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Early-life nutrition interventions can have lifelong cardiometabolic benefits. Most evidence on this topic is derived from observational studies.
We evaluated the association of randomized controlled nutritional trials in early life and long-term cardiometabolic outcomes. Through literature
search of PubMed, CABI Global Health, Embase, and Cochrane, with manual reference check and weekly alert from PubMed, we identified 8312
records, and included 53 records from 40 cohorts in 21 countries. The total number of participants was 33,551. Interventions were initiated as
early as conception, and the longest until 7 y (except 1 study from infancy to 20 y). The cohorts were followed up for between 3 and 73 y.
We identified 7 types of interventions (protein-energy supplements, long-chain PUFAs, single micronutrient, multiple micronutrients, infant and
young child feeding, dietary counseling, and other) and 4 categories of cardiometabolic outcomes (biomarkers, cardiovascular, body size and
composition, and subclinical/clinical outcomes). Most findings were null. Fasting glucose concentration was 0.04 mmol/L lower (95% CI: —0.05,
—0.02 mmol/L; > = 0%) in the intervention groups than in the control groups (15 studies). BMI (kg/mz) was 0.20 higher (95% Cl: 0.12,0.28; 2 = 54%)
in the intervention groups than control groups (14 studies). No significant effect was observed for total cholesterol (12 studies) or blood pressure
(17 studies). Ongoing and personalized dietary counseling was associated with lower glucose and cholesterol, better endothelial function, and
reduced risk of metabolic syndrome. The timing of intervention mattered, with earlier initiation conferring greater benefit (improved lipid profile and
marginally lower glucose concentration) based on 2 studies. In sum, glucose concentration was lower following early-life nutrition interventions, but
there is a risk of unintended consequences, including higher BMI. Maternal and child nutrition interventions must be evidence-based and tailored
to each population to promote long-term cardiometabolic health. Adv Nutr 2021;12:461-489.
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adult outcomes has been explored. Early studies by Ravelli
et al. (2) and a large body of work by Barker and colleagues
(3, 4) led to the formulation of the developmental origins
of health and disease paradigm, positing that insults in fetal
and early postnatal periods alter the child’s growth and de-
velopment and affect the risk of later cardiometabolic disease
(2-4).

Epidemiological evidence from observational studies is
abundant, suggesting associations between various early-life
nutritional exposures and long-term health consequences
(5-7). For instance, >6 mo of breastfeeding, compared
with shorter duration, is associated with lower odds for

Introduction

There is much interest in the role of nutrition in early life,
often conceptualized as the “first 1000 days” from conception
to the second birthday, on child growth and development
(1). The potential for nutrition in early life to impact also on
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diabetes and obesity (8). A recent systematic review reported
that low vitamin D status during pregnancy was associated
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with greater weight in the offspring at 9 mo of age (9).
Famine studies are generally considered pseudoexperimen-
tal, drawing lessons from unfortunate “natural experiments”
to explore the consequences of severe nutritional deprivation
in early life (5). Famine studies have identified early gestation
as a critical window of development, as well as numerous
long-term morbidity and mortality consequences of severe
nutritional deprivation in early life (10-13).

Populations that were malnourished in childhood and
subsequently exposed to an obesogenic environment are
particularly susceptible to cardiometabolic disturbances.
This cycle of early-life malnutrition and increased risk in
adulthood can predispose future generations to higher risks
(7). In a world of aging populations and an increasingly
heavy burden of noncommunicable diseases, particularly
cardiometabolic diseases, we consider it urgent and critical
to investigate the potentials of early-life nutrition investments
in preventing long-term illnesses (14).

There is limited evidence from experimental studies,
despite considering this type of study to be more indicative of
causal associations (15). Nutrition interventions in early life
are usually designed to provide short-term benefits, such as
promoting infant growth and preventing childhood diseases
(16, 17), and randomized trials conducted in pregnant
women and young children have been designed to address
these shorter-term outcomes. We therefore aimed at sum-
marizing the evidence on the association between early-life
nutrition interventions in the form of randomized controlled
trials and their long-term influences on cardiometabolic
diseases and associated risk factors.

Methods

Electronic literature search

We developed search terms based on 3 main domains,
including “early life,” “nutrition interventions,” and “car-
diometabolic outcomes.” We included additional qualifiers
to specify the concept of “early life” and the duration of
follow-up. In the first screening phase, we did not restrict
the type of trial, the category of cardiometabolic outcomes,
the language, or the publication date. We searched the
following databases: PubMed, CABI Global Health, Embase,
and Cochrane. We also set up a PubMed email alert to screen
new studies published after the initial search (completed on
February 12, 2019). We received ongoing, weekly alerts of
new publications, and added new records from the weekly
list if they met the inclusion criteria.

Screening process

We obtained 9230 records through the electronic literature
search process, and an additional 220 records were added
through other sources, including searches within known
longitudinal studies, manual reference checks, and a search
of the gray literature. After removing duplicates, we retained
8312 for first-pass title screening. After removing 7413
records through this initial screening process, we conducted
a second round of title and abstract screening of the
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remaining 899 records, and eventually identified 139 records
for full-text review and data extraction.

The inclusion criteria for the articles to be included in
the final analysis were: nutrition interventions, randomized
controlled trial (acceptable if randomization by cluster or
block), intervention conducted in early life (preconception,
prenatal, perinatal, postnatal, and during infancy and early
childhood), with >3 y of follow-up, and outcome(s) relevant
to cardiometabolic diseases and risk factors.

Exclusion criteria included: not original research articles
(e.g., review, trial protocol, summary of outcomes in a single
cohort across decades) (n = 19); observational studies (e.g.,
cross-sectional analysis) nested within cohorts that had an
original randomized controlled trial (n = 6); interventions
related to early life development and childcare, but that were
not nutritional in nature (n = 1); lacking strictly randomized
assignment for the exposure variable (n = 8); no follow-
up with the cohort for >3 y, or the children were not
yet born after maternal intervention (n = 13); no primary
outcome of interest (e.g., reported neurodevelopment and
dietary pattern) (n = 5); reported maternal outcome but not
outcome in the children (n = 1); previously unidentified
duplicates (n = 3); reported the same outcomes from the
same population as another included study, but from an
earlier time point (n = 6); insufficient number of unit
in cluster randomization trials (<20 clusters randomized)
and without appropriate statistical methods to adjust for
this insufficiency (e.g., small-sample corrections or variance-
weighted cluster-level analyses) (n = 2) (18); or the analysis
not based on original assignment, but used difference-in-
difference modeling strategy (n = 2). Famine studies were
excluded due to the quasi-experimental exposure assignment
and the inability to isolate the nutritional aspects of the
famine from other stressors (n = 20). Figure 1 provides the
Preferred Reporting Items for Systematic Reviews and Meta-
Analyses flow chart. After the screening process, a total of
53 records were retained for data extraction and synthesis of
results.

Qualitative and quantitative analysis

We extracted information on basic description of the study,
funding and conflict of interest, details of methods, partici-
pant profile, and both qualitative and quantitative results. We
used the most recent World Bank classification to determine
the income levels of the countries where these studies were
situated (19).

We first described the publication year, country, co-
hort, sample size, intervention age, duration of follow-
up, summary of the intervention, and outcome category.
We evaluated risk of bias in 6 domains based on the
Quality in Prognostic Studies tool: study participants,
study attrition, prognostic factor measurement, outcome
measurement, study confounding, and statistical reporting
(20). The research group that developed this tool advise
against assigning an overall bias score across all domains,
therefore we reported bias assessment by each domain for
the studies in a qualitative manner. We also provided a
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FIGURE 1

Preferred Reporting Items for Systematic Reviews and Meta-Analyses flow chart study inclusion/exclusion. 'Reasons for

exclusion: see Methods. 2For each category of outcome, the number of included studies varied in meta-analysis: 15 included for fasting
glucose concentration (21-35); 12 for total cholesterol concentration (21-24, 27, 28, 31, 34-38); 17 for blood pressure, same for systolic
and diastolic blood pressure (21-23, 27, 31, 34, 37, 39-41, 42-45, 46-48); and 14 for BMI (21-23, 25-27, 31, 34, 39, 42, 46, 47, 49, 50).

summary of key findings and outcome measurements. To
facilitate interpretation of the results, we used bolded and
capitalized words to indicate the key message, for instance,
“NULL,” “HIGHER,” or “LOWER” value. In this review, the
comparison was always the intervention group minus the
control group, regardless of how the original article presented
the results.

For quantitative synthesis, we conducted meta-analysis
using the packages “meta,” “metafor,” “dmetar,” and “esc”
in R version 3.6.1 (R Core Team, Foundation for Statistical
Computing) (51-53). We included 4 outcomes in meta-
analysis: fasting glucose concentration, total cholesterol
concentration, blood pressure (systolic and diastolic), and
BMI. These outcomes were included based on 2 additional
criteria: >3 studies reported this outcome; and the reporting
format was consistent (e.g., no transformation of the raw data
such as z-score or logarithm in some studies but not others).
We calculated raw mean differences (MDs) for each study,

and used mixed effects models to generate subgroup (based
on the types of interventions) and overall effect sizes for each
outcome with between-study heterogeneity test, including
Higgins and Thompson I* (percentage of variability). We
then plotted the meta-analysis results as forest plots. For each
of the selected outcomes, we also provide the corresponding
funnel plot to assess publication bias. When a study has
>2 arms (e.g., 2 intervention groups and 1 control group),
we selected the intervention group based on the value it
contributes to this review (maximizing the effect size). We
have noted the selection in the figure legends, whenever
applicable.

To verify the main findings using standardized measures,
we precalculated effect size for each outcome (glucose, total
cholesterol, blood pressure, and BMI) by converting either
unstandardized regression coeflicient or mean and SD to
effect size Hedges g, which is bias-corrected standardized
mean difference (SMD). The SMD is a suitable measure for

Nutrition interventions and cardiometabolic outcomes 463



this sensitivity analysis because it is more generalizable than
MD: the results are standardized regardless of the actual
units. Because the findings based on SMD were consistent
with the main findings based on MD, we do not present the
SMD results.

Results

Summary of study characteristics

The 53 publications were from 40 cohort studies in
21 countries, including 12 high-income and 9 low- or middle-
income countries (Table 1, Figure 2). The total number
of participants was 33,551 (counting each cohort once).
Publication dates ranged between 1997 and 2020 (Table 1).
Interventions were conducted as early as conception, and
the longest continued until 7 y of age, with the excep-
tion of 1 study—the Special Turku Coronary Risk Factor
Intervention Project for Children (STRIP), which was an
ongoing dietary counseling intervention that lasted until age
20 y. The cohorts were followed up for between 3 and 73 y
(Table 1).

We identified 7 categories of interventions. 1) Protein-
energy supplementation (21-23, 54, 55): in this type of
intervention, the study participants (children, and/or
their mothers) were provided supplements that contain
mainly protein and energy; some of these supplements
might include micronutrients, but the focus was protein
and calories. 2) Long-chain polyunsaturated fatty acid
(LCPUFA) supplementation (39, 56, 57, 24, 40, 25, 41, 26, 36,
27, 58): some studies also included micronutrients with the
LCPUFAs. 3) Single-micronutrient supplementation (21, 42,
43, 59, 60): only 1 micronutrient was provided in this type
of trial, such as calcium supplementation. 4) Multiple-
micronutrient supplementation (MMS) (28, 61-64):
>2 micronutrients were provided as supplements. One
study included a small amount of protein (lipid-based
nutrient supplements). 5) Infant and young child feeding
(IYCEF), and milk supplementation (44, 45, 65, 37, 46, 66, 47,
29, 67, 49, 38, 30, 68, 48, 31, 69, 50, 32): all trials related to
promoting or practicing IYCF were included in this category.
A few studies that could have been included in the previous
categories were included as IYCF trials if [YCF was the main
purpose (e.g., LCPUFA-supplemented infant formula). 6)
Dietary counseling (33, 34, 70-74): either the participants
or their caretakers were provided dietary counseling. 7)
Other interventions (28, 35, 75, 76): in this category we
included all other types of trials that did not fit in any of the
previous categories, including a food-based intervention and
probiotics trials.

We presented the cardiometabolic outcomes in 4 cate-
gories: 1) biomarkers (e.g., glucose and insulin concentra-
tions, lipid profile, and inflammation markers); 2) cardio-
vascular physiology (e.g., blood pressure); 3) body size and
body composition (e.g., BMI); and 4) subclinical and clinical
cardiometabolic outcomes (e.g., obesity status).

Most of the included studies were in the low-to-moderate
bias category across domains of bias assessment, except for
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Forsyth et al. (45), which has high risk of bias in 4 domains
(Table 2). We did not observe publication bias for any of the
selected outcomes (Supplemental Figure 1).

Outcome category 1: biomarkers

Meta-analysis (15 studies) showed that fasting glucose
concentration was significantly lower in intervention groups
compared with control groups (MD = —0.04 mmol/L;
95% CI: —0.05, —0.02 mmol/L; > = 0%) (Figure 3).
Subgroup analysis showed that the reduction in glucose
concentration was significant in 3 types of interventions:
—0.04 mmol/L (95% CI: —0.08, 0.00 mmol/L; I> = 0%) in
protein-energy category (21-23); —0.10 mmol/L (95% CI:
—0.18, —0.02 mmol/L) based on 1 MMS trial (28); and
—0.04 mmol/L (95% CI: —0.06, —0.02 mmol/L; > = 0%)
in IYCF category (29, 30, 31, 32) (Figure 3). There was also
a marginal decrease in total cholesterol (12 studies) in the
intervention groups compared with control groups (MD =
—0.04 mmol/L; 95% CI: —0.07, 0.00 mmol/L; > = 46%),
which was driven mainly by the 0.22 mmol/L decrease
in total cholesterol in the IYCF category (95% CI: —0.35,
—0.09 mmol/L; > = 0%) (Figure 4).

Qualitative evidence showed predominantly a reduction
in biomarker concentrations (glycemic markers, lipids, and
apolipoproteins, as well as inflammation markers) with
a few exceptions (Supplemental Table 1). Two protein-
energy trials that presented biomarker outcomes showed
marginally lower fasting glucose, and lower insulin and
HOMA-IR score (21, 55). One LCPUFA trial reported higher
insulin resistance, whereas the other reported lower insulin
concentration and insulin resistance (27). Two multiple
micronutrient interventions reported lower total cholesterol
and lower inflammation markers (62, 77). Most IYCF studies
reported null findings, and those studies with significant
findings were inconsistent in terms of the direction of effect.
Based on the same study in preterm infants, Singhal et
al. (78, 79) reported lower C-reactive protein and LDL
cholesterol:HDL cholesterol ratio in banked breastmilk com-
pared with preterm formula group, but also higher insulin
resistance. They further reported lower leptin concentration
(relative to fat mass) in the intervention group (68). In
addition, Toftlund et al. (31) reported lower cholesterol
concentration in the breastmilk group than in the preterm
formula group. Dietary counseling (with evidence coming
primarily from the STRIP study) reported lower fasting
glucose and insulin resistance, lower circulation fatty acids,
higher serum PUFAs, and lower total cholesterol and LDL
cholesterol in the intervention groups (71, 34). All other
results were null (Supplemental Table 1).

Outcome category 2: cardiovascular physiology

Meta-analysis (17 studies) showed that there was no statisti-
cally significant difference between intervention and control
groups in blood pressure. Systolic blood pressure reduced
by 0.31 mmHg in the intervention groups (95% CI: —0.78,
0.16 mmHg; I* = 78%), with only LCPUFA interventions
showing significant reduction (MD = —0.72 mmHg; 95% CL:
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FIGURE2 Map of the world indicating the countries and cohorts included. Created with www.mapchart.net.

—1.41, —0.04 mmHg; I = 65%) (39-41, 27) (Figure 5). Di-
astolic blood pressure was not reduced across interventions
(MD = —0.00 mmHg; 95% CI: —0.44, 0.43 mmHg; I* = 96%)
(Figure 6).

Approximately half (9 of 22) of studies reported significant
results in this category (Supplemental Table 1). One protein-
energy trial reported lower augmentation index (55). One
LCPUFA study found that blood pressure was lower in
the intervention group than in the placebo group (40).
One single-micronutrient trial reported marginally lower
diastolic blood pressure, but only in overweight children
(42). Two IYCEF trials reported lower blood pressure, and
1 reported marginally lower heart rate (44, 45, 48). Two
dietary counseling studies (both from the STRIP study)
reported lower blood pressure and better endothelial func-
tions (mainly in boys for the latter) (34, 74). In contrast,
1 LCPUFA study reported higher blood pressure in boys; 1
IYCEF trial reported higher blood pressure in the intervention
group, but only in girls (39, 46). All other results were null
(Supplemental Table 1).

Outcome category 3: body size and body composition
Based on meta-analysis (14 studies), the intervention groups
had 0.20 kg/m? higher BMI than the control groups (95% CI:
0.12, 0.28; I> = 54%) (Figure 7). The significant increase in
BMI was driven by IYCF interventions (MD = 0.33; 95% CI:
0.23, 0.43; I* = 0%), including LCPUFA-enriched formula
compared with unsupplemented formula (46), breastfeeding
promoting at the facility level compared with no promotion
(47), nutrient-enriched formula compared with standard
term formula for short-for-gestational-age infants (49),
preterm formula compared with breastmilk (31), and high-
protein formula compared with low-protein, equal-caloric
formula (50).

The following studies reported higher weight and asso-
ciated measurements (such as BMI-for-age z-score, or fat

478 He and Stein

mass percentage), including 1 maternal LCPUFA trial and
6 IYCF trials (high- compared with low-protein formula,
milk supplementation compared with no supplementation,
baby-friendly hospital compared with control, enriched com-
pared with unenriched formula) (58, 65, 46, 47, 49, 69, 50, 80)
(Supplemental Table 1). Two LCPUFA trials reported larger
head circumference and lower waist circumference; One
multiple-micronutrient trial reported lower BMI-for-age z-
score, whereas 1 IYCF trial (breastfeeding compared with
formula feeding) reported lower level of early rapid growth
(39, 27, 62, 31). All other results were null (Supplemental
Table 1).

Outcome category 4: subclinical and clinical outcomes
We did not conduct meta-analysis for any specific outcome
in this category because only 8 studies reported subclinical
or clinical cardiometabolic outcomes, and the findings were
inconsistent (Supplemental Table 1). One IYCF trial (high-
compared with low-protein formula) reported higher risk
of obesity (50). In contrast, findings from the STRIP study
(dietary counseling) reported lower overweight prevalence
in girls (70). Both Nupponen et al. (72) (dietary coun-
selling) and Stewart et al. (64) (folic acid plus vitamin A
supplementation compared with vitamin A alone) reported
lower risk of metabolic syndrome. In addition, Pahkala et
al. (73) (dietary counseling) reported lower risk of poor
cardiovascular health. The remaining studies reported null
findings (Supplemental Table 1).

Timing of intervention

Two studies directly examined the difference in timing of
the interventions. Ekstrom et al. (28) observed that earlier
compared with later provision of the same supplemental
food item was associated with better lipid profile (Table 1,
Supplemental Table 1). Hawkesworth et al. (21) reported
that delivering the same maternal protein-energy biscuit pre-
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Subgroup Mean Difference MD 95%-Cl
1. Protein-energy

Hawkesworth 2011 (21) - Gambia 17y —*— —-0.04 [-0.09; 0.01]
Kinra 2008 (55) - India 18y — -0.04 [-0.12; 0.04]
Macleod 2013 (23) - UK 23y : -0.10 [-0.37; 0.17]
Random effects model <> -0.04 [-0.08; 0.00]
I? = 0% [0%; 0%)], x2 = 0.19 (p = 0.91)

2. LCPUFA

Gutierrez-Gomez 2017 (24) - Mexico 4y —1—— —-0.04 [-0.14; 0.06]
Muhlhausler 2016 (25) - Australia 5y e 0.05 [-0.06; 0.16]
Rytter 2011a (26) - Denmark 19y o 0.10 [-0.03; 0.23]
See 2018 (27) - Australia 5y —T 0.00 [-0.11; 0.11]
Random effects model == 0.02 [-0.04; 0.08]
I? = 8% [0%:; 86%], x2 = 3.25 (p = 0.36)

3. MMS

Ekstrom 2016 (28) - Bangladesh 4.5y — -0.10 [-0.18; -0.02]
Random effects model - -0.10 [-0.18; -0.02]
not applicable i

4.1YCF

Martin 2014 (29) - Belarus 11.5y -0.04 [-0.06; —0.02]
Singhal 2003 (30) - UK 16y —_— 0.00 [-0.17; 0.17]
Toftlund 2018 (31) - Denmark 6y —_— 0.00 [-0.16; 0.16]
Williams 2012 (32) - UK 27y I -0.07 [-0.22; 0.08]
Random effects model <> -0.04 [-0.06; —0.02]
1% = 0% [0%; 23%], x5 = 0.6 (p = 0.90)

5. Dietary Counseling

Costa 2017 (33) - Brazil 8y ——— 0.00 [-0.09; 0.09]
Pahkala 2020 (34) - Finland 26y — -0.07 [-0.15; 0.01]
Random effects model e -0.04 [-0.11; 0.03]
I?=16%, x> =1.19 (p = 0.28)

6. Other

Videhult 2015a (35) - Sweden 8.8y —_— -0.03 [-0.14; 0.08]
Random effects model —_— -0.03 [-0.14; 0.08]
not applicable i

Fixed effects (plural) model & —-0.04 [-0.05; -0.02]
Prediction interval : : : - : : | [-0.05; -0.02]

I? = 0% [0%:; 45%], x2 = 6.29 (p = 0.28)

-0.3-0.2-0.1 0 0.1 0.2 0.3

FIGURE 3 Forest plot with subgroup analysis of the effect of early-life nutrition interventions on long-term fasting glucose
concentration (millimoles per liter). Study identification: last name of the first author and publication year, followed by reference number,
country (or region if multisite study), and the duration of follow-up (in years). Different articles by the same author and in the same year
are distinguished by a (or b). Hawkesworth et al. (21): the first trial in the article (protein-energy supplementation) was included in this
analysis. Macleod et al. (23): the first arm of the intervention was included in this analysis (protein, carbohydrate, and vitamin compared
with vitamin only). Ekstrém et al. (28): the second trial (multiple-micronutrient supplementation compared with iron and folic acid
supplementation) was included in this analysis. “Other” denotes other interventions (in this case, probiotics). IYCF, infant and young child
feeding; LCPUFA, long-chain polyunsaturated fatty acid supplementation; MD, mean difference; MMS, multiple-micronutrient
supplementation.

compared with post-delivery was associated with marginally
lower fasting glucose concentration in the offspring (Table 1,
Supplemental Table 1).

long-term cardiometabolic impact of nutrition interventions
(randomized controlled trials) in early life. The primary find-
ings of this review were 4-fold. First, across different types of
interventions, most findings were null. However, there was an
overall lowering effect on fasting glucose concentration, but
BMI was higher in the intervention groups. Second, ongoing
and personalized dietary counseling was the only interven-
tion that reported predominantly beneficial cardiometabolic
outcomes. Third, among IYCF studies, breastfeeding was

Discussion
We conducted this systematic review and meta-analysis in
an effort to synthesize up-to-date information regarding the

Nutrition interventions and cardiometabolic outcomes 481



Subgroup Mean Difference MD 95%-Cl
1. Protein-energy |
Hawkesworth 2011 (21) - Gambia 17y . -0.01 [-0.08; 0.06]
Kinra 2008 (55) - India 18y L 0.00 [-0.08; 0.08]
Macleod 2013 (23) - UK 23y 2 0.05 [-0.46; 0.56]
Random effects model <I> -0.00 [-0.06; 0.05]
17 = 0% [0%; 0%], x5 = 0.08 (p = 0.96)
2. LCPUFA
Gutierrez-Gomez 2017 (24) - Mexico 4y 0.05 [-0.06; 0.16]
Rytter 2011b (36) - Denmark 19y 0.00 [-0.27; 0.27]
See 2018 (27) - Australia 5y — -0.10 [-0.26; 0.06]
Random effects model <= -0.00 [-0.10; 0.09]
12 = 8% [0%; 90%], x2 = 2.18 (p = 0.34) ‘
3. MMS
Ekstrém 2016 (28) - Bangladesh 4.5y — -0.07 [-0.17; 0.03]
Random effects model <= -0.07 [-0.17; 0.03]
not applicable
4. IYCF
Gruszfeld 2015 (37) - Europe 5y -0.14 [-0.32; 0.04]
Singhal 2004 (38) - UK 16y B — -0.30 [-0.56; -0.04]
Toftlund 2018 (31) - Denmark 6y — & -0.30 [-0.56; —0.04]
Random effects model - -0.22 [-0.35; -0.09]
12 = 0% [0%:; 86%], %2 = 1.5 (p = 0.47)
5. Dietary Counseling
Pahkala et al 2020 (34) - Finland 26y -0.15 [-0.32; 0.02]
Random effects model —r -0.15 [-0.32; 0.02]
not applicable
6. Other
Videhult 2015a (35) - Sweden 8.8y 0.20 [-0.02; 0.42]
Random effects model — 0.20 [-0.02; 0.42]
not applicable
Fixed effects (plural) model < -0.04 [-0.07; 0.00]
Prediction interval [-0.21; 0.11]
12 = 46% [0%; 72%], %2 = 16.33 (p < 0.01) ' I '

-04 -02 0 02 04

FIGURE 4 Forest plot with subgroup analysis of the effect of early-life nutrition interventions on long-term total cholesterol
concentration (millimoles per liter). Study identification: last name of the first author and publication year, followed by reference number,
country (or region if multisite study), and the duration of follow-up (in years). Different articles by the same author and in the same year
are distinguished by a (or b). Hawkesworth et al. (21): the first trial in the article (protein-energy supplementation) was included in this
analysis. Macleod et al. (23): the first arm of the intervention was included in this analysis (protein, carbohydrate, and vitamin compared
with vitamin only). Ekstrém et al. (28): the second trial (multiple micronutrient supplementation compared with iron and folic acid
supplementation) was included in this analysis. “Other”denotes other interventions (in this case, probiotics). IYCF, infant and young child
feeding; LCPUFA, long-chain polyunsaturated fatty acid supplementation; MD, mean difference; MMS, multiple-micronutrient

supplementation.

more beneficial than formula feeding, although breastfeeding
promotion alone did not yield observable long-term benefits.
Lastly, timing of intervention mattered within the same study;,
and earlier exposure to improved nutrition was more bene-
ficial than later, but more studies are needed to replicate this
finding.

In this review, we observed mostly null to modest findings
in terms of long-term cardiometabolic impacts, unlike the
relatively clear associations drawn from famine studies (12,
81, 82). It is possible that the human body is rather resilient:
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unless undergoing severe energy and nutrient deprivation
early in life, metabolic programming either would not occur,
or the programming effects could be offset or compensated
for in the long term. It is plausible that most cardiometabolic
disturbances in early life do not persist into adulthood,
although some evidence suggests lifelong tracking of blood
pressure level (83). The underlying mechanisms of effect
of early-life nutrition are not fully elucidated (5). A few
possible mechanisms include in utero growth restriction,
ontogenic alterations, metabolic adaptation, and epigenetic



Subgroup Mean Difference MD 95%-Cl
1. Protein-energy

Hawkesworth 2011 (21) - Gambia 17y — 0.46 [-0.51; 1.43]
Kinra 2008 (55) - India 18y —r -0.90 [-2.09; 0.29]
Macleod 2013 (23) - UK 23y 220 [-2.46; 6.86]
Random effects model = -0.02 [-1.25; 1.21]
I? = 49% [0%; 85%], 12 = 3.91 (p = 0.14)

2. LCPUFA

Asserhgj 2009 (39) - Denmark 7y | ——=—— 380 [0.56; 7.04]
Kerling 2019 (40) - US 6y -0.94 [-1.20; -0.68]
Rytter 2012 (41) - Denmark 19y —— 0.00 [-2.98; 2.98]
See 2018 (27) - Australia 5r | -1.00 [-1.51;-0.49]
Random effects model <> -0.72 [-1.41; -0.04]
I? = 65% [0%; 88%], 12 = 8.64 (p = 0.03)

3. Single Micronutrient

Belizan 1997 (42) - Argentina 7y — -1.40 [-3.26; 0.46]
Hiller 2007 (43) - Australia 8y —— -0.10 [-2.44; 2.24]
Random effects model <>,J> -0.90 [-2.35; 0.56]
I? = 0%, y2=0.73 (p = 0.39)

4.1YCF

De Jong 2011 (44) - Netherlands 9y —— -0.06 [-2.41; 2.29]
Forsyth 2003 (45) - Europe 5y — -2.30 [-5.56; 0.96]
Gruszfeld 2015 (37) - Europe 5y — e 0.30 [-2.43; 3.03]
Kennedy 2010 (46) - UK 10y ——— 1.90 [-1.51; 5.31]
Martin 2017 (47) - Belarus 16y : 0.60 [ 0.22; 0.98]
Singhal 2001 (48) - UK 16y — -2.70 [-5.63; 0.23]
Toftlund 2018 (31) - Denmark 6y —E— 1.00 [-1.68; 3.68]
Random effects model <> 0.12 [-0.84; 1.07]
17 = 31% [0%; 71%], x5 = 8.7 (p = 0.19)

5. Dietary Counseling

Pahkala 2020 (34) - Finland 26y —— 1.70 [-0.31; 3.71]
Random effects model e 1.70 [-0.31; 3.71]
not applicable

Fixed effects (plural) model < -0.31 [-0.78; 0.16]
Prediction interval : |__| : | [-2.07; 1.85]

17 = 78% [64%; 86%], 72 = 6.81 (p = 0.15) '
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FIGURE 5 Forest plot with subgroup analysis of the effect of early-life nutrition interventions on long-term systolic blood pressure
(mmHg). Study identification: last name of the first author and publication year, followed by reference number, country (or region if
multisite study), and the duration of follow-up (in years). Hawkesworth et al. (21): the first trial in the article (protein-energy
supplementation) was included in this analysis. Macleod et al. (23): the first arm of the intervention was included in this analysis (protein,
carbohydrate, and vitamin compared with vitamin only). de Jong et al. (44): the first arm of the intervention was selected
(LCPUFA-enriched formula, compared with control formula). IYCF, infant and young child feeding; LCPUFA, long-chain polyunsaturated

fatty acid supplementation; MD, mean difference.

modifications (5, 84). Factors in the broader social, eco-
nomic, and environmental context should be taken into
consideration as well (5, 85).

Glycemia levels appeared to benefit from various types
of early-life nutrition interventions, the most prominent
being protein-energy supplementation in relatively
malnourished populations (21, 55). The availability
of sufficient protein in early life likely supports the
development of essential metabolic organs, especially the
pancreas, where insulin, glucagon, and other key glycemic
regulators are produced (86). Research showed that protein

supplementation promotes brain development, which is
a major organ that relies solely on glucose as fuel (87).
A few other types of interventions were also associated
with lower glucose concentrations later in life. Dietary
counseling reduced fasting glucose concentration and insulin
resistance. Gestational supplementation with multiple
micronutrients compared with only iron and folic acid,
as well as LCPUFA supplementation during infancy, also
lowered glucose concentration, indicating the importance of
a balanced micronutrient profile and improved lipid intake
(27, 28).
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Subgroup Mean Difference MD 95%-Cl
1. Protein-energy |

Hawkesworth 2011 (21) - Gambia 17y . 0.09 [-0.73; 0.91]
Kinra 2008 (55) - India 18y B 0.30 [-0.46; 1.06]
Macleod 2013 (23) - UK 23y —'t -1.30 [-4.65; 2.05]
Random effects model 0.16 [-0.39; 0.71]
17 = 0% [ 0%; 77%], %2 = 0.89 (p = 0.64)

2. LCPUFA

Asserhgj 2009 (39) - Denmark 7y T 2.30 [-0.43; 5.03]
Kerling 2019 (40) - US 6y -2.10 [-2.33;-1.87]
Rytter 2012 (41) - Denmark 19y —T 1.00 [-0.79; 2.79]
See 2018 (27) - Australia 5r - -0.50 [-1.07; 0.07]
Random effects model e -0.25 [-1.73; 1.23]
I? = 93% [86%; 97%], x5 = 44.8 (p < 0.01)

3. Single Micronutrient

Belizan 1997 (42) - Argentina 7y —a -0.40 [-2.00; 1.20]
Hiller 2007 (43) - Australia 8y Zl‘: 0.50 [-1.59; 2.59]
Random effects model -0.07 [-1.34; 1.20]
I? = 0%, 52 = 0.45 (p = 0.50)

4.1YCF

De Jong 2011 (44) - Netherlands 9y — T -1.51 [-3.74; 0.72]
Forsyth 2003 (45) - Europe 5y —a— -3.60 [-6.46;-0.74]
Gruszfeld 2015 (37) - Europe 5y — -0.10 [-2.08; 1.88]
Kennedy 2010 (46) - UK 10y N - E— 2.30 [-0.20; 4.80]
Martin 2017 (47) - Belarus 16y 1.00 [0.75; 1.25]
Singhal 2001 (48) - UK 16y —— -3.10 [-5.65;-0.55]
Toftlund 2018 (31) - Denmark 6y — -2.00 [-4.63; 0.63]
Random effects model = -0.82 [-2.39; 0.75]
17 = 81% [61%; 90%], 32 = 30.86 (p < 0.01)

5. Dietary Counseling

Pahkala 2020 (34) - Finland 26y —a -0.10 [-1.49; 1.29]
Random effects model . -0.10 [-1.49; 1.29]
not applicable

Fixed effects (plural) model > -0.00 [-0.44; 0.43]
Prediction interval : : : | [-4.18; 3.46]

17 = 96% [94%; 97%], 72 = 1.51 (p = 0.82) '
-6

-4 -2 0 2 4 6

FIGURE 6 Forest plot with subgroup analysis of the effect of early-life nutrition interventions on long-term diastolic blood pressure
(mmHg). Study identification: last name of the first author and publication year, followed by reference number, country (or region if
multisite study), and the duration of follow-up (in years). Hawkesworth et al. (21): the first trial in the article (protein-energy
supplementation) was included in this analysis. Macleod et al. (23): the first arm of the intervention was included in this analysis (protein,
carbohydrate, and vitamin compared with vitamin only). de Jong et al. (44): the first arm of the intervention was selected
(LCPUFA-enriched formula, compared with control formula). IYCF, infant and young child feeding; LCPUFA, long-chain polyunsaturated

fatty acid supplementation; MD, mean difference.

The effect on BMI and risk of obesity was mainly observed
in interventions that provided “enriched” supplements,
which provided higher energy or certain macronutrients be-
yond average needs (69, 50). In well-nourished populations,
higher protein intake in infancy can increase the availability
of branched-chain amino acids that can enhance the release
of insulin-like growth factor I, which is known to stimulate
weight gain and body fat deposition (50). One study, however,
provided body composition data with short intervals over
the follow-up period (birth to 6 y). It reported that despite
the increase in BMI, there was a proportional increase in
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lean, bone, and fat mass in the intervention group (LCPUFA)
(58). We therefore suggest that the results for BMI be
interpreted with caution, because BMI does not differentiate
between lean mass and fat mass (49). It is possible that
these interventions stimulated growth proportionally in
different types of tissues, without compromising metabolic
functions. More research is needed to ascertain this finding
and investigate the underlying mechanisms.

The STRIP study of dietary counseling in Finland was
the only cohort that reported consistently positive results
across all categories of cardiometabolic outcomes, including



Subgroup

1. Protein-energy

Hawkesworth 2011 (21) - Gambia 17y
Kinra 2008 (55) - India 18y

Macleod 2013 (23) - UK 23y

Random effects model

17 = 71% [1%; 91%], 3> = 6.87 (p = 0.03)

2. LCPUFA

Asserhgj 2009 (39) - Denmark 7y
Muhlhausler 2016 (25) - Australia 5y
Rytter 2011a (26) - Denmark 19y
See 2018 (27) - Australia 5y
Random effects model

I? = 0% [0%; 28%], x> = 0.64 (p = 0.89)

3. Single Micronutrient

Belizan 1997 (42) - Argentina 7y
Random effects model

not applicable

4.1IYCF

Kennedy 2010 (46) - UK 10y

Martin 2017 (47) - Belarus 16y
Singhal 2010 (49) - UK 10y

Toftlund 2018 (31) - Denmark 6y
Weber 2014 (50) - Europe 6y
Random effects model

I? = 0% [0%; 58%], x> = 1.97 (p = 0.74)

5. Dietary Counseling

Pahkala 2020 (34) - Finland 26y
Random effects model

not applicable

Fixed effects (plural) model
Prediction interval

I = 54% [15%; 75%], 14 = 15.27 (p < 0.01) '
-4

Mean Difference MD 95%-ClI
. 018 [-0.07;0.43]
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; 0.00 [-0.24; 0.24]
o 0.00 [-0.13;0.14]
- 020 [-0.25; 0.65]
> 0.20 [-0.25; 0.65]
e 050 [-0.91;1.91]
: 0.30 [0.19; 0.41]
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0 0.33 [0.23;0.43]
e 000 [-0.83;0.83]
- 0.00 [-0.83; 0.83]
0 0.20 [0.12; 0.28]

N B [-0.22; 0.56]

FIGURE 7 Forest plot with subgroup analysis of the effect of early-life nutrition interventions on long-term BMI (kg/m?). Study
identification: last name of the first author and publication year, followed by reference number, country (or region if multisite study), and
the duration of follow-up (in years). Different articles by the same author and in the same year are distinguished by a (or b). Hawkesworth
etal. (21): the first trial in the article (protein-energy supplementation) was included in this analysis. Macleod et al. (23): the first arm of the
intervention was included in this analysis (protein, carbohydrate, and vitamin compared with vitamin only). IYCF, infant and young child
feeding; LCPUFA, long-chain polyunsaturated fatty acid supplementation; MD, mean difference.

lower insulin resistance, favorable lipid profile, lower blood
pressure, better endothelial function, lower risk of metabolic
syndrome, and better indicators for cardiovascular health
(70-72, 34, 73). It is possible that only intensive interventions
such as STRIP can ensure long-term benefits, especially given
that study’s behavioral-change nature and personalized de-
sign. All other interventions involved changes in 1 or several
nutritional components directly provided through the study,
without requiring additional lifestyle modifications. Chronic
disease is usually a result of cumulative exposures, which
might not be sufficiently mitigated through interventions that
start and end early in life (88).

Protein-energy supplementation is a common nutri-
tion intervention, especially in low- and middle-income

countries, where the need for maternal and child nutri-
tion investments is high (89). For instance, the Institute
of Nutrition of Central America and Panama (INCAP)
Longitudinal Study reported numerous positive health and
human capital outcomes associated with protein-energy
supplementation in early life (89, 90). In a recent follow-
up study, however, INCAP researchers observed diverging
effects of the supplementation on cardiometabolic outcomes,
including a protective effect against diabetes but increased
risk of obesity (91, 92). In this review, we observed similar
conflicting impacts of protein-energy supplementations on
cardiometabolic outcomes across studies (21, 55). Similar
to the quasi-experimental nature of famine studies (which
focus on deprivation), the INCAP study could be viewed

Nutrition interventions and cardiometabolic outcomes 485



as a quasi-experimental trial with a focus on remediating
chronic undernutrition. Its various findings are, by nature of
the context, different from those obtained in high-income
countries. It is important to further investigate the effect
of relatively higher protein and energy intake in early life,
and to compare the results between malnourished and well-
nourished populations.

IYCF was a major category in this review, because
we combined behavior change trials and supplementation
trials. The 1 IYCF behavior change trial (the Promotion
of Breastfeeding Intervention Trial in Belarus), reported
mainly null results after implementing policies based on the
Baby-Friendly Hospital Initiative (66, 47, 29, 67). Across
supplementation trials with IYCF focus, infants who were
breastfed, compared with those fed with formula, had lower
C-reactive protein, cholesterol, heart rate, and blood pressure
later in life, regardless of the baseline characteristics of
the cohorts, formula composition, or duration of follow-
up (44, 38, 48, 31). When comparing only among formula-
fed groups, those fed high-protein or nutrient-enriched
(compared with low-protein or standardized) formula had
higher level of early rapid growth and higher fat mass during
follow-up (65, 49, 69, 50). This is possibly due to the relatively
higher percentage of protein and lower percentage of fat
in the formula, which differs from breastmilk that typically
contains 3-5% fat and 0.8-0.9% protein (93). High protein
intake in early life can alter fat distribution in healthy children
during developmental processes, including a potentially
higher subcutaneous thicker layer (65). We therefore urge
public health researchers and practitioners strictly to follow
evidence-based programming.

Most studies with single-micronutrient supplementation
showed no clear long-term cardiometabolic benefits, except
for reduced risk of metabolic syndrome in the folic acid
supplementation group reported by Stewart et al. (64).
Multiple-micronutrient supplementations seemed to be as-
sociated with better lipid profile and glycemic status, lower
concentration of inflammation markers, and lower BMI (28,
62). Micronutrients are essential in early-life development,
and it has been reported that antenatal micronutrient
supplementation increases birth weight, which in itself has
long-term implications (64). It is possible that, despite
short-term benefits of single-micronutrient trials, the effects
are overshadowed by life-long exposure in other aspects.
In contrast, multiple-micronutrient supplementations can
promote growth and early development in a holistic way
for the effects to be long-lasting. Given the relative ease
and convenience of micronutrient-centered trials, we should
continue investigating their long-term benefits.

Regarding the timing of interventions, we have observed
that earlier rather than later enrollment in the trials had more
beneficial effects on lipid profile and glucose concentration
(21, 54, 22, 28). We did not observe a clear pattern regarding
timing in this review due to the limited number of studies
with relevant information. There is some evidence in the
literature to support the differential impact of nutrition
at various time points. The best-studied famine is the

486 He and Stein

Dutch famine, which helped distinguish famine exposure at
different trimesters of pregnancy and in infancy for relatively
accurate analysis (10-13). Similarly, researchers reported
that prenatal exposure (compared with later exposure) to
the Chinese famine was associated with significantly higher
risk of hyperglycemia in 2 consecutive generations (94—
96). Famine research from Bangladesh reported underweight
as an outcome following in utero famine exposure, but
overweight following postnatal famine exposure (97). Ob-
servations based on the Ukraine famine also identified early
gestation as a critical window of development (82).

There are a few limitations in this review. We combined
different types of interventions in an effort to synthesize
early-life nutrition interventions conducted by researchers
around the world. This could lead to overgeneralization of
the results. The trials in high-income settings can differ
from those in low-resource settings, because the populations
did not have the same potential to benefit from nutrition
interventions. The studies were also conducted at different
time points in early life, with varying lengths of follow-
up periods. Therefore, the heterogeneity reported in meta-
analysis should be interpreted with caution. The sources
of heterogeneity can reflect varying degrees of SDs due to
sampling differences, or due to actual biological differences.
We provided succinct summaries of the studies to help
interpret the results. We encourage the readers to refer to the
tables and supplemental materials, whenever necessary, for
details of study design and outcome. We also caution against
unfounded extrapolation of the results. In addition, because
of the nature of this review (inclusion criteria regarding the
types of study and duration of follow-up), all studies face
bias to a certain degree due to loss of follow-up, confounding
factors difficult to measure throughout the life course, as
well as measurement errors at each follow-up time point.
We have attempted to assess bias for each individual study
from 6 major domains, but bias undeniably affected the final
interpretation of information in this review.

To our knowledge, this review is the first to synthesize
information related to early-life nutrition interventions
and long-term cardiometabolic impacts with a focus on
randomized controlled trials. We emphasized both the
type and the timing of interventions in association with
different categories of outcomes. In addition, we did not
restrict publication year or the language of the articles,
hence providing wide coverage of relevant results. In sum,
this systematic review and meta-analysis serves both as a
reference manual to refine and improve interventions to
yield more long-term gains, and as a preventative measure
to identify any intervention that might have unintended
negative effects.

From a public health programming point of view, it
might not be feasible to implement long-term, intensive,
and individualized dietary counseling in most settings.
However, it is possible to incorporate dietary counseling
into other types of study designs, including various types
of macro- and micronutrient supplementations. It is also
advisable to incorporate individualized dietary and lifestyle



counseling into primary healthcare to ensure sustainability.
For researchers who are interested in conducting more in-
depth reviews on similar topics, we suggest that: First,
different timing of the same interventions, ideally within
similar contexts, should be prioritized. Second, within each
type of intervention, contextual factors should be analyzed
at a more granular level, such as socioeconomic status
of the communities, seasonality, and underlying dietary
patterns.
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