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Abstract

High-quality early childhood programs have been shown to have substantial benefits in reducing
crime, raising earnings, and promoting education. Much less is known about their benefits for
adult health. We report the long-term health impacts of one of the oldest and most heavily cited
early childhood interventions with long-term follow-up evaluated by the method of randomization:
the Carolina Abecedarian Project (ABC). Using recently collected biomedical data, we find that
disadvantaged children randomly assigned to treatment have significantly lower prevalence of risk
factors for cardiovascular and metabolic diseases in their mid-30s. The evidence is especially
strong for males. The mean systolic blood pressure among the control males is 143, while only
126 among the treated. One in four males in the control group is affected by metabolic syndrome,
while none in the treatment group is. To reach these conclusions, we address several statistical
challenges. We use exact permutation tests to account for small sample sizes and conduct a
parallel bootstrap confidence interval analysis to confirm the permutation analysis. We adjust
inference to account for the multiple hypotheses tested and for nonrandom attrition. Our evidence
shows the potential of early life interventions for preventing disease and promoting health.
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1 Introduction

Noncommunicable diseases are responsible for roughly two-thirds of worldwide deaths (1).
Most policies that combat disease currently focus on treatment after disease occurs and on
reducing risk factors in adult life. Recent discussions of effective ways of controlling the
soaring costs of the US health care system emphasize tertiary prevention; i.e., reducing the
worsening of the conditions of those already ill (see, e.g., (2)) and “bending the cost curve”
for such treatments (2-5).

A complementary approach is to prevent disease, or to delay its onset. A large body of
evidence shows that adult illnesses are more prevalent and problematic among those who
have experienced adverse early life conditions (6, 7). The exact mechanisms through which
early life experiences translate into later life health are being actively investigated (8, 9).

This paper shows that high-quality, intensive interventions in the early years can be effective
in preventing, or at least delaying, the onset of adult disease. The recent literature establishes
that interventions that enrich the environments of disadvantaged children have substantial
impacts on a variety of outcomes throughout their lives (see, e.g., (10-12)). However, little
is known about their benefits on health (see, e.g. , (13, 14)).

We study the long-term health effects of one of the oldest and most cited early childhood
programs: the Carolina Abecedarian Project (ABC). ABC was designed as a social
experiment to test if a stimulating early childhood environment could prevent the
development of mild mental retardation in disadvantaged children. The study was conducted
on four cohorts of disadvantaged children born between 1972 and 1977 who were living in
or near Chapel Hill, North Carolina. The intervention consisted of a two-stage treatment
targeted to different segments of child life cycles: an early childhood stage (from birth to age
5) and a subsequent school-age stage (from age 6 to 8). The first stage of the intervention
involved periods of cognitive and social stimulation interspersed with caregiving and
supervised play throughout a full eight-hour day for the first 5 years. The stimulation
component was based on a curriculum that emphasized development of language, emotional
regulation, and cognitive skills (15, 16). The second stage of the intervention focused on
improving early math and reading skills through having “home-school resource teachers”
customize learning activities based on materials being covered at school and then deliver
these materials to the parents to use at home. The treatment and control groups from the first
stage were randomly assigned to treatment and control groups in the second stage. We
analyze data on treatment and control groups created by the first-stage randomization. We
find no evidence of any treatment effect on adult health from the second-stage
randomization. The treatment effects are much smaller in magnitude than those estimated
for the first-stage treatment, and fail to achieve statistical significance at conventional levels.
See Supplementary Material, Section F, for evidence on this issue. References (17-19) show
that for most outcomes the early educational intervention had much stronger effects than the
school-age treatment. Additionally, a previous work has also shown no health effects from a
school-age (as compared to a preschool) educational intervention (20). The available
evidence on interventions to prevent obesity points to the years 05 as a critical period (as
compared to after 5, see e.g. (21-23)).
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The Abecedarian intervention had also a nutritional and health care component. Treated
children had two meals and a snack at the childcare center during the first stage. They were
offered primary pediatric care (both well- and ill-child care), with periodic check-ups and
daily screening, in both stages. More details on the intervention are given in the
Supplementary Material, Section A.

Data were collected on both treated and control cases from the beginning of their
participation in the study, using surveys administered to children, parents, and teachers, as
well as direct assessments. Before the intervention started, baseline information was
gathered on parental characteristics, family structure, socioeconomic status, and birth
circumstances. For both treated and control cases, data on cognition, personality, health,
achievement, and behavior were then collected at multiple stages from birth until the end of
school-age treatment. At the end of the second stage of treatment, children were followed up
at ages 12, 15, 21, 30, and in the mid-30s. Details on the outcomes and covariates used in
this analysis are provided in the Supplementary Material, Section B.

A biomedical survey of cardiovascular and metabolic risk factors was conducted when
participants were in their mid-30s. Information on biomeasures was collected from two
sources. The first was a physical exam carried out by a local physician in the Chapel Hill
Internal Medicine practice, in which the same doctor (blind to treatment status) examined all
subjects. In this exam, measurements were collected on weight (Ibs), height (inches), waist
(inches), hips (inches), and systolic and diastolic blood pressure. The physician also checked
the status of several body systems. The physician carried out a complete physical exam and
checked whether there was abnormality in relation to the following systems: skin, HEENT
(Head, Ear, Eye, Nose, Throat), neck, chest, lung, breast, cardiovascular, abdomen,
neurologic, muscle strength and tone, musculoskeletal, lymphatic. The second source was
lab tests, based on non-fasting venous blood collected from the subjects during the medical
visit (the phlebotomist was blind to treatment status and the blood samples were sent out to
another facility for analysis and report preparation).

Several issues arise in evaluating the health effects of the ABC intervention. First, the
sample size is small. Conventional testing approaches that rely on large-sample properties of
test statistics may be inappropriate. To surmount this problem, we use exact (small-sample)
block permutation tests. However, as we show in Tables S25—S26 in Supplementary
Material, Section I, when we use bootstrap methods that have a large sample justification,
we obtain the same inference about treatment effects. Bootstrapping has the additional
benefit of producing confidence intervals to gauge the uncertainty inherent in our estimates.

Second, numerous treatment effects are analyzed. This creates an opportunity for “cherry
picking”—finding spurious treatment effects merely by chance if conventional one-
hypothesis-at-a-time approaches to testing are used. We account for the multiplicity of the
hypotheses being tested using recently developed stepdown procedures (24).

Third, information is missing due to non-random attrition from the survey, potentially
undermining the validity of inference. We investigate the causes of missing information and
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correct for potential bias using inverse probability weighting (IPW) (25, 26). More
information on the methodology and a detailed analysis of the attrition patterns is presented
in Supplementary Material, Sections C, D, and H.

Physical Health

Estimated treatment effects and associated test statistics are given in Tables 1 (males) and 2
(females). Throughout the paper, we report one-sided single hypothesis block permutation p-
values associated with the IPW treatment effect estimates; multiple hypothesis stepdown p-
values are reported in Tables 1 and 2. We first report the experimental results on the
biomarkers of cardiovascular functioning. On average, treated males have lower values of
both systolic and diastolic blood pressure. This difference amounts to 13.5 mmHg for
diastolic blood pressure ( p =0.024) and to 17.5 mmHg for systolic blood pressure ( p
=0.018). Treated females are less likely to be pre-hypertensive. The prevalence of pre-
hypertension (systolic bp 2120 or diastolic bp >80; see (27)) is 0.909 in the control group
and 0.667 in the treatment group, and the difference is statistically significant (p =0.042).
Using two different definitions of hypertension (Systolic bp >140 and diastolic bp 290,
(28), and systolic bp >140 or diastolic bp 290, (27)), treated males are less likely to fall
into the stage I hypertension category (a prevalence of only 0.105 or 0.211) as compared to a
much higher prevalence observed in the control group (0.444 and 0.556). Both treatment
effects are statistically significant (p =0.010 and p =0.038) (29).

Biomarkers of metabolic activity from blood tests (lipid panel) show that treated individuals
have higher levels of High-Density Lipoprotein Cholesterol (HDL-C)—*“good” cholesterol.
The magnitude of the difference between treated and control groups is larger for males. The
control males have a level of HDL cholesterol of 42 mg/dL which is just above the lower
recommended limit of 40 mg/dL (30), while the level for the treated males is 11 mg/dL
higher. The treatment effect is marginally significant ( p =0.066). This is reflected in the
prevalence of dyslipidemia (elevated lipid levels). The difference in the prevalence of this
condition between treatment and control groups is 0.311 for males (HDL-C < 40 mg/dL; p
=0.179) and 0.177 for females (HDL-C < 50 mg/dL; p =0.099). The healthier metabolic
status experienced by the male treatment group is confirmed by the lower prevalence of pre-
diabetes indicators (Glycosylated Hemoglobin >5.7%, (31) 0.473 vs. 0.583), although the
difference does not attain statistical significance ( p =0.426). Control males are also twice as
likely to be affected by vitamin D deficiency (Total Vitamin D < 20 ng/mL, (32); 0.368 vs.
0.750; p=0.021).

The prevalence of both severe and abdominal obesity is lower among treatment group males
but the differences are not statistically significant at the 10% level. Treated females are less
likely than controls to be affected by abdominal obesity, both when considering the waist-
hip ratio (WHR) and when analyzing a dichotomous measure of WHR> 0.85 ((33); 0.563 vs.
0.762); both treatment effects are marginally significant (p =0.063 and p =0.080,
respectively).
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The health effects of the Abecedarian intervention translate into lower prevalence of
multiple risk factors that are particularly striking for males. Those in the treatment group are
less likely to experience both obesity and hypertension (diff.=0.389; p =0.016), severe
obesity and hypertension (diff.=0.375; p =0.005), and dyslipidemia and hypertension
(diff.=0.333; p =0.006). None of the treated males have the cluster of conditions known as
Metabolic Syndrome (defined as waist circumference > 102 cm or 40 inches (34); HDL-C <
40 mg/dL; blood pressure >130/85 mmHg; see (30)), associated with greater risk of heart
disease, stroke, and diabetes, while one in four in the control group is affected by it (p
=0.007). The prevalence of the Metabolic Syndrome for females (defined as waist
circumference > 88 cm or 35 inches (34); HDL-C < 50 mg/dL; blood pressure >130/85
mmHg; see (30)) is lower in the treatment group but the differences are not statistically
significant at the 10% level. Finally, results for the Framingham Risk Score (35) reveal that
both treated males and females have a significantly lower risk of experiencing “total”
Coronary Heart Disease (CHD), defined as both stable and unstable angina, myocardial
infarction, or CHD death, within the next 10 years (diff.=2.154, p =0.038; diff.=0.339, p
=0.070).

In sum, the available evidence from the biomedical survey of ABC shows that the children
who attended the child care center in the first five years of their lives enjoy better physical
health in their mid-30s with significant markers indicating better future health. The benefits
of these health improvements are substantial and wide-ranging. Reference (36) provides a
detailed review of the labor market costs of obesity, which range from increased absenteism
to lower productivity and wages. There are considerable losses in life expectancy due to
obesity. Reference (37) reports estimates that 35-year-old males with hypertension would
gain 1.1-5.3 years of expected life (0.9-5.7 years for females) from reducing their diastolic
blood pressure to 88 mmHg using the Coronary Heart Disease Policy Model based on data
from the Framingham Heart Study. Reference (38), using data from the Framingham Heart
Study, finds that 40-year-old male nonsmokers suffer a loss of life expectancy of 3.1 years
(3.3 years for females) of life because of overweight, and of 5.8 years (7.1 years for females)
because of obesity. Reference (39), using data from the National Longitudinal Study of
Adolescent Health, shows that diabetics are less likely to be employed (by 8—11 percentage
points), more likely to participate in social programs (by 8—13 percentage points), and earn
on average lower wages (by $1,500-6,000). Reference (40) provides further evidence from
the National Longitudinal Survey of Youth 1979 that the duration of diabetes is negatively
associated with employment and wages. Reference (41) reports a hazard ratio of 1.47 (95%
CI 1.13-1.92) for all-cause mortality and of 2.53 (95% CI 1.74-3.67) for cardiovascular
mortality caused by metabolic syndrome (NCEP definition) in the San Antonio Heart Study.

Availability of health care is a necessary condition for enjoying better health, although not a
sufficient one (42). The upper panel of Table 3 reveals that treated males were more likely to
be covered by health insurance at age 30 (0.704 vs. 0.476; p =0.039) and to be cared for in a
hospital or by a doctor when sick (0.815 vs. 0.524; p =0.037).
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Physical Development

We analyze the effects of the intervention on early physical development, assessed using
anthropometric measurements (height and weight) taken at the times the children had their
routine assessments at multiple times in childhood. We transform the BMI measures into
standard normal variates (z-scores) using the LMS method developed in (43, 44) and (45).
The results are reported in the bottom panel of Table 3. Treated males were less likely than
controls to be overweight throughout their preschool years, with almost no treated child
having a weight-for-length above the 85t percentile (the age-specific measure for being “at-
risk overweight”, see (46)) in the first two years of life. Control males had a greater weight-
for-length z-score change between birth and 24 months of age. More rapid increases in
weight-for-length in the first 6 months of life have been associated with increased risk of
obesity at age 3 (47). Looking at the full BMI distribution by treatment status shown in
Figure 1, it is evident that the distribution is both less spread out and shifted to the left for
treated males relative to controls. These results are consistent with the obesity-reducing
effects found in Head Start (13, 14) and are consistent with evidence in the literature of the
important role played by early life nutrition (48). Further evidence on the importance of
these early growth patterns is shown in Figure 2. The two upper figures show the evolution
of BMI-for-age during childhood for males by treatment status. It is noticeable that, while
the BMI-for-age of the treatment group is always centered around the median for the
reference population, the control group experiences a surge in the first year, which peaks at
18 months, becomes partially attenuated, and then exhibits diverging growth patterns after 5
years of age. And it is striking that, when we consider the early growth trajectory by obesity
status in adulthood (panels c—f of Figure 2), those who are obese or severely obese in their
mid-30s are already on a trajectory of above-normal BMI in the first five years of their lives.

Conclusions

This paper analyzes recently collected biomedical data for the Abecedarian intervention.
Children randomly assigned to the treatment group for ages 0-5 have a significantly lower
prevalence of risk factors for cardiovascular and metabolic diseases in their mid-30s.
Treated males have a healthier body mass in their childhood years. These early benefits

persist into adulthood.

The precise mechanisms through which these effects are obtained remain to be determined.
It may be improved health due to access to pediatric care and proper nutrition in the early
years, improved noncognitive skills as in the Perry study (49), improved cognitive skills, or
some combination of all three factors. Uniformity of the treatment does not provide the
necessary independent variation in the components of the intervention that would allow us to
examine the sources of treatment effects. A simple mediation analysis (presented in
Appendix G, Tables S19 and S20), suggests that half of the effect of the treatment on
hypertension and obesity in the mid-30s may be mediated by the body mass index of the
child around one year of age, while no significant role seems to be played by the availability
of health insurance, or improved socioeconomic status at age 30. However, the estimated
mediation effects are not precisely determined, so these findings are necessarily speculative
at this point. Whatever the channel, our evidence supports the importance of intervening in
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the first years of life, and suggests that early childhood programs can make a substantial
contribution to improving the health of adult Americans and reducing the burden of health
care costs. An intervention that lasted five years and cost $67,000 (in 2002 dollars, see (50))
produced sustained and substantial health benefits. Early childhood interventions are an
unexplored and promising new avenue of health policy.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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wherein the role of the teacher is to design the environment in order to create learning experiences
at the appropriate developmental level of the child, and the role of each individual child is to direct
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The medical care was no-cost to the families, but they were responsible for buying medicines. The
original plan was to also provide medical care at the FPG center to the control families, but after
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whiskey. For these questions, drinking alcohol does not include drinking a few sips of wine for
religious purposes”.

Nobody replied B="Less than 9 years old”.

The alcohol section is preceded by the following prompt: “The next questions ask about drinking
alcohol. This includes drinking beer, wine, wine coolers, and liquor such as rum, gin, vodka, or
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Responses of A=“T have never had a drink of alcohol other than a few sips” were coded as missing,
while nobody replied B="Less than 9 years old” at age 21.

Responses of A="T have never tried marijuana” were coded as missing, while nobody replied
B="Less than 9 years old” at age 21.

Miller, A. Subset selection in regression. CRC Press; 2002.

Robins JM, Rotnitzky A, Zhao LP. Analysis of semiparametric regression models for repeated
outcomes in the presence of missing data. Journal of the American Statistical Association. 1995;
90:106-121.

John F, Gottschalk P, Moffitt R. An Analysis of Sample Attrition in Panel Data: The Michigan
Panel Study of Income Dynamics. Journal of Human Resources. 1998:251-299.

Akaike H. A new look at the statistical model identification. IEEE Transactions on Automatic
Control. 1974; 19:716-723.

One child was diagnosed to be biologically retarded, two died at very early ages (3 and 4 months),
and other two children died later (12 and 50 months). One child was withdrawn from the sample
before 6 months of age. In addition, other 10 children dropped out of the sample before 54 months.
For males, we compare attriters vs. non-attriters both in the lab tests and the physical exam sample,
since participation varies between the two, as seen in Table S3.

Although more likely to have other special circumstances.

Control females who took part in the biomedical sweep were also more likely to report having any
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attrited, within each treatment group (and gender), with respect to both baseline and age 30
characteristics. This is in sharp contrast with the tables that test for the health effects of the
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Fig. 1.
Body Mass Index (BMI) ages 0-5 by Treatment Status, Males. The black solid line depicts

the density for treated males; the black dashed line depicts the density for control males. The
graphs display non-parametric kernel estimates of the probability density function based on
the Epanechnikov kernel. The kernel K is K (u) = 34 (1-u?)1[|u] <I], where 1[-] is an indicator
function.
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(b) BMI (CDC growth chart)

—+— Treatment —-#-- Control

(c) BMI (WHO growth chart)

60
Age{months)

—=— Treatment —-—¢-- Control

(d) BMI (CDC growth chart)

0 3 6 9 12 18 24 6 48

Age{months)
—— Not Obese Mid-30s  —=-#-- Obese Mid-30s

(e) BMI (WHO growth chart)

b
24 6 48 80 g6
Age(months)
—e+— Not Obese Mid-30s  ——#—- Obese Mid-30s

(f) BMI (CDC growth chart)

*
¢ 3 6 8 12 18 24 36 4
Age(months)

Age(months)

—— Not Severely Obese Mid-30s ——— Severely Obese Mid-30s

—=— Not Severely Obese Mid-30s ——-= Severely Obese Mid-30s

Fig. 2.

Bgdy Mass Index ages 0—4 (figures a, c, e) and 2-8 (figures b, d, f), by Treatment and
Obesity Status at Mid-30s, Males. The graphs show BMI z -scores at different points in
childhood (0, 3, 6, 9, 12, 18, 24, 36, 48, 60, and 96 months) by treatment and control status
(panels a-b), by obesity status (BMI 330) in adulthood (panels c—d), and by severe obesity
status (BMI 35) in adulthood (panels e—f). Solid and dashed lines represent mean BMI by
age for different groups while the bands around each line represent standard errors for the
corresponding means (one standard error above and below). Figures (a), (c) and (e) use the
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WHO (World Health Organization) growth charts to construct the z -scores; figures (b), (d)
and (f) use the CDC (Center for Disease Control) growth charts. The CDC recommends the
use of the WHO growth charts for less than 2 years of age (see www.cdc.gov/growthcharts/
who_charts.htm).
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Fig. 3.

Body Mass Index (BMI) ages 0-5 by Treatment Status, Females. The black solid line
depicts the density for treated males; the black dashed line depicts the density for control
males. The graphs display non-parametric kernel estimates of the probability density
function based on the Epanechnikov kernel. The kernel K is K (u) = % (1—u2)1[|u| <], where

1[-] is an indicator function.
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(a) BMI (WHO growth chart) (b) BMI (CDC growth chart)
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Fig. 4.

B(?dy Mass Index ages 0—4 (figures a, c, e) and 2—-8 (figures b, d, f), by Treatment and
Obesity Status at Mid-30s, Females. The graphs show BMI z -scores at different points in
childhood (0, 3, 6, 9, 12, 18, 24, 36, 48, 60, and 96 months) by treatment and control status
(panels a-b), by obesity status (BMI 30) in adulthood (panels c—d), and by severe obesity
status (BMI 335) in adulthood (panels e —f). Solid and dashed lines represent mean BMI by
age for different groups while the bands around each line represent standard errors for the
corresponding means (one standard error above and below). Figures (a), (c) and (e) use the
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WHO (World Health Organization) growth charts to construct the z -scores; figures (b), (d)
and (f) use the CDC (Center for Disease Control) growth charts. The CDC recommends the
use of the WHO growth charts for less than 2 years of age (see www.cdc.gov/growthcharts/
who_charts.htm).
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