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ABSTRACT

Background: Growth faltering has been associated with poor intellectual performance. The relative strengths of
associations between growth in early and in later childhood remain underexplored.

Objectives: \We examined the association between growth in childhood and adult human capital in 5 low- and middle-
income countries (LMICs).

Methods: \We analyzed data from 9503 participants in 6 prospective birth cohorts from 5 LMICs (Brazil, Guatemala,
India, the Philippines, and South Africa). We used linear and quasi-Poisson regression models to assess the associations
between measures of height and relative weight at 4 age intervals [birth, age ~2 y, midchildhood (MC), adulthood] and
2 dimensions of adult human capital [schooling attainment and Intelligence Quotient (1Q)].

Results: Meta-analysis of site- and sex-specific estimates showed statistically significant associations between size
at birth and height at ~2 y and the 2 outcomes (P < 0.001). Weight and length at birth and linear growth from birth to
~2 vy of age (1 zscore difference) were positively associated with schooling attainment (8: 0.13; 95% CI: 0.08, 0.19, B:
0.17;95% Cl: 0.07 0.32, and B: 0.25, 95% Cl: 0.10, 0.40, respectively) and adult 1Q (8: 0.74, 95% CI: 0.35, 1.14, B: 0.73,
95% Cl: 0.35, 1.10, and B: 1.52, 95% Cl: 0.96, 2.08, respectively). Linear growth from age 2 y to MC and from MC to
adulthood was not associated with higher school attainment or IQ. Change in relative weight in early childhood, MC, and
adulthood was not associated with either outcome.

Conclusions: Linear growth in the first 1000 d is a predictor of schooling attainment and 1Q in adulthood in LMICs.
Linear growth in later periods was not associated with either of these outcomes. Changes in relative weight across the
life course were not associated with schooling and 1Q in adulthood. J Nutr2021;151:2342-2352.
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Introduction

Growth faltering remains widespread in low- and middle-
income countries (LMIC), with 96.8 million children aged
<S5 y being stunted (1). The period between conception and
the second birthday is critical for human growth (2) as well as
for development of brain structure, architecture, and function
(3). In early childhood, sensory and motor functions develop,
followed by acquisition of basic language skills and spatial
attention (3). Evidence from birth cohort studies indicates that
linear growth in the first 24 mo after birth (whether represented
as attained length/height or as change in length/height) is
among the strongest predictors of school attainment (4, 5),
being positively associated with more years of schooling, lower
probability of repeating a grade, younger age of enrollment in
school, and better verbal and nonverbal skills (4, 6-8). Further,
lower schooling attainment is related to future disadvantages
such as lower wages (7, 9), less income (4), unemployment or
informal sector work (10), and a higher probability of living in
poverty (7).

Prenatal and postnatal growth predict childhood and
adolescent cognition. A meta-analysis of 68 studies from LMICs
demonstrated associations between attained linear growth in
children <24 mo of age and cognition and motor skills at
5-11 y of age (11). In the multicountry Young Lives Study,
conditional growth from 1 to 8 y of age was associated with
better performance in mathematics, reading, and vocabulary
tests in children aged 8 y (12). They also found that stunted
children or those who were stunted at age 1 y but not at age
8 y had lower cognitive scores than their counterparts who
never experienced growth faltering (12). Other analyses of the
Young Lives Study data also reported that linear growth across
childhood or in adolescence was associated with cognitive
outcomes at ages 12 and 15 vy, respectively (13, 14). In a
cohort of Thai children, linear growth rates from birth to
4 mo and from 4 to 12 mo were both positively associated with
intelligence quotient (IQ) at 9 y of age (15). In a cohort study
of Chinese children, weight gain between 6 and 12 mo after
birth showed positive associations with IQ, comprehension,
memory, and reasoning at ages 7-9 y (16).

Unlike the above evidence about the role of growth in
adult schooling attainment and on child IQ, fewer studies
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have investigated the long-term associations between growth
across childhood and adult 1Q. Two studies in Brazilian
cohorts showed that growth in early childhood had a positive
association with IQ, school attainment, and monthly income in
adults (5, 17). Given the paucity of studies on this topic and the
fact that LMICs have the highest burden of growth faltering in
childhood, the long-term correlates of child growth on human
capital need further research.

Although the importance of growth during the first 1000 d to
acquisition of human capital is undisputed (4, 6-8, 18), it has
been suggested that there is a second window of opportunity
during adolescence when catch-up in height may occur (2, 14,
19). There is expressed need for better comprehension of the
consequences of growth in this period (20). Therefore, studies
are needed to assess how adult human capital is associated with
growth during different age intervals from birth to adulthood,
evidence that may contribute to better targeted interventions.

Our aim is to describe associations between growth across
4 age ranges [prenatal, birth to 2 y, 2 y to midchildhood (MC),
and MC to adulthood] and 2 dimensions of adult human capital
(school attainment and 1Q) in 6 birth cohorts from 5 LMICs.

Methods

Study design and data sources

We analyzed data from the 6 birth cohorts that constitute the
Consortium of Health-Oriented Research in Transitioning Societies
(COHORTY) (21). The cohorts are from Brazil (the 1982 and 1993
Pelotas Birth Cohort Studies) (22, 23), Guatemala (the Institute of
Nutrition of Central America and Panama Nutrition Trial Cohort)
(24), India (the New Delhi Birth Cohort) (25), The Philippines (the
Cebu Longitudinal Health and Nutrition Survey) (26), and South
Africa (the Birth to Twenty Plus Cohort) (27). At the time of each
cohort’s establishment, India was classified as low income; Brazil (1982),
Guatemala, and the Philippines were classified as lower-middle income;
and Brazil (1993) and South Africa were classified as upper-middle
income.

Child growth

Anthropometrics in childhood were obtained using site-specific pro-
tocols as described elsewhere (22-27). Birth data were collected in
hospitals after delivery in Pelotas 1982, Pelotas 1993 and Soweto 1990
(22,23,27), in the community within 3 d of birth by the research team
in New Delhi between 1969 and 1972 (25), at home or in hospitals
by birth attendants in Cebu between 1983 and 1984 (26), and in a
healthcare centers or at home by a project nurse 15 d after birth in
Guatemala between 1969 and 1977 (24). Birth weight was available
in all cohorts, and birth length was available in all cohorts except the
1982 Pelotas (Brazil) and the Birth to Twenty Plus (South Africa) birth
cohorts (22,27). Calculation of gestational age was based on the date of
last menstrual period reported by the child’s mother, and supplemented
with Ballard scores for low-birth weight infants in the Philippines. We
identified ages at measurement common across the birth cohorts as used
in previous COHORTS' papers (6, 18). Supine length and weight were
measured at age 24 mo in all cohorts except the 1993 Brazil birth cohort,
for which measurements were obtained at 12 mo. We refer to this age as
at ~2 y or early childhood. Standing height and weight were measured
at 48 mo for all cohorts (supine length was measured in Guatemala)
except for the Philippines, where measures were obtained at 108 mo.
We refer to this age as midchildhood (MC). We refer to all postnatal
measures of length and height as height, for convenience. For descriptive
purposes, heights and weights were expressed as height-for-age z-scores
(HAZ) and weight-for-age z-scores (WAZ) using the WHO Growth
Standards (28).
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Repeated measures of height and weight were highly correlated.
As in previous work (6), we created conditional height measures by
regressing current height on all previous height and weight measures,
and conditional relative weight measures by regressing current weight
on current height and all prior height and weight measures, within strata
of site and sex. Conditional size variables are standardized (mean = 0
and SD = 1) residuals of such regressions, and denote how much a child
deviates from his/her expected height or weight based on his/her earlier
growth, considering the growth trajectories of the other children of the
same sex and cohort.

We generated 3 conditional height variables: conditional height at
~2 y and conditional height in MC and in adulthood. These variables
correspond to linear growth from birth to 2 y, from 2 y to MC, and from
MC to adulthood, respectively. Regarding relative weight, 3 conditional
variables were also generated: conditional weight at ~2 y and in MC
and adulthood. These variables correspond to relative weight gain from
birth to 2 y, from 2 y to MC, and from MC to adulthood, respectively.

As birth length was not available for 2 cohorts, we generated
conditional measures for growth (height and relative weight) using birth
weight as the anchor. Additionally, results using birth length as the
anchor (for the 4 cohorts for which this measure was available) are
provided in the Supplementary Tables. Previous analyses have shown
that models starting with birth weight or birth length produce similar
associations with later outcomes (6).

Adult outcomes

All study sites except India collected IQ data in adulthood. In Brazil in
1982, and in Guatemala, Philippines and South Africa, IQ and schooling
attainment were measured when participants were 30, 47, 34, and
28 y of age, respectively. In Pelotas in 1993, IQ was measured at 18 y
of age and schooling attainment was measured at 22 y of age. In India,
schooling attainment was recorded at 36 y of age.

We obtained the highest grade of attained formal schooling
previously collected by interview. We modeled attained schooling as an
integer variable. For India, the data were only available in categorized
form, and we assigned numeric values based on the years typically
required to attain each category. We also categorized the number of
years of schooling attainment as a binary variable, using site-specific
thresholds based on the standards of each country regarding the number
of years of high school completion current at the time the cohort
members were children (Brazil 1982: >12 y; Brazil 1993: >11 vy;
Guatemala: >6 y; India: >12 y; The Philippines: >11 y; South Africa:
>12y).

To measure IQ in adulthood, we administered the Raven’s
Standard Progressive Matrices (29) to participants in the Guatemalan,
Philippines, and South African cohorts. In Guatemala, sections A
through C were administered due to inability to proceed beyond this
point, for a maximum score of 36 points. In the Philippines and South
Africa, sections A through E were administered, for a maximum score
of 60 points. In both Brazilian cohorts, the arithmetic, digit symbol,
similarities, and picture completion subtests of the Wechsler Adult
Intelligence Scale (3rd version) were administered (30). Adult IQ was
not available for the India cohort. We standardized the distribution
within each cohort and by sex to a mean of 100 and an SD of 15
to remove between-cohort differences that may relate to language of
administration, context, or tests administered.

Covariates

Maternal measures of height (cm), age (years), and schooling (years)
at birth of the cohort participant, paternal schooling (years), child
birth order, household socioeconomic status (quintiles of the site-specific
distribution), and for Guatemalan birth year and intervention group
(Atole, Fresco), in the original nutrition supplementation trial near
the time of the cohort participant’s birth were extracted from data
archives.

Statistical analysis
We used R version 3.6.2 for analyses. We restricted all analyses to
participants with complete information for anthropometric variables
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at birth and in childhood, and IQ (except India) and schooling
variables in adulthood. For descriptive analyses, we calculated means
and SDs for continuous variables, and proportions for categorical
variables.

In cohort-specific analyses, we used linear regression for continuous
outcomes (with thep coefficient reflecting a change in the number of
years of attained schooling or IQ standardized scores per unit change
in the exposure variables, such as conditional height and conditional
relative weight at each age interval) and quasi-Poisson regression for the
binary outcome of school attainment. We used inverse sampling weights
in all analyses of the 1993 Brazil cohort, because data were collected
for all low birth weight infants and a random 20% sample of other
infants.

All cohort-specific analyses were performed for male and female
subjects separately. We stratified the analyses by study site and sex
given observed heterogeneity among sites and previous literature that
supports sex differences in IQ scores (31). Sex-combined estimates
were generated by pooling the sex-specific estimates using weighted
random effects meta-analysis, with the weight each sex received being
proportional to sample size.

A doubly robust strategy was used for covariate adjustment, where
adjustment was performed via multivariable regression after inverse
probability of treatment weighting (IPTW) using the ipwpoint function
from the ipw package in R (32), applying linear regression to model
the relation between the exposure variable and the covariates. This
regression was specified to include a “main effect” term for all
covariates, as well as all pairwise product terms between covariates.
To mitigate the possibility that individuals with extreme weights could
substantially influence the results, the left tail of the weights was
truncated at the 0.5th percentile, and the right tail at the 99.5th
percentile.

We defined 4 models a priori with progressive adjustment of
potential confounders. We used listwise deletion in all models. In model
1 (minimal adjustment), we adjusted for sex (for analyses involving
both sexes), and year of birth and intervention group in Guatemala.
In model 2 (7 = 6961), we controlled for the same variables as in model
1 (n = 7989) but excluded 1028 cases that could not be included in
subsequent models because of missing values. We found similar point
estimates between models 1 and 2 (Supplemental Table 1), suggesting
that missing covariate data (Supplemental Table 2) was not a major
factor in our results. In model 3, we adjusted for the covariates in model
1, plus early-life socioeconomic quintiles, maternal schooling, maternal
age at birth, maternal height, birth order and, for the Brazil 1982 and
1993 cohorts, skin color (a proxy measure of socioeconomic status and
race). Comparing models 2 and 3 allowed us to assess changes due to
confounding by the selected covariates. In model 4 (further adjustment),
we controlled for covariates in model 3 plus paternal schooling. Model
4 is our preferred representation.

We used random effects meta-analysis to pool the sex- and cohort-
specific results. Pooled sex-combined estimates were generated by
pooling the corresponding pooled sex-specific estimates. The variation
between cohorts was estimated using the I? statistic and Cochran’s Q
test, and random effects meta-regression was used to test for the effect
modification by sex.

We defined statistical significance at an « level of 0.001 to account
for the multiple comparisons carried out.

Ethics statement

All fieldwork data collection procedures in each of the single
6-birth cohorts followed procedures approved by local Ethics Review
committees. The present analyses were approved by the Emory
University Institutional Review Board (IRB number 95960).

Results

Data from 9503 participants with complete data for >1 of the
outcomes, birth weight and at least HAZ or WAZ at ~2 y
of age were analyzed. Table 1 shows selected characteristics
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of the participants. Birth weight z-scores were lowest among
individuals born in India. The Guatemalan, Filipino, and Indian
participants had the lowest height-for-age and weight-for-age
z-scores at ~2 y and in MC and were shortest as adults.
Schooling for both parents was lowest in Guatemala. School
attainment was higher in women than men across all cohorts,
except in Guatemala.

Growth and school attainment

The site- and sex-pooled associations between growth and
school attainment are presented in Table 2 and Supplemental
Table 3. Measures of weight or length at birth, and height at
~2 y and in MC were each positively associated (P < 0.001)
with schooling attainment. Covariate adjustment attenuated the
estimates and linear growth in MC was no longer significant.
For each z-score in birth weight and conditional height at
~2 y of age there was an increase in 0.25 (95% CI: 0.10,
0.40) and 0.13 (95% CI: 0.08, 0.19) y of attained schooling
in adulthood, respectively (Table 2). One z-score in birth
length was also associated with an increment in the number
of years of school attainment (0.17, 95% CIL: 0.07, 0.27)
(Supplemental Table 3). Conditional height in adulthood was
not associated with schooling attainment in pooled or sex-
stratified analysis. Conditional relative weights at ~2 y in MC
and in adulthood were not associated with schooling attainment
in minimally and fully adjusted models. The point estimates
were generally consistent between men and women; however,
the association between birth weight and school attainment was
the only statistically significant association (women only). The
results were also consistent in direction across the 6 cohorts,
although there was heterogeneity in the size of the estimates
and in the statistical significance (Table 3 and Supplemental
Table 4). Among men in Guatemala, schooling attainment
was positively associated with conditional height in adulthood
and inversely associated with conditional relative weight in
adulthood (Table 3). No other associations with conditional
relative weight were significant. In models that examined
the binary categorization of schooling attainment, we found
similar associations in both pooled and site-stratified analyses
(Supplemental Tables 5, 6, and 7).

Growth and IQ

The site- and sex-pooled associations between growth and 1Q
are presented in Table 2 and Supplemental Table 3. Measures
of weight or length at birth, and height at ~2 y and in MC
were each positively associated (P < 0.001) with adult IQ.
After covariate adjustment the strength of associations was
reduced and the estimate for conditional height in MC was
not significant. For each z-score in birth weight and conditional
height at ~2 y of age we observed 0.74 (95% CI: 0.35, 1.14)
and 1.52 (95% CI: 0.96, 2.08) more units in adult IQ score,
respectively (Table 2). One z-score in birth length was associated
with 0.73 (95% CI: 0.35, 1.10) more units in adult IQ score
(Supplemental Table 3). Conditional height in adulthood was
not associated with IQ. Measures of relative weight at ~2 y, in
MC, and in adulthood were not associated with adult 1Q. In
general, the results were consistent between males and females
in minimally adjusted models. However, in fully adjusted models
only the association between conditional height at ~2 y was
statistically significant (men). There was heterogeneity across
the 5 cohorts in the size and significance of the estimates (Table 4
and Supplemental Table 8).
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Discussion

This analysis of data from 6 birth cohorts from LMICs showed
that birth size and linear growth from birth to age 2 y were
positively associated with schooling attainment and adult IQ.
Linear growth from age 2 y to MC was not associated with
either of the outcomes in fully adjusted models. Conditional
height in adulthood (which reflects further growth from MC
through to attained adult height) was not associated with
either schooling attainment or IQ. Conditional relative weights
in MC and in adulthood were not associated with schooling
attainment. Change in relative weight was not associated with
adult IQ for any of the age intervals examined.

Our results suggest that birth size and linear growth
from birth to ~2 y are independent predictors of schooling
and intelligence in adulthood because, by design, they are
uncorrelated with each other. This independent association, at
least in childhood, has previously been observed (12, 13, 33,
34). We found that for each z-score increase in birth weight,
birth length, and linear growth at ~2 y of age there was an
increase in 0.13, 0.17, and 0.25 y of schooling, respectively.
After adjustment, we observed that for each z-score increase
in birth size (weight and length) and conditional height at
~2 y of age there was an increase in 0.74, 0.73, and 1.52
units of adult IQ score, respectively (Table 2 and Supplemental
Table 3). This is important because improvements in human
capital dimensions are associated with economic growth. It has
been estimated that for every additional year of schooling there
isa 7.9% country level economic return (9); and a 1-SD increase
in cognitive skills of a country’s workforce has been associated
with an increase of 2 percentage points in the per capita GDP
(annual growth) and economic returns that range from 0.07 to
0.48, in developing countries (35, 36).

Our findings further confirm that timing (specifically the
first 1000 d) is critical to improve schooling outcomes and
intellectual performance in adulthood. Moreover, our results
are consistent with previous analysis that examined stunting in
early childhood and adult human capital (schooling attainment,
risk of failing at least on grade, age at school enrollment,
performance in verbal and nonverbal cognitive tests, household
expenditure, and probability of living under poverty conditions)
(7, 18). Human growth is not uniform and systems, organs,
and tissues develop at different velocities. Linear growth is
characterized by high initial velocity with rapid deceleration
in the first 2 y after birth (37). The brain achieves 83% of
its adult volume by 24 mo of postnatal life (38). Thus, shared
underlying determinants of both length and neurodevelopment
might influence adult human capital defined as a group of
capacities, abilities, and intangible assets useful to create
economic value (39). Interventions in early life have the highest
overall returns compared with other life course stages, and
interventions to reduce stunting in the first 24 mo of age
not only increased preschool linear growth but had benefit-
cost ratios >1, demonstrating that such interventions are a
good economic investment (20). In that sense, that benefit in
linear growth also indirectly benefits schooling attainment and
cognitive performance in the long term.

We infer that the multiple causes of linear growth partly
contribute to brain development and learning; hence, linear
growth is an indirect predictor of schooling and IQ. Thes
relation between growth and adult human capital have at
least 4 underlying pathways that explain the results observed.
First, linear growth and brain development are susceptible to
common nutritional inputs (40), which in turn are determined
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by constructs like socioeconomic status (poverty), maternal
education, food insecurity, water scarcity, poor sanitation,
and hygiene, among others (41). Thus, nutritional deficits
in sensitive periods of life affect not only body growth but
brain size, structure, development, and function (42). Second,
growth faltering makes children more susceptible to infections
that in turn decrease appetite, absorption, and nutrient use;
nutrients will be diverted to the immune system, affecting
their availability for growth and development (43). Third,
undernourished and ill children are commonly apathetic,
irritable, and less interested in exploring their environment (43).
Fourth, the size of children may elicit different interactions
with adults given that short children appear younger and are
treated as such (44). Thus, the last 2 pathways explain why short
children lag in acquiring motor, cognitive, and social behaviors
(44).

Our results confirm earlier research that prenatal growth
and linear growth in early childhood are significantly associated
with higher school attainment (4-7, 17, 18) and adult IQ (3,
7, 17) whilst linear growth from 2 y to MC and from MC to
adulthood (the period that includes late childhood, adolescence,
and, adulthood through ages 18 to 46 y) are not significantly
associated with schooling attainment and adult IQ (5, 6, 17).
Thus, growth during adolescence as a whole is shown not to be
associated with the outcomes. Analyses of Young Lives Study
data have shown that linear growth in different age intervals (1,
5,8,12,and 15 y) was positively associated with cognitive skills
in MC, early adolescence, and adolescence (12-14, 33). Despite
that finding, we observed similar tendencies in the direction
of the associations (12, 14, 33), and most of our estimates
were not statistically significant after 2 y of age. We found
that conditional height in adulthood was positively associated
with schooling, while change in relative weight from MC to
adulthood was inversely associated with schooling attainment
only in male participants from Guatemala. We infer that
linear growth and neurodevelopment are largely complete by
adulthood when individuals have already finished school. Thus,
it is unlikely that weight changes in adulthood are predictors of
schooling attainment. Rather, the inverse associations observed
in Guatemala may reflect reverse causality. In adulthood, men’s
weight and weight changes are influenced by multiple biological
and environmental factors, such as genetics (body composition),
occupation, marital status, lifestyle behaviors, work settings,
food environment, and socioeconomic status (45), many of
which might be determined by schooling attainment earlier in
life.

We did not find statistical associations between conditional
relative weight at ~2 y and school attainment after full
adjustment. Adair et al. (6) had previously observed a significant
but weak association between conditional relative weight in
early childhood and the highest grade attained. The differences
in our study might be attributed to the inclusion of a new birth
cohort, Brazil 1993 (23), variations in sample sizes, and a larger
number of covariates. Conditional relative weight at ~2 y and in
MC were not associated with IQ, as previously shown in studies
conducted with adults (5, 17) and children (15).

This study has several strengths. We analyzed 6 well-
characterized population-based birth cohorts in 5 LMICs with
follow-up periods that ranged from 18 to 46 y. Each study
site had trained staff who followed standard methodologies to
collect the anthropometric and sociodemographic data, which
minimized measurement error and recall bias. The treatment
of our exposures as conditional measures of growth avoids
collinearity and facilitates differentiation of linear growth at
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specific age intervals. Each site used validated measures of
intelligence (29, 46), and we standardized the distributions
within each cohort and by sex to be able to compare outcomes.
We adjusted our models for a range of early life social factors.
Additionally, our analytic sample with complete data was not
affected by missing values and loss at follow-up, as evidenced
by the similar results obtained when comparing models 1 and
2 (Supplemental Table 1). We saw evidence of heterogeneity
among the cohorts in the magnitude of the estimates but not
in the direction of the associations. Thus, we were able to
obtain single pooled estimates combining cohort-specific results
through meta-analysis.

Among the study’s limitations, we noted some inconsis-
tencies in the ages of exposures and outcomes across the
cohorts. Height was measured at 2 y of age at all sites except
the Brazil 1993 cohort, where it was measured at 1 year
of age. Similarly, MC was considered to be 4 y in most of
the cohorts, but 8.5 y in the Philippines. There were also
differences in the ages in which the schooling and IQ outcomes
were obtained, and some differences in the instruments used
to measure IQ across sites. In the specific case of Brazil
1993, schooling attainment was measured at 22 y, an age at
which some participants might have not finished school yet,
as mentioned by Menezes et al. (17). IQ and adult height
were measured when the Brazil 1993 cohort participants were
18 y old; an age at which there is a possibility that individuals
might not have reached their maximum linear growth. Residual
and unmeasured confounding should be considered given the
observational nature of our study. The cohorts do not have
information for acute or chronic inflammation in childhood
because these were not recognized as important conditions
when the studies were launched. We recognize that aspects of
the home environment, such as psychosocial stimulation, which
have been shown to influence adult human capital (47), might
have some underlying role. Finally, we acknowledge that our
findings might not represent the entire diversity and complexity
of the studied countries, limiting their generalizability to other
LMICs. These findings should also be interpreted with caution
given the differences between pooled and site-specific results.

In conclusion, our results show an independent association
between prenatal growth and linear growth from birth until the
second year of life with adult human capital. These findings
confirm the importance of the first 1000 d, a sensitive period
where adversities including poor nutrition will have long-lasting
effects on adult size and functional capacities such as learning
and intelligence. Our findings did not show that linear growth
after the first 2 y (MC to adulthood) were associated with adult
human capital outcomes.
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