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Background: An urgent need exists for evidence-based dietary guidance early in life, particularly regarding protein intake. However, a significant knowledge gap exists in the effects of protein-rich foods on growth and development during early complementary feeding.

Methods: This is a randomized controlled trial of infant growth and gut health (primary outcomes). We directly compare the effects of dietary patterns with common protein-rich foods (meat, dairy, plant) on infant growth trajectories and gut microbiota development (monthly assessments) during early complementary feeding in both breast- and formula-fed infants. Five-month-old infants (up to n = 300) are randomized to a meat-, dairy-, plant-based complementary diet or a reference group (standard of care) from 5 to 12 months of age, with a 24-month follow-up assessment. Infants are matched for sex, mode of delivery and mode of feeding using stratified randomization. Growth assessments include length, weight, head circumference and body composition. Gut microbiota assessments include both 16S rRNA profiling and metagenomics sequencing. The primary analyses will evaluate the longitudinal effects of the different diets on both anthropometric measures and gut microbiota. The secondary analysis will evaluate the potential associations between gut microbiota and infant growth.

Discussion: Findings are expected to have significant scientific and health implications for identifying beneficial gut microbial changes and dietary patterns and for informing dietary interventions to prevent the risk of overweight and later obesity, and promote optimal health.

Clinical Trial Registration: www.ClinicalTrials.gov, identifier: NCT05012930.
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INTRODUCTION

Undesired growth patterns during infancy, namely rapid weight gain or excessive weight gain relative to length, are strongly associated with childhood obesity (1, 2). Overweight and obese children have an increased risk of becoming overweight and obese adults and could experience an earlier onset of chronic diseases such as type 2 diabetes and CVD (3). Given the current obesity rates in U.S. children and adolescents (4), identifying modifiable risk factors underpinning excessive weight and adiposity gain early in life is urgently needed.

Early complementary feeding represents the progressive introduction of solid foods between 5 and 12 months of age as infants no longer rely solely on breastmilk or formula. Growth trajectories and shifts in the composition of the gut microbiota during this critical period have the potential to program long-term body weight, body composition, and disease risk, with diet exhibiting significant influence. Among the macronutrients, protein has gained great interest over the years. Multiple observational and randomized controlled trials (5–7) have evaluated protein content in liquid diet (i.e., infant formula) and most studies observed a lower-protein content in infant formula led to less weight gain and lower weight-for-length Z scores (WLZ). These findings at least partially contributed to the recommendations of reducing protein intake during complementary feeding (8). However, a significant knowledge gap exists regarding the effects of different protein-rich foods on growth during early complementary feeding.

Research of protein-rich complementary foods on growth and risk of overweight is quite limited. Several observational studies focused on the long-term effect of early protein intake, but results were inconsistent. One study in Iceland found that the intake of animal protein at 12 months (meat and dairy combined), but not plant-based protein, was associated with higher BMI at age 6. Importantly, dairy protein was also associated with higher IGF-1 (9), which is associated with a higher risk of obesity early in life (10). A larger study in the Netherlands had similar findings, and the association between animal protein and BMI did not differ between meat and dairy (11). However, another study from Germany found that dairy intake at 12 months was associated with BMI at age 7, while meat or plant was not (12). A 2019 Cochrane review on animal-source foods for growth and development in infants and young children rated the quality of the current evidence as very low overall and no firm conclusions can be drawn (13). Likewise, a 2019 systematic review by the B-24 committee concluded that there is insufficient evidence of an association between protein intake and incidence of overweight or obesity early in life (14).

Another health indicator that might link diet and growth is the gut microbiota. The role of gut microbiota in human health, including obesity risks, has been examined primarily in adults and animal models (15, 16). Emerging research suggests that early-in-life colonization plays a critical role in the establishment and maturation of gut microbiota, and disruption of the optimal microbial succession may result in long-term health impairments (17). Although gut microbiota are greatly influenced by diet, very few studies have addressed the effects of complementary foods on infant gut microbiota. Several observational studies (18) showed significant shifts of both diversity (19) and community structure of the gut microbiota during weaning and dependent on types of complementary foods consumed (20). One animal study (21) compared meat-, dairy- and plant-protein extracts and found Ruminococcaceae was one of the characteristic bacteria in rats fed with meat proteins. A previous study from our group in 6–9 month-old infants showed that compared with a low-protein, cereal-based complementary diet (9% energy from protein), a high-protein, meat-based diet (17% energy from protein) increased the abundance of short-chain fatty acids (SCFA)-producing Lachnospiraceae (22). This project will directly assess the development of gut microbiota during the transition from liquid diets (breastmilk or formula) to complementary feeding, and in response to different protein-rich foods.

Emerging research has shown that gut microbiota can directly regulate growth. One animal study (23) found that gut microbiota drives growth during the juvenile period. A landmark cohort study (24) identified bacterial species whose proportional representation defined a healthy and mature gut microbiota during the first year of life in Malawian infants. Specifically, deviation from the normal gut microbiota, such as low diversity and absence of certain species, resulted in “immature” gut microbiota and growth impairment (24). Furthermore, transplanting gut microbiota from stunted infants to germ-free mice also transmitted impaired growth phenotypes, and adding back the two major growth-discriminatory species (Ruminococcus gnavus, Clostridium symbiosum) ameliorated growth impairment in mice (24). Ruminococcus and other short-chain fatty acids (SCFA) producing strains may increase the gut SCFA content, which, in animal models, could directly promote bone growth (25). Two recent cohort studies found that disrupted maturation of the gut microbiota, as indicated by low diversity, is associated with growth failure in preterm infants (26) and slower growth in weight in Malawian infants (27). However, a recent cohort study (28) found that the abundances of SCFA producing families Lachnospiraceae and Ruminococcaceae at 4 months were associated with a higher risk of overweight at 12 months. Current findings, although limited and primarily in animal and cohort studies, suggest that gut microbiota could impact growth and risk of overweight. The project presented here will directly assess the relation of gut microbiota and infant growth longitudinally and its potential mediating effect.


Objectives and Hypotheses
 
Goal

The goal of this randomized controlled feeding trial is to establish how infant diet with different protein-rich foods affects growth trajectories and gut microbiota development during the early complementary feeding phase.



Aims

The objective of this study is to determine the impact of different types of common protein-rich foods on infant growth (Aim 1) and gut microbiota (Aim 2). We also seek to identify the role of the gut microbiota in infant growth (weight, length, head circumference, adiposity), specifically, whether the gut microbiota is a mediator linking protein-rich foods and infant growth (Aim 3).



Hypotheses

Primary: Growth trajectories (weight, length and body composition) and gut microbiota (diversity and composition) during early complementary feeding will differ by types of protein-rich foods consumed. Specifically, meat- and plant-based diets will have a lower weight-for-length Z score and adiposity, more age-appropriate and diverse gut microbiota than dairy and the reference groups. Secondary: A more mature, diverse microbiota will be positively associated with infant growth and that diet-induced infant growth trajectories will be mediated by the gut microbiota.





METHODS


Study Design

This is a randomized controlled feeding trial with four groups. After screening, eligible participants and their caregiver(s) will visit the Clinical & Translational Research Center (CTRC) at Children's Hospital Colorado (CHCO) to complete the baseline visit (Figure 1) at 5 months of age. After obtaining informed consent, participants will be assigned and randomized to one of the four study diets: (1) a meat-protein-predominant diet group (Meat); (2) a dairy-protein-predominant diet group (Dairy); (3) a plant-protein-predominant diet group (Plant); or (4) a reference group without intervention (Reference).
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FIGURE 1. Experimental design.


The baseline visit includes consenting to study participation, a questionnaire of infant feeding and family health history, family demographics, parental weight and height, gestational weight gain, parity, maternal smoking, and other variables that could affect outcomes. Blood, urine and stool samples are collected. Urine samples are used for body composition and total energy expenditure assessments using the doubly labeled water method with procedures designed for infants. A fasting breastmilk sample is also collected at baseline. When the intervention ends at 12 months of age, participants come to Children's Hospital Colorado CTRC to complete the end of the intervention visit. During the intervention (5–12 months), monthly home visits are conducted to (1) deliver study foods to Meat, Dairy and Plant and grocery vouchers to Reference, and infant formula if formula-fed or mixed feeding; (2) complete a health and dietary questionnaire; (3) obtain length and weight measurements; (4) collect a stool sample; (5) collect 3-day diet record and the food tracking log; (6) collect a breastmilk sample if breastfeeding.



Timeline and Milestones (in Months, Commencing March 1, 2021)

0–5 Study preparations: Manuals of operation, IRB approval, Children's Hospital Colorado Research Institute Approval and Clinicaltrials.gov registration.

6–48 Enrollment of 260–300 eligible participants and complete all baseline visits.

21 Completion of 50% participants in each group complete.

54 All clinical procedures complete.

60 Laboratory analyses of blood, urine and stool analyses, data analyses complete.



Participants

Participants are being recruited in the metro Denver area from households with 3–4 month-old infants via direct mailing by Colorado Department of Public Health & Environment (CDPHE) which has access to the birth registry. Up to 300 infants will be recruited (75/group) to have at least 240 completers (60/group), based on a conservative estimate of 20% attrition.


Inclusion Criteria

Full term (gestational age equal or over 37 weeks); generally healthy without conditions that would affect protein metabolism or growth; no previous complementary food exposure; no prior exposure of antibiotics during delivery or after birth; able to consume study foods; No known food allergies.



Exclusion Criteria

Pre-term or small-for-gestational age infants; Infants having conditions that would affect normal growth; Infants having had complementary foods prior to the start of the study; not willing to feed the complementary foods provided; antibiotics exposure during delivery or from birth to 5 months of life; multiple births.




Ethical Approval

Ethical approval for this clinical trial was obtained through the Colorado Multiple Institutional Review Board (COMIRB) (COMIRB 20-2232). COMIRB conducts the initial and annual reviews of the trial, monitoring enrollment and retention, protocol deviations, and any reported adverse effects as a result of the study. All participants are provided with a copy of the signed informed consent. This protocol is registered at ClinicalTrials.gov NCT05012930.



Study Procedures


Enrollment

Participant enrollment begins before 5 months of age. Interested participants are screened by phone or email; if eligible, an in-person baseline visit is scheduled and informed consent is obtained at the baseline visit. Enrollment of eligible infants take place over the first 4 years of the study. As part of the informed consent process, participants are notified that they may withdraw at any time and of the actions that may deem the infant ineligible for the study. At time of enrollment, each participant is assigned a unique study-ID (MINT-001 through MINT-300) for subsequent data collection.



Randomization

Upon enrollment, participants are randomized into one of four groups, differentiated by source of protein-rich foods they consume (meat, dairy, plant or control group). A stratified random sampling design is used where the strata are defined by mode of feeding (breastfed or formula-fed), sex (male or female) and mode of delivery (cesarean or vaginal delivery). The four feeding groups are randomized within each strata in groups of four so each diet (Meat, Dairy, Plant, Reference) occurs exactly once per four enrollments. Given our rolling recruitment strategy over 4 years, this ensures that the initial randomization of group within each strata is close to balanced and that there is little to no relationship with the order of recruitment. A stratified randomization design controls for possible confounding variables and results in an increase in power.



Baseline Data to Be Collected Includes
 
Demographic Information

Study participants are given a questionnaire at the baseline visit to report both the infant and parental ethnicity, race, gender, high-risk behaviors such as smoking tobacco or other recreational drugs, education level, and gross family income.



Infant and Paternal Health History

Another questionnaire is given to the caregiver to discuss birth details such as mode of delivery and infant weight and length. Caregivers are asked to disclose the family health history of the following: obesity, cardiovascular disease, type 2 diabetes mellitus, and allergies in immediate family members. Infant feeding habits for the previous month are also assessed in addition to any illness, medication, supplements, or antibiotic use. This infant health questionnaire is to be repeated at each subsequent monthly home visit.



Anthropometric Measurements

Pediatric nurses at the CTRC, who are blinded to the treatment groups, obtain three measurements of weight in kilograms, three measurements of length in centimeters, and three measurements of head circumference in centimeters. Study coordinators calculate the average measurement as the baseline anthropometrics for the participant. Parental self-reported height and weight measurements are also to be obtained at this visit.



Dietary Intake

A weighed 3-day diet record is collected from caregivers before the intervention begins. A kitchen scale and calibration weight, plus the diet record with instructions, are provided to caregivers. For breastfed infants who do not use bottles, testing weighing using SecaTM 757 infant scale is conducted before and after each feed during the 3 days when the 3-day diet record is filled out. Registered dietitians from the research team train parents/caregivers to fill out the diet record.



Biospecimen Samples

At the baseline visit, pediatric nurses at the CTRC draw blood from all able participants via venipuncture (3–5 ml). Samples are centrifuged, and serum is stored at −80°C until analyzed. Individual aliquots will be used to measure ICF-1, ICFBP3, insulin, blood lipids (triglycerides, HDL, LDL and total cholesterol), alpha 1-acid glycoprotein (AGP), high sensitivity C-reactive protein (CRP), and quantitative amino acids. After the baseline visit at the Children's Hospital Colorado CTRC, urine samples (one pre-dose and seven post-dose) are collected by the caregiver to assess total energy expenditure and two-compartment body composition using the doubly labeled water technique (29). Urine samples are collected by placing cotton balls in the diaper and after soaked with urine, cotton balls will be placed in the barrel of a 20 ml sterile syringe and urine will be expressed into a sterile plastic tube. A stool sample is also collected from participants' homes for gut microbiota analysis. Stool samples are collected by placing a diaper liner in the infant's diaper, which allows urine to pass and stool to stay. Caregivers are advised to collect the soiled diaper liner and keep it in the home freezer before the study coordinator retrieves it. Lastly, a fasting breastmilk sample is collected from caregivers who are breastfeeding. Macronutrient and energy profiles of breastmilk are assessed via mid-infrared spectroscopy (Human Milk Analyzer, Miris, Uppsala, Sweden). Detailed instructions on how to collect urine, stool and breastmilk samples, and sample collection kits are provided to caregivers.





Dietary Intervention

Participants in the three intervention groups are asked to avoid protein-rich foods from other assigned groups (30) and consume protein only from their assigned group. All complementary foods, including infant cereal, low-protein fruits and vegetable purees, and designated protein-rich foods are provided to the three intervention groups. For formula-fed infants, the same brand cow-milk based infant formula is provided. The most recent NHANES report showed that the median protein intake of US infants 6–11 months (31) is 10% total energy or 2.5 g/kg/d. This quantity is used as the targeted total protein intake. Caregivers of infants in the reference/control group are given compensation to purchase complementary foods. Based on weight recorded at the visit and the reported formula/breastmilk intake, a recommended amount of meat- dairy- or plant-based food will be provided to caregivers to approximate a total protein intake of 2.5 g/kg/d. This estimation is updated every month. A sample diet plan is in Table 1, based on a formula-fed infant with a 60th percentile weight-for-age at 9 months.


Table 1. Examples of diet plans for the three intervention groupsa.
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Follow-Up Procedures: Home Visits

Monthly home visits at ages 6, 7, 8, 9, 10, and 11 months of age (±7 days) are conducted for each participant by one or two study coordinators. At each home visit, coordinators collect the following: stool sample (pre-collected by parents within 48 h before the visit), anthropometric measures (weight, length, head circumference), health questionnaire, 3-day diet record, food intake log, and breastmilk collection if the participant consumes breastmilk. The 9-month diet record is a weighed 3-day diet record. Caregivers also conduct test weighing again at 9 months if the participants consume breastmilk. Study coordinators also deliver study food (intervention groups) or food voucher (reference group) at the visit. Growth parameters are plotted on the infant's growth chart and Z-scores are calculated.



Follow-Up Procedures: 12-Month and 24-Month Visits

At 12 months of age (±7 days), the study participant returns to the Children's Hospital CTRC to complete their end of intervention visit. The visit includes the same procedures and sample collections as the baseline visit. The dietary intervention ends at 12 months. At the 12-month visit, caregivers are asked whether they want to consent to a 24-month follow-up visit. If so, caregivers sign another consent for the 24-month follow-up. When the participant turns 24 months, 1 year after the intervention ends, they come back to the Children's Hospital CTRC and repeat the procedures at baseline and 12 months, except for body composition and total energy expenditure assessment.



Primary Outcomes

1) Infant growth

Pediatric nurses at the Children's Hospital Colorado CTRC (at baseline, 12 and 24 months) and study coordinators (at monthly home visits) obtain a series of infant anthropometric measurements. These measurements including weight (SecaTM 337 infant scale), length (obtained in recumbent position using an infant stadiometer), and head circumference-for-age (Seca infant head circumference measuring tape). Growth Z scores are calculated using length and weight based on WHO/CDC standards (32).

2) Body composition and total energy expenditure at 5 and 12 months of age

At baseline and 12 months, a pre-dose urine sample is collected to document basal enrichment of 2H and 18O, then 0.1 g/kg body weight 99% enriched 2H2O and 0.3 g/kg 10% enriched H[image: image]O are orally administered. Caregivers are asked to collect one daily sample for 7 days post-dosing. Urine samples are analyzed for 18O and 2H enrichment by Off-Axis Integrated Cavity Output Spectroscopy (OA-ICOS, Los Gatos Research Inc., Mountain View CA) (33). Isotope dilution space will be calculated via the standard equation of pre-dose and zero-time intercept enrichment via back-extrapolation, which is validated in infants (34). Total body water will be calculated from dilution space × 1.04 to account for water exchange in non-aqueous tissues. Finally, total fat-free mass will be obtained from total body water ÷ age/sex-specific hydration factor (i.e., 79% for 6-month-old infants). CO2 production, obtained from the fractional turnover rates of 2H and 18O (35), is converted to total energy expenditure via Weir equation (36).

3) Gut microbiota

Caregivers will obtain a fresh stool sample each month of participation (5–12 months of age) and one at 24 months. 16S rRNA gene amplicon sequencing (37–39) will be performed on all samples to profile fecal bacterial communities. Following sequence QA/QC (37–39), 16S rRNA gene sequences are classified using the SINA/Silva classifier.

Shotgun metagenomic sequencing (40) will be performed on baseline and 12-month samples to determine the functional genomic capacity of fecal microbiota and broaden taxonomic profiles to include archaea, bacteriophage, DNA viruses, and microbial eukaryotes. Following sequence QA/QC, [1–4] sequences will be co-assembled with MEGAHIT [5], open reading frames predicted (Prodigal [6]), and annotated using DIAMOND [7] to query the NCBI non-redundant database. Bacterial species and strains are inferred using MIDAS [8].

All sequences and associated metadata will be deposited in the NCBI sequence read archive, following the MIMARKS standard.



Secondary Outcomes

1) Dietary intake

Three-day diet records are analyzed by the CTRC Nutrition Core using the NDSR software (Minneapolis, MN) by a trained dietitian. The Food and Nutrient Database in NDSR contains over 18,000 foods, including brand-name infant foods used in the proposed study. Outputs include total energy, carbohydrate (fiber, fructose, glucose, sucrose, starch, etc.), fat (cholesterol, different kinds of fatty acids), protein (meat, dairy, plant, breakdown of amino acids), vitamins and minerals. Macronutrient and energy profiles of breastmilk samples are assessed via mid-infrared spectroscopy (Human Milk Analyzer, Miris, Uppsala, Sweden).

2) Blood biomarkers

IGF-1, IGFBP3, insulin, blood lipids, alpha 1-acid glycoprotein (AGP), high sensitivity C reactive protein (hsCRP) and quantitative amino acids will be measured at the University of Colorado Anschutz Medical Campus CTRC Core lab (30).



Power Calculation and Sample Size Justification

We hypothesize that both the gut microbiota and infant growth trajectories are dependent on types of protein-rich foods consumed. We will recruit up to 75 infants/arm and use a conservative 20% attrition which results in 60/group (total completers n = 240). Sample size and power justification are from the longitudinal models with feeding group as the predictor and either gut microbiota (i.e., diversity and Ruminococcus abundance) and growth (i.e., linear growth parameter LAZ, overweight parameter WLZ and growth velocity using the WHO 0–24 months standards) as the outcomes. We completed power simulations (1,000 replicates) using a linear mixed-effects model (LME) with random effects by subject. For the simulations, we used parameter estimates (e.g., fixed and random effects) from our randomized pilot study on the gut microbiota and infant growth trajectories after receiving meat- or dairy-based complementary diet (30). We simulated a variety of scenarios assuming that Plant had microbiota and growth outcomes that were either worse than Dairy, between Dairy and Meat, or the same as Meat. To be conservative, we estimated power after increasing the within-group variability by 50%. The power is above 80% in all simulated scenarios (80–90%) where the effect size was simulated to be at least 50% of that observed in our pilot study (30). The power of most simulation scenarios was below 80% when the effect size was 25% of that observed in the pilot study (30).



Statistical Approach

Aim 1: Using ANOVA for continuous variables and chi-squared test for categorical variables, we will assess whether matching and randomness held by testing whether potential confounders (e.g., feeding mode, maternal height, maternal BMI, education, sex, race/ethnicity, and smoking during pregnancy) differ between groups. Variables with a p < 0.05 and those that have a strong association with the outcome of interest are included in future models. To model the relationship between diet, time, and diet by time interaction and LAZ and WLZ, we use LME model with random effects by subject. This structure explicitly models multiple time points per infant and can adjust for changes of cofounders during the intervention (e.g., a participant changed from breastfeeding to formula feeding at 9 months). Given a significant diet by time interaction, we will test pairwise differences in growth trajectories using Tukey's multiple comparisons.

Aim 2: We model the effects of diet on the gut microbiota at the end of the intervention and longitudinally, incorporating likely covariates and potential cofounders. 16S amplicon sequencing and metagenomic sequencing will each generate tables of annotated sequence counts. Both datasets will be used to model the diet's impact on microbiota taxonomic composition and functional capacity (i.e., genes and pathways identified through shotgun metagenomics) over the course of the intervention. To evaluate differences in overall taxonomic/functional community composition (i.e., beta-diversity), we use the Microbiota Regression based Kernel Association Test (MiRKAT). MiRKAT models the microbiota using phylogenetic kernels to account for differences in microbial profiles (16S or metagenomics count data) (41). As different measures of dissimilarity are optimal under different conditions, optimal-MiRKAT allows multiple dissimilarity metrics to be tested simultaneously. To model microbial taxonomic and functional profiles over time, we use two methods recently proposed (42). First, we use a bi-exponential distribution to summarize microbiota diversity curves over time. To make inferences, we will incorporate the distribution into a hierarchical model with a random intercept to account for multiple measurements for each person. This approach will model changes in individual taxa, both the rare and common, over time. Additionally, we will evaluate longitudinal changes in common alpha-diversity metrics (e.g., richness, evenness, Shannon diversity, and effective species [e.g., Hill's number (42)]). Finally, we use the control group to build a gut microbiota maturation model via a random forest approach as previously described (24) and compare the intervention groups to this model.

Aim 3: We use LME on growth Z scores and the microbiota over time with random effects by subject, and include group as a covariate. We also complete secondary analyses stratified by group to identify relationships between Z scores and microbiota that differ by group. We will use microbiota diversity measures and relative abundances of individual taxa and genes/pathways to model diversity and composition of the microbiota. We also include necessary confounders, e.g., change from breastfeeding to formula. To evaluate whether taxonomic and/or functional features of the microbiota mediate the relationship between diet and growth, we use a method and R package called MedTest (43). As in classic mediation analysis, MedTest evaluates three models (44). In reference to Figure 2, the first model estimates the direct path between protein-rich foods and the gut microbiota and implements as part of Aim 1 using MiRKAT. The second model estimates the path between protein-rich foods and infant growth and will be implemented using a standard linear model in R. The third model estimates the path between protein-rich foods and growth controlling for the path between gut microbiota and growth and will be implemented using MiRKAT. Using these three models, MedTest tests for significances of the mediation effect of the gut microbiota. Since it is unknown which microbiota features may mediate the relationship, MedTest implements multiple microbiota distances: unweighted (45), weighted (46), and generalized UniFrac (47) as well as Jaccard and Bray-Curtis distances. To ensure a well-controlled type-I error rate, MedTest uses a modified permutation procedure to arrive at an omnibus test over all distances.


[image: Figure 2]
FIGURE 2. Mediation analysis.





DISCUSSION


Innovation and Significance

We focus on a critical developmental phase that has not been well-studied and propose a novel concept that during early complementary feeding, types of common protein-rich foods will differentially impact infant growth and risk of overweight and that gut microbiota will mediate this impact. To our knowledge, this is the first RCT that directly compared meat, dairy and plant consumptions on infant growth and gut microbiota. We also propose to use non-invasive body composition assessment with doubly labeled water, which also provides a reliable estimation of energy expenditure, a crucial component to assess the risk of overweight. Furthermore, we propose a plausible mechanism that protein-rich foods from different sources could impact infant growth trajectories by modulating the gut microbiota. Overall, this project is innovative because it is a substantively different concept and approach. It will greatly support implementing effective dietary interventions to prevent undesirable infant growth patterns and long-term negative health impact.



Compliance Monitoring

Although we will use controlled feeding, we are aware that compliance with the dietary regime is a major challenge. Building on extensive experience, we will utilize the following strategies to optimize and monitor compliance: (1) A weekly multiple-choice log to record food intake based on the monthly recommendations (Table 1) as described in our pilot study (30). (2) Caregivers will be asked to return unconsumed foods/formula at the monthly home visit. (3) Weighed 3-day diet record will be collected at 5, 9, and 12 months; (4) Blood urea nitrogen (BUN), measured at 5 and 12 months is a crude marker of total protein intake, and values of BUN will reflect the total amount of protein consumed for comparisons between groups and over time. We also understand the study procedures may be burdensome to some caregivers. Our team has successfully conducted a number of infant trials with similar or more extensive procedures and low drop-out rate (30, 39, 48, 49). Our experienced team members are dedicated to fully support caregivers and will be available by phone/email and in person, and will make extra home visits if needed.



Risks

The study protocol is expected to have minimal risk because there are no invasive procedures except the three blood draws at 5, 12, and 24 months of age, which are necessary to answer the research question. The 12-month blood draw will include analyses (Pb and Hb) routinely obtained for well-child surveillance; results will be provided to the primary care provider to avoid a second clinical blood draw. There is an unlikely risk of food allergies. During screening, the caregiver is asked if the infant has any food restrictions or allergies, including milk/dairy protein allergies (i.e., on a special formula). If the answer is yes, the infant is not eligible to participate. If the participant has no food restrictions or allergies, he/she is unlikely to be allergic to the complementary foods provided because most of the study foods are not considered highly allergenic foods. At the baseline visit, the study coordinator explains the potential risk of allergy development when starting complementary feeding and caregivers are given a list of common signs of food allergies. Food allergy is closely monitored by monthly health questionnaires. If repeated concerns are expressed, the participant will be removed from the study and advised to consult the primary care physician.




AUTHOR CONTRIBUTIONS

MT conceived of the trial. NK, EM, DF, and AH supported the design and development of the trial. KM, LB, and KD contributed to finalizing the manuscript. All authors contributed to the article and approved the submitted version.



FUNDING

This work was supported by NIH R01DK126710.



REFERENCES

 1. Zheng M, Lamb KE, Grimes C, Laws R, Bolton K, Ong KK, et al. Rapid weight gain during infancy and subsequent adiposity: a systematic review and meta-analysis of evidence. Obes Rev. (2018) 19:321–32. doi: 10.1111/obr.12632

 2. Brisbois TD, Farmer AP, McCargar LJ. Early markers of adult obesity: a review. Obes Rev. (2012) 13:347–67. doi: 10.1111/j.1467-789X.2011.00965.x

 3. Park MH, Falconer C, Viner RM, Kinra S. The impact of childhood obesity on morbidity and mortality in adulthood: a systematic review. Obes Rev. (2012) 13:985–1000. doi: 10.1111/j.1467-789X.2012.01015.x

 4. Hales CM, Carroll MD, Fryar CD, Ogden CL. Prevalence of obesity among adults and youth: United States, 2015–2016. NCHS Data Brief. (2017) 1–8.

 5. Dewey KG, Heinig MJ, Nommsen LA, Peerson JM, Lonnerdal B. Growth of breast-fed and formula-fed infants from 0 to 18 months: the DARLING Study. Pediatrics. (1992) 89(Pt 1):1035–41. doi: 10.1542/peds.89.6.1035

 6. Koletzko B, von Kries R, Closa R, Escribano J, Scaglioni S, Giovannini M, et al. Lower protein in infant formula is associated with lower weight up to age 2 y: a randomized clinical trial. Am J Clin Nutr. (2009) 89:1836–45. doi: 10.3945/ajcn.2008.27091

 7. Ziegler EE, Fields DA, Chernausek SD, Steenhout P, Grathwohl D, Jeter JM, et al. Adequacy of Infant Formula With Protein Content of 1.6 g/100 kcal for Infants Between 3 and 12 Months. J Pediatr Gastroenterol Nutr. (2015) 61:596–603. doi: 10.1097/MPG.0000000000000881

 8. Fewtrell M, Bronsky J, Campoy C, Domellof M, Embleton N, Fidler Mis N, et al. Complementary feeding: a position paper by the European Society for Paediatric Gastroenterology, Hepatology, and Nutrition (ESPGHAN) Committee on Nutrition. J Pediatr Gastroenterol Nutr. (2017) 64:119–32. doi: 10.1097/MPG.0000000000001454

 9. Thorisdottir B, Gunnarsdottir I, Palsson GI, Halldorsson TI, Thorsdottir I. Animal protein intake at 12 months is associated with growth factors at the age of six. Acta Paediatr. (2014) 103:512–7. doi: 10.1111/apa.12576

 10. Koletzko B, Broekaert I, Demmelmair H, Franke J, Hannibal I, Oberle D, et al. Protein intake in the first year of life: a risk factor for later obesity? The E.U. childhood obesity project. Adv Exp Med Biol. (2005) 569:69–79. doi: 10.1007/1-4020-3535-7_12

 11. Voortman T, Braun KV, Kiefte-de Jong JC, Jaddoe VW, Franco OH, van den Hooven EH. Protein intake in early childhood and body composition at the age of 6 years: the Generation R Study. Int J Obes. (2016) 40:1018–25. doi: 10.1038/ijo.2016.29

 12. Gunther AL, Remer T, Kroke A, Buyken AE. Early protein intake and later obesity risk: which protein sources at which time points throughout infancy and childhood are important for body mass index and body fat percentage at 7 y of age? Am J Clin Nutr. (2007) 86:1765–72. doi: 10.1093/ajcn/86.5.1765

 13. Eaton JC, Rothpletz-Puglia P, Dreker MR, Iannotti L, Lutter C, Kaganda J, et al. Effectiveness of provision of animal-source foods for supporting optimal growth and development in children 6 to 59 months of age. Cochrane Database Syst Rev. (2019) 2:CD012818. doi: 10.1002/14651858.CD012818.pub2

 14. English LK, Obbagy JE, Wong YP, Butte NF, Dewey KG, Fox MK, et al. Types and amounts of complementary foods and beverages consumed and growth, size, and body composition: a systematic review. Am J Clin Nutr. (2019) 109:956–77S. doi: 10.1093/ajcn/nqy281

 15. Turnbaugh PJ, Hamady M, Yatsunenko T, Cantarel BL, Duncan A, Ley RE, et al. A core gut microbiome in obese and lean twins. Nature. (2009) 457:480–4. doi: 10.1038/nature07540

 16. Turnbaugh PJ, Ley RE, Mahowald MA, Magrini V, Mardis ER, Gordon JI. An obesity-associated gut microbiome with increased capacity for energy harvest. Nature. (2006) 444:1027–31. doi: 10.1038/nature05414

 17. Robertson RC, Manges AR, Finlay BB, Prendergast AJ. The human microbiome and child growth - first 1000 days and beyond. Trends Microbiol. (2019) 27:131–47. doi: 10.1016/j.tim.2018.09.008

 18. Magne F, Hachelaf W, Suau A, Boudraa G, Mangin I, Touhami M, et al. A longitudinal study of infant faecal microbiota during weaning. FEMS Microbiol Ecol. (2006) 58:563–71. doi: 10.1111/j.1574-6941.2006.00182.x

 19. Qasem W, Azad MB, Hossain Z, Azad E, Jorgensen S, Castillo San Juan S, et al. Assessment of complementary feeding of Canadian infants: effects on microbiome & oxidative stress, a randomized controlled trial. BMC Pediatr. (2017) 17:54. doi: 10.1186/s12887-017-0805-0

 20. Laursen MF, Andersen LB, Michaelsen KF, Molgaard C, Trolle E, Bahl MI, et al. Infant gut microbiota development is driven by transition to family foods independent of maternal obesity. mSphere. (2016) 1:e00069-15. doi: 10.1128/mSphere.00069-15

 21. Zhu Y, Lin X, Zhao F, Shi X, Li H, Li Y, et al. Meat, dairy and plant proteins alter bacterial composition of rat gut bacteria. Sci Rep. (2015) 5:15220. doi: 10.1038/srep16546

 22. Krebs NF, Sherlock LG, Westcott J, Culbertson D, Hambidge KM, Feazel LM, et al. Effects of different complementary feeding regimens on iron status and enteric microbiota in breastfed infants. J Pediatr. (2013) 163:416–23. doi: 10.1016/j.jpeds.2013.01.024

 23. Schwarzer M, Makki K, Storelli G, Machuca-Gayet I, Srutkova D, Hermanova P, et al. Lactobacillus plantarum strain maintains growth of infant mice during chronic undernutrition. Science. (2016) 351:854–7. doi: 10.1126/science.aad8588

 24. Blanton LV, Charbonneau MR, Salih T, Barratt MJ, Venkatesh S, Ilkaveya O, et al. Gut bacteria that prevent growth impairments transmitted by microbiota from malnourished children. Science. (2016) 351. doi: 10.1126/science.aad3311

 25. Lucas S, Omata Y, Hofmann J, Bottcher M, Iljazovic A, Sarter K, et al. Short-chain fatty acids regulate systemic bone mass and protect from pathological bone loss. Nat Commun. (2018) 9:55. doi: 10.1038/s41467-017-02490-4

 26. Younge NE, Newgard CB, Cotten CM, Goldberg RN, Muehlbauer MJ, Bain JR, et al. Disrupted maturation of the microbiota and metabolome among extremely preterm infants with postnatal growth failure. Sci Rep. (2019) 9:8167. doi: 10.1038/s41598-019-44547-y

 27. Kamng'ona AW, Young R, Arnold CD, Kortekangas E, Patson N, Jorgensen JM, et al. The association of gut microbiota characteristics in Malawian infants with growth and inflammation. Sci Rep. (2019) 9:12893. doi: 10.1038/s41598-019-49274-y

 28. Forbes JD, Azad MB, Vehling L, Tun HM, Konya TB, Guttman DS, et al. Association of exposure to formula in the hospital and subsequent infant feeding practices with gut microbiota and risk of overweight in the first year of life. JAMA Pediatr. (2018) 172:e181161. doi: 10.1001/jamapediatrics.2018.1161

 29. Escribano J, Luque V, Ferre N, Mendez-Riera G, Koletzko B, Grote V, et al. Effect of protein intake and weight gain velocity on body fat mass at 6 months of age: the EU Childhood Obesity Programme. Int J Obes. (2012) 36:548–53. doi: 10.1038/ijo.2011.276

 30. Tang M, Hendricks AE, Krebs NF. A meat- or dairy-based complementary diet leads to distinct growth patterns in formula-fed infants: a randomized controlled trial. Am J Clin Nutr. (2018) 107:734–42. doi: 10.1093/ajcn/nqy038

 31. Ahluwalia N, Herrick KA, Rossen LM, Rhodes D, Kit B, Moshfegh A, et al. Usual nutrient intakes of US infants and toddlers generally meet or exceed Dietary Reference Intakes: findings from NHANES 2009-2012. Am J Clin Nutr. (2016) 104:1167–74. doi: 10.3945/ajcn.116.137752

 32. Grummer-Strawn LM Reinold CM Krebs NF National Center for Chronic Disease Prevention and Health Promotion (U.S.), Centers for Disease Control and Prevention (U.S.). Use of World Health Organization and CDC Growth Charts for Children Aged 0-59 Months in the United States. Atlanta, GA: Department of Health and Human Services, Centers for Disease Control and Prevention (2010). p. 15.

 33. Berman ES, Fortson SL, Snaith SP, Gupta M, Baer DS, Chery I, et al. Direct analysis of delta2H and delta18O in natural and enriched human urine using laser-based, off-axis integrated cavity output spectroscopy. Anal Chem. (2012) 84:9768–73. doi: 10.1021/ac3016642

 34. Davies PS, Wells JC. Calculation of total body water in infancy. Eur J Clin Nutr. (1994) 48:490–5.

 35. Butte NF, Wong WW, Hopkinson JM, Heinz CJ, Mehta NR, Smith EO. Energy requirements derived from total energy expenditure and energy deposition during the first 2 y of life. Am J Clin Nutr. (2000) 72:1558–69. doi: 10.1093/ajcn/72.6.1558

 36. Weir JB. New methods for calculating metabolic rate with special reference to protein metabolism. J Physiol. (1949) 109:1–9.

 37. Tang M, Frank DN, Tshefu A, Lokangaka A, Goudar SS, Dhaded SM, et al. Different gut microbial profiles in Sub-Saharan African and South Asian women of childbearing age are primarily associated with dietary intakes. Front Microbiol. (2019) 10:1848. doi: 10.3389/fmicb.2019.01848

 38. Tang M, Frank DN, Hendricks AE, Ir D, Esamai F, Liechty E, et al. Iron in micronutrient powder promotes an unfavorable gut microbiota in kenyan infants. Nutrients. (2017) 9:776. doi: 10.3390/nu9070776

 39. Tang M, Frank DN, Sherlock L, Ir D, Robertson CE, Krebs NF. Effect of vitamin E with therapeutic iron supplementation on iron repletion and gut microbiome in US iron deficient infants and toddlers. J Pediatr Gastroenterol Nutr. (2016) 63:379–85. doi: 10.1097/MPG.0000000000001154

 40. Brumbaugh DE, Arruda J, Robbins K, Ir D, Santorico SA, Robertson CE, et al. Mode of delivery determines neonatal pharyngeal bacterial composition and early intestinal colonization. J Pediatr Gastroenterol Nutr. (2016) 63:320–8. doi: 10.1097/MPG.0000000000001124

 41. Zhao N, Chen J, Carroll IM, Ringel-Kulka T, Epstein MP, Zhou H, et al. Testing in microbiome-profiling studies with MiRKAT, the microbiome regression-based kernel association test. Am J Hum Genet. (2015) 96:797–807. doi: 10.1016/j.ajhg.2015.04.003

 42. Wagner BD, Grunwald GK, Zerbe GO, Mikulich-Gilbertson SK, Robertson CE, Zemanick ET, et al. On the use of diversity measures in longitudinal sequencing studies of microbial communities. Front Microbiol. (2018) 9:1037. doi: 10.3389/fmicb.2018.01037

 43. Zhang J, Wei Z, Chen J. A distance-based approach for testing the mediation effect of the human microbiome. Bioinformatics. (2018) 34:1875–83. doi: 10.1093/bioinformatics/bty014

 44. MacKinnon DP, Fairchild AJ, Fritz MS. Mediation analysis. Annu Rev Psychol. (2007) 58:593–614. doi: 10.1146/annurev.psych.58.110405.085542

 45. Lozupone C, Knight R. UniFrac: a new phylogenetic method for comparing microbial communities. Appl Environ Microbiol. (2005) 71:8228–35. doi: 10.1128/AEM.71.12.8228-8235.2005

 46. Lozupone CA, Hamady M, Kelley ST, Knight R. Quantitative and qualitative beta diversity measures lead to different insights into factors that structure microbial communities. Appl Environ Microbiol. (2007) 73:1576–85. doi: 10.1128/AEM.01996-06

 47. Chen J, Bittinger K, Charlson ES, Hoffmann C, Lewis J, Wu GD, et al. Associating microbiome composition with environmental covariates using generalized UniFrac distances. Bioinformatics. (2012) 28:2106–13. doi: 10.1093/bioinformatics/bts342

 48. Tang M, Sheng XY, Krebs NF, Hambidge KM. Meat as complementary food for older breastfed infants and toddlers: a randomized, controlled trial in rural China. Food Nutr Bull. (2014) 35:S188–92. doi: 10.1177/15648265140354S304

 49. Tang M, Krebs NF. High protein intake from meat as complementary food increases growth but not adiposity in breastfed infants: a randomized trial. Am J Clin Nutr. (2014) 100:1322–8. doi: 10.3945/ajcn.114.088807

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Publisher's Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Tang, Matz, Berman, Davis, Melanson, Frank, Hendricks and Krebs. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



OPS/images/fped-09-793215-t001.jpg
Total

Formula (not restricted)
Dairy group®

Meat group®

Plant group®

Reference group

Food item

Total calorie needs

Total protein (2.5 g/kg/c)

Formula 18 ounces

1 Yogurt (Yobaby®)

Cheese (shredded) (Horizon®)

Others (e.g.. 1 Beech Nut® zucchini and banana blend; or one servicing of fortified rice cereal)
1.5 jar of ham and gravy (Gerber®)

Others (e.g.. 1 Beech Nut® zucchini and banana blend; or one servicing of fortified rice cereal)
1.5 vegetable pouch (e.g., Ellas kitchen® four bean feast)

1.5 vegetable pouch (e.g., Earth's best® spinach lenti)

Others (e.g., 1 Beech Nut® zucchini and banana blend; or one servicing of fortified rice cereal)
No restriction (observational group and will follow standard of care)

Protein

21g/d
9g/d
4g/d
659/d
1g/d
10g/d
1g/d
5g/d
5g/d
1g/d

Calorie

~B50 keal/d
84 keal/d
400 keal/d
80 keal/d
80 keal/d

80 keal/d

90 keal/d
50 keal/d

@These estimates are based on an exclusively formula-fed 9-month-old female with a 8.5 kg body weight which is ~60th percentile weight-for-age.

bBoth Dairy and Meat groups are advised to avoid plant foodss of relatively high protein contents (a st will be provided). Cheese will be shredded before providing to the infant.
©The Meat group is allowed to have fish. However, commercial fish-based infant foods are very rare and if parents choose to feed home-made fish to the participants, they will record

the time, type and amount.

9Both dairy- and plent-based complementary foodis have low iron content. Participants in all inervention groups are adised to consume one serving of ron-fortified cereal per day to

meet their iron needs.
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