feeding to the post-feeding blood draw (min) were normally 

distributed (p>0.05).  Therefore means (95% CI) are presented for these variables.  

The variable time elapsed from pre-feeding blood draw to start of test feeding was not 

normally distributed (p<0.05).  Therefore, median (IQR) is presented for this variable. 

For the satiation and adiposity gut peptides, distributions for the pre-feeding 

concentrations of ghrelin, leptin, GLP-1, GIP, and PYY were examined by visit.  The 
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pre-feeding concentration of each gut peptide by visit number was normally 

distributed (p>0.05) except ghrelin concentration at visit one and GIP concentration at 

visit two (p<0.05).  Distributions of the change in concentration, pre-feeding 

subtracted from post-feeding, for each peptide were also examined.  The variables 

change in leptin concentration, change in GLP-1 concentration, change in GIP 

concentration, and change in PYY concentration were normally distributed (p>0.05).  

The variable change in ghrelin was not normally distributed (p<0.05).  Finally, the 

relative difference, between CMF and EHF, was calculated for ghrelin, leptin, GLP-1, 

GIP, and PYY.  The distributions of the relative differences for ghrelin, leptin, GLP-1, 

GIP, and PYY were normally distributed (p>0.05). 

5.2 Completion of Study Visit Testing 

Eleven healthy, formula fed infants were enrolled in the study.  All 11 infants 

participated in both visit one and visit two.  Of the 11 infants, one infant regurgitated 

one of the formula meals, discontinuing the feeding component of the testing session.  

A second infant refused to consume the EHF formula therefore the post-feeding blood 

sample was not collected for one of the two visits.  For both of the above infants, the 

pre-feeding blood samples were not included in the analysis as there was no 

corresponding post-feeding sample. 

5.3 Infant and Maternal Demographic and Anthropometric Characteristics 

Infant demographic and anthropometric characteristics are summarized in 

Table 2A.  Eleven healthy, formula fed infants (n= 5 males and n=6 females) 

participated in the study.  Six infants were white/Caucasian and five infants were 

black/African American.  Mean infant age at visit one was 86 days (95% CI 70.7-
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101.4 days).  Mean infant weight at visit one was 5.8kg (95% CI 5.3-6.4 kg), and 

mean infant length at visit one was 58.5cm (95%CI 56.4-60.5).  Comparatively, at 

visit two the mean infant age was 91.1 days (95% CI 75.0-107.2) and mean infant 

weight was 6.0kg (95% CI 5.5-6.6).  Finally, weight for age, length for age, and 

weight for length growth z-scores were generated using the WHO Multicenter Growth 

Reference Standard. 46  The mean weight for age z-score was -0.1 (95% CI -0.8-0.6), 

the mean length for age z-score was -0.7 (95% CI -1.6-0.1), and the mean weight for 

length z-score was 0.7 (95% CI 0.0-1.5).  Weight for length z-scores for all 11 infants 

fell within ± 2 standard deviations.   

Maternal demographic and anthropometric characteristics are summarized in 

Table A.2b.  Mothers were, on average, 27.6 years old (95% CI 23.2-32.0).  The mean 

maternal body mass index (BMI) was 32.3kg/m2 (95% CI 29.8-35.1) with 27.2% 

(n=3) of mothers having a BMI in the overweight category, ≥25.0 kg/m2 but <30.0 

kg/m2, and 72.7% (n=8) in the obese category, ≥30.0 kg/m2.  No mothers had a BMI 

in the normal weight category.  Six mothers self-identified their race/ethnicity as 

white/Caucasian and five identified as black/African American.  The majority of 

mothers were co-habitating (45.4%), 36.3% were married, and 18.1% were single.  

Additionally, 45.4% of mothers had a high school education or below, and 36.3% had 

a family total annual income under $10,000.   

5.4 Infant Feeding Dynamics 

Data on volume of feeding (mL), duration of feeding (min), total duration 

(duration of infant feeding + time elapsed from end of feeding to post feeding heel 

stick), rate of feeding (mL/min), and time elapsed since last feeding (min) was 

normally distributed (p>0.05 for all variables).  Data on feeding dynamics by formula 
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type are shown in Table A.3a.  The mean volume of intake was 147.2mL (95% CI 

104.9-189.4) and 128.7mL (95% CI 83.0-174.4) for CMF and EHF feeds, 

respectively.  This difference in volume was not statistically significantly different 

(paired samples t-test, p=0.1189).  Upon examination at the individual level, of the ten 

infants who completed both feeds, eight consumed a lower volume (mL) of EHF 

compared to CMF (Figure B.2a).  The mean duration of infant feeding during CMF 

feeds was 16.5 minutes (95% CI 10.2-22.7) compared to 21.1 minutes (95% CI 13.1-

29.0) during EHF feeds, but this difference was not statistically significantly different 

(paired samples t-test, p=0.1063).  The total duration from the start of the lab test 

feeding to the post-feeding heel stick was 29.7 minutes (95% CI 23.1-36.4) for CMF 

feeds and 29.4 minutes (95% CI 21.3-37.4) for EHF feeds.  The difference in total 

duration was not statistically significant (paired samples t-test, p=0.1658).  Finally, 

with respect to feeding rate, while not statistically significant (paired samples t-test, 

p=0.0959), there was a trend for a slower rate of feeding during EHF feeds, 7.2 

mL/min (95% CI 3.8-10.7), compared to CMF feeds, 11.3 mL/min (95% CI 6.8-15.8).  

At the individual level, of the ten infants who complete both feeds, eight had a slower 

rate of feeding during the EHF feed compared to the CMF feed (Figure B.2b).  To 

determine if the probability of eight of ten infants (0.8) having a lower volume of 

intake (mL) and a slower rate of feeding (mL/min) during EHF feeds was significantly 

different than chance (0.5), a Likelihood ratio test was used.  The lower volume of 

intake and slower rate of feeding observed in eight of the ten infants does not appear 

to be due to chance (p=0.0496). 
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5.5 Time Elapsed Since Last Feeding 

The mean time since last feeding for all visits was 177.5 minutes (95% CI 

153.5-201.4).  Time since last feeding was also explored by feeding type, EHF vs. 

CMF, to ensure there were no differences (Table A.3a).  The mean time since last 

feeding was 163 minutes (95% CI 119.0-208.0) and 191.5 minutes (95% CI 167.2-

215.8) for EHF and CMF feedings, respectively; this difference was not statistically 

significant (paired samples t-test, p=0.0999). 

5.6 Timing of Pre- and Post-Feeding Heel Sticks 

The median (IQR) time elapsed from the pre-feeding heel stick to the start of 

feeding, for all feeds, was 6.0 minutes (IQR 5.0-9.0).  This variable was also explored 

by formula type.  The median (IQR) time from the pre-feeding heel stick to the start of 

feeding was 5.0 minutes (IQR 5.0-7.0) for EHF feedings and 7.5 minutes (IQR 4.5-

9.5) for CMF feedings.  There was no significant difference in the time elapsed from 

the pre-feeding heel stick to the start of feeding by formula type (Wilcoxon Signed 

Rank test, p=0.6641) (Table A.3a). 

The mean (95% CI) time elapsed from the end of the test feeding to the post-

feeding blood draw was 9.2 minutes (95% CI 7.5-10.9).  By formula type, the median 

(IQR) time elapsed from the end of the test feeding to the post-feeding blood draw for 

EHF feedings was 10.0 minutes (IQR 5.0-11.0) and was 10.0 minutes (IQR 6.0-13.0) 

for CMF feedings.  There was no significant difference in the time elapsed from the 

end of the test feeding to the post-feeding blood draw by formula type (Wilcoxon 

Signed Rank test, p=0.1641) (Table A.3a).   
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5.7 Satiation and Adiposity Gut Peptides 

5.7.1 Baseline (Pre-Feeding) Concentrations of Satiation and Adiposity Peptides 
by Visit 

Concentrations of satiation and adiposity gut peptides were assessed before 

feeding at both study visits.  Pre-feeding concentrations of ghrelin, leptin, GLP-1, 

GIP, and PYY are summarized in Table A.3b.  A Wilcoxon Signed Rank test (ghrelin 

and GIP) or paired samples t-test (leptin, GLP-1, and PYY), depending on the 

distribution, were conducted to determine if there were group-level differences in pre-

feeding ghrelin, leptin, GLP-1, GIP and PYY concentrations at visit one versus visit 

two.  There were no significant differences in pre-feeding concentrations of ghrelin 

(p=1.0000), leptin (p=0.8930), GLP-1 (p=0.0887), GIP (p=0.7422), and PYY 

(p=0.7140) at visit one and visit two. 

Additionally, pre-feeding concentrations of ghrelin, leptin, GLP-1, GIP and 

PYY at visit one and visit two were plotted for each subject (Figure B.3 A-E) to 

examine within subject variability in peptide concentrations.  The coefficient of 

variation was calculated for each subject’s pre-feeding peptide concentration at visit 

one and visit two.  The median (IQR) coefficient of variation for the satiation and 

adiposity peptides were: ghrelin 30.4% (IQR 3.6%-92.5%), leptin 25.9% (IQR 7.2%-

41.4%), GIP 21.3% (IQR 9.9%-68.8%), GLP-1 25.8% (IQR 6.9%-37.3%), and PYY 

11.3% (IQR 6.9%-17.1%).   

5.7.2 Baseline (Pre-Feeding) Concentrations of Satiation and Adiposity Peptides 
by Formula Type 

In addition to exploring satiation and adiposity peptides by visit number, pre-

feeding concentrations of satiation and adiposity peptides were also explored by 

formula type.  Pre-feeding concentrations of ghrelin, leptin, GLP-1, GIP, and PYY by 
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formula type can be seen in Table A.3b.  A paired samples t-test (ghrelin and leptin) 

or Wilcoxon Signed Rank test (GLP-1, GIP, and PYY), depending on the distribution, 

were conducted to determine if there were group-level differences in pre-feeding 

ghrelin, leptin, GLP-1, GIP and PYY concentrations by formula type (EHF vs. CMF).  

There were no significant differences in pre-feeding concentrations of ghrelin 

(p=0.1941), leptin (p=0.7666), GLP-1 (p=0.9375), GIP (p=0.3828), and PYY 

(p=0.4609) by formula type (EHF vs. CMF).  Additionally, pre-feeding concentrations 

of ghrelin, leptin, GLP-1, GIP and PYY by formula type were plotted for each subject 

(Figure B.4 A-E) to examine within subject variability in peptide concentrations.  The 

mean within subject coefficient of variation for pre-feeding concentrations of ghrelin, 

leptin, GLP-1, GIP and PYY by formula type were 43%, 26%, 26%, 34%, and 13%, 

respectively, indicating ghrelin had the highest variability and PYY had the lowest.  

5.7.3 Change in Concentration of Satiation and Adiposity Peptides Pre- to Post-
Feeding  

Change in concentration of satiation and adiposity gut peptides were first 

explored as the difference and then as the relative difference.  To determine difference 

(change), the pre-feeding concentration of each gut peptide was subtracted from the 

post-feeding concentration of the peptide.  The change in concentration of each gut 

peptide by formula type is shown in Table A.3c.  Paired samples t-tests, or Wilcoxon 

Signed Rank test, depending on normality, were used to determine if there were 

significant differences in the change of each gut peptide by formula type.  There were 

no significant differences in the change in concentration of ghrelin (Wilcoxon Signed 

Rank test, p=0.0781), leptin (paired samples t-test, p=0.2029), GLP-1 (paired samples 

t-test, p=0.2255), GIP (paired samples t-test, p=0.1722), or PYY (paired samples t-
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test, p=0.1562) by formula type.  Next, to determine if the order in which subjects 

received the test formulas had an effect on the change in concentration of satiation and 

adiposity peptides, a 2-factor ANOVA was used. Order was not a significant factor in 

the change in ghrelin (p=0.5934), leptin (p=0.9912), GLP-1 (p=0.3545), GIP 

(p=0.6830), or PYY (p=0.8328) by formula type.   

The change in concentration of satiation and adiposity peptides between CMF 

feeds and EHF feeds was also explored using the relative difference.  Relative 

difference was calculated by taking the difference in concentration (pre-feeding 

concentration subtracted from post-feeding concentration) for each formula, divided 

by the sum of the change for each formula, multiplied by 100 (to express it as a 

percent).  The relative difference for the change in concentration of each gut peptide 

can be seen in Table A.3c.  The peptide GIP had a relative difference score of 93.8% 

indicating a large difference in the peptide response by formula type, whereas leptin 

has a relative difference of 25.8% indicating a smaller difference in the peptide 

response by formula type.  

5.7.4 Effect of Baseline on Change 

After examining pre-feeding concentrations and the change in concentration of 

satiation and adiposity peptides, the associations between pre-feeding concentration 

and the change in concentration of each peptide were explored by formula type.  

Depending on normality, Pearson or Spearman correlations were used to determine 

associations by formula type.  For CMF feeds, there were no significant associations 

between pre-feeding concentration and change in concentration for ghrelin (Spearman 

correlation, p=0.0844), leptin (Pearson correlation, p=0.7504), GLP-1 (Pearson 

correlation, p=0.5949), GIP (Spearman correlation, p=0.2763), or PYY (Pearson 
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correlation, p=0.1588).  For EHF feeds, there were no significant associations between 

pre-feeding concentration and change in concentration for ghrelin (Spearman 

correlation, p=0.4984), leptin (Pearson correlation, p=0.3088), GLP-1 (Pearson 

correlation, p=0.6679), GIP (Spearman correlation, p=0.2646), or PYY (Pearson 

correlation, p=0.9560).   

5.7.5 Effect of Weight for Length Z-Scores on Change in Satiation and 
Adiposity Peptide Response 

All infants had a weight for length z-score (WLZ) within +/-2 standard 

deviations of the mean.  Therefore, to explore the associations between change in 

satiation and adiposity peptides and weight for length, WLZ was stratified by infants 

with a WLZ ≥1.0 (n=6) and <1.0 (n=5).  Next, t-tests were used to determine if there 

was a difference in change in satiation and adiposity peptide response by WLZ. There 

were no significant differences in the change in satiation and adiposity peptides by 

WLZ (≥1.0 or <1.0) for ghrelin (p=0.7313), leptin (p=0.1768), GLP-1 (p=0.6956), 

GIP (p=0.8815), or PYY (p=0.1347). 

5.7.6 Specific Aim 1 

First, to assess the pre- and post-prandial concentrations of anorexigenic (GLP-

1, GIP, PYY) and orexigenic (ghrelin) gastrointestinal peptides in response to feedings 

that differ in protein composition (EHF vs. CMF) in 1-4 months old infants, the 

minimum, maximum, and median (IQR) concentration of each gut peptide pre- and 

post-feeding by formula type (EHF vs. CMF) is presented in Table A.3b.  To assess 

differences in the change in concentration of each peptide by formula type, the change 

in concentration was calculated for each peptide by formula type.  Next, paired sample 

t-tests or Wilcoxon Signed Rank tests, depending on normality, were used to 
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determine if the mean change differed by formula type.  While there were no 

statistically significant differences (p>0.05 for all peptides), there was a trend for a 

greater magnitude of change in GLP-1, GIP, and PYY following CMF feeds compared 

to EHF feeds. 

5.7.7 Specific Aim 2 

To explore relationships among dynamics of feeding (volume, duration, and 

rate) with change in anorexigenic peptide concentrations in response to feeding 

formulas that differ in protein composition (EHF vs. CMF), the associations between 

feeding dynamics and the change in concentration of anorexigenic satiation peptides 

were explored by formula type (EHF vs. CMF).  Descriptive statistics, including 

minimum, maximum, and mean (95% CI), for volume of intake, duration of feeding, 

total duration, infant feeding rate, and time since last feeding by formula type were 

outlined above and data can be found in Table A.3a.  Further, individual level 

differences in volume of intake and rate of feeding can be seen in Figure B.2 A-B. 

To explore relationships between feeding dynamics and the change in 

concentration of anorexigenic satiation peptides (GLP-1, GIP, and PYY) by formula 

type, Pearson or Spearman correlations were used, depending on normality (Tables 

A.4a, A.4b).  There were no significant associations between infant volume of intake 

and the change in concentration for any of the anorexigenic peptides for either EHF or 

CMF feeds (p>0.05).  For duration of infant feeding, there was a significant 

association between duration of infant feeding and change in PYY concentration for 

CMF feeds (r= -0.82, p=0.0276), but not EHF feeds (p=0.0958) (Table A.4b).  

Additionally, there was a significant association between duration of infant feeding 

and change in leptin concentration for EHF feeds (r= -0.66, p=0.0298) but not CMF 
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feeds (p=0.2751) (Table A.4a).  For total duration (duration of infant feeding + time 

elapsed to the post-feeding heel stick), there was a significant inverse association 

between total duration and change in PYY concentration for both CMF (r= -0.71, 

p=0.0443) and EHF (r= -0.75, p=0.0192) feeds (Table A.4 A-B).  For rate of feeding, 

there was a significant association between rate of feeding and change in PYY 

concentration for CMF feedings (r=0.85, p=0.0079), but this association was not seen 

for EHF feedings (p=0.5807) (Table A.4 A-B).  Finally, there was a significant 

association between time since last feeding and change in concentration of leptin 

(r=0.54, p=0.0417), GIP (r=0.72, p=0.0126), and PYY (r=0.46, p=0.0271) during 

CMF feeds only. 

To explore differences between infant feeding dynamic variables and relative 

difference in satiation and adiposity peptide concentrations by formula type, Pearson 

and Spearman correlations were used, depending on normality.  For CMF feeds there 

were no significant associations.  For EHF feeds, the relative difference in GLP-1 

concentration was significantly and inversely associated with total duration (Pearson 

correlation, r= -0.78, p=0.0203), and the relative difference in GLP-1 concentration 

was significantly associated with rate of feeding (Pearson correlation, r=0.81, 

p=0.0139).   

5.8 Power Analysis 

After the mean differences in infant feeding dynamic variables (volume, 

duration, and rate) and satiation and adiposity peptide variables were determined, 

power calculations were completed to determine if the current sample size (n=11) was 

sufficient to detect differences between groups in these variables.  The mean 

difference for each variable and the standard deviation of the mean difference for each 
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variable were used to calculate effect size (dz) of the variables (Table A.3a, Table 

A.3b, Table A.3c).  Using the calculated effect size, power set to 0.90 and type one 

error (α) 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 31, 29, and 27 infants, respectively.  To detect differences in the change 

in concentration of ghrelin, leptin, GLP-1, GIP, and PYY under the same power and 

error assumptions, the required sample sizes are 25, 38, 50, 39, and 36 infants, 

respectively. 
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Chapter 6 

DISCUSSION 

This study is the first of its kind exploring satiation and adiposity gut peptide 

response to diets of different composition in healthy, term formula fed infants.  

Although this is a study was underpowered for all outcomes, our preliminary analysis 

of the pilot study found the following.  Consistent with studies of satiation and 

adiposity peptides from the literature, 34-38 we found that concentrations of 

anorexigenic peptides (GLP-1, GIP, and PYY) increase in response to feeding in 

healthy, formula fed infants.  The change in concentration of anorexigenic peptides 

from pre- to post-feeding was further examined by formula type (EHF vs. CMF).  

There were no significant differences in the mean change in concentration of the 

anorexigenic peptides by formula type.  However, power analysis reveals the present 

analysis was underpowered to detect such differences, and as such we caution that the 

subsequent discussion of satiation and adiposity peptides in response to diets of 

different composition is preliminary.  Since these data are part of an on-going study 

and power calculations reveal peptide variables require 25-50 infants, these analyses 

will be repeated upon completion of 30 subjects.  

Despite no statistically significant differences in the mean change in 

concentration of GLP-1, GIP, or PYY by formula type, there was a tendency for the 

magnitude of the mean change to be greater following CMF feedings.  This was 

contrary to our hypothesis, however, Diepvens et al. also found that in adults, GLP-1 

concentrations were highest following ingestion of a milk protein shake compared to 
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whey protein, pea protein hydrolysate, and a combination of whey protein and pea 

protein hydrolysate38, suggesting intact milk protein may have a different effect on 

satiation peptides compared to other proteins.  However, the Diepvens study was 

conducted in adults and post-feeding blood samples were collected at 30, 60, 90, and 

120 minutes after shake consumption, with a significant difference in the GLP-1 

concentration found at 60 minutes.  As such it is difficult to draw further conclusions 

about the present findings with CMF feedings and the milk protein shake in the 

Diepvens et al. study. 

Studies of ghrelin, the only orexigenic satiation peptide, have shown ghrelin 

concentrations decrease in response to feeding. 36-38  In the present study, at the group 

level, ghrelin concentrations appear to trend towards decreasing from pre- to post-

feeding.  However, when stratified by formula type (EHF vs. CMF), ghrelin 

concentrations appear to increase in response to EHF feedings and decrease in 

response to CMF feedings.  The increase in ghrelin concentration in response to EHF 

feedings is contrary to findings in previous studies of ghrelin concentrations in 

response to feedings. 38  However, previous studies of ghrelin in response to feeding 

were conducted in children or adults, not infants.  Further, it is possible an analytic 

error occurred with the ghrelin assay.  We therefore plan to repeat the ghrelin analysis 

in these subjects to confirm or refute the finding. 

Feeding dynamics (volume of infant feeding, duration of infant feeding, and 

rate of infant feeding) were also explored in this study.  We chose a model system of 

investigation that has repeatedly shown in both within and between subject studies that 

there are differences in intake and feeding dynamics based on the formula in the 

bottle.  Infants feed less to satiation11-13 and signal satiation12,47 earlier when feeding 
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EHF compared to feeding CMF.  While not significant, consistent with these findings 

was a tendency for infants to consume a lower volume of infant feeding (mL) and at a 

slower feeding rate (mL/min) during EHF feedings compared to CMF feedings.  In 

this analysis, eight of the ten infants who completed both EHF and CMF feeds 

consumed a lower volume and had a slower feeding rate during the EHF feed.  This 

probability was significantly different than chance (50/50), further supporting the 

trends for differences in feeding dynamic variables at the group level seen in this 

analysis.  With 11 infants in the present sample, this analysis was underpowered to 

detect differences in feeding dynamics, and once approximately 30 infants have 

completed this study, this analysis will be repeated.   

Literature examining the association between eating rate and anorexigenic 

peptide response suggests a slower eating rate results in a more pronounced 

anorexigenic peptide response. 39-41  In this study, the association between rate of 

feeding and change in GLP-1, GIP, and PYY was examined by formula type, EHF vs. 

CMF.  The rate of feeding and change in PYY concentration following a CMF feed 

was significantly correlated.  This association was positive, suggesting in this study 

the faster the rate of CMF feeding, the greater the change in PYY concentration.  This 

finding is unlike studies of eating rate in the literature. 40,41  However, the eating rate 

studies presented in the review of literature were conducted in adults and adolescents, 

who, unlike infants, are able to eat a prescribed rate.  To better understand the 

influence of infant feeding rate on intake and peptide response, time spent actively 

feeding (not including rests between sucking) will also be determined.   

Ventura et al. demonstrated infants consumed a significantly lower volume to 

satiation following an EHF feed than a CMF feed. 12  Given infants consume a lower 
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volume to satiation when fed EHF, the present study was undertaken with the 

hypothesis that EHF feeding led to a larger rise in one of the satiation peptides leading 

to earlier meal termination compared to CMF feeding.  Therefore, in this study, blood 

was drawn immediately after feeding to determine if ghrelin, GLP-1, GIP, PYY, or a 

combination of peptides were driving early satiation following EHF feedings.  

However, in this small sample size we found there were no significant differences in 

the change of any of the satiation gut peptides by formula type.  One possible 

explanation for this is that perhaps none of the satiation or adiposity peptides 

individually are responsible for the lower volume of intake observed following EHF 

feedings, and with a larger sample size we will be able to model the effect of all the 

satiation peptides combined.  A second possible explanation is that the timing of the 

post feeding blood draw in this study was either too soon or too late.  Padidela et al. 

and Lomineck et al. both drew pre-feeding blood samples at time zero, subjects took 

20 and 30 minutes, respectively to complete the meal and blood samples were drawn.  

By contrast, Divipens et al. took a fasting blood sample, subjects had fiver minutes to 

consume the meal/shake, and the next blood sample was drawn 30 minutes later.  In 

the present study, the time elapsed from the start of the feeding until the post feeding 

blood draw averaged 27 minutes (18 minutes of feeding and 9 minutes to the blood 

draw).  Future work may consider providing infants a short fixed time to consume the 

meal and an earlier post-feeding blood collection.  

A strength of the present study is the counterbalanced, cross-over design, 

enabling both within and between subject comparisons.  The biggest limitation of this 

study is its small sample size.  The present study is on going and all analyses will be 

repeated when approximately 30 infants have completed the study.  Additionally, with 
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a greater sample size, more complex models of the change in all satiation and 

adiposity peptides in response to a feeding can be explored.  Finally, future studies 

could provide either a fixed volume of intake or a fixed duration of feeding time, and a 

fixed time elapsed until the post-feeding blood draw to better assess satiation and 

adiposity gut peptide responses.  Further, additional gut peptides or hormones such as 

cholecystokinin (CCK) or pro-uroguanylin could be added to the study as potential 

markers of satiation.  CCK is an anorexigenic peptide secreted in the small intestine in 

response to meals containing fat and protein.29,31  CCK may perhaps peak earlier or 

have a greater effect on satiation.  Similarly, pro-uroguanylin, the pro-hormone form 

of uroguanylin, is a recently discovered anorexigenic peptide that influences satiation; 

serum concentrations of pro-uroguanylin rise quickly after consuming a meal, and fall 

after meals. 51,52  These additional peptides may provide improved insight into the 

satiation response to diets of different protein composition in healthy, term, formula 

fed infants. 
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Chapter 7 

CONCLUSION 

Infancy is a sensitive period in development during which feeding practices 

and weight gain trajectories can have a lasting effect on child- and adulthood weight 

status.  Infants with rapid weight gain in early life are at a greater risk for overweight 

and obesity later in life, and diet composition in infancy plays a role in infant weight 

gain.  Breastfed infants, as a group, have been shown to gain less weight in the first 

year of life and are at lower risk for later life overweight and obesity compared to 

formula fed infants.  However recent studies have demonstrated formula fed infants 

cannot be considered a homogenous group, since different types of infant formulas 

result in differential weight gain trajectories in the first year of life.  Infants fed cow 

milk infant formula (CMF), the most commonly consumed infant formula, gain 

weight at an accelerated rate compared to breastfed infants, whereas infants fed an 

extensive protein hydrolysate formula (EHF) gain weight at a rate more similar to 

breastfed infants.  Further, it has been demonstrated in cross-over studies, that infants 

satiate with lower volumes of EHF compared to CMF, suggesting lower overall 

energy intake in EHF fed infants may lead to the more normalized weight gain. 

The mechanism by which EHF leads to earlier satiation and hence lower intake 

volume during infant feedings is unknown.  It is hypothesized that the small peptides 

and free amino acids found in EHF may result in a differential effect on the peripheral 

peptides that stimulate satiation in the hypothalamus.  In the present study we sought 

to determine if concentrations of satiation peptides in healthy, term, formula fed 
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infants change from pre-feeding to post-feeding in response to formula feedings of 

differing protein composition.  Since there is little data on satiation and adiposity 

peptides in healthy term infants, data from this pilot study of 11 infants was used to 

calculate the true sample size needed to detect differences by formula type.  Power 

calculations revealed the present analysis was underpowered to detect such 

differences, and as such the results herein are preliminary.  There were no significant 

differences in the change in concentration of any of the satiation and adiposity 

peptides by formula type (EHF vs. CMF).  There were trends towards a lower volume 

of intake, a longer duration of feeding, and an overall slower rate of feeding during 

EHF feeds compared to CMF feeds, but these trends did not reach significance 

perhaps due to the small sample size.  Duration of infant feeding and rate of infant 

feeding for CMF feeds but not EHF feeds were associated with the change in PYY 

concentration.  Further analysis with a larger sample size is needed to confirm feeding 

dynamic trends, and future studies should consider providing either a fixed volume of 

feeding or a fixed duration of feeding to better assess satiation and adiposity peptide 

responses in healthy, term, formula fed infants.   
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Appendix A 

TABLES 

Table A.1 – Nutritional composition of the test formulas, Enfamil (CMF) and 
Nutramigen (EHF)27,43,53 

Nutrient CMF 
Enfamil 

EHF 
Nutramigen 

Calories (kcal/100mL) 67.6 67.6 

Protein (g/100mL) 1.3 1.8 

Free Amino Acids (µmol/100mL) 86.4 8037.5 

Free Glutamate (µmol/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 % or  
Mean (95% CI) 

Gender     
     Male (5) 45.4% 
     Female (6) 54.5% 
Race     
     White/Caucasian (6) 54.5% 
     Black/African American (5) 45.4% 
Visit 1   
     Age (days) 86.0 (70.7-101.4) 
     Weight (kg) 5.8 (5.3-6.4) 
     Weight for age z-score -0.1 (-0.8-0.6) 
     Length (cm) 58.5 (56.4-60.5) 
     Length for age z-score -0.7 (-1.6-0.1) 
     Weight for length z-score 0.7 (0.0-1.5) 
Visit 2   
     Age (days) 91.1 (75.0-107.2) 
     Weight (kg) 6.0 (5.5-6.6) 
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Table A.2b – Maternal demographic and anthropometric characteristics 

Maternal Characteristics (N) or % or 
Mean (95% CI) 

Age (years) 27.6 (23.2-32.0) 

BMI (kg/m2) 32.3 
 

(29.8-35.1) 
     Normal  (0) 0.0% 
     Overweight (3) 27.2% 
     Obese (8) 72.7% 
Race/Ethnicity     
     White/Caucasian (6) 54.5% 
     Black/African American (5) 45.4% 
Marital Status     
     Single (2) 18.1% 
     Married (4) 36.3% 
     Co-habitating (5) 45.4% 
Education Level     
     High school or below (5) 45.4% 
     Some college (2) 18.1% 

     Trade school 
 

(1) 9.0% 
     College (2) 18.1% 
     Graduate education (1) 9.0% 
Family Income     
     Under $10,000 (4) 36.3% 
     $10,000-$14,999 (0) 0.0% 
     $15,000-$24,999 (0) 0.0% 
     $25,000-$34,999 (1) 9.0% 
     $35,000-$49,999 (2) 18.1% 
     $50,000-$74,999 (2) 18.1% 
     $75,000-$99,999 (1) 9.0% 
     $100,000 or more (1) 9.0% 
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Table A.3a – Feeding dynamics by formula type (EHF vs. CMF) and difference and 
relative differences 

Feeding Dynamics CMF 
Feeding 

EHF 
Feeding 

Difference 
(CMF-
EHF) 

Relative 
Difference 

(CMF-EHF/ 
CMF+EHF) 

Effect 
Size 

Volume of Feeding (mL)      
     Mean  
        (95% CI) 

147.2 
(104.9-189.4) 

128.7 
(83.0-174.4) 18.5 6.7% 0.54 

     Minimum 88.3 19.4 68.9   

     Maximum 281.5 233.9 47.6   
Volume of Feeding per Kilogram 
(mL/kg)      

     Mean  
        (95% CI) 

24.2 
(18.5-30.0) 

21.4 
(14.6-28.2) 2.8 6.1% 0.52 

     Minimum 16.5 3.2 13.3   

     Maximum 40.9 34.2 6.7   
Duration of Feeding (min)      
     Mean  
        (95% CI) 

16.5 
(10.2-22.7) 

21.1 
(13.1-29.0) -4.6 -12.2% 0.49 

     Minimum 5.0 10.0 -5.0   

     Maximum 34.0 44.0 -10.0   

Rate of Feeding (mL/min)      
     Mean  
        (95% CI) 

11.3 
(6.8-15.8) 

7.2 
(3.8-10.7) 4.1 22.1% 0.58 

     Minimum 4.1 1.2 2.9   

     Maximum 25.8 16.8 9.0   

Total Duration (min)      
     Mean  
        (95% CI) 

29.7 
(23.1-36.4) 

29.4 
(21.3-37.4) 0.3 0.5% 0.50 

     Minimum 16.0 16.0 0.0   

     Maximum 45.0 49.0 -4.0   

Time Since Last Feeding (min)      
     Mean  
        (95% CI) 

191.5 
(167.2-215.8) 

163.5 
(119.0-208.0) 28.0 7.8% 0.54 

     Minimum 148.0 60.0 88.0   

     Maximum 270.0 250.0 20.0   
Time from Blood Sample 
Collection to Start of Feed (min)      

     Mean  
        (95% CI) 

7.1 
(4.7-9.4) 

*5.0 
(5.0-7.0) 2.1 17.3% 0.03 

     Minimum 2.0 1.0 1.0   

     Maximum 12.0 20.0 -8.0   
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Time from End of Feed to Blood 
Sample Collection (min)      

     Mean  
        (95% CI) 

9.5 
(6.7-12.3) 

*10.0 
(5.0-11.0) -0.5 -2.5% 0.47 

     Minimum 4.0 5.0 -1.0   

     Maximum 17.0 13.0 4.0   
There were no significant differences between EHF and CMF feedings for any of the feeding dynamic variables 
listed in the table (paired samples t-test or Wilcoxon Signed Rank test p>0.05). 
* Denotes median (IQR) instead of mean (95% CI) 
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Table A.3b – Pre-feeding and post-feeding concentrations of satiation and adiposity 
peptides by formula type (EHF vs. CMF) and difference and relative 
differences 

 CMF Feeds EHF Feeds Difference 
(CMF-EHF) 

Relative 
Difference 

(CMF-EHF/ 
CMF+EHF) 

Effect 
Size 

Ghrelin (pg/mL)      
Pre-Feeding      
     Median  
        (IQR) 

45.2 
(11.9 - 78.9) 

20.2 
(13.2 - 49.0) 25 38.2% 0.50 

     Minimum 3.2 5.6 -2.4   
     Maximum 1176.8 73.7 1103.1   
Post-Feeding      
     Median  
        (IQR) 

25.8 
(13.6 - 65.7) 

31.2 
(13.7 - 49.5) -5.4 -9.5% 0.16 

     Minimum 5.6 8.7 -3.1   
     Maximum 93.7 92.3 1.4   
Leptin (pg/mL)      
Pre-Feeding      
     Median  
        (IQR) 

3915.3 
(2449.5 - 4631.4) 

3295.4 
(2109.5 - 5295.5) 619.9 8.6% 0.11 

     Minimum 1114.1 851.8 262.3   
     Maximum 6689.6 7080.4 -390.8   
Post-Feeding      
     Median  
        (IQR) 

3385 
(1762.9 - 4050.2) 

2851 
(1955.3 - 4118.3) 534 8.6% 0.16 

     Minimum 1309.3 993.3 316   
     Maximum 7719.7 6962.3 757.4   
GLP-1 (pg/mL)      
Pre-Feeding      
     Median  
        (IQR) 

56.1 
(19.4 - 103.5) 

58.8 
(28.8 - 124.9) -2.7 -2.3% 0.07 

     Minimum 15.5 23.8 -8.3   
     Maximum 241.2 158.3 82.9   
Post-Feeding      
     Median  
        (IQR) 

203.5 
(54.8 - 246.8) 

118.8 
(62.6 - 173.9) 84.7 26.3% 0.76 

     Minimum 39.7 39.6 0.1   
     Maximum 444.6 243.1 201.5   
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GIP (pg/mL)      
Pre-Feeding      

     Median  
        (IQR) 

414.9 
(233.4 - 742.3) 

334.1 
(244.1 - 922.0) 80.8 10.8% 0.25 

     Minimum 201.3 144.8 56.5   
     Maximum 1176.8 1743.5 -566.7   
Post-Feeding      
     Median  
        (IQR) 

799 
(520.2 - 1000.0) 

551.1 
(399.0 - 1105.7) 247.9 18.4% 0.47 

     Minimum 473 273.2 199.8   
     Maximum 1509.4 1497 12.4   

PYY (pg/mL)      
Pre-Feeding      
     Median  
        (IQR) 

190.2 
(93.6 - 489.2) 

166.9 
(114.6 - 483.8) 23.3 6.5% 0.34 

     Minimum 86 68.6 17.4   
     Maximum 690.4 543.3 147.1   
Post-Feeding      
     Median  
        (IQR) 

404.6 
(130.7 - 764.3) 

240.3 
(165.0 - 558.5) 164.3 25.5% 0.79 

     Minimum 86.86 119.4 -32.54   
     Maximum 852.5 609.6 242.9   
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Table A.3c – Change in concentration of satiation and adiposity peptides by formula 
type (EHF vs. CMF) and difference and relative differences  

Gut 
Peptide 

Difference Relative 
Difference 

Effect Size EHF Feed 
(Post-pre) 

CMF Feed 
(Post-pre) 

(CMF-EHF/ 
CMF+EHF) 

Mean (95%CI) Mean (95%CI) Mean (95%CI) 
 
Ghrelin (pg/mL) 
 

5.3  
(-7.7 - 18.3) 

-9.4  
(-21.8 - 2.9) 

-53.2% 
(-164.0-57.6) 0.67 

 
Leptin (pg/mL) 
 

-265.1  
(-772.3 - 242.1) 

-128.1  
(-581.8 - 325.5) 

25.8% 
(-67.2-118.9) 0.54 

 
GLP-1 (pg/mL) 
 

51.5  
(6.8 - 96.3) 

72.7  
(30.3 - 115.2) 

32.2% 
(-11.8-76.4) 0.46 

 
PYY (pg/mL) 
 

77.1  
(-1.2 - 155.6) 

135.8  
(61.4 - 210.2) 

3.2% 
(-55.0-61.5) 0.56 

 
GIP (pg/mL) 
 

139.2  
(-39.5 - 317.9) 

332.6  
(163.1 - 502.1) 

93.8%  
(-108.2-295.9) 0.53 
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Table A.4a – Correlation between change (Δ) in satiation and adiposity peptides and 
infant feeding dynamics for EHF feedings 

Peptide Volume  
(mL) 

Duration 
(min) 

Total 
Duration 

(min) 

Rate 
(mL/min) 

Time Since 
Last 

Feeding 
(min) 

Time End 
Feed to 
Blood 

Draw (min) 
Δ Ghrelin  
   (pg/mL) -0.14 -0.47 -0.50 0.44 0.27 -0.54 

Δ Leptin  
   (pg/mL) -0.42 -0.66* -0.70 0.16 0.21 0.29 

Δ GLP-1  
   (pg/mL) -0.06 -0.24 -0.19 0.24 0.44 -0.34 

Δ GIP  
   (pg/mL) -0.50 -0.11 -0.06 -0.39 0.00 -0.21 

Δ PYY  
   (pg/mL) -0.46 -0.54 -0.75* 0.15 0.32 -0.65 

Pearson correlation coefficient for Leptin, GLP-1, GIP, and PYY. 
Spearman correlation coefficient for Ghrelin.  
*Denotes significant association where p<0.05. 
 

Table A.4b – Correlation between change (Δ) in satiation and adiposity peptides and 
infant feeding dynamics for CMF feedings 

Peptide Volume 
(mL) 

Duration 
(min) 

Total 
Duration 

(min) 

Rate 
(mL/min) 

Time Since 
Last 

Feeding 
(min) 

Time End 
Feed to 
Blood 
Draw 
(min) 

Δ Ghrelin  
   (pg/mL) -0.24 0.08 0.58 -0.40 0.07 0.25 

Δ Leptin  
   (pg/mL) 0.39 -0.42 -0.45 0.81* 0.54* 0.16 

Δ GLP-1  
   (pg/mL) -0.06 -0.52 -0.28 0.20 0.25 0.65 

Δ GIP  
   (pg/mL) -0.15 0.11 -0.30 -0.06 0.72* -0.32 

Δ PYY  
   (pg/mL) -0.06 -0.82* -0.71* 0.85* 0.46* 0.66 

Pearson correlation coefficient for Leptin, GLP-1, GIP, and PYY. 
Spearman correlation coefficient for Ghrelin.  
*Denotes significant association where p<0.05. 
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Appendix B 

FIGURES 

 

Study Procedures Visit 1 Visit 2 

Informed Consent X  
Inclusion Criteria X  
Exclusion Criteria X  
Demographics X  
General Interview Questionnaire X  
Infant Feeding Questionnaire X  
Anthropometrics - Infant X X 
Pre-feeding blood sample X X 
Post-feeding blood sample X X 
Test weighing (infant and bottle) X X 
Videotape feeding for satiation signals X X 
Subject payment verification signed X X 

Figure B.1 – Schedule of events by study visit 
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Figure B.2 (A-B) – Volume (mL) of intake and rate of feeding (mL/min) by formula 
type (EHF vs. CMF) at the subject level.  At the individual level, of the 
10 infants who completed both feeding types, 8 of 10 infants consumed a 
lower volume (mL) of EHF compared to CMF and 8 of 10 had a slower 
feeding rate (mL/min) when feeding EHF compared to CMF. 
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Figure B.3 (A-E) – Pre-feeding concentrations of ghrelin, leptin, GLP-1, GIP, and 
PYY at visit 1 (Δ) and visit 2 (n) by subject.  Mean pre-feeding 
concentration at the group level did not differ between visits 1 and 2 for 
ghrelin (Wilcoxon Signed Rank test, p=1.000), leptin (paired samples t-
test, p=0.8930), GLP-1 (paired samples t-test, p=0.0887), GIP (Wilcoxon 
Signed Rank test, p=0.7422), or PYY (paired samples t-test, p=0.7140). 
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Figure B.4 (A-E) – Pre-feeding concentrations of ghrelin, leptin, GLP-1, GIP, and 
PYY by formula type (EHF vs. CMF). Mean pre-feeding concentrations 
are the group level did not differ by formula type (EHF vs. CMF) for 
ghrelin (paired samples t-test, p=0.1941), leptin (paired samples t-test, 
p=0.7666), GLP-1 (Wilcoxon Signed Rank test, p=0.9375), GIP 
(Wilcoxon Signed Rank test, p=0.3828), or PYY (Wilcoxon Signed Rank 
test, p=0.4609). 
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Appendix C 

STUDY VISIT DOCUMENTS 

C.1 Institutional Review Board Approval Letters 

Approval Letter 2015 
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Approval Letter 2016 
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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: 
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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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Baby Eating Behavior Questionnaire:  
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Subject Payment Verification Visit 2: 
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Adverse Event: 
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Report of an Unanticipated Problem: 

 

 

 


