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ABSTRACT
Background: Complementary feeding (CF) provides an opportunity
to shape children’s future dietary habits, setting the foundation for
good nutrition and health.
Objectives: We estimated effects of 3 CF behaviors on early
childhood diet quality using inverse probability (IP) weighting of
marginal structural models (MSMs).
Methods: Among 1041 children from the Boston-area Project Viva
cohort, we estimated effects on the mean Youth Healthy Eating Index
(YHEI) score in early childhood of 1) delayed (≥12 mo) compared
with early (<12 mo) introduction of sweets and fruit juice; 2)
continued compared with ceased offering of initially refused foods;
and 3) early (<12 mo) compared with late (≥12 mo) introduction
of flavor/texture variety. Mothers reported CF behaviors at 1 y
and completed FFQs for children in early childhood (median age:
3.1 y). We estimated average treatment effects (ATEs) using IP
weighting of MSMs to adjust for both confounding and selection
bias due to censored outcomes and examined effect modification
by child sex and breastfeeding compared with formula feeding at
6 mo.
Results: Twelve percent of mothers delayed introducing sweets/fruit
juice, 93% continued offering initially refused foods, and 32%
introduced flavor/texture variety early. The mean ± SD YHEI score
was 52.8 ± 9.2 points. In adjusted models, we estimated a higher
mean YHEI score with delayed (compared with early) sweets and
fruit juice among breastfeeding children (ATE: 4.5 points; 95% CI:
1.0, 7.4 points), as well as with continued (compared with ceased)
offering of refused foods among females (ATE: 5.4 points; 95% CI:
0.8, 9.1 points). The ATE for early (compared with late) flavor/texture
variety was 1.7 points (95% CI: 0.3, 3.2 points) overall and
stronger (2.8 points; 95% CI: 0.7, 5.1 points) among the formula-fed
group.
Conclusions: Delayed introduction of sweets/juice, continued offer-
ing of refused foods, and early flavor/texture variety may all result in
higher childhood diet quality. Effects may depend on child sex and
infant breastfeeding status. Am J Clin Nutr 2022;115:1105–1114.
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Introduction
Diet quality among US children is far from optimal (1). Dietary

habits track from early childhood into adolescence and adulthood
(2, 3) and independently predict subsequent health outcome
markers including obesity and cardiometabolic risk factors (2, 4,
5). Establishing a diet characterized by high intake of nutrient-
dense foods such as fruits, vegetables, and whole grains and
limited intake of processed and energy-dense foods in early
childhood may set the foundation for good nutrition and health
throughout the life course.

Infants innately prefer sweet tastes and energy-dense foods and
reject bitter tastes (6, 7) from birth, yet the first few months of
life are a “sensitive” period during which these preferences can
be modified to promote acceptance of nutrient-dense foods (6,
8). Complementary feeding (CF), or introduction of solid foods
and liquids other than breast milk or formula (9), is arguably
the most important opportunity to override innate preferences
and shape children’s future dietary habits. Repeated exposure to
new foods has consistently been shown to increase acceptance,
and early exposure to different textures and flavors may increase
acceptance of novel foods and particularly vegetables (6, 10–12).
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2670 enrolled in 
Project Viva

Pregnancy visit 1 (median: 9.9 wk) 

Pregnancy visit 2 (median: 28.1 wk) 

2128 live 
births

1697 with data in 
infancy (median: 6.3 mo)

1303 with data at 1 y 
 (median age: 1.1 y)

1361 with data in early 
childhood (median age: 3.1 y)

1041 with complete data on 
covariates and complementary 
feeding behaviors (exposures)

894 with complete 
covariate/exposure data 
and dietary data from 

early childhood

147 censored 
(no early 
childhood 

dietary data)

FIGURE 1 Overall flow of participant involvement in Project Viva from enrollment through early childhood. The flow of sample selection for this study
is shown on the right side of the figure (gray shading).

Prior research shows that fruit and vegetable intake tracks
from infancy through early childhood (13, 14). Conversely, high
exposure to sweets or other energy-dense foods during the CF
period may enhance the innate preference for sweetness (15, 16).
At ∼2 y, children may become neophobic and therefore be more
resistant to trying new foods and flavors (17). The window for
promoting taste preferences for healthier foods is thus short but
important. A large cross-sectional study of European children
and adolescents (aged 6–16 y) analyzed associations of scores
measuring adherence to European dietary guidelines with taste
preferences and found that lower diet score was associated with
greater preferences for sweet and fatty tastes, whereas higher diet
score was associated with greater preference for bitter tastes (18).

Our previous research in the US birth cohort study Project Viva
suggested that patterns of CF behaviors thought to increase food
acceptance and discourage the innate preference for sweetness
(e.g., feeding breast milk at 9–11 mo, delayed sweets and
fruit juice introduction, early flavor introduction) may have
persistent associations with diet quality (19). However, this
previous work assessed patterns, rather than individual CF
behaviors. It had descriptive rather than causal goals, and
therefore did not adjust for confounding. To our knowledge, there
have been no randomized trials of CF behavior interventions
examining long-term outcomes, and these may be difficult to
implement in practice. In the absence of such trials, well-
designed and appropriately analyzed observational studies are
needed to provide evidence-based guidance on causal effects
(20). The objective of the present study was to estimate effects of
3 potentially beneficial CF behaviors—delayed (compared with
early) introduction of sweets and fruit juice, continued (compared
with ceased) offering of initially refused foods, and early
(compared with late) introduction of flavor/texture variety—
on diet quality at ∼3 y. We hypothesized that these behaviors

would be associated with higher subsequent diet quality scores
after adjustment for measured confounders. We assessed effect
modification by child sex or infant breastfeeding status, based
on evidence that associations between early taste exposures
and later preferences and diet quality may differ according to
breastfeeding status (10, 12, 21) and sex (22). In a series of
secondary analyses, we examined individual dietary components
as outcomes, hypothesizing that delaying introduction of sweets
and fruit juice would be associated with higher (more “healthful”)
scores on the snack and drink components, whereas continued
offering of refused foods and early flavor variety would be
associated with higher scores on the fruit, vegetable, and whole
grain components of the diet quality score.

Methods

Study participants

We studied children enrolled in Project Viva, a prospective pre-
birth cohort study of mother–child pairs. Project Viva recruited
mothers in 1999–2002 at their initial obstetric appointment from
8 offices of Atrius Harvard Vanguard Medical Associates, a large
multispecialty group practice in eastern Massachusetts. Mothers
enrolled their children after delivery. Project Viva collected
data on the mothers via in-person study visits in the first and
second trimesters of pregnancy and collected data on mothers
and children at delivery and in infancy and early childhood at
in-person visits. Mothers also provided additional data between
in-person visits with annual questionnaires. We have previously
described detailed recruitment and retention procedures (23) and
show the flow of participant involvement in Figure 1.

Of the 2128 Project Viva children, we included 1041 with
mother-reported data on the CF practices of interest from the
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1-y questionnaire and complete covariate data. Of these, 894
had dietary data from the early childhood visit. The Harvard
Pilgrim Health Care Institutional Review Board approved the
study protocols and the study was conducted in accordance
with institutional ethical standards. Mothers provided written
informed consent for their own participation as well as that of
their children.

Exposure: CF behaviors

We measured the timing of introduction of different foods
and food groups and other feeding behaviors via a mailed
questionnaire completed by the mother when the child was
∼1 y old (median: 1.1 y). For this analysis, we focused on
measures of 3 CF behaviors. First, we defined a binary “delayed
sweets/fruit juice” measure given the value “1” if the mother
reported introduction of both sweets and fruit juice at or after
12 mo of age and the child drank no fruit juice (average daily
intake of 0 oz in the past month) at the time of 1-y questionnaire
completion, and value “0” if she reported introduction of either
sweets or fruit juice before 12 mo of age and/or the child drank
at least some daily fruit juice at the time of 1-y questionnaire
completion (“early sweets/fruit juice”). Second, we defined a
binary “continued offering” measure given the value “1” if the
mother responded “agree” or “strongly agree” with the following
statement: “If my child refuses to eat a new food, I continue
to offer it to him/her at other times.” This measure was given
the value “0” if the mother responded “disagree” or “strongly
disagree” with this statement (“ceased offering”). Finally, we
defined a binary “early flavor/texture variety” measure by timing
of introduction of 3 foods: fish, eggs, and peanut butter. These
foods were selected for their textures (all are unlikely to be
found in commercially prepared baby food or pureed at home)
and strong, nonsweet flavors, as well as variable timing of
introduction in the study population. We asked mothers, “How
old was your child when you first fed him/her…(eggs/peanut
butter/fish)?” “Early variety” was given the value “1” if the
mother reported introduction of ≥2 of these 3 foods before
12 mo and value “0” if she reported none or only 1 of these foods
was introduced before 12 mo (“late variety”). Notably, ≤1% of
our sample reported introduction of each of these foods before
6 mo; therefore, this exposure effectively represents introduction
between 6 and 12 mo. All 3 exposures were coded as missing if
responses to any of their composite questions were missing.

Outcome: Youth Healthy Eating Index in early childhood

We calculated the Youth Healthy Eating Index (YHEI) (24)
total and component scores using dietary data reported by the
mother in early childhood (median age: 3.1 y; IQR: 3.0–3.2 y) via
an FFQ. This FFQ was validated for use in preschool-age children
(25) and assessed intake of different foods using questions in the
format, “Please check the box that best represents how often your
child eats each of the foods listed, on average, in the past month.”
For purposes of calculating the score, we assumed that 1 “time”
= 1 serving. We obtained information on frequency of fast-
food consumption from a questionnaire administered at the early
childhood visit. We had data available to calculate 10 of the 13
components of the YHEI in early childhood. The 3 components

that were not available were consumption of visible animal fat,
eating breakfast, and eating dinner with family, all demonstrated
to be minor contributors to variability in the total YHEI score
in an external sample used for development of the score (24).
In addition, we decided to omit the multivitamin component of
the score because we were interested in examining the quality
of the child’s diet based on food intake. Components contribute
≤10 points each; for example, eating vegetables ≥3 times/d
corresponds to the maximum 10 points and eating vegetables
0 times/d corresponds to the minimum score of 0 for that
component, with intakes of 1 or 2 times/d given proportional
scores of 3.3 and 6.6, respectively, Thus, our total YHEI score
included 9 components with a range of possible total scores
of 0–80 points, with a higher score indicating a healthier diet.
We provide a detailed description of the score components in
Supplemental Table 1.

Covariates

We restricted covariates for confounding adjustment to those
measured before the exposure period and expected to be
associated both with CF practices and with dietary quality in
childhood, using our subject-matter knowledge and relevant lit-
erature. Because parents or other caregivers (and often mothers)
determine both CF practices as well as which foods are offered
to children in early childhood, we included covariates indicative
of maternal and family diet quality, nutrition knowledge, and
food selection practices. The variables selected for consideration
included child sex; maternal education (as a proxy for maternal
health and nutrition knowledge), prepregnancy BMI, and diet
score during pregnancy (as proxies for maternal health and
nutrition knowledge and diet quality); household income at
enrollment (as a proxy for resources to access more and higher-
quality food); and infant breastfeeding status at 6 mo (categorized
as partially/fully breastfeeding or formula-fed at 6 mo). Mothers
reported their education level, prepregnancy weight, height, and
household income at the initial prenatal visit (median: 9.9 weeks
of gestation). We calculated maternal prepregnancy BMI from
these reports of height and weight, a method that has previously
been validated in this cohort (26). We obtained data on infant
sex from hospital medical records and infant breastfeeding status
from the 6-mo interview (36). We collected comprehensive data
on maternal diet during pregnancy, including intake of foods
and supplements, from self-administered semiquantitative FFQs
completed by mothers during the first and second trimesters. The
166-item FFQ used in Project Viva was based on instruments
validated in other cohorts, including the Nurses’ Health Study
(27), and modified for use in pregnancy (28). We adjusted
individual nutrient estimates for total energy intake using the
nutrient residual method (29). We measured maternal dietary
quality during pregnancy using the Alternate Healthy Eating
Index (AHEI) (30) modified for pregnancy (AHEI-P). A detailed
description of the AHEI-P has been published previously (31).

We considered adjustment for mother report of child race or
ethnicity as a proxy measure of exposure to structural racism that
can affect food access both during CF and in early childhood
(32); we conducted a sensitivity analysis that adjusted for mother
report of child race or ethnicity and found no difference in
results. Given this lack of evidence for this variable being a
confounder and our reluctance to include it without clarity about
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CF practices

FIGURE 2 Directed acyclic graph depicting an assumption on the causal structure of dependence between the exposures, outcomes, and covariates. A
represents observed exposures, U represents unmeasured variables, L represents covariates, V represents effect modifiers, and Y represents outcomes. Infant
feeding (full/partial breastfeeding compared with formula feeding, represented by V) is included here as a potential effect modifier of the relation of interest
between CF practices (exposure, represented by A) and child diet quality in early childhood (outcome, represented by Y). CF, complementary feeding; YHEI,
Youth Healthy Eating Index.

what construct it represents, we did not feel justified in including
it in our analysis.

All data collection instruments used in Project Viva are
publicly available at https://www.hms.harvard.edu/viva/.

Statistical analysis

We applied inverse probability (IP) weighting of marginal
structural models (MSMs), an approach to estimating average
treatment effects (ATEs) in observational data which generally
relies on more realistic assumptions than multivariable linear
regression in settings where adjustment for a high-dimensional
set of confounders is needed. We estimated effects of the
following on early childhood YHEI score: 1) delayed (compared
with early) introduction of sweets and fruit juice, 2) continued
(compared with ceased) offering of initially refused foods, and 3)
early (compared with late) introduction of flavor/texture variety.
In secondary analyses, we also estimated the effects on individual
YHEI component scores. Multivariable linear regression involves
conditioning on all assumed confounders in the regression model,
which requires assumptions on the presence or absence of
effect modification by all assumed confounders; i.e., a linear
regression model with no interaction terms presumes no effect
modification by any of the confounders. By contrast, IP-weighted
estimates do not require a model for the outcome conditional on
exposure and all the assumed confounders, rather confounders
are accounted for in the weights. To assess effect modification
by particular covariates of interest, the IP-weighted analysis may
be stratified on only those covariates or an MSM—a model for a
mean potential (counterfactual) outcome (33)—may be assumed
conditional only on those covariates. IP-weighted estimates
require correct specification of a model for 1) probability of
exposure, conditional on covariates (a so-called “propensity
score”); and 2) probability of censoring, conditional on covariates
and exposure (“censoring process”) (34, 35). As in any analysis
of observational data, we require assumptions to interpret our
IP-weighted estimates in terms of ATEs in the study population
and within subgroups of interest. These assumptions include 1)

conditional exchangeability, or no unmeasured confounding: the
2 exposure groups are exchangeable (exposure is independent
of potential outcomes) conditional on measured covariates; 2)
positivity: there is a positive (nonzero) probability of being in
each exposure group at all levels of these measured covariates;
3) consistency: for each individual, the potential outcome had
we intervened to set exposure to a particular level equals their
observed outcome if their observed exposure takes that level;
and 4) no interference: each individual’s potential outcome
depends only on his/her own exposure and is not affected
by that of any other individual (36). Figure 2 depicts a
causal directed acyclic graph representing an assumption on the
underlying causal structure of dependencies between measured
variables in Project Viva and possible unmeasured common
causes U. The assumption of no unmeasured confounding is
represented by the absence of an arrow from U into outcome
Y (36).

Details of IP weighting of MSMs for the estimation of ATEs
are described elsewhere (33, 36–38) and in the Supplemental
Methods. Briefly, to estimate ATEs in the overall study
population, we fit logistic regression models for the propensity
score (specific to each exposure) and the censoring process.
We then used these fitted models to calculate weights for each
individual. The denominator of this weight estimates the product
of 1) the probability that an individual received the level of
exposure they received conditional on their covariate levels,
and 2) the probability of remaining uncensored, conditional on
their exposure and covariate levels. The numerator estimates
the product of these same probabilities but unconditional on
covariates, estimated by sample proportions. In each analysis,
CF behaviors that did not act as the exposure were considered
confounders: for example, in analyses for the effect of delayed
sweets/fruit juice, indicators of continued offering and early
variety were included as confounders in the weight denominators.
Finally, using these weights, we conducted a weighted linear
regression analysis with YHEI score as the dependent variable
and exposure (for each exposure-specific analysis) as the only
independent variable. The estimated coefficient on exposure in

https://www.hms.harvard.edu/viva/
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the weighted model is the IP-weighted estimate of the ATE in
the study population under no unmeasured confounding and the
other assumptions aforementioned.

All 1041 participants with complete exposure and other
baseline covariate data were included in estimating weight
denominator models, but censored participants (n = 147 of 1041)
received a final weight of 0 and therefore only the 894 participants
who had an observed outcome were included in the weighted
regression analysis. An intuitive justification of this procedure
is that, provided the assumptions outlined so far hold, the
distribution of outcomes in exposed (and uncensored) individuals
is reweighted to represent the distribution of outcomes had
everyone been exposed and uncensored—including those who
did not fit this pattern in the observed data but were “like”
those who did in terms of their measured covariates. Similarly,
unexposed (and uncensored) individuals are reweighted to
represent what would have happened to the outcomes had
everyone been unexposed and uncensored.

We also considered effect modification by child sex and
infant breastfeeding status at 6 mo (full or partial breastfeeding
compared with no breastfeeding). These analyses differed from
those aforementioned in 2 ways: 1) the weighted outcome
regression included main terms for the selected effect modifier
and an interaction term with exposure and 2) the weight
numerator was an estimate of the product of the probability
that an individual received the level of exposure they received
and the probability of remaining uncensored both conditional on
their level of the effect modifier (see Supplemental Methods).
We generated 95% CIs using a nonparametric bootstrap with
500 samples by sorting bootstrap estimates with the 2.5th and
97.5th percentiles giving the lower and upper bounds of the
interval.

We performed a series of diagnostics to assess balance in the
measured confounders across exposure levels before and after
weighting. We compared means (for continuous variables) and
proportions (for categorical variables), as well as standardized
differences and variance ratios before and after weighting for
each of the 3 different exposures using the covbal package for
Stata (39). All analyses were performed using Stata Statistical
Software, release 17 (StataCorp LLC).

Results

Covariate balance before and after weighting

Table 1 displays the 3 CF behaviors, YHEI scores, and
proportions censored by category of baseline characteristics in
the unweighted sample. Out of the 1041 participants, 11.5%
delayed introduction of sweets and fruit juice, 92.7% continued to
offer initially refused foods, and 31.7% introduced flavor/texture
variety early. Supplemental Figures 1–3 display the absolute
standardized differences and variance ratios for the weighted
and unweighted samples for each of the 3 exposures. Although
there is no universally accepted cutoff to determine imbalance in
covariates between exposure groups, a standardized difference of
<20% and optimally <10% has been advocated as a reasonable
indicator of balance (40). Similarly, variance ratios close to 1
indicate covariate balance, whereas ratios <0.5 and >2 suggest
imbalance (41). Dashed lines in Supplemental Figures 1–3
indicate the bounds of values that are cause for concern, whereas

solid lines indicate optimal values. In the unweighted sample, the
standardized differences and variance ratios indicated meaningful
imbalance in the baseline distributions of most covariates
between exposed and unexposed groups for ≥1 of the exposures
of interest. After weighting, there was no evidence of imbalance
between the groups for any of the exposures. The means of
the weights were also close to 1, and weight distributions
fairly symmetric, for each exposure (see Supplemental Table 2
for a summary of statistics on the stabilized weights for each
exposure). This is expected when the weight denominator models
reasonably fit the data and in the absence of near positivity
violations (individuals with very small chance of a particular
exposure given their confounder levels) (42, 43).

ATEs for delaying sweets and fruit juice introduction on diet
quality in early childhood

Total YHEI scores ranged from 21.4 to 76.5 with a mean ±
SD score of 52.8 ± 9.2. The mean YHEI total score among
the “delayed sweets/fruit juice” group was 56.1, compared with
52.4 for “early sweets/fruit juice.” After confounding adjustment,
the IP-weighted estimate of the overall population ATE and
individual ATEs among males and females indicated higher
YHEI scores with delayed sweets and fruit juice, but the 95% CIs
included the null (Table 2). IP-weighted estimates of the ATEs
from the weighted regression with interaction terms between
exposure and feeding method indicated no effect of this exposure
on YHEI total score among children who were not breastfeeding
at 6 mo, but a score 4.5 points higher with delayed sweets and fruit
juice among children who were partially or fully breastfeeding
at 6 mo. The estimated difference in the ATE across feeding
methods (from the exposure × feeding method interaction term)
was 4.7 (95% CI: −0.8, 10.3). In the secondary analysis of
YHEI component scores, the IP-weighted estimate of the ATE for
“delayed sweets/fruit juice” (compared with “early sweets/fruit
juice”) on the YHEI snack component was 1.3 points (0.6, 1.9
points), indicating lower consumption of snack foods in early
childhood with this exposure (Supplemental Table 3). Point
estimates for this outcome were in the same direction among
males and females and breastfeeding children, although the point
estimate for males was slightly smaller and not statistically
significant, and it was difficult to infer directionality among
nonbreastfeeding children owing to the wide 95% CI. Among
children who were partially or fully breastfeeding at 6 mo only,
the ATE on the meat ratio component score indicated higher
intake of lean protein sources relative to fatty or processed meats
with “delayed sweets/fruit juice.” There was no evidence for an
effect of delaying sweets and fruit juice on intakes of whole
grains, vegetables, whole fruits, nonnutritive drinks, dairy, or fast
food in early childhood.

ATEs for continued offering of refused foods on diet quality
in early childhood

Mean early childhood YHEI total scores were 53.1 points
among children in the “continued offering” group and 49.5
points among children in the “ceased offering” group, but
adjustment for confounding attenuated the mean difference in
YHEI scores in the overall study population (Table 3). There
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TABLE 1 Complementary feeding behaviors, YHEI scores, and censoring by child and maternal/household characteristics among 1041 Project Viva
participants1

Overall
Delayed sweets
and fruit juice

Continues to
offer refused

foods

Early
flavor/texture

variety Censored2
YHEI score at

3 y, mean ± SD

Overall 11.5 92.7 31.7 14.1 52.8 ± 9.2
Child characteristics

Sex
Male 49.1 11.4 93.1 33.1 16.1 52.3 ± 9.1
Female 50.9 11.7 92.3 30.4 12.3 53.4 ± 9.3

Race/ethnicity
White 73.8 13.2 93.7 29.7 13.8 53.1 ± 8.9
Black 9.1 1.0 87.4 42.1 15.8 51.4 ± 9.5
Other race/ethnicity 17.1 10.1 91.0 34.8 14.6 52.4 ± 10.1

Feeding method at 6 mo
Not breastfeeding (formula

only/weaned)
46.6 8.5 90.9 31.3 16.3 50.2 ± 8.8

Partially/fully breastfeeding 53.4 14.2 94.2 32.0 12.2 55.1 ± 8.9
Maternal/household characteristics

Maternal education
< College degree 24.0 4.8 88.8 38.8 19.6 49.5 ± 10.2
College graduate 76.0 13.7 93.9 29.5 12.4 53.8 ± 8.7

Household income at enrollment, $
≤70,000 32.1 7.8 92.2 39.5 15.0 52.5 ± 9.2
>70,000 67.9 13.3 92.9 28.0 13.7 53.0 ± 9.2

Maternal prepregnancy BMI, kg/m2

<25 65.7 13.2 93.0 32.0 13.3 53.5 ± 9.1
25 to <30 22.1 10.0 92.6 28.7 14.8 52.1 ± 9.1
≥30 12.2 5.5 91.3 35.4 17.3 50.4 ± 9.7

Pregnancy AHEI score
Q1 (37.1–53.8) 22.7 8.5 92.4 35.6 14.4 47.4 ± 8.6
Q2 (53.9–60.6) 25.3 10.7 92.0 31.9 13.7 52.3 ± 9.0
Q3 (60.7–67.4) 26.3 12.0 92.0 31.7 13.9 53.8 ± 8.4
Q4 (67.5–85.8) 25.7 14.6 94.4 28.0 14.6 57.2 ± 8.2

Delayed sweets and fruit juice
No 88.5 — 92.9 32.9 14.7 52.4 ± 9.1
Yes 11.5 — 90.8 22.5 10.0 56.1 ± 9.6

Continues to offer refused foods
No 7.3 14.5 — 28.9 17.1 49.5 ± 10.1
Yes 92.7 11.3 — 31.9 13.9 53.1 ± 9.1

Early flavor/texture variety
No 68.3 13.1 92.4 — 15.2 52.5 ± 9.5
Yes 31.7 8.2 93.3 — 11.8 53.5 ± 8.4

1Values are percentages unless otherwise indicated. Mean YHEI scores were calculated among the 894 participants with dietary data in early childhood.
AHEI, Alternate Healthy Eating Index; YHEI, Youth Healthy Eating Index.

2Of the participants, 147 had complete exposure and covariate data but did not have observed outcome data (YHEI score in early childhood). These
participants were included in estimating the weights but received a final weight of 0, and only the 894 with observed outcome data were included in the
weighted regression analysis.

was no effect of the exposure in males but a YHEI score 5.4
points higher with continued offering among females (β for
exposure × sex interaction term: 4.7; 95% CI: −2.3, 11.1).
The point estimate for the ATE was higher in breastfeeding
children than in nonbreastfeeding children, yet the 95% CIs for
both estimates included the null (Table 3) (β for exposure ×
infant feeding interaction term: 3.0; 95% CI: −4.3, 10.1). In the
secondary analyses, the mean scores on the whole grains and
fruit components were higher with “continued offering” among
females only and the mean score on the dairy component was
higher among children not breastfeeding at 6 mo, with no effect
overall nor among any other subgroups on any of the other YHEI
component scores (Supplemental Table 4).

ATEs for early introduction of flavor/texture variety on diet
quality in early childhood

The mean YHEI total scores were 53.5 points among children
in the “early variety” group and 52.5 points among those with
“late variety.” Results from the IP-weighted model indicated an
ATE of “early variety” in the sample overall after confounding
adjustment (Table 4). The estimated ATEs indicated higher YHEI
scores with early variety among both males and females, yet the
95% CI for females included the null (β for interaction term:
−1.0; 95% CI: −4.2, 2.0). YHEI scores were nearly 3 points
higher with “early variety” among children not breastfeeding at
6 mo, and the point estimate for children who were still partially
or fully breastfeeding at 6 mo was smaller and the 95% included



Complementary feeding and childhood diet quality 1111

TABLE 2 Estimated association of delaying sweets and fruit juice to ≥12 mo (compared with <12 mo) with total YHEI score in early childhood among
894 Project Viva participants1

Full sample
overall Males Females

Children not
breastfeeding at

6 mo

Children fully or
partially

breastfeeding at
6 mo

Delayed sweets and fruit juice, n (%) 108 (12.1) 51 (11.9) 57 (12.3) 37 (9.1) 71 (14.6)
Linear regression model2 3.7 (1.9, 5.5) 2.2 (−0.5, 4.9) 5.0 (2.5, 7.6) 1.1 (−1.9, 4.1) 4.2 (2.0, 6.4)
IP-weighted MSM3 2.4 (−0.6, 5.3) 1.6 (−2.0, 5.2) 3.3 (−1.0, 8.3) −0.1 (−4.2, 4.4) 4.5 (1.0, 7.4)

1Estimates are βs (95% CIs) unless otherwise indicated. IP, inverse probability; MSM, marginal structural model; YHEI, Youth Healthy Eating Index.
2No adjustment for covariates.
3From IP-weighted MSMs with stabilized weights, adjusted for selection bias due to missing outcome data and for confounding by child sex (except

models stratified by sex) and infant breastfeeding status at 6 mo (except models stratified by infant breastfeeding status); maternal education, prepregnancy
BMI, and Alternate Healthy Eating Index score during pregnancy; household income at enrollment; continuing to offer refused foods; and early introduction
of flavor/texture variety. Estimates for males/females and not breastfeeding/breastfeeding children are from MSMs run on the full sample with
exposure-by-effect modifier interaction terms, with the weighted estimates of the coefficients on these terms used to compute effect estimates for each
subgroup and the estimate and 95% CI for the interaction term coefficient, an estimate of the difference between the 2 subgroups. 95% CIs generated from
500 bootstrapped samples.

the null (β for exposure × feeding method interaction term: −2.0;
95% CI: −4.9, 0.9). In secondary analyses, mean scores on the
vegetable and whole fruit components of the YHEI were higher
under “early variety.” In addition, among children who were not
breastfeeding at 6 mo, the ATE for "early variety” on the meat
ratio component score was 0.9 points (95% CI: 0.1, 1.6 points)
(Supplemental Table 5).

Discussion
Using cohort data to estimate causal effects of 3 CF behaviors

on diet quality in early childhood, our results suggest that
delaying introduction of sweets and fruit juice, continued offering
of initially refused foods, and introducing flavor/texture variety
before 1 y may all lead to higher diet quality ∼2 y later, with
potential effect modification by child sex or infant breastfeeding
status. The 2020–2025 Dietary Guidelines for Americans, with
newly added recommendations for children < 2 y old, include
all 3 of these CF behaviors in their recommendations for infants

and children (44). Evidence suggesting that these behaviors
are important for developing preferences for nutrient-dense
foods over energy-dense, nutrient-poor foods underpins these
recommendations, yet there is little research examining longer-
term impacts on diet quality. In addition, we identified specific
dietary components that seem to be positively affected by these
CF behaviors, contributing to higher overall diet quality scores.
We do not have data on health benefits corresponding to a specific
magnitude of change in YHEI score. However, in children, who
require a nutrient-dense diet for optimal health and development
(44), even a 2- to 5-point increase in YHEI score (which could
correspond to eating fruit or vegetables 1 additional time per day
or 1–2 fewer snack foods per day, for example) may translate
to clinically meaningful improvement. Recent evidence indicates
that the diet quality of US children may be improving; yet it
remains poor overall (45, 46).

Among children breastfeeding at 6 mo, delayed (compared
with early) introduction of sweets and fruit juice was associated
with mean YHEI scores nearly 4.5 points higher. Because breast

TABLE 3 Estimated association of continuing to offer refused foods (compared with no continued offering) with total YHEI score in early childhood
among 894 Project Viva participants1

Full sample
overall Males Females

Children not
breastfeeding at

6 mo

Children fully or
partially

breastfeeding at
6 mo

Continues to offer refused foods, n
(%)

831 (93.0) 399 (93.0) 432 (92.9) 369 (90.9) 462 (94.7)

Linear regression model2 3.6 (1.3, 6.0) 1.1 (−2.3, 4.5) 5.9 (2.7, 9.2) 2.2 (−0.8, 5.2) 3.9 (0.4, 7.4)
IP-weighted MSM3 2.9 (−0.2, 6.0) 0.7 (−4.2, 5.4) 5.4 (0.8, 9.1) 1.2 (−2.6, 5.4) 4.2 (−1.6, 9.2)

1Estimates are βs (95% CIs) unless otherwise indicated. IP, inverse probability; MSM, marginal structural model; YHEI, Youth Healthy Eating Index.
2No adjustment for covariates.
3From IP-weighted MSMs with stabilized weights, adjusted for selection bias due to missing outcome data and for confounding by child sex (except

models stratified by sex) and infant breastfeeding status at 6 mo (except models stratified by infant breastfeeding status); maternal education, prepregnancy
BMI, and Alternate Healthy Eating Index score during pregnancy; household income at enrollment; delayed introduction of sweets and fruit juice; and early
introduction of flavor/texture variety. Estimates for males/females and not breastfeeding/breastfeeding children are from MSMs run on the full sample with
exposure-by-effect modifier interaction terms, with the weighted estimates of the coefficients on these terms used to compute effect estimates for each
subgroup and the estimate and 95% CI for the interaction term coefficient, an estimate of the difference between the 2 subgroups. 95% CIs generated from
500 bootstrapped samples.
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TABLE 4 Estimated association of introducing flavor/texture variety at <12 mo (compared with ≥12 mo) with total YHEI score in early childhood among
894 Project Viva participants1

Full sample
overall Males Females

Children not
breastfeeding at

6 mo

Children fully or
partially

breastfeeding at
6 mo

Introduction of flavor/texture variety
<12 mo, n (%)

291 (32.6) 145 (33.8) 146 (31.4) 133 (32.8) 158 (32.4)

Linear regression model2 1.0 (−0.3, 2.3) 1.7 (−0.1, 3.5) 0.5 (−1.3, 2.3) 2.2 (0.4, 4.0) 0.1 (−1.6, 1.8)
IP-weighted MSM3 1.7 (0.3, 3.2) 2.2 (0.2, 4.8) 1.3 (−0.8, 3.3) 2.8 (0.7, 5.1) 0.9 (−1.0, 2.8)

1Estimates are βs (95% CIs) unless otherwise indicated. IP, inverse probability; MSM, marginal structural model; YHEI, Youth Healthy Eating Index.
2No adjustment for covariates.
3From IP-weighted MSMs with stabilized weights, adjusted for selection bias due to missing outcome data and for confounding by child sex (except

models stratified by sex) and infant breastfeeding status at 6 mo (except models stratified by infant breastfeeding status); maternal education, prepregnancy
BMI, and Alternate Healthy Eating Index score during pregnancy; household income at enrollment; delayed introduction of sweets and fruit juice; and
continuing to offer refused foods. Estimates for males/females and not breastfeeding/breastfeeding children are from MSMs run on the full sample with
exposure-by-effect modifier interaction terms, with the weighted estimates of the coefficients on these terms used to compute effect estimates for each
subgroup and the estimate and 95% CI for the interaction term coefficient, an estimate of the difference between the 2 subgroups. 95% CIs generated from
500 bootstrapped samples.

milk tastes sweet but formula does not, it is possible that
infants who are breastfeeding at the start of CF have heightened
sensitivity to sweetness, which is enhanced and cemented in
children whose diets include more sweet flavors, resulting in
lasting preferences for sweet, palatable foods. Regardless of sex
or infant breastfeeding status, delayed sweets and fruit juice
introduction was associated with lower intake of foods included
in the YHEI snack component, including sweets. Interestingly,
breastfed children with delayed introduction to sweets and fruit
juice had a more favorable ratio of lean:fatty protein sources in
their early childhood diet. Children consuming sweets during
CF may be exposed to less diverse flavor profiles and therefore
retain more innate preferences for sweet and energy-dense foods,
whereas children not introduced may have less exposure to other
flavors in these foods, such as salty or fat-rich flavors. Contrary
to our hypothesis, there was no association with the soda and
drinks component, possibly because the overall mean score for
this component was 9/10 with little variability, and fruit juice was
not included. Delayed sweets and fruit juice was not associated
with other dietary components including whole grains, whole
fruits, vegetables, or fast food, suggesting that confounding by
family dietary habits or nutrition knowledge may not explain
these results. Our results are consistent with those of the few
other studies examining potential programming of later flavor
preferences by exposure to sweets during CF. Among young
children in Australia, having tried more nutrient-poor foods by
14 mo predicted preference for and greater intake of these foods
at 3.7 y (14). Similarly, higher intake of energy-dense foods in
infancy predicted higher intake of these foods at 6 y among
children in the United States (13).

Refusal of new foods by children during CF is expected, yet
parents may avoid offering foods previously refused owing to
concerns about wasting food or time or about ensuring that a
child is eating enough. However, research clearly shows that
repeated exposure increases acceptance (11, 47, 48). We observed
a strong association of continued offering of initially refused
foods with later diet quality among females but not males. The
literature on sex differences in children’s eating behavior suggests
that males and females receive different external cues related to

eating behaviors, and that females show a heightened response to
external cues and potentially less responsivity to internal cues as
compared with males (22). Although consistent sex differences
have mainly been observed in older children, our finding may
reflect heightened sensitivity to continued offering of a food,
which could be accompanied by, or interpreted as, an external
pressure to taste that food, among females.

There is evidence for programming of taste preferences by CF
practices (47, 49) but a lack of research on early introduction
of foods other than fruits and vegetables (11). We addressed
this research gap by examining the impact of introducing fish,
eggs, and peanut butter in the first year. Although we could
not quantify the extent of diet variety, we expect that children
introduced to these foods early on were exposed to a wider
variety of flavors than children not introduced to these foods.
These foods are common allergens, and parents may have delayed
their introduction (and that of other foods) out of concerns about
allergy development. Also, because these foods are all unlikely
to be found in commercial baby food preparations, this exposure
may capture early introduction of homemade or family foods and
thus a variety of texture and sensory properties.

We estimated higher overall diet quality scores in early
childhood when fish, eggs, or peanut butter (≥2 of the 3) were
introduced during the first year, with higher intake of whole
fruits and vegetables regardless of infant breastfeeding status.
The effect estimate for total YHEI score was largest among
children not receiving any breast milk at 6 mo, supporting the
hypothesis that intraindividual differences in response to flavor
exposure during CF may be explained by previous exposures
from the maternal diet via amniotic fluid or breast milk (11,
50). Breastfed infants are exposed to flavors in the mother’s
diet, with much more limited flavor exposure among infants fed
formula. This may establish later preferences, because breastfed
infants prefer foods present in the mother’s diet during lactation
(6) and formula-fed infants prefer a flavor profile similar to
that of their formula (51). Longer breastfeeding duration is
associated with higher fruit and vegetable intake at 12 mo (21),
and breastfed infants more readily accept new foods (10, 12)
and have persistently higher intake of vegetables into childhood
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than formula-fed infants (47). We found no effect of early variety
exposure on later diet quality among those breastfeeding at
6 mo, consistent with evidence that breastfed children are more
accepting of new flavors and foods regardless of when and how
they are offered (8, 10, 21).

Strengths of our study include examination of 3 well-defined
exposures that can easily translate into targets for intervention,
a measure of overall diet quality as well as individual diet
components, detailed measurement of many covariates, and
use of weighting to avoid assumptions about effect modifi-
cation required by standard linear regression and adjust for
confounding and selection bias, 2 major potential sources of
bias in observational studies. Our study also has limitations,
including potential unmeasured confounding by factors such as
family cultural background, which would affect the assumption
of conditional exchangeability. We included many key factors
associated with both CF practices and diet quality and these
were well-balanced between exposure groups after weighting.
We acknowledge that early childhood diet quality is heavily
influenced by parental selection of foods and family dietary
practices, and that socioeconomic status and access to health
information and nutritious food affect both decisions about CF
and later selection of foods offered to the child. However,
several YHEI component scores were unrelated to the exposures,
suggesting that our results are not explained by general parental
nutrition knowledge or persistence of family dietary practices.
We used exposure data from a mailed annual questionnaire,
which tends to have lower response rates than in-person visits
(23), and had complete exposure and covariate data on about
half of our cohort. In addition, our sample has high proportions
of high-income households and mothers with college degrees,
all of which may limit the generalizability of our findings.
Our secondary analyses examining individual YHEI component
scores involved many statistical tests, and thus the overall chance
of a type I error could be much higher than the usual 5% and
results should be interpreted with caution.

Our data rely on accurate reporting of CF behaviors and
child diet quality by the mother. In addition, our FFQ did not
specify portion sizes and we assumed that each reported “time”
eating each food was equivalent to 1 serving. Our estimates
of child dietary intake are thus subject to measurement error,
yet our FFQ should rank participants accurately. We were also
not able to accurately estimate or account for total energy
intake. Also, we were able to examine timing of introduction of
different foods but not the impact of frequency of exposure to
sweet tastes or flavor/texture variety. However, variability in the
frequency of exposure within “exposed” groups likely attenuated
our estimates, because we expect more frequent exposure to
compound the effects of early exposure and although we expect
that once foods are introduced they will remain a regular part
of the diet, we were not able to control for this variable in our
analysis.

In conclusion, our results support the hypothesis that CF
practices promoting acceptance of a variety of nutrient-dense
foods over sweet and energy-dense foods may result in higher
diet quality during childhood. The impact of these behaviors
may be modified by child sex or infant breastfeeding status.
Future research should examine whether these CF behaviors
affect diet quality into later childhood as children become
more autonomous. In addition, a randomized trial assessing the

effect of CF behaviors on diet quality and health outcomes
would improve our ability to provide clear recommendations.
Parents and caregivers should receive support in implementing
CF practices promoting development of preferences for nutrient-
dense foods.
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