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ABSTRACT
Background: Growth failure is associated with adverse conse-
quences, but studies need to control adequately for confounding.
Objective: We related height-for-age z scores (HAZs) and stunting
at age 24 mo to adult human capital, marriage, fertility, health, and
economic outcomes.
Design: In 2002–2004, we collected data from 1338 Guatemalan
adults (aged 25–42 y) who were studied as children in 1969–1977.
We used instrumental variable regression to correct for estimation
bias and adjusted for potentially confounding factors.
Results: A 1-SD increase in HAZ was associated with more school-
ing (0.78 grades) and higher test scores for reading and nonverbal
cognitive skills (0.28 and 0.25 SDs, respectively), characteristics of
marriage partners (1.39 y older, 1.02 grade more schooling, and
1.01 cm taller) and, for women, a higher age at first birth (0.77 y)
and fewer number of pregnancies and children (0.63 and 0.43, re-
spectively). A 1-SD increase in HAZ was associated with increased
household per capita expenditure (21%) and a lower probability of
living in poverty (10 percentage points). Conversely, being stunted
at 2 y was associated with less schooling, a lower test performance,
a lower household per capita expenditure, and an increased proba-
bility of living in poverty. For women, stunting was associated with
a lower age at first birth and higher number of pregnancies and
children. There was little relation between either HAZ or stunting
and adult health.
Conclusion: Growth failure in early life has profound adverse con-
sequences over the life course on human, social, and economic
capital. Am J Clin Nutr 2013;98:1170–8.

INTRODUCTION

Globally,w165 million preschool children are stunted, which
is defined as a height-for-age z score (HAZ)4 less than 22 by
using the WHO Child Growth Standards (1). Stunting usually
develops ,2 y of age (2) and, despite improvement in z scores
subsequently (3, 4), growth failure before age 2 y is an important
cause of short adult stature (5). Causes of stunting are well
known and range from poverty at the societal and household
levels to the interaction between diets deficient in quantity or
quality and infection at the individual level (1). Stunting is
a marker of systemic dysfunction during a sensitive phase of
child development. At the same time that growth failure is oc-
curring, growth and development of other organ systems, in-
cluding the brain and neurologic development, are affected.
Therefore, stunting is a summary indicator of all influences that
have an effect on growth and development during the first 1000
d of life from conception to 2 y. Consequently, stunting has been

linked to many adverse outcomes related to later physical and
cognitive development (6).

We investigated relations between height-for-age and stunting at
age 24mo and human, social, and economic capital of Guatemalan
adults aged $25 y. To our knowledge, our study is unique for 2
reasons. First, we included a more-comprehensive set of out-
comes than in any other previous prospective study, including
human capital (schooling, intelligence, and reading), marriage,
fertility, health (cardiovascular disease risk factors and physical
performance), the labor market, and household poverty. Second,
because growth failure occurs in contexts of poverty and low
education and where caregivers make decisions under severe
constraints, we controlled for confounding and measurement error
through the use of instrumental variables (IVs), which is an ap-
proach that allows for the possibility of making causal inferences.

SUBJECTS AND METHODS

Study setting

We linked data on growth in early life collected as part of
a community-randomized food-supplementation trial conducted
in rural Guatemala in 1969–1977 to follow-up data collected in
2002–2004.
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The Institute of Nutrition of Central America and Panama
Longitudinal Study (1969–1977)

The Institute of Nutrition of Central America and Panama
(INCAP) conducted a food-supplementation trial between 1969
and 1977 to test the effect of improved protein intakes on physical
and mental development in children in 4 villages near Guatemala
City (7, 8). One village from each of 2 pairs matched for pop-
ulation size was randomly assigned to receive atole, which is
a nutritious supplement that provided 6.4 g protein/100 mL and
91 kcal energy/100 mL. In 2 other villages, residents received
fresco, which is a drink that contained no protein and had 33 kcal/
100 mL. Both supplements were fortified with micronutrients in
equal concentrations by volume. Supplements were available to
all village residents 2 times/d at a central location in each village.
INCAP provided identical medical services to all 4 villages.

Lengths at 3 y of agewere similar in atole and fresco villages in
1968 before the supplementation program began. The nutritional
intervention only improved child growth rates when consumed
during the first 3 y of life and did so equally for boys and girls;
most of the effect was before age 2 y (9). For children exposed to
supplementation to 3 y of age, lengths were greater by 2.9 cm in
atole and by 0.5 cm in fresco villages compared with baseline
values, with a net difference of 2.4 cm in favor of children in atole
villages (P , 0.005) (10).

Follow-up study (2002–2004)

We resurveyed the individuals in 2002–2004 (11, 12). Of the
2392 individuals enrolled in the original study, 1855 (78%) sub-
jects were alive and living in Guatemala; 272 (11%) subjects had
died; 162 (7%) subjects had migrated internationally; and 101
(4%) subjects were not traceable. A total of 1571 subjects com-
pleted at least one interview (11). For 1338 subjects, enough in-
formation was collected for inclusion in the study. With the use of
a conservative definition whereby deaths were regarded as cases
lost to follow-up (denominator: 2392), attrition was 44.1%. If,
instead, deaths were classified as having been traced (denominator:
2120) (13), attrition was 36.9%. These rates were similar to those
reported in other cohort studies in low- and middle-income
countries, most of which had shorter durations of follow-up (6).
All participants provided informed consent; the study was ap-
proved by Emory University’s Institutional Review Board.

Variable characterization

Characterization of linear growth and stunting

Length was measured at age 15 d and at or near 3, 6, 9, 12, 15,
18, 21, 24, 30, 36, 42, 48, 54, 60, 72, and 84 mo of age. We
calculated a continuous measure of attained linear growth (ie,
HAZ), by using WHO growth standards (14, 15). Stunting was
defined as an HAZ less than – 2.0. The average HAZ fell over
infancy, reaching 23.2 at 24 mo. After this age, the average
HAZ increased and approached 22.3 at age 72 mo. We chose
24 mo for the age at which the consequences of growth were
assessed. We had direct observations on HAZ at age 24 mo for 696
individuals; we imputed values for subjects without a measure at
24 mo of age but with measures at other ages (n = 642). We
assessed the robustness of our results to the use of imputed
values and alternative choices of ages for the assessment of
relations with HAZ [see section A (Supplemental Figure 1 and

Supplemental Tables 1 and 2) under “Supplemental data” in the
online issue].

Characterization of outcomes collected in 2002–2004

Outcome variables are defined in Table 1. We determined the
ages at which individuals started and left school and the highest
grade attained by interview. Subjects who passed a literacy
screen test or who had completed .6 grades of schooling were
administered the Inter-American Reading Series [Serie Inter-
americana (SIA)] vocabulary (Level 3) and reading compre-
hension (Level 2) test modules, with a maximum combined
score of 85 points (22). Subjects who did not pass the literacy
screen (18% of the sample) were assigned a score of zero. All
participants took the Raven’s Standard Progressive Matrices
test, which is an assessment of nonverbal cognitive ability (23).
We administered the first 3 scales for a maximum possible score
of 36. SIA and Raven test scores are internally standardized to
a mean 6 SD of 0 6 1 within the sample.

A marital history was administered to each individual in the
sample. Marriage referred to any union, whether by common law
or officially sanctioned. The module included questions on
marital history and partner characteristics and provided the
following outcomes: age at first marriage, age, grade attainment,
and height of partner.

Women were asked in detail about their fertility history. From
this questioning, we derived the age at first birth, total number of
pregnancies, and number of surviving children (16). Fertility
variables were cumulative to the date of interview; all analyses
were adjusted for age.

We collected measurements of body size and composition,
blood pressure, tests of physical fitness, and a finger-stick whole-
blood sample from which plasma glucose and a lipid profile were
measured (17). We considered the followingmeasures: overweight
or obese; isometric hand strength and predicted maximal oxygen
uptake, hypertensive or prehypertensive state, and diabetic or
prediabetic state. We also included the metabolic syndrome (17).

Individuals were interviewed about all of their income-
generating activities, including wage labor, agricultural activities,
and nonagricultural own-business activities (18). We included the
following outcomes: wage rates; hours worked in the previous
12 mo; total net annual income from wage work, own-account
agricultural, and own-business activities; whether an individual
currently worked in clerical, administrative, technical, or pro-
fessional positions; and whether an individual operated his or her
own nonagricultural business for ,9 mo/y.

Respondents provided information on household food and
nonfood expenditures. With the use of these data and household
compositions, we calculated the per capita household expendi-
ture. We defined a household as poor if its per capita expenditure
was below the Guatemalan poverty line (19).

Potentially confounding variables

We controlled for individual, family, and village character-
istics. Individual characteristics included sex and year of birth.
Family characteristics included the completed grades of
schooling of the mother and father, whether a parent had died by
the time the individual reached 15 y of age, an index of household
wealth before the intervention (19) and the distance to the village
center. Village fixed effects were represented by village dummy
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variables, which captured all time-invariant characteristics of
these localities. From community developmental histories, we
constructed proxy measures for schooling availability and
quality, namely whether the primary school was a permanent,
cement-block structure and the primary school student:teacher
ratio, in both cases when each individual was 7 y old (21).

Statistical analyses

We estimated the relations of the set of outcomes with HAZ
(continuous) and stunting (dichotomous), both at 24 mo. We used
ordinary least squares (OLS) regression with the confounders
previously described controlled for, but because OLS estimates
may be subject to residual confounding by other, unobserved
factors that are correlated with both growth and the outcomes
(24–26), we also used an IV approach, whereby we treated HAZ
(or stunting) as endogenous (Figure 1). In the first stage, we
generated the predicted HAZ (or stunting) from IVs that we
assumed were unrelated to the unmeasured confounders and
were related to outcomes only through HAZ (or stunting). If
these assumptions held, the estimated effect of the predicted
HAZ (or stunting) was not biased by unmeasured confounders.
IVs included 2 variables that represented the following effects of
the nutritional intervention: 1) exposure to the randomized in-
tervention from ages 0–24 mo and 2) exposure to the in-
tervention from ages 0–24 mo and residing in an atole village
(8). An individual participant was considered to be exposed 1) to
either atole or fresco, which depended only on their village of
birth; and 2) to the study intervention, either for the whole of
a specified age range, or not, which depended only on their date
of birth. Individuals with no or partial exposure in that age range
were considered unexposed. Other IVs were maternal height and
whether the individual was a twin. We estimated IV models by
using a 2-step generalized method of moments (26).

Some variables were log transformed to normalize their distri-
butions (Table 2). Because there were siblings in the sample,
heteroscedasticity-robust SEs were calculated by allowing for
clustering within mothers as well as correction for the 2-step es-
timation procedure (27). We report marginal effects, P values, and
95% CIs. When the outcome variable was in logarithms, we cal-
culate the marginal effects of a 1-SD change in HAZ or the change
from stunted to not stunted by using the following formula (28):

Percentage of change in outcome ¼
1003 ðeestimatedcoefficient 2 1Þ ð1Þ

When the outcome was dichotomous, the coefficient 3 100
was the marginal effect in percentage points (pp).

For all outcomes except those relating to the labor market or
fertility, models were estimated by pooling men and women
because the coefficients did not differ significantly by sex (online
supplemental material, section B, Supplemental Tables 3 and 4).
For dichotomous outcomes, in addition to linear regressions we
estimated probit regressions (see section C, Supplemental Table
5, under “Supplemental data” in the online issue). We tested the
validity of IV estimates (see section D, Supplemental Tables 6–
9, under “Supplemental data” in the online issue). Last, because
the analyses were based on only a portion of the original sample,
we implemented a correction procedure for attrition (see section
E, Supplemental Table 10, under “Supplemental data” in the

online issue) (29). Data were analyzed with Stata version 12
software (27).

RESULTS

Descriptive statistics are shown in Table 1, and OLS and IV
results are shown in Table 2. In Table 2, estimated marginal
effects in 1 (OLS) and 3 (IV) show changes in outcomes asso-
ciated with a 1-SD improvement in HAZ. Estimates in 5 (OLS)
and 7 (IV) show changes in outcomes associated with being
stunted relative to not being stunted.

Both HAZ and stunting had many significant associations with
schooling, marriage, female fertility, the labor market, and
poverty outcomes in OLS analyses (Table 2, 1 and 5). When we
used IV analyses (Table 2, 3 and 7), in general, the magnitudes
of relations were magnified and remained significant for all but
health and labor market outcomes. For these outcomes, some
relations became nonsignificant with IV analyses, and the
change in magnitude varied across coefficients.

IV results for HAZ (Table 2, 3) indicate that a 1-SD increase
in HAZ at 24 mo was associated with a higher grade attainment
(0.78 grades) and a delay in the age of leaving school (0.54 y). A
1-SD increase in HAZ was associated with increased test scores
for reading and vocabulary (0.28 SIA z scores) and nonverbal
cognitive skills (0.25 Raven z scores). With respect to spousal
characteristics, a 1-SD increase in HAZ was associated with
older age (1.39 y), more schooling (1.02 grade), and being taller

FIGURE 1. Instrumental variable analysis of consequences of stunting. A
simple linear model for instrumental variable estimation for the effect of S
(stunting) on Y (an adult outcome) has 2 equations. Equation 1 determines S,
and Equation 2 determines the effect of S on Y:

S ¼ a0 þ a1W þ a2Z þ U ð1Þ
Y ¼ b0 þ b1W þ b2S þ V ð2Þ

where W is a vector of observed determinants that affect both S and Y
directly, Z is a vector of instrumental variables, and U and V represent all
remaining unobserved determinants that directly affect S and Y, respectively.
If U is correlated with V, the ordinary least-squares estimate of b2 from
Equation 2 on its own will be biased because S would be correlated with
V. In addition to the true effect of S on Y, the estimate of b2 would include the
correlated effect of the unobserved determinants, or confounders, in V. The
correlation between U and V would be present, eg, if unobserved parental
preferences or community services that affected S in early life also directly
affected Y in later life. In instrumental variable estimates, S in Equation 2 is
replaced by the predicted value of S from Equation 1. Under the following
2 assumptions, the instrumental variable estimate of b2 will be asymptoti-
cally unbiased: 1) Z is sufficiently strongly associated with S, and 2) Z affects
Yonly through S (ie, Z is independent of V). The first assumption is verifiable
in the data. Tests for the second assumption are available when there are
multiple instruments in Z (called overidentification tests).
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(1.01 cm). For women, a 1-SD increase in HAZ was associated
with a higher age at first birth (0.77 y) and fewer numbers of
pregnancies (0.63) and children (0.43). A 1-SD increase in HAZ
was associated with a 5% greater hand strength. There were no
other significant relations with health-related outcomes. A 1-SD
increase in HAZ was associated with fewer hours worked by men
(11%) and an increased likelihood that women operated their own
businesses full time (11 pp). A 1-SD increase in HAZ was asso-
ciated with living in households with 21% higher per capita ex-
penditure and a 10-pp lower probability of being poor.

Results for stunting were consistent with and mirrored those
for HAZ. Being stunted at age 24 mo was associated with a loss
of 4.64 grades of schooling and w1-SD lower performance in
tests of reading and nonverbal cognitive skills (Table 2, 7). Stunt-
ing also was associated with children who left school earlier
(3.14 y). On average, spouses of stunted individuals were 6.78 y
younger, had 4.40 fewer grades of schooling, and were 3.28 cm
shorter than spouses of nonstunted participants. Women who had
been stunted at 24 mo had their first birth 4.26 y earlier and had
2.39 more pregnancies and 1.74 more children. Stunting was as-
sociated with decreased hand grip strength (22%). Finally, stunting
was associated with a lower household per capita expenditure
(53%) and greater probability of living in poverty (42 pp).

When analyses were restricted to only those individuals with
HAZs measured at 24 mo, we obtained, in general, similar results
as shown in Table 2 (see “Supplemental data” in the online is-
sue). Also, similar results were obtained when 36 or even 72 mo
was selected as the age at which to assess relations with HAZs,
which reflected the high correlation (r . 0.8) in HAZ values at
ages $24 mo (see section A, Supplemental Tables 1 and 2,
under “Supplemental data” in the online issue). In the case of
men’s wage rates, IV analyses indicate significant relations with
HAZs when 36 and 72 mo were the selected ages, with a 21%
(95% CI: 2%, 44%) increase in wages in both instances. This
result was consistent with the nonsignificant 14% (95% CI:
22%, 32%) increase shown at 24 mo (Table 2). Except for labor
market outcomes, estimates were similar and not statistically
different for men and women (see section B, Supplemental
Tables 3 and 4, under “Supplemental data” in the online issue).
For dichotomous outcomes, the use of probit regressions instead
of linear regressions produced similar results (see section C,
Supplemental Table 5, under “Supplemental data” in the online
issue). IV analyses met validity tests (see section D, Supple-
mental Tables 6 through 9, under “Supplemental data” in the
online issue), and correction for attrition did not alter the results
appreciably (see section E, Supplemental Table 10, under “Sup-
plemental data” in the online issue).

DISCUSSION

To our knowledge, this study provided new evidence on the
relation between growth failure at 24 mo and adult outcomes.
Previous studies have included a limited set of adult outcomes,
particularly in regards to marriage, fertility, and economic out-
comes (6). With the use of data from the 1988–1989 follow-
up study of this study cohort and OLS regressions, we linked
stunting at 3 y with anthropometric characteristics, schooling,
and test performance in the subsample of 18–25-y-olds (30). In
the current study, we used data collected 15 y later, when most
participants had finished schooling, were married, and hadT
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chosen an occupation. This method allowed for the inclusion of
a wider array of adult outcomes including the marriage market,
fertility, health, labor market, and expenditure and poverty.

The current study also used IV methods, which have the
potential to adjust for both observed and unobserved confounders
in observational studies, and, therefore, to support attribution of
causality (24–26). Common in econometric research, IV methods
have been used increasingly in epidemiologic and biomedical
research (25). In one instance, C-reactive protein haplotypes
associated with plasma C-reactive protein were used as instruments
in studies of the metabolic syndrome (31). Other applications of
IV methods have included the use of a calendar period as an
instrument in AIDS research (32), geographic location as an
instrument in cardiovascular research (33), and the maximum
potential cumulative cash transfers that a family could receive
from Mexico’s Oportunidades program to study the impact of
cash transfers on height-for-age, verbal and cognitive performance,
and behavior (34).

Our use of IVswasmotivated primarily by the concern that HAZ
at 24 mo was the outcome of parental and family choices made
under various constraints, and reasons for such choices may have
influenced adult outcomes in ways that did not operating directly
through what HAZ represents. A second but equally important
concern was with random error in the measurement of HAZ.
Although the direction of bias in OLS results from the first source
of correlation is ambiguous, depending on the specific sources and
their correlation with the error term, the sign of bias from random
measurement error is attenuation toward zero. Although HAZ was
measured by using standardized techniques with minimal error
(35), we used the predicted HAZ in part of the sample and this
likely introduced some random error. Finally, we interpreted HAZ
to be a proxy of factors that influenced growth and development in
early life; it is likely that there was random error in how well HAZ
represented these causes. Because of this, OLS estimates may have
understated the magnitude of the relation between HAZ (or
stunting) and adult outcomes of interest as we showed.

We showed that our IV variable analyses met tests of validity
(see “Supplemental data” in the online issue), which provided
support to the claim that the relation between growth failure and
adult outcomes we estimated was causal. We did not consider
HAZ or stunting at 2 y to be the causal factor per se. Rather the
cause was the cascade of factors at societal, household, and
individual levels, such as those depicted in the UNICEF con-
ceptual framework (36), which ultimately determines nutrient
availability at the cellular level and directly has an effect on
growth and development in the first 1000 d of life.

Our study population showed marked linear growth failure at 24
mo of age with a mean HAZ less than 23 and a prevalence of
stunting of 86%. We showed that individuals who were stunted
suffered profound adverse consequences in adulthood. These in-
dividuals scored worse on tests of reading and intelligence. As
measured by grade attainment and height, individuals who were
stunted matched with poorer-quality partners. Women had their
first child at younger ages and had more pregnancies and more
children. Growth failure in early life resulted in individuals being
more likely to live in poor households as adults. Conversely, better
growth, as indicated by HAZ, led to better adult outcomes.

We did not find significant associations of growth failure with
most measures of health or with women’s wage rates. For many
health measures, such as the metabolic syndrome, this sample

may have been too young to have been able to observe an effect.
Also, linear growth in early childhood has weak, if any relations,
with cardiovascular disease risk factors. Instead, weight-for-
length, particularly after 4 y of age, is more consistently and
strongly related to these outcomes (5). Our IV findings strongly
suggested an impact on men’s but not women’s wage rates. The
majority of women who were working in the sample engaged in
low-productivity activities such as agricultural processing (8,
18), which may explain the absence of effects of HAZ on
women’s wage rates, despite the positive effects on the sector of
occupation.

Our results may be extrapolated to settings with significant
levels of stunting that also are undergoing the nutrition transition.
The results were consistent with the large literature from other
observational studies across diverse populations (6). However,
our IV estimates appeared greater in magnitude than in many
previous studies. For example, a 1-SD increase in HAZ at 24 mo
was associated with 0.5 additional grades of schooling in a study
of 5 cohorts from low- and middle-income countries, including in
our cohort (6). Our OLS estimate was identical but our IV es-
timate was larger (0.8 grades). This comparison suggests that the
impact of stunting may have been underestimated in the literature
because of unmeasured confounders and measurement errors.

Our findingsmay have been limited, first, by the substantial level
of attrition. However, the regression models we used controlled for
a large number of covariates, many of which also were associated
with attrition (11). Therefore, these results controlled in part for
possible selectivity effects of attrition in the sample. Moreover,
procedures to address a possible attrition bias did not change our
results appreciably. We interpreted these findings to mean that our
results were unlikely to be biased by attrition.

A second possible limitation was that growth failure in early
life may have been correlated with other factors that affected
outcomes over the life course. Our estimates, however, included
1) covariates for age to control for cohort effects, which cap-
tured unmeasured events common to all individuals of a given
age; 2) controls for parental and household characteristics; 3)
village fixed effects, which controlled for all unmeasured time-
invariant events that were common to residents of the same
village; and 4) time-varying village characteristics measured at
the age of school entry. In addition, the IV estimation explicitly
accounted for correlations between growth failure and other
unmeasured factors that may have affected these outcomes.

Despite these potential limitations, our study has multiple
strengths. The original study included measurements of growth
in early life. The period of follow-up was .25 y and included
high-quality data across a wide range of life course outcomes.
Appropriate and robust statistical methods were used.

We did not elucidate explicitly the pathways through which
growth failure operates. The results, however, suggested the
following sequence. Early life growth failure is a marker of
dysfunction and malnutrition that also affects neurological de-
velopment, which has long-term consequences for schooling.
Lowered grade attainment results in poorer matches in the
marriage market, and in women, it leads to higher fertility. Fewer
grades of schooling reduce the likelihood of entry into higher
return labor market activities; and lower cognitive skills reduce
earnings for men. Lower earnings, together with poorer matches
in the marriage market, result in lower levels of household ex-
penditure and greater risk of being poor.
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In conclusion, this study fills important gaps by examining
a range of consequences in adulthood of growth failure in early
life with the use of appropriate statistical methods to account for
potential confounding and to compare directly the relative
strengths of associations across a wide range of outcomes. We
showed that growth failure has substantial effects on important
outcomes, especially family formation, reproduction, men’s
wage rates, and the prevention of poverty, which are re likely
mediated through schooling and cognitive achievement. Our
analyses provide a powerful rationale for the current focus on
improving childhood nutrition and promoting linear growth
from conception to age 2 y because it confers lifelong benefits to
individuals as well as their families.
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