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Abstract

Background—Studies show that by three months, over half of US infants receive formula and 

guidelines play a key role in formula feeding. The question then is, what might happen if 

caregivers follow guidelines and, more specifically, are there situations where following guidelines 

can result in infants who are overweight/have obesity?

Methods—We used our “Virtual Infant” agent-based model representing infant-caregiver pairs 

that allowed caregivers to feed infants each day according to guidelines put forth by Johns 

Hopkins Medicine(JHM), Children’s Hospital of Philadelphia(CHOP), Children’s Hospital of the 

King’s Daughters(CHKD), and WIC. The model simulated the resulting development of the 

infants from birth to six months. The two sets of guidelines vary in their recommendations, and do 

not provide studies that support amounts at given ages.

Results—Simulations identified several scenarios where caregivers followed JHM/CHOP/CHKD 

and WIC guidelines but infants still became overweight/with obesity by six months. For JHM/

CHOP/CHKD guidelines, this occurred even when caregivers adjusted feeding based on infant’s 

weight. For WIC guidelines, when caregivers adjusted formula amounts, infants maintained 

healthy weight.

Conclusions—WIC guidelines may be a good starting point for caregivers who adjust as their 

infant grows, but the minimum amounts for JHM/CHKD/CHOP recommendations may be too 

high.

Users may view, print, copy, and download text and data-mine the content in such documents, for the purposes of academic research, 
subject always to the full Conditions of use:http://www.nature.com/authors/editorial_policies/license.html#terms

CORRESPONDING AUTHOR: Bruce Y. Lee, Professor of Health Policy and Management; Executive Director, PHICOR, CUNY 
Graduate School of Public Health and Health Policy New York, 55 W 125th Street New York City, NY 10027, 
bruceleemdmba@gmail.com, Phone: (646) 364-9523, Fax: (646) 364-9600.
AUTHOR CONTRIBUTIONS: Conceived and designed the experiments: MCF, KJO, BYL, RMS, SN, AA. Parameterized the 
experiments: MCF, KJO, RMS, SN. Programed the model and experiments: DLH, MSG, MD. Performed the experiments: RMS, 
DHL, KJO, SN, AA. Analyzed the data: KJO, MCF, LDH, RMS, SN, SS, SR, PW, AA, BYL. Wrote the paper: MCF, KJO, BYL, 
LDH, RMS, SN, SS, SR, PW, AA. Helped guide input data collection: BYL, MCF, SS, AA. Helped guide technical methodology: 
BYL, MCF, DLH, AA.

DISCLOSURE: The authors declare no conflict of interest.

Patient consent was not required.

HHS Public Access
Author manuscript
Pediatr Res. Author manuscript; available in PMC 2020 October 02.

Published in final edited form as:
Pediatr Res. 2020 October ; 88(4): 661–667. doi:10.1038/s41390-020-0844-3.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://www.nature.com/authors/editorial_policies/license.html#terms


Introduction

In the United States, formula feeding infants is extremely common.(1) In fact, over half of 

infants have received some formula by three months,(2) and guidelines exist to guide 

caregivers about how much formula to give infants each day.(3) Though the counseling and 

guidance for infant feeding varies across clinics, guidelines do play an important role in 

infant feeding. Studies have shown that clinicians can influence caregivers’ infant feeding 

decisions,(4–6) and in 2017 90% of children under the age of 2 received a well-child check-

up where they meet with a health care professional to check their growth and development. 

Clinicians may refer to and rely on recommendations put forth by reputable hospitals and 

institutions such as Johns Hopkins Medicine (JHM), Children’s Hospital of Philadelphia 

(CHOP) and Children’s Hospital of the King’s Daughters (CHKD). Additionally, 1.71 

million infants receive benefits from the Women, Infants, and Children (WIC) program, 

which covers more than half of infants in the United States.(7) Studies estimate that infants 

participating in WIC consume over half of all formula sold in the US.(8) WIC implements a 

structured program to guide parents on infant feeding, where WIC staff are encouraged to 

provide resources such as the feeding recommendations listed in the WIC Infant Nutrition 
and Feeding handbook.(9)

The question then is, what happens if caregivers follow the guidelines? And more 

specifically, can following guidelines result in infants who are overweight or have obesity? 

This is important because overweight or obesity in infancy can affect a child’s risk later in 

childhood and adulthood.(10, 11) Therefore, we developed a virtual infant computational 

simulation model to see what happens to an infant’s body mass index (BMI) when their 

caregivers follow formula-feeding recommendations. Our infant model represents daily 

caloric intake, physical activity, metabolism, and the resulting changes in body size. In this 

study, the modeled scenarios allow for potential weekly changes to the amount of formula a 

caregiver feeds an infant, but each day of feeding is represented. The goal of this study is to 

use our computational simulation model to test formula feeding guidelines and observe 

whether or not they result in appropriate patterns of infant weight gain.

Computational simulation models help overcome the logistic and ethical challenges of 

testing feeding guidelines on a cohort of infants. Using computational simulation models, 

we can test different formula feeding recommendations in a virtual laboratory before 

implementing recommendations in real life. Computational models have been used 

previously to guide infant feeding. For example, in a previously published study, researchers 

used an agent-based model to test the impact of caregivers following complementary feeding 

guides on infants BMIs.(12) The model identified scenarios where following guidelines 

could lead to infants becoming overweight or developing obesity. Such models can help 

decisionmakers adjust existing guidelines and inform infant feeding practices.

Methods

Virtual Infant Model

We used our previously published Virtual Infant model to represent infant-caregiver pairs 

(e.g. pair consisting of an infant fed by a single caregiver) and infant feeding and growth 
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from birth to six months in one-day time steps. In real life, caregivers can make his or her 

own decisions about feeding their infant, and can change their feeding decisions (e.g., how 

much formula to give) over time based on the daily growth and needs of their infant. Thus, 

in order to account for these we used an agent-based model.

Similar to infants in real life, each virtual infant has characteristics such as a sex and a 

starting weight, length, and body mass index (BMI). We sampled across a normal 

distribution of BMI percentiles centered around the 50th BMI percentile (varying the 

birthweight and length) from birth through six months. We simulated infants born at term 

without congenital abnormalities. Each infant also had an embedded metabolic model 

(adapted from previously published models (13, 14)) that represents the processes by which 

the infant’s body translates consumed and expended calories into daily changes in weight. 

This translation occurs in a series of steps. First, when a caregiver feeds an infant, the 

consumed calories enter the metabolic model. Ingested calories first satisfy energy needs for 

the basal metabolic rate (BMR), thermic effect of feeding (TEF), adaptive thermogenesis, 

and physical activity. BMR is the energy needed to keep a body functioning when at rest and 

is calculated for each virtual infant by summing the energy needs of the infant’s fat mass 

(FM), fat-free mass (FFM), and organs.(14) The thermic effect of feeding refers to the 

energy needed by the infant to process food.(14) Adaptive thermogenesis is the regulation of 

metabolic speed based on changes in energy intake.(14, 15) Studies conducted to derive 

these weight-specific energy needs were also conducted among infants.(16, 17) Values for 

specific components are in the Appendix. To obtain daily caloric expenditure from physical 

activity, we added calories from BMR, TEF, and thermogenesis and then subtracted them 

from the total energy requirements observed in Butte’s seminal study on infant energy 

needs.(18) When calculating the energy needs for each of these components, the model 

determines the energy needed to grow along the Centers for Disease Control (CDC) 

projection of the infant’s weight(19), meaning these caloric needs changed each day to 

account for growth as the infant aged. At the end of each day, if the caloric intake was 

greater than the calories needed to achieve desired growth, the infant would gain extra 

weight. If the total caloric intake does not meet the number of calories needed to maintain 

infant weight, the virtual infant metabolizes energy stores resulting in weight loss.

The model updates the virtual infant weight each day by calculating the changes in the FM 

and FFM. To calculate changes in FM and FFM, the model multiplies the energy surplus or 

energy deficit by the energy density of the particular tissue type. The model then adds the 

updated FM and FFM together (which captures the varying densities of different tissue 

types), which equals the weight of the virtual infant (in kg) for the start of the next time step/

following day. We used the CDC definitions for overweight (85th BMI percentile) and 

obesity (95th BMI percentile) in this study.(20) This standard was used instead of the 

weight-for-length standard as recommended by the American Academy of Pediatrics(21) 

because of a previous study conducted by Roy et al. that concluded that BMI more 

accurately predicts future obesity risk.(22) Additionally, the weight-for-length standard is 

more pertinent to assessments of age-specific growth patterns, whereas BMI percentile 

better describes changes in FM and FFM. Each day, the infant’s caregiver decides the total 

number of feeds for the day by randomly selecting from a uniform distribution of the range 

of daily feeding frequencies in the recommendation. Then, the caregiver decides the amount 
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for each feed by randomly selecting an amount from a uniform distribution with a range also 

based on the recommendations (see Table 1).

Each week, caregivers reassess the amount to feed their infant according to the 

recommendations in order to simulate caregivers adapting the amount they feed their infant 

based on the daily growth and needs of their infant. Specifically, if in the past week the 

infant has had a change in weight and has passed a major BMI percentile (5th, 10th, 25th, 

50th, 75th, 90th and 95th), then the caregiver will adjust the feeding amounts to the lower end 

of the range (if BMI increases) or the upper end of the range (if BMI decreases). Depending 

on which scenario, the normal distribution is either truncated at the mean (when feeding 

from the upper half the mean is new minimum, or feeding from the lower half the mean is 

new maximum ) or truncated at the upper/lower quartile (75th percentile feeding amount is 

the new minimum for the upper quartile, and 25th percentile feeding amount is the new 

maximum for the lower quartile). For example, the WIC guidelines recommend between 414 

and 1242.1 mL, (mean 828 mL) between 0 and 4 months. For a scenario where caregivers 

adjust to the upper/lower half, caregivers start off feeding an amount from the full range 

(normal distribution), and if the infant’s BMI increases and passes a major BMI percentile 

then the amount fed is pulled from the lower half of this distribution (e.g. the distribution is 

truncated at 828, new range, 414 to 828 mL). If an infant’s BMI continues to increase and 

crosses another major BMI percentile and they are already consuming the lower end of the 

range, then they will continue to consume portions at the lower end. If their BMI starts to 

decrease and crosses a major BMI percentile by the next week, the caregiver will adjust and 

feed from the full range. If after another week their BMI continues to decrease and crosses 

another major BMI percentile, the caregiver will adjust to the upper half. We allowed for 

only one adjustment per week, such that the portion size would not jump from the lower half 

to the upper half in one week or from the upper to the lower quartile in one week. The same 

is true for the scenario where they adjust to the upper/lower quartiles.

Validation

To validate our model, we compared infant BMIs generated from the metabolic model to the 

WHO growth standards for children under 24 months, which is based on the longitudinal 

component of the Multicentre Growth Reference Study which included cohorts of infants 

measured from birth through age 23.(23) This data was not used to build the model. The 

validation focused on energy intake and corresponding growth and did not distinguish 

between different types of calories (e.g., different macronutrients such as proteins, 

carbohydrate, etc.). We simulated caregivers feeding normal weight virtual infants (15th and 

85th BMI percentile) calories equaling the necessary energy requirements for infants as 

derived in the study conducted by Butte.(24) This was the same study we used to derive the 

physical activity levels, another input described earlier in the Methods. Then, we plotted the 

resulting BMI percentile curves. Next, we compared these trajectories to the WHO reference 

BMI growth curves.(25) The difference between the BMI trajectories was not statistically 

significant. We conducted a z-test and found that the p-value was less than 0.05. For 

example, a virtual female infant at the 50th BMI percentile weighed 6.06 kg at three months 

of age and 7.37 kg at six months, 8.24 kg at nine months, compared to 5.84 kg and 7.29 kg 

at three and six months respectively on the WHO growth standard curve. As seen in Figure 
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1, we also validated the model for infants deviating from normal growth. We simulated 

caregivers feeding infants in the 97th BMI percentile calories equaling energy requirements 

to maintain 97th BMI percentile over the first sixth months, per Butte’s observed energy 

needs. When we compared this extreme scenario to the WHO growth standard curve, we 

observed that the BMI trajectory from the model output follows the same pattern as the 

WHO standard.

Testing Different Feeding Guidelines

Next, we reviewed the literature for various formula-feeding guidelines and chose to test the 

sources that were detailed enough to derive calorie amounts. We tested two sets of formula-

feeding recommendations over the first six months (Table 1): (1) Women Infants and 

Children (WIC)(26) (2) Children’s Hospital of Philadelphia (CHOP)(27)/the Johns Hopkins 

Medicine (JHM)(28)/Children’s Hospital of the King’s Daughters (CHKD).(29) The WIC 

recommendations are intended to guide low-income mothers involved in the WIC program, 

which provides supplemental food and formula and nutrition education to low-income 

pregnant women and mothers of infants and young children (0–5 years).(30) The 

CHOP/JHM/CHKD recommendations are plausibly meant to guide clinicians, patients, and 

others accessing their resources, though the intended audience is not clearly stated. The two 

sets of recommendations vary; thus, we conducted a literature search to determine how these 

guidelines were developed. This involved manually searching the literature on PubMed and 

Google Scholar using search terms including: infant formula feeding recommendations; 

deriving formula recommendations; feeding guidelines. Neither the guidelines nor the 

literature in our search cite any studies or explain how they derived the amounts. We 

considered recommendations from WHO and CDC, but they did not provide enough 

specificity to parameterize the model. Recommendations from WHO and CDC were 

considered but did not provide enough specificity to parameterize the model.

For the purposes of this paper, we only examined formula-fed infants.

To conduct a thorough exploration intended to identify if there are situations where growth 

deviates from a standard pattern of weight gain when adhering to formula feeding 

recommendations, we simulated the following scenarios for each feeding guideline : 1) 

Caregivers check BMI each week and adjust amount to the lower/upper half of the 

recommendation depending on their infant’s growth, 2) Caregivers check BMI each week 

and adjust amount to lower/upper quartile of the recommendation depending on their 

infant’s growth, 3) Caregivers feed infants according to the normal distribution of the full 

range, and they do not adjust the amount, and 4) Caregivers feed infants according to the 

lower quartile of the range, and they do not adjust the amount (most conservative feeding 

profile).

Each simulation experiment consisted of running the model 10,000 times to run 10,000 

different infants. Mean daily BMI percentiles are reported in the results and figures, along 

with 95% uncertainty intervals.
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Results

Caregivers feeding infants according to the WIC Formula-Feeding Recommendations for 6 
months, Exclusive Formula-feeding

When caregivers were feeding infants according to the WIC formula-feeding 

recommendations, and could make adjustments, approximately 50% of male and female 

infants crossed the 75th BMI percentile within the first two weeks. At this point the 

caregivers adjusted the feed amounts and their BMIs remained healthy and relatively stable 

through six months, with an increase beginning in the fifth month. At six months, the female 

BMI was in the 74th percentile when caregivers adjusted to upper and lower half and 70th 

percentile when they adjusted to upper and lower quartile. The male BMI was at the 65th 

percentile when they adjusted to the upper and lower half and 62nd percentile when they 

adjusted to the upper and lower quartile. When caregivers follow the WIC recommendations 

without adjusting feeding amounts in response to infant weight trajectory, female infant 

BMIs reached overweight levels in the second month, which steadily increased to obese 

levels by six months. Male infant BMIs did not become unhealthy, though they did reach the 

82nd percentile within the first month and ended at the 77th percentile. When caregivers 

always fed within the lowest quartile of feeding recommendations, infant BMIs reached 

underweight levels, by the fourth month for females and the second month for males. 

Female infant BMIs did reach healthy weights after the fourth month and the 40th BMI 

percentile by six months, and males reached the 10th BMI percentile by six months. See 

Figure 2.

Caregivers feeding infants according to the CHOP/JHM/CHKD Formula-Feeding 
Recommendations for 6 months, Exclusive Formula-feeding

When caregivers adjusted feeding amounts by half or quartile in response to infant weight 

trajectory, infant BMIs reached overweight levels in the fourth month for all infants, and 

males maintained these overweight levels in both scenarios at six months and female infants 

reached obese BMI levels by six months in both scenarios where caregivers could adjust 

feeding amounts. When caregivers follow the CHOP/JHM/CHKD recommendations, 

drawing from the full recommended range of feeding amounts, without adjusting feeding 

amount in response to infant weight trajectory, female infant BMIs reached overweight 

levels in the fourth month, and obese levels by the fifth month. Male infant BMIs reached 

overweight in the fifth month and obese levels by the sixth month. When caregivers always 

fed within the lowest quartile of feeding recommendations, infant BMIs for both males and 

females reached underweight levels in the second month, and after two months the infant 

BMIs subsequently rapidly rebounded, with female infant BMIs reaching unhealthy 

overweight levels in the fifth month and males reaching the 83nd percentile by six months. 

See Figure 2.

Discussion

Our study identified a number of different situations in which caregivers followed JHM/

CHOP/CHKD and WIC guidelines, yet infants still moved into the overweight/obese weight 

category by six months of age. This occurred for the JHM/CHOP/CHKD guidelines even 
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when caregivers adjusted the amount of formula that they fed their infants based on their 

infant’s weekly weight. Such adjustments did help infants maintain healthy weight when the 

WIC guidelines were followed. However, there is evidence that caregivers don’t tend to 

make such feeding adjustments even when closely monitoring an infant’s weight.(31)

Our results suggest that the minimum amounts of daily formula recommended by JHM/

CHOP/CHKD (which are 325 mL, 473 mL and 118 mL higher than WIC for the second, 

third, fourth/fifth month respectively) may be too high, not allowing caregivers the flexibility 

to adjust feed sizes low enough to prevent or move their infant out of the overweight/obese 

category. Further, caregivers may be introducing complementary foods during the four to six 

month window, which means that even smaller formula amounts may be needed by the 

infant, in order to account for the calories from solid foods.

Current infant feeding recommendations provide caregivers with ranges and estimates within 

which to feed their infants. However, further research must identify how infant feeding may 

change under varying circumstances and determine how best to respond to these variations. 

Since infant feeding guidelines offer a foundation for communication between nurses, 

doctors, and parents to help monitor infant health and encourage healthy diets, it is 

important to be able to demonstrate the impact of recommendations to caregivers. Feeding 

recommendations guide parents and health practitioners, and caregivers must know how to 

adjust the guidelines for individual infants. In order to understand how to adjust guidelines, 

we can use computational simulation models which serve as “virtual laboratories” to help 

overcome the logistical and ethical issues of clinical trials. Simulation models can iteratively 

test formula recommendations in the safety of a computer, to not only help clinicians and 

caregivers understand the impact of the guidelines on infant weight, but also help adapt the 

recommendations to fit the needs of the infant.

Limitations

Computational models are simplifications of reality and cannot include all possible factors 

that impact feeding in infants. Our simulations did not account for potential alterations in 

feeding during illnesses and sleep disturbances. We also did not represent different types of 

calories, such as different macronutrients which may vary between breastmilk and formula 

milk. One study found higher protein intake among breastfed infants which also resulted in 

more weight gain, which means we could be underestimating weight gain for formula fed 

infants.(32) Our study, similar to existing recommendations, assumed healthy infants over 

the first year of life. Similarly, our study assumed that feeding recommendations would have 

the same efficacy regardless of the mother’s health status, number of siblings, and economic 

status. Feeding guidelines from WIC, CHOP, JHM, and CHKD provide the flexibility of 

introducing solid foods between four and six months of age; however, we introduce at six 

months for each guideline because studies show that introducing solid foods too early can 

impact infant weight.(33) Because this paper sought to identify situations when following 

feeding recommendations could result in overweight or obese BMIs among infants, we did 

not model the impact of other cofounding factors, including sleep issues, medication, and 

growth-impacting medical conditions. We also acknowledge that there is likely a difference 

between an infant’s actual hunger and satiation and how hunger and satiety are understood 
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by researchers and caregivers. This makes interpreting and responding to infant cues 

challenging. Therefore, we developed a model to track how infant growth follows standard 

patterns under specific feeding recommendations. We did not represent a caregiver’s level of 

responsiveness to an infant’s appetitive cues or behavior, nor did we represent caregivers 

misinterpreting cues ranging from restlessness to sucking on fists to excessive crying, which 

could be driven by an infant having a larger appetite or propensity for weight gain. Studies 

estimate about one in six infants displays excessive crying (e.g., any amount of crying that 

worries the caregivers or colic which may involve crying for least three hours a day, three 

times a week for three consecutive weeks and lasting three months (34)) which may result in 

more frequent feeding than we represented in our model for those infants.(35) Another study 

suggests that perceived fussiness may result in earlier introduction of solid foods, which we 

also did not model.(36) We did, however, include feedback due to infant weight changes.

Conclusion

Our study identified a number of different situations in which caregivers followed existing 

guidelines, yet infants still moved into the overweight/obese weight category by six months 

of age, even when caregivers adjusted the amount of formula they fed their infant based on 

their infant’s weekly changes in weight. This study suggests that the minimum amounts 

recommended by JHM/CHOP/CHKD may be too high. Lower minimum of the daily 

formula amounts better support responsive infant feeding, as the wider range gives 

caregivers more flexibility in responding to changes in growth.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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CATEGORY OF STUDY: Population Study

IMPACT

⚪ Our virtual infant simulation study answers the question: can caregivers 

follow current formula feeding guidelines and still end up with an infant who 

is overweight or has obesity?

⚪ Our study identified several situations in which unhealthy weight gain and/or 

weight loss could result from following established formula-feeding 

recommendations.

⚪ Our study also suggests that the minimum recommended amount of daily 

formula-feeding should be lower for Johns Hopkins Medicine/Children’s 

Hospital of Philadelphia/ Children’s Hospital of the King’s Daughters 

guidelines to give caregivers more flexibility in adjusting daily feeding levels 

in response to infant weight.

⚪ WIC guidelines may be a good starting point for caregivers who adjust as 

their infant grows.

⚪ In order to understand how to adjust guidelines, we can use computational 

simulation models which serve as “virtual laboratories” to help overcome the 

logistical and ethical issues of clinical trials.
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Figure 1. Validation of Simulation Model.
This figures compares outputs from the Virtual Infant model when infants were fed calories 

to meet required energy needs derived from Butte (24) (dotted line) to real world data from 

WHO reference curve (solid line).
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Figure 2. Assessing impact of formula-feeding recommendations on infant BMI for 6 Months, 
Exclusive Formula-feeding.
Panel A: Food consumption based on Children’s Hospital of Philadelphia (CHOP)/Johns 

Hopkins Medicine (JHM)/Children’s Hospital of the King’s Daughters (CHKD) 

recommendations in female infants. Panel B: Food consumption based on Children’s 

Hospital of Philadelphia (CHOP)/Johns Hopkins Medicine (JHM)/Children’s Hospital of the 

King’s Daughters (CHKD) recommendations in male infants. Panel C: Food consumption 

based on Women Infants and Children (WIC) in female infants. Panel D: Food consumption 

based on Women Infants and Children (WIC) in male infants. Two-dashed lines (– – – –) 

represent virtual caregivers adjusting to the infants’ weight trajectory by feeding in the lower 

or upper quartile of feeding amounts in response to significant weight gain or loss, 

respectively. Solid lines (——) represent virtual caregivers adjusting to infants’ weight 

trajectory by feeding in the lower or upper half of feeding amounts in response to significant 

weight gain or loss, respectively. Dotted lines (·······) represent virtual caregivers feeding only 

within the bottom quartile of feeding amounts. Dashed lines (– – –) represent virtual 

caregivers feeding within the full range of feeding amounts with no adjustment responding 

to infant weight trajectories.
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Table 1:

Infant formula-feeding recommendations

Women Infants and Children/United States Department of Agriculture*

Children’s Hospital of
Philadelphia/Johns Hopkins

Medicine/Children’s Hospital of the
King’s Daughters Recommendations*

Age (months) Daily Formula Milk (mL) Ref Age (months) Daily Formula Milk (mL) Ref

0 414–1242.1

(26)

0 354.9–946.4

(27),
(28),
(29)

1 414–1242.1 1 354.9–946.4

2 414–1242.1 2 739.3–1064.7

3 414–1242.1 3 887.2–1242.1

4 768.9–1153.4 4 887.2–1242.1

5 768.9–1153.4 5 887.2–1242.1

*
we assume formula milk caloric density is 0.676 kcal/mL(37)
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