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Abstract
India's Integrated Child Development Services (ICDS) provides daily supplementary
nutrition and other public health services to women and children. We estimated associations between exposure to early‐childhood ICDS nutrition and adult reproductive
outcomes. During 1987–1990, a balanced protein–calorie supplement called
“upma”—made from locally available corn–soya ingredients—was rolled out by subdistricts near Hyderabad and offered to pregnant women and children under age 6 years.
In a controlled trial, 15 villages received the supplement and 14 did not. We used data
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from a 2010–2012 resurvey of adults born during the trial (n = 715 in intervention
and n = 645 in control arms). We used propensity score matching methods to estimate the associations between birth in an intervention village and menarcheal age,
age at first pregnancy, and fertility of adults. We found that women born in the intervention group during the trial, as compared with the control group, had menarche
0.45 (95% confidence interval [CI: 0.22, 0.68]; p < .001) years later and first pregnancy 0.53 (95% CI [0.04, 1.02]; p < .05) years later. Married women from the intervention group had menarche 0.36 (95% CI [0.09, 0.64]; p < .01) years later, first
cohabitation with partner 0.8 (95% CI [0.27, 1.33]; p < .01) years later, and first pregnancy 0.53 (95% CI [0.04, 1.02]; p < .05) years later than married women in the control group. There was no significant difference between intervention and control
group women regarding whether they had at least one childbirth or the total number
of children born. The findings were similar when we employed inverse propensity
score weighted regression models.
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APCAPS, child development, fertility, fetal origins, India, menarche

Abbreviations: APCAPS, Andhra Pradesh Children and Parents Study; CI, confidence interval; ICDS, Integrated Child Development Services; LMICs, low‐ and middle‐income countries; INCAP,
Institute of Nutrition for Central America and Panama; PSM, propensity score matching
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I N T RO D U CT I O N

Progress on child survival is among the most significant social achievements in India during the 21st century to date. Under‐5 child mortality
in India has fallen sharply from 92 per 1,000 live births in 2000 to 39

Key messages
• Adequate nutrition during the first 2‐3 years of life can
have lasting positive impact on health through adulthood.

in 2017 (World Bank, 2017). The rate of decline has accelerated over

• The relationship between early-life nutrition and adult

time, leading to nearly a million more avoided under‐5 deaths during

reproductive outcomes are incompletely understood,

2005–2015 when compared with 2000–2005 (Fadel et al., 2017).

especially in low‐ and middle‐income countries.

However, rates of undernutrition among Indian children remain high.

• This study found supplementary nutrition in‐utero and

In 2016, 38%, 21%, and 36% of Indian children under 5 were stunted,

during the first 3 years of life to be longitudinally

wasted, and underweight, respectively (International Institute for Pop-

associated with delayed menarche and delayed first

ulation Sciences [IIPS], 2016). In 48 districts of India—primarily from

pregnancy among Indian women

poorer and more populous states—more than half of under‐5 children
were stunted, and in 38 districts, more than half were underweight

ET AL.

• The findings have important policy implications for
maternal and child health.

(IIPS, 2016).
Adequate early‐life nutrition could reduce childhood mortality and
morbidity and improve adult height, cardiovascular health, and cognitive, schooling, and economic outcomes (Adair et al., 2013; Alderman,
Hoddinott, & Kinsey, 2006; Almond & Currie, 2011; Behrman et al.,

et al., 2005; Simondon et al., 1998). Although several studies in high‐

2009; Currie & Vogl, 2013; Grantham‐McGregor et al., 2007;

income countries have found that later menarche is associated with

Hoddinott et al., 2013b; Hoddinott, Alderman, Behrman, Haddad, &

greater adolescent and adult height, such relationships have not been

Horton, 2013; Hoddinott, Maluccio, Behrman, Flores, & Martorell,

examined in LMICs (Aurino et al., 2017; Frisch & Revelle, 1970; He &

2008; Maluccio et al., 2009; Martorell, Horta, et al., 2010; Nandi,

Karlberg, 2001; Zacharias & Rand, 1983).

Ashok, Kinra, Behrman, & Laxminarayan, 2016; Nandi, Behrman,

Menarcheal age is an important public health indicator. Earlier

Bhalotra, Deolalikar, & Laxminarayan, 2017; Nandi, Behrman, Kinra,

menarche has been frequently linked with growth cessation, earlier

& Laxminarayan, 2018; Nandi, Behrman, & Laxminarayan, 2019; Stein

marriage and pregnancy, and higher future risk of breast cancer, diabe-

et al., 2013, 2010; Victora et al., 2008). Some of the best evidence

tes, cardiovascular diseases, depression, and mortality (Ibitoye, Choi,

linking early‐childhood nutrition and long‐term outcomes in low‐ and

Tai, Lee, & Sommer, 2017; Joinson, Heron, Lewis, Croudace, & Araya,

middle‐income countries (LMICs) comes from long‐term follow‐ups

2011; Lakshman et al., 2008; 2009; Sandhu, Ben‐Shlomo, Cole, Holly,

of early‐childhood nutritional intervention trials. In the Andhra

& Davey Smith, 2006; Talma et al., 2013; Zacharias & Rand, 1983). In

Pradesh Children and Parents Study (APCAPS) in India, exposure to

LMICs, growth cessation, and lower adult height are also known to be

a daily supplementary nutrition in utero and the first 3 years of life

associated negatively with cognitive and educational outcomes and

was associated with greater adolescent height and improved measures

future earnings (Almond & Currie, 2011; Currie & Vogl, 2013;

of insulin resistance and arterial stiffness (Kinra et al., 2008). In the

Hoddinott, Behrman, et al., 2013b; Victora et al., 2008).

Institute of Nutrition for Central America and Panama (INCAP) trial

Age at marriage, and age at childbirth and rates of childbirth have

study in Guatemala, exposure in utero and the first 2 years of life to

important implications for maternal and child health, especially among

supplementary protein‐enriched nutrition was linked with higher

adolescent and young adult mothers. Early marriage and first preg-

birthweight, height, head circumference, and height‐for‐age and

nancy have been linked with higher rates of anaemia and mortality

weight‐for‐age z scores (Behrman et al., 2009). Adolescents and adults

among women, and lower birthweight, gestational age, breastfeeding

who were exposed to early‐life nutrition in APCAPS and INCAP also

rates, nutritional status immunization rates, cognitive test scores, and

had improved schooling attainment, cognitive test scores, and earn-

schooling attainment among children (Chari, Heath, Maertens, &

ings than the comparison groups (Hoddinott et al., 2008; Maluccio

Fatima, 2017; Fall et al., 2015; Gibbs, Wendt, Peters, & Hogue,

et al., 2009; Martorell, Melgar, Maluccio, Stein, & Rivera, 2010; Nandi

2012; Montgomery & Lloyd, 1996; Sonneveldt, DeCormier Plosky, &

et al., 2016; 2018; Nandi, Lutter, & Laxminarayan, 2017).

Stover, 2013; Stover & Ross, 2010; Trussell & Pebley, 1984). There

Little is known about how early‐life supplementary nutrition

is also a widely recognized child quantity–quality trade‐off in LMICs,

affects the reproductive health of LMIC adults, including ages at men-

that is, higher fertility (quantity) is associated with lower human capital

arche, first cohabitation with partner, and first pregnancy, and the rate

investment and worse health and schooling outcomes of each child

and number of childbirths. Observational studies in India, Peru, Viet-

(quality; Li, Zhang, & Zhu, 2008; Millimet & Wang, 2011; Rosenzweig

nam, Kenya, Senegal, and Guatemala have found associations of

& Wolpin, 1980).

higher birthweights and lower prepubertal body mass with later men-

In this study, we followed up 1,360 adults of age 20–25 years who

arche and greater height for age at 24 months with lower adult fertility

were born during the original APCAPS nutritional trial. We estimated

(Aurino, Schott, Penny, & Behrman, 2017; Hoddinott, Behrman, et al.,

associations between exposure to supplementary nutrition and adult

2013b; Khan, Schroeder, Martorell, Haas, & Rivera, 1996; Leenstra

reproductive outcomes.
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APCAPS data

India's Integrated Child Development Services (ICDS) programme is the
largest public supplementary nutrition and development programme for
women and young children in the world. It provides a daily cooked meal
or uncooked take‐home dry meal to pregnant and nursing women, children below the age of 6 years, and adolescent girls. Additional services
under the ICDS include preschool education and immunization for children, health check‐ups and referrals, and nutrition and health education
(Ministry of Women and Child Development, 2015). The programme is
operationalized from Anganwadi centres.
ICDS was introduced in 1975 and rolled out in a phased manner
across India starting in the 1980s. During 1987–1990, the National
Institute of Nutrition in Hyderabad conducted a nonrandomized con-

FIGURE 1

Participants of the APCAPS

trolled trial to examine the effects of supplementary ICDS nutrition
during pregnancy on newborn birthweights. Near Hyderabad in the

processes have been discussed in previous studies (Kinra et al., 2008,

state of Andhra Pradesh, a cluster of villages with a total population

2014; Kinra, Sarma, Hards, Smith, & Ben‐Shlomo, 2011).

of 30,000, was chosen from two adjacent subdistricts—one each for
intervention and control groups. In each subdistrict, contiguous villages within a 10‐km radius of a centrally located prominent village
(based on the area map) were included, resulting in 15 intervention
and 14 control villages.
In the intervention villages, all pregnant women and children below
the age of 6 years were offered daily cooked meals at the Anganwadi
centres, which they could eat there or take home. The meals—called
“upma”—were prepared from locally available corn–soya blends and
provided on average 500 kcal of energy and 20–25 g of protein to

2.2

|

Ethics statement

Ethical clearance for the APCAPS cohort study was provided by the
ethics review committees of the National Institute of Nutrition, the
Indian Council of Medical Research, the Public Health Foundation of
India, the University of Bristol, and the London School of Hygiene
and Tropical Medicine. Local administrative authorities in all villages
also provided approval, and participants provided informed consent.

women and half of those amounts to children (Kinra et al., 2008). In
control villages, supplementary nutrition was introduced 3 years after

2.3

|

Propensity score matching analysis

the study ended. Prior to the trial, the intervention and control groups
had similar availability of public health services such as an anaemia

We used the 2010–2012 wave of the APCAPS survey, in which those

control in pregnancy, routine childhood vaccination, and primary

who were born during the original trial (hereafter referred to as index

health care. An abstract describing the trial was published, but no fur-

adults) were 20–25 years old. We estimated associations between

ther data—including information on consumption of cooked meals by

birth in an intervention village and the following reproductive

participants—are available (Kinra et al., 2008).

outcomes of index adults: (a) ages at menarche in years for women,

The study enrolled all children born between January 1, 1987, and

(b) ages at first pregnancy in years for women, (c) binary indicator of

December 31, 1990, in 29 villages. During 2003–2005, a follow‐up

whether the adults had at least one child, and (d) total number of

study identified 1,342 and 1,259 living children who were born to

children (including zero) born to the adults. All outcomes were self‐

1,001 and 962 women, respectively, in intervention and control vil-

reported.

lages during the original trial period (Kinra et al., 2008). Among them,

As discussed in previous APCAPS studies, there were some statis-

families who could be matched with baseline records were invited

tically significant differences in socio‐economic and demographic

for the survey. Along with their mothers, 654 and 511 children in

characteristics of the intervention and control group adults, which

intervention and control villages participated in the survey that was

could bias ordinary least square estimates of associations between

administered from a clinic in each village. During 2009–2010 and

birth in intervention villages and outcome variables (Kinra et al.,

2010–2012, further follow‐up surveys covered 1,446 and 1,360 chil-

2014; Nandi et al., 2016; 2018). We used a quasi‐experimental pro-

dren (Figure 1).

pensity score matching (PSM) technique to mitigate such differences

Together, the surveys have collected data on a wide range of
outcomes including socio‐economic and demographic factors, anthropometry, lifestyle, medical history, cardiovascular physiology, spirome-

(Dehejia & Wahba, 2002; Heckman, Ichimura, & Todd, 1997; Leuven
& Sianesi, 2003; Rosenbaum & Rubin, 1984).
First, we conducted a probit regression of birth in intervention vil-

try, and biomarkers (Kinra et al., 2014). The original trial and the follow‐

lages for index adults on household and individual socio‐economic and

up surveys are collectively known as the APCAPS. The data collection

demographic characteristics determined before the trial including age

4 of 12
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in years, sex (whether female), indicators of caste groups (scheduled

means of a covariate between the two groups as a percentage of the

caste or scheduled tribe, and other backward classes) and religion

square root of the average of the sample variances of the groups—

(non‐Hindu), and parental schooling attainment (literate, completed

separately before and after matching (Rosenbaum & Rubin, 1985). A

primary, and completed secondary or above).

successful PSM would reduce the average bias substantially from

Based on the predicted probability from the probit model (known

prematching to postmatching. We also re‐estimated the propensity

as the propensity score), we matched intervention group index adults

score regression using the matched intervention–control sample.

with similar index adults from the control group. We restricted our

Under a valid PSM, the pseudo‐R2 of this model should be substan-

sample to individuals with overlapping propensity scores from the

tially lower as compared with the original propensity score model

two groups (known as “common support”) and used a Kernel

(Sianesi, 2004). Finally, we conducted a likelihood ratio test of the joint

(Epanechnikov) matching algorithm (Caliendo & Kopeinig, 2008;

significance of covariates prematching and postmatching. Failure to

Dehejia & Wahba, 1999; 2002).

reject the null hypothesis of joint significance after matching would

Our estimation approach assumes that unobserved characteristics

indicate that the matched sample was homogenous in nature and that

of the intervention and control groups were randomly distributed after

the covariates would not adequately explain intervention status any

matching. Consequently, the average difference in an outcome vari-

more after matching.

able between the intervention and matched control group could be

Age at first pregnancy may be correlated with age of marriage

attributed to supplementary ICDS nutrition. The difference is known

(Nandi et al., 2018). Any associations of the intervention with this

as the “intent‐to‐treat” estimator.

earlier‐in‐life event could possibly drive its association with ages at

In addition to the analyses of fertility outcomes of all index adults,

first pregnancy. We conducted additional analyses to explore these

we also evaluated outcomes separately for women and ever‐married

potential pathways, as discussed in the Supporting Information. We

women. We considered p < .05 for statistical significance.

also tested for sensitivity of PSM by examining additional matching
algorithms, as presented in the Supporting Information.

2.4 | Inverse propensity score weighted regression
analysis

3

RESULTS

|

We used additional propensity score weighted multivariate regression
models to examine associations of the intervention (Hirano & Imbens,

3.1

|

Characteristics of the study sample

2001; Hirano, Imbens, & Ridder, 2003; McCaffrey, Ridgeway, & Morral,
2004). This technique balances the distribution of covariates between

Summary statistics of all index men and women are presented in

the intervention and control groups and produces statistically efficient

Table 1. In the intervention and control groups, there were 715 and

estimators. We used the propensity score derived from the first‐stage

645 index adults (of them, 272 and 252 women), respectively. There

probit model of PSM as discussed earlier. The weight was defined as

were 160 and 167 married women, respectively, in the two groups,

the inverse of the propensity score for the intervention group and

and their summary statistics are presented in Table S5. There was no

inverse of one minus the propensity score for the control group (Hirano

statistical difference in the proportion of married women between

et al., 2003; Hirano & Imbens, 2001; McCaffrey et al., 2004).

the two groups. Due to missing covariate values, two sample observa-

These weights were employed in regression analyses of outcomes.

tions were lost for analysis.

We used Cox proportional hazards models for age at menarche and

Intervention village adults had completed secondary education and

age at first pregnancy, probit regression for the binary indicator of

were employed or enrolled in higher education at significantly higher

whether the adult had at least one child, and Poisson regression for

proportions. Lower proportions of them were ever married, and they

total number of children (including zero) born to the adult.

had fewer children than control group adults. Intervention group

Along with the indicator of birth in intervention villages, the fol-

women had higher menarcheal and first pregnancy ages as compared

lowing variables were included as regression covariates: age in years

with control group women. The proportion of intervention group

and sex (whether female) when applicable, indicators of caste groups

households belonging to scheduled caste or scheduled tribe groups

and religion, and parental schooling attainment. Standard errors were

was higher compared with the control group, whereas those belonging

robust clustered at the village level.

to other backward classes was lower. Higher proportions of intervention group households belonged to the middle three wealth quintiles
as compared with the control group.

2.5 | Tests of matching quality and additional
sensitivity analyses
3.2

|

Propensity score matching estimates

We conducted three tests of matching quality in the base model, that
is, whether PSM was successful in reducing differences in characteris-

The PSM intent‐to‐treat estimators of associations between birth in

tics between the intervention and control groups. We computed the

an intervention village and adult reproductive outcomes are presented

standardized percentage bias—which was the difference of the sample

in Table 2.

NANDI
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Summary statistics of index adult men and women—APCAPS third wave (2010–2012)
Index adult men and women

Variable

Intervention
villages

Control
villages

Age in years

22.9 ± 1.2

22.8 ± 1.2

Index adult women
Difference
0.10

Intervention
villages
22.9 ± 1.3

Control
villages

Difference

22.78 ± 1.2

—

—

0.16

Whether female, proportion

0.38 ± 0.49

0.39 ± 0.49

−0.01

Literate but no formal education, proportion

0.03 ± 016

0.05 ± 0.21

−0.02*

0.03 ± 0.18

0.06 ± 0.23

−0.02

—

Completed primary education, proportion

0.12 ± 0.32

0.15 ± 0.36

−0.03

0.15 ± 0.35

0.18 ± 0.39

−0.04

Completed secondary education or higher,
proportion

0.83 ± 0.38

0.74 ± 0.44

0.09**

0.78 ± 0.42

0.67 ± 0.47

Employed or enrolled in higher education, proportion

0.72 ± 0.45

0.65 ± 0.48

0.07**

0.39 ± 0.49

0.35 ± 0.48

0.04

Ever married by age 20–25 years, proportion

0.29 ± 0.45

0.35 ± 0.48

−0.06*

0.59 ± 0.49

0.66 ± 0.47

−0.07

Whether had at least one child, proportion

0.19 ± 0.39

0.23 ± 0.42

−0.04

0.43 ± 0.5

0.48 ± 0.5

−0.05

Total number of children born

0.29 ± 0.67

0.38 ± 0.76

−0.08*

−0.13

0.11**

0.69 ± 0.91

0.82 ± 0.98

Menarcheal ages in years

—

—

—

12.96 ± 1.37

12.63 ± 1.14

0.33**

Ages at first pregnancy in years

—

—

—

19.31 ± 1.86

18.82 ± 2.16

0.49*

Scheduled caste/scheduled tribe, proportion

0.43 ± 0.49

0.32 ± 0.47

Other backward classes, proportion

0.48 ± 0.5

0.61 ± 0.49

0.47 ± 0.5

0.33 ± 0.47

−0.13**

0.11***

0.44 ± 0.5

0.58 ± 0.5

0.14***

0.03 ± 0.18

0.11 ± 0.31

−0.07**

0.2 ± 0.4

0.24 ± 0.43

−0.04

0.24 ± 0.43

0.18 ± 0.39

0.06

−0.13**

Non‐Hindu household, proportion

0.04 ± 0.19

0.08 ± 0.27

−0.04**

Wealth quintile 1, proportion

0.18 ± 0.39

0.22 ± 0.41

−0.04

Wealth quintile 2, proportion

0.23 ± 0.42

0.17 ± 0.37

0.06**

Wealth quintile 3, proportion

0.21 ± 0.41

0.19 ± 0.39

0.03

0.2 ± 0.4

0.15 ± 0.36

0.05

Wealth quintile 4, proportion

0.21 ± 0.41

0.19 ± 0.39

0.03

0.21 ± 0.41

0.18 ± 0.38

0.04

Wealth quintile 5, proportion

0.16 ± 0.37

0.24 ± 0.43

−0.07**

0.14 ± 0.35

0.26 ± 0.44

−0.11**

Father literate, proportion

0.1 ± 0.31

0.11 ± 0.31

0.00

0.11 ± 0.32

0.11 ± 0.32

0.00

Father's education: primary, proportion

0.13 ± 0.34

0.16 ± 0.37

−0.03

0.13 ± 0.34

0.2 ± 0.4

−0.07*

Father's education: secondary and above, proportion

0.08 ± 0.27

0.09 ± 0.29

−0.02

0.06 ± 0.24

0.12 ± 0.33

−0.06*

Mother literate, proportion

0.12 ± 0.33

0.15 ± 0.36

−0.03

0.13 ± 0.33

0.21 ± 0.41

−0.08*

n

715

644

272

252

Note. Values are mean ± standard deviation, unless stated otherwise. Difference is between the mean values of intervention and control groups. Index
adults are those born in study villages during the original trial period of 1987 to 1990 and alive at the time of the survey. Wald t tests for continuous variables and z tests for proportions were used to examine the statistical significance of the differences between intervention and control group means.
*p < .05. **p < .01. ***p < .001.

TABLE 2

Propensity score matching estimates of associations between birth in an intervention village and adult reproductive outcomes

Ages at menarche

Ages at first
pregnancies

Whether had at
least one child

Total number of
children born

Sample

n

Estimate [95% CI]

Estimate [95% CI]

Estimate [95% CI]

Estimate [95% CI]

Index men and women

1,358

NA

NA

−0.05 [−0.09, 0]*

−0.1 [−0.18, −0.02]*

Index women

518

0.45 [0.22, 0.68]***

0.53 [0.04, 1.02]*

−0.1 [−0.19, −0.01]*

−0.22 [−0.4, −0.05]*

Index men

835

NA

NA

−0.03 [−0.06, 0]

−0.05 [−0.09, 0]*

Married index men and married index women

427

NA

NA

−0.01 [−0.1, 0.08]

−0.09 [−0.27, 0.09]

Married index women

326

0.36 [0.09, 0.64]**

0.53 [0.04, 1.02]*

Married index men

101

NA

NA

0.01 [−0.09, 0.11]

−0.1 [−0.31, 0.11]

−0.02 [−0.23, 0.19]

−0.08 [−0.38, 0.21]

Note. Values are propensity score matching estimates of associations between birth in an intervention village and outcome variables, along with 95% CIs.
Kernel (Epanechnikov) matching algorithm was used.
Abbreviation: CI, confidence interval.
*p < .05. **p < .01. ***p < .001.
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Ages at menarche and first pregnancy were 0.45 (95% confidence
interval [CI: 0.22, 0.68]; p < .001) and 0.53 (95% CI [0.04, 1.02];

ET AL.

Intervention village index women had 0.26 (95% CI [−0.48, −0.03];
p < .05) fewer children as compared with control group women.

p < .05) years higher, respectively, among intervention village index
adult women, compared with matched control group index adult

3.4

|

Results from tests of matching quality

women. The proportion of intervention group women having at least
one child was 0.1 (95% CI [−0.19, −0.01]; p < .05) lower, and 0.22

As shown in Table 4, PSM successfully reduced differences in the

(95% CI [−0.4, −0.05]; p < .05) fewer children were born to them, com-

characteristics of the intervention and control groups. The mean stan-

pared with matched control group women.

dardized percentage bias, that is, average difference between the two

Among married index women, ages at menarche and first preg-

groups in the covariates of the first stage regression, reduced by 77–

nancy were higher by 0.36 (95% CI [0.09, 0.64]; p < .01) and 0.53

90% from prematching to postmatching across all models. Only in

(95% CI [0.04, 1.02]; p < .05) years, respectively, among the interven-

the subsample of married index men, the reduction was smaller, likely

tion group, compared with the control group.

due to low sample size. Detailed results of these balance tests for each

In the full sample of index men and women, the proportion of

covariate are presented in Tables S6 and S7.

intervention village adults having at least one child was 0.05 (95% CI

Similarly, the value of pseudo‐R2 reduced by more than 90% from

[−0.09, 0]; p < .05) lower, and they had −0.1 (95% CI [−0.18, −0.02];

prematching to postmatching, and the likelihood ratio test statistic of

p < .05) fewer children than matched control adults. Intervention

joint significance of the covariates became statistically significant to

group index men also had 0.05 (95% CI [−0.09, 0]; p < .05) fewer chil-

nonsignificant from prematching to postmatching. These results show

dren as compared with matched control men.

that the PSM method was valid.

4
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DISCUSSION

3.3 | Results from inverse propensity score weighted
regression

Using PSM and weighted regression analysis, we observed that 20‐

Results of weighted regression analysis are presented in Table 3. Men-

tion in utero and during the first 3 years of life under a controlled

archeal ages were higher among intervention village women and mar-

trial had menarche and first cohabitation with a partner at older ages

ried women—with estimated hazard ratios of menarche onset of 0.77

as compared with observationally identical women who were not

(95% CI [0.67, 0.88]; p < .001) and 0.79 (95% CI [0.68, 0.92]; p < .01),

exposed to the supplementary nutrition. Intervention group women

respectively—as compared with the control groups.

(and men) had fewer childbirths compared with matched control

to 25‐year‐old women who were exposed to supplementary nutri-

In the full sample of index men and women, the proportion of inter-

group women (and men), although no difference was seen among

vention village adults with at least one child was 0.05 (95% CI [−0.09,

married women (and men). Because there were no childbirths

−0.01]; p < .05) lower, and they had 0.3 (95% CI [−0.53, −0.07];

reported by unmarried adults, differences in childbirths between

p < .05) fewer children, as compared with control village adults.

intervention and control groups were explained fully by lower

TABLE 3 Regression‐based estimates of associations between birth in an intervention village and adult reproductive outcomes, using inverse
propensity score weights

Ages at menarche

Ages at first
pregnancies

Whether had at
least one child

Total number of
children born

Sample

n

Estimate [95% CI]

Estimate [95% CI]

Estimate [95% CI]

Estimate [95% CI]

Index men and women

1358

NA

NA

−0.05 (−0.09, −0.01)*

−0.3 (−0.53, −0.07)*

Index women

523

0.77 (0.67, 0.88)***

0.88 (0.71, 1.08)

−0.08 (−0.18, 0.01)

−0.26 (−0.48, −0.03)*

Index men

835

NA

NA

−0.02 (−0.05, 0.01)

−0.56 (−1.37, 0.26)

Married index men and married index women

427

NA

NA

−0.02 (−0.11, 0.07)

−0.11 (−0.25, 0.03)

Married index women

326

0.79 (0.68, 0.92)**

0.88 (0.71, 1.08)

0 (−0.1, 0.1)

−0.08 (−0.22, 0.06)

Married index men

101

NA

NA

−0.07 (−0.28, 0.14)

−0.3 (−0.8, 0.2)

Note. Values are the estimated coefficient of the indicator of birth in an intervention village in the regression of the outcome variable, along with 95% CIs,
unless stated otherwise. Estimated coefficients of other regression covariates are not shown. We used Cox proportional hazards model for age at menarche
and age at first pregnancy, marginal effect probit regression models for whether the adult had at least one childbirth, and Poisson regression models for the
number of children born. For Cox models, hazard ratios are shown instead of coefficients. All regression models were weighted using inverse propensity
score weights. Standard errors were clustered at the village level.
Abbreviation: CI, confidence interval.
*p < .05. **p < .01. ***p < .001.
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Summary of tests of matching quality

Analysis of index adults

Mean % bias in
unmatched
data

Mean % bias Pseudo‐R2 before
matching
after PSM

Pseudo‐R2 after
matching

p‐value for χ2
before
matching

p‐value for χ2
after
matching

Index men and women

11.3

2.3

.02

.002

0

Index women

11.3

1.7

.02

.001

0

Index men

11.3

2.6

.02

.002

0

Married index men and married index women 11.3

1.7

.02

.001

0

1

Married index women

11.3

1.2

.02

.001

0

1

Married index men

11.3

8.2

.02

.012

0

.92
1
.98

.99

Note. Standardized percentage bias was measured as the difference of the sample means of a covariate between the two groups as a percentage of the
square root of the average of the sample variances of the groups. Matching was based on propensity scores, using the Kernel (Epanechnikov) matching
method.
Abbreviation: PCM, propensity score matching.

proportions of marriage in the intervention group (Nandi et al.,

the evidence on the relationship of menarcheal age with prenatal

2018). In PSM analysis, but not in weighted regressions, intervention

nutrition, infant feeding, and childhood diet patterns remains inconsis-

group women were also observed to have later first pregnancies as

tent across the world (Villamor & Jansen, 2016).

compared with similar control group women. The results were not
sensitive to matching algorithms.

The determinants of menarcheal age in LMICs have not been
widely studied. A recent study using longitudinal Young Lives data

These findings contribute substantially to evidence on reproduc-

on adolescents in India, Peru, and Vietnam found positive associations

tive and demographic effects of early‐childhood nutrition in LMICs

of birthweight and negative associations of prepubertal height and

(Almond & Currie, 2011; Behrman & Rosenzweig, 2004; Currie & Vogl,

body mass measures with menarcheal ages (Aurino et al., 2017). Pre-

2013; Victora et al., 2008). To the best of our knowledge, only two

pubertal stunting was linked with later menarche also in Guatemala,

studies provide high‐quality, experimental evidence over long time

Senegal, and Bangladesh (Bosch, Willekens, Baqui, Van Ginneken, &

spans. The INCAP study in Guatemala has linked nutrition with

Hutter, 2008; Khan et al., 1996; Simondon et al., 1998).

improved adult schooling attainment, cognitive test scores, and wages,

In our study, exposure to early‐life nutrition was associated with

and among women, higher ages at first pregnancy and fewer pregnan-

later menarche and higher variances in menarcheal age. Due to lack

cies (Behrman, 2009; Freeman, Klein, Townsend, & Lechtig, 1980;

of data on birthweight or prepubertal body mass of study partici-

Hoddinott et al., 2013c; Maluccio et al., 2009). Previous APCAPS stud-

pants, we could not examine their relationships with menarcheal

ies have associated exposure to early‐life nutritional supplementation

age. However, our findings align with previous studies linking earlier

with improved adolescent heights, cardiovascular risk profiles, and

puberty with earlier cessation of growth in adolescents (Sandhu

school enrolment and grades, and lower marriage rates (Kinra et al.,

et al., 2006; Zacharias & Rand, 1983). The average menarcheal age

2008; Kulkarni et al., 2014; Nandi et al., 2016; 2018).

in our study was 12.8 years, similar to the average in Andhra

The relationships between nutritional status and menarcheal ages

Pradesh (95% CI [12.7, 13.1 years]) at that time. Then at ages 13–

are complex and are influenced by biological and environmental fac-

18 years, intervention group participants were 1.4 cm taller (Kinra

tors (Aurino et al., 2017; Juul, Chang, Brar, & Parekh, 2017; Pathak,

et al., 2008), possibly due to earlier menarche and growth cessation

Tripathi, & Subramanian, 2014; Soliman, De Sanctis, & Elalaily,

in the control group. A study of 1,520 men in the United Kingdom

2014). Whereas genetics are primary determinants, menarcheal ages

found that adolescents with later puberty were 0.6 cm taller as com-

are also associated positively with maternal well‐being, breastfeeding

pared with those with earlier puberty (Sandhu et al., 2006). Another

rates, certain diseases (e.g., diabetes), and negatively with intake of

study of 286,000 adult women from 10 European countries associ-

animal proteins, psychological stress, standard of living, and environ-

ated a 1‐year later menarche with 0.3‐cm growth (Onland‐Moret

mental exposure to endocrine disruptors (Abreu & Kaiser, 2016;

et al., 2005).

Aurino et al., 2017; Yermachenko & Dvornyk, 2014). Among anthro-

Soy protein—an ingredient of the meals offered to the intervention

pometric indicators, lower birthweights and higher prepubertal body

group—may have also affected menarcheal age in our study. Previous

masses have been linked with earlier menarche (Adair, 2001; Aurino

studies of adolescents in Germany and the United States have found

et al., 2017; Blell, Pollard, & Pearce, 2008; Cooper, Kuh, Egger,

that higher levels of vegetable protein intake, as compared with lower

Wadsworth, & Barker, 1996; Hui, Leung, Wong, Lam, & Schooling,

intake, could delay menarche (Berkey, Gardner, Frazier, & Colditz,

2012; Khan et al., 1996; Leenstra et al., 2005; Marcovecchio &

2000; Günther, Karaolis‐Danckert, Kroke, Remer, & Buyken, 2010;

Chiarelli, 2013; Persson et al., 1999; Simondon et al., 1998; Sloboda,

Kissinger & Sanchez, 1987). Naturally occurring endocrine disruptors

Hart, Doherty, Pennell, & Hickey, 2007; Tam, de Zegher, Garnett,

in soy could also delay puberty in girls, although the evidence is not

Baur, & Cowell, 2006). A recent systematic review study indicates that

conclusive (Fisher & Eugster, 2014).
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The association between early‐life nutrition and age at first preg-

limiting measurement error arising from a long recall period. Data were

nancy could be mediated by schooling attainment and age at marriage.

collected by female surveyors only to limit reporting bias. The average

Women who completed schooling earlier than other women may be

age at menarche in our study was consistent with other concurrent

more likely to get married and in turn more likely to become pregnant

sources from the state (Pathak et al., 2014). Age at first pregnancy

earlier. In a previous study of the APCAPS adult cohort, we found

and fertility are less likely to be affected by the duration of recall

that higher proportions of intervention group women completed

period. Whereas random error, which could underestimate estimated

secondary‐ and graduate‐level schooling and lower proportions were

associations, cannot be entirely ruled out, systematic (recall) bias is

married, as compared the control group (Nandi et al., 2018). In the cur-

unlikely as the study participants were unaware of these secondary

rent study, ages at first cohabitation were higher in the intervention

hypotheses at the time of data collection.

group than in the matched control group. This indicates that the path-

No information was available on which study participants actually

way of positive association between nutrition and first pregnancy age

consumed the meals offered to them during the trial. Any unknown

may be through later cohabitation in the intervention group. In the

redistribution of meals within or across households might have

INCAP study, a one standard deviation increase in height‐for‐age z

weakened the estimated associations with reproductive outcomes

scores at age 2 years was associated with 0.77 years higher ages at

in our study. There was also no information on future marriage

first childbirth, 0.63 fewer pregnancies, and 0.43 fewer childbirths

and pregnancies of unmarried women, requiring us to deal with cen-

among 25‐ to 42‐year‐old women (Hoddinott, Behrman, et al.,

sored data.

2013c). No associations were seen between height‐for‐age z scores
and age at first marriage.

ICDS supplementary nutrition was introduced in control villages
after the trial ended. Index adults in these villages were exposed to

Our findings have important policy implications. The importance in

nutrition during 3–6 years of their lives, potentially weakening the

LMICs of adult height as an indicator of past nutrition and as a deter-

estimated nutritional associations in our study. However, nutrition

minant of adult health status, cognitive ability, schooling attainment,

during the first 2–3 years of life is known to have the largest effect

and economic productivity is well accepted (Almond & Currie, 2011;

on most future outcomes (Black et al., 2013; Grantham‐McGregor

Currie & Vogl, 2013; Victora et al., 2008). Therefore, supplementary

et al., 2007).

nutrition, which may delay menarche, could potentially improve

Exposure to endocrine disruptors such as pesticides and phthalates

adult height and cognitive, schooling, and economic outcomes

have been linked with early puberty, whereas heavy metals have been

(Aurino et al., 2017).

associated with later puberty (Fisher & Eugster, 2014; Gladen, Ragan,

Ages at first cohabitation and first pregnancy have important impli-

& Rogan, 2000; Ouyang et al., 2005; Özen & Darcan, 2011; Soliman

cations for maternal and child health and well‐being (Gibbs et al.,

et al., 2014). Such disruptors are widely present in everyday objects

2012; Yu, Mason, Crum, Cappa, & Hotchkiss, 2016). In India, a 1‐year

and home and outdoor environments (Soliman et al., 2014), and living

delay in marriage for women is associated with lower home birth and

in an urbanizing, high‐traffic, or polluted environment may result in

higher breastfeeding rates and improved vaccination rates, weight‐for‐

even greater exposure (McGuinn et al., 2016). Over time, these envi-

height, school enrolment, and cognitive test scores of children (Chari

ronmental factors may have evolved differently across the interven-

et al., 2017). In a study of five LMICs including India, children of

tion and control villages. Although a 2013 household survey

mothers below the age of 19 years were more likely to be born pre-

indicated that all study villages were experiencing rapid urbanization

term, had lower birthweights and higher rates of 2‐year stunting,

and economic development, no further environmental data—especially

and were less likely to complete secondary schooling than children

from the prepubertal periods of women—are available (London School

of 20‐ to 24‐year‐old mothers (Fall et al., 2015). In our data, 43%

of Hygiene & Tropical Medicine, 2018).

and 38% of married index women started cohabiting with partners
and had their first children, respectively, before the age of 19 years.
At the national level, 27% of 20‐ to 24‐year‐old Indian women were

5

|

CO NC LUSIO N

married before the age of 18, and 8% of 15‐ to 19‐year‐old women
in 2016 had pregnancies or childbirths (IIPS, 2016), possibly leading

Exposure to supplementary nutrition in utero and during the first

to substantial adverse health effects for their children.

3 years of life was associated with higher ages at menarche, first

There are limitations to our analysis. Access to public health services such as anaemia control in pregnancy and routine child immuni-

cohabitation with partners, and first pregnancies among Indian
women.

zation was similar across intervention and control villages before the
trial. Integration of these services though the introduction of daily
meals may have increased their use in the intervention villages, on

ACKNOWLEDGMENTS

which no data are available. However, such services may increase

The authors are grateful to the sponsors, fieldworkers, and partici-

effects of nutrition by improving overall health of index children and

pants in this study. This study was funded by the Bill & Melinda Gates

their mothers.

Foundation

under

Grant

GF13203

and

Project

No.148152

Reproductive outcomes in our study were self‐reported by partic-

(OPP1117003). The Hyderabad Nutrition Trial was funded by the

ipants. Data on age at menarche were collected in adolescence,

United States Assistance for International Development and the

NANDI

ET AL.

bs_bs_banner

Indian Council for Medical Research. The 2010‐2012 follow‐up survey
was funded by Wellcome Trust Strategic Award 084774. The National
Institute of Nutrition (Directors), Indian Council for Medical Research,
provided support in kind to the follow‐up surveys through free or
subsidized access to facilities and materials. The funders had no role
in study design, data collection and analysis, decision to publish, or
preparation of the manuscript.

CONF LICT S OF INTE R ES T

9 of 12

Behrman, J. R., & Rosenzweig, M. R. (2004). Returns to birthweight. The
Review of Economics and Statistics, 86, 586–601. https://doi.org/
10.1162/003465304323031139
Berkey, C. S., Gardner, J. D., Frazier, A. L., & Colditz, G. A. (2000). Relation
of childhood diet and body size to menarche and adolescent growth in
girls. American Journal of Epidemiology, 152, 446–452. https://doi.org/
10.1093/aje/152.5.446
Black, R., Alderman, H., Bhutta, Z. A., Gillespie, S., Haddad, L., Horton, S., …
Webb, P. (2013). Maternal and child nutrition: Building momentum for
impact. Lancet, 382, 372–375. https://doi.org/10.1016/S0140‐
6736(13)60988‐5

The authors declare that they have no conflicts of interest.

Blell, M., Pollard, T. M., & Pearce, M. S. (2008). Predictors of age at menarche in the Newcastle Thousand Families Study. Journal of Biosocial
Science, 40, 563–575. https://doi.org/10.1017/S0021932007002696

CONT R IBUT IONS

Bosch, A. M., Willekens, F. J., Baqui, A. H., Van Ginneken, J. K. S., & Hutter,
I. (2008). Association between age at menarche and early‐life nutritional status in rural Bangladesh. Journal of Biosocial Science, 40,
223–237. https://doi.org/10.1017/S0021932007002490

SK and other collaborators at APCAPS collected the data. AN conducted the analysis and wrote the first version of the manuscript.
JRB, SK, MMB, and RL interpreted the findings and edited the manuscript. AN, RL, and JRB were responsible for the final contents. All
authors have read and approved the final manuscript.

ORCID
Arindam Nandi

https://orcid.org/0000-0002-3967-2424

RE FE R ENC E S
Abreu, A. P., & Kaiser, U. B. (2016). Pubertal development and regulation.
The Lancet Diabetes and Endocrinology, 4, 254–264. https://doi.org/
10.1016/S2213‐8587(15)00418‐0
Adair, L. S. (2001). Size at birth predicts age at menarche. Pediatrics, 107,
E59. https://doi.org/10.1542/peds.107.4.e59
Adair, L. S., Fall, C. H., Osmond, C., Stein, A. D., Martorell, R., Ramirez‐Zea,
M., … Victora, C. G. (2013). Associations of linear growth and relative
weight gain during early life with adult health and human capital in
countries of low and middle income: Findings from five birth cohort
studies. The Lancet, 382, 525–534. https://doi.org/10.1016/S0140‐
6736(13)60103‐8
Alderman, H., Hoddinott, J., & Kinsey, B. (2006). Long term consequences
of early childhood malnutrition. Oxford Economic Papers, 58, 450–474.
https://doi.org/10.1093/oep/gpl008
Almond, D., & Currie, J. (2011). Killing me softly: The fetal origins hypothesis. The Journal of Economic Perspectives, 25, 153–172. https://doi.
org/10.1257/jep.25.3.153
Aurino, E., Schott, W., Penny, M. E., & Behrman, J. R. (2017). Birth weight
and prepubertal body size predict menarcheal age in India, Peru, and
Vietnam. Annals of the New York Academy of Sciences, 1416,
107–116. https://doi.org/10.1111/nyas.13445
Behrman, J. R. (2009). Early life nutrition and subsequent education, health,
wage, and intergenerational effects. In R. Rubin, R. Solow, M. Spence, &
D. Leipzinger (Eds.), Commission on growth and development: Health and
growth, commission on growth and development working paper (pp.
167–184). Washington, DC: World Bank, World Bank.
Behrman, J. R., Calderon, M. C., Preston, S. H., Hoddinott, J., Martorell, R.,
& Stein, A. D. (2009). Nutritional supplementation in girls influences
the growth of their children: Prospective study in Guatemala. The
American Journal of Clinical Nutrition, 90, 1372–1379. https://doi.org/
10.3945/ajcn.2009.27524

Caliendo, M., & Kopeinig, S. (2008). Some practical guidance for the implementation of propensity score matching. Journal of Economic Surveys,
22, 31–72. https://doi.org/10.1111/j.1467‐6419.2007.00527.x
Chari, A. V., Heath, R., Maertens, A., & Fatima, F. (2017). The causal effect
of maternal age at marriage on child wellbeing: Evidence from India.
Journal of Development Economics, 127, 42–55. https://doi.org/
10.1016/j.jdeveco.2017.02.002
Cooper, C., Kuh, D., Egger, P., Wadsworth, M., & Barker, D. (1996). Childhood growth and age at menarche. British Journal of Obstetrics and
Gynaecology, 103, 814–817. https://doi.org/10.1111/j.1471‐0528.
1996.tb09879.x
Currie, J., & Vogl, T. (2013). Early‐life health and adult circumstance in
developing countries. Annual Review of Economics, 5, 1–36. https://
doi.org/10.1146/annurev‐economics‐081412‐103704
Dehejia, R. H., & Wahba, S. (1999). Causal effects in nonexperimental studies: Reevaluating the evaluation of training programs. Journal of the
American Statistical Association, 94, 1053–1062. https://doi.org/
10.1080/01621459.1999.10473858
Dehejia, R. H., & Wahba, S. (2002). Propensity score‐matching methods for
nonexperimental causal studies. The Review of Economics and Statistics,
84, 151–161. https://doi.org/10.1162/003465302317331982
Fadel, S. A., Rasaily, R., Awasthi, S., Begum, R., Black, R. E., Gelband, H., …
Jha, P. (2017). Changes in cause‐specific neonatal and 1–59‐month
child mortality in India from 2000 to 2015: A nationally representative
survey. The Lancet, 390, 1972–1980. https://doi.org/10.1016/S0140‐
6736(17)32162‐1
Fall, C. H. D., Sachdev, H. S., Osmond, C., Restrepo‐Mendez, M. C., Victora,
C., Martorell, R., … Richter, L. M. (2015). Association between maternal
age at childbirth and child and adult outcomes in the offspring: A prospective study in five low‐income and middle‐income countries
(COHORTS collaboration). The Lancet Global Health, 3, e366–e377.
https://doi.org/10.1016/S2214‐109X(15)00038‐8
Fisher, M. M., & Eugster, E. A. (2014). What is in our environment that
effects puberty? Reproductive Toxicology, Environmental Factors in Dysregulation of Puberty Timing and Progression, 44, 7–14. https://doi.org/
10.1016/j.reprotox.2013.03.012
Freeman, H. E., Klein, R. E., Townsend, J. W., & Lechtig, A. (1980). Nutrition
and cognitive development among rural Guatemalan children. American
Journal of Public Health, 70, 1277–1285. https://doi.org/10.2105/
AJPH.70.12.1277
Frisch, R. E., & Revelle, R. (1970). Height and weight at menarche and a
hypothesis of critical body weights and adolescent events. Science,
169, 397–399. https://doi.org/10.1126/science.169.3943.397

10 of 12

bs_bs_banner

Gibbs, C. M., Wendt, A., Peters, S., & Hogue, C. J. (2012). The impact of
early age at first childbirth on maternal and infant health. Paediatric
and Perinatal Epidemiology, 26, 259–284. https://doi.org/10.1111/
j.1365‐3016.2012.01290.x
Gladen, B. C., Ragan, N. B., & Rogan, W. J. (2000). Pubertal growth and
development and prenatal and lactational exposure to polychlorinated
biphenyls and dichlorodiphenyl dichloroethene. The Journal of Pediatrics, 136, 490–496. https://doi.org/10.1016/S0022‐3476(00)90012‐X
Grantham‐McGregor, S., Cheung, Y. B., Cueto, S., Glewwe, P., Richter, L., &
Strupp, B. (2007). Developmental potential in the first 5 years for children in developing countries. Lancet, 369, 60–70. https://doi.org/
10.1016/S0140‐6736(07)60032‐4
Günther, A. L. B., Karaolis‐Danckert, N., Kroke, A., Remer, T., & Buyken, A.
E. (2010). Dietary protein intake throughout childhood is associated
with the timing of puberty. The Journal of Nutrition, 140, 565–571.
https://doi.org/10.3945/jn.109.114934
He, Q., & Karlberg, J. (2001). BMI in childhood and its association with
height gain, timing of puberty, and final height. Pediatric Research, 49,
244–251. https://doi.org/10.1203/00006450‐200102000‐00019
Heckman, J. J., Ichimura, H., & Todd, P. E. (1997). Matching as an econometric evaluation estimator: Evidence from evaluating a job training
programme. The Review of Economic Studies, 64, 605–654. https://doi.
org/10.2307/2971733
Hirano, K., & Imbens, G. W. (2001). Estimation of causal effects using propensity score weighting: An application to data on right heart
catheterization. Health Services & Outcomes Research Methodology, 2,
259–278. https://doi.org/10.1023/A:1020371312283
Hirano, K., Imbens, G. W., & Ridder, G. (2003). Efficient estimation of average treatment effects using the estimated propensity score.
Econometrica, 71, 1161–1189. https://doi.org/10.1111/1468‐0262.
00442
Hoddinott, J., Alderman, H., Behrman, J. R., Haddad, L., & Horton, S.
(2013). The economic rationale for investing in stunting reduction.
Maternal & Child Nutrition, 9(Suppl 2), 69–82. https://doi.org/
10.1111/mcn.12080
Hoddinott, J., Behrman, J. R., Maluccio, J. A., Melgar, P., Quisumbing, A. R.,
Ramirez‐Zea, M., … Martorell, R. (2013b). Adult consequences of
growth failure in early childhood. The American Journal of Clinical Nutrition, 98, 1170–1178. https://doi.org/10.3945/ajcn.113.064584
Hoddinott, J., Behrman, J. R., Maluccio, J. A., Melgar, P., Quisumbing, A. R.,
Ramirez‐Zea, M., … Martorell, R. (2013c). Adult consequences of
growth failure in early childhood. The American Journal of Clinical Nutrition, IFPRI Discussion Paper, 98, 1170–1178. https://doi.org/10.3945/
ajcn.113.064584
Hoddinott, J., Maluccio, J. a., Behrman, J. R., Flores, R., & Martorell, R.
(2008). Effect of a nutrition intervention during early childhood on economic productivity in Guatemalan adults. Lancet, 371, 411–416.
https://doi.org/10.1016/S0140‐6736(08)60205‐6
Hui, L. L., Leung, G. M., Wong, M.‐Y., Lam, T. H., & Schooling, C. M. (2012).
Small for gestational age and age at puberty: Evidence from Hong
Kong's “Children of 1997” birth cohort. American Journal of Epidemiology, 176, 785–793. https://doi.org/10.1093/aje/kws159
Ibitoye, M., Choi, C., Tai, H., Lee, G., & Sommer, M. (2017). Early menarche:
A systematic review of its effect on sexual and reproductive health in
low‐ and middle‐income countries. PLoS ONE, 12, 1–24. https://doi.
org/10.1371/journal.pone.0178884
International Institute for Population Sciences (2016). National Family
Health Survey 4 (NFHS‐4): India fact sheet. International Institute for
Population Sciences (IIPS), Mumbai.
Joinson, C., Heron, J., Lewis, G., Croudace, T., & Araya, R. (2011). Timing of
menarche and depressive symptoms in adolescent girls from a UK

NANDI

ET AL.

cohort. The British Journal of Psychiatry: The Journal of Mental Science,
198(sup 1–2), 17–23. https://doi.org/10.1192/bjp.bp.110.080861
Juul, F., Chang, V. W., Brar, P., & Parekh, N. (2017). Birth weight, early life
weight gain and age at menarche: A systematic review of longitudinal
studies. Obesity Reviews, 18, 1272–1288. https://doi.org/10.1111/
obr.12587
Khan, A. D., Schroeder, D. G., Martorell, R., Haas, J. D., & Rivera, J. (1996).
Early childhood determinants of age at menarche in rural Guatemala.
American Journal of Human Biology, 8, 717–723. https://doi.org/
10.1002/(SICI)1520‐6300(1996)8:6<717::AID‐AJHB3>3.0.CO;2‐Q
Kinra, S., Radha Krishna, K., Kuper, H., Rameshwar Sarma, K., Prabhakaran,
P., Gupta, V., … Ebrahim, S. (2014). Cohort profile: Andhra Pradesh Children and Parents Study (APCAPS). International Journal of Epidemiology,
43, 1417–1424. https://doi.org/10.1093/ije/dyt128
Kinra, S., Rameshwar Sarma, K. V., Ghafoorunissa, Mendu, V. V. R.,
Ravikumar, R., Mohan, V., … Ben‐Shlomo, Y. (2008). Effect of integration of supplemental nutrition with public health programmes in
pregnancy and early childhood on cardiovascular risk in rural Indian
adolescents: Long term follow‐up of Hyderabad nutrition trial. BMJ,
337, 1–10.
Kinra, S., Sarma, K. V. R., Hards, M., Smith, G. D., & Ben‐Shlomo, Y. (2011).
Is relative leg length a biomarker of childhood nutrition? Long‐term
follow‐up of the Hyderabad Nutrition Trial. International Journal of Epidemiology, 40, 1022–1029. https://doi.org/10.1093/ije/dyr074
Kissinger, D. G., & Sanchez, A. (1987). The association of dietary factors
with the age of menarche. Nutrition Research, 7, 471–479. https://
doi.org/10.1016/S0271‐5317(87)80003‐9
Kulkarni, B., Kuper, H., Radhakrishna, K. V., Hills, A. P., Byrne, N. M., Taylor,
A., … Kinra, S. (2014). The association of early life supplemental nutrition with lean body mass and grip strength in adulthood: Evidence
from APCAPS. American Journal of Epidemiology, 179, 700–709.
https://doi.org/10.1093/aje/kwt332
Lakshman, R., Forouhi, N., Luben, R., Bingham, S., Khaw, K., Wareham, N.,
& Ong, K. K. (2008). Association between age at menarche and risk of
diabetes in adults: Results from the EPIC‐Norfolk cohort study.
Diabetologia, 51, 781–786. https://doi.org/10.1007/s00125‐008‐
0948‐5
Lakshman, R., Forouhi, N. G., Sharp, S. J., Luben, R., Bingham, S. A., Khaw, K.‐
T., … Ong, K. K. (2009). Early age at menarche associated with cardiovascular disease and mortality. The Journal of Clinical Endocrinology and
Metabolism, 94, 4953–4960. https://doi.org/10.1210/jc.2009‐1789
Leenstra, T., Petersen, L. T., Kariuki, S. K., Oloo, A. J., Kager, P. A., & ter
Kuile, F. O. (2005). Prevalence and severity of malnutrition and age at
menarche; cross‐sectional studies in adolescent schoolgirls in western
Kenya. European Journal of Clinical Nutrition, 59, 41–48. https://doi.
org/10.1038/sj.ejcn.1602031
Leuven, E., Sianesi, B. (2003). PSMATCH2: Stata module to perform full
Mahalanobis and propensity score matching, common support
graphing, and covariate imbalance testing.
Li, H., Zhang, J., & Zhu, Y. (2008). The quantity–quality tradeoff of children
in a developing country: Identification using Chinese twins. Demography, 45(1), 223–243. https://doi.org/10.1353/dem.2008.0006
London School of Hygiene & Tropical Medicine (2018). APCAPS study site.
Available at http://apcaps.lshtm.ac.uk/study‐site/ (accessed 7.12.18).
Maluccio, J., Hoddinott, J., Behrman, J., Quisumbing, A., Martorell, R., &
Stein, A. D. (2009). The impact of nutrition during early childhood on
education among Guatemalan adults. The Econometrics Journal, 119,
734–763.
Marcovecchio, M. L., & Chiarelli, F. (2013). Obesity and growth during
childhood and puberty. World Review of Nutrition and Dietetics, 106,
135–141. https://doi.org/10.1159/000342545

NANDI

ET AL.

bs_bs_banner

11 of 12

Martorell, R., Horta, B. L., Adair, L. S., Stein, A. D., Richter, L., Fall, C. H. D.,
… Consortium on Health Orientated Research in Transitional Societies
Group (2010). Weight gain in the first two years of life is an important
predictor of schooling outcomes in pooled analyses from five birth
cohorts from low‐ and middle‐income countries. The Journal of Nutrition, 140, 348–354. https://doi.org/10.3945/jn.109.112300

Özen, S., & Darcan, Ş. (2011). Effects of environmental endocrine
disruptors on pubertal development. Journal of Clinical Research in Pediatric Endocrinology, 3, 1–6. https://doi.org/10.4274/jcrpe.v3i1.01

Martorell, R., Melgar, P., Maluccio, J. A., Stein, A. D., & Rivera, J. A. (2010).
The nutrition intervention improved adult human capital and economic
productivity. The Journal of Nutrition, 140, 411–414. https://doi.org/
10.3945/jn.109.114504

Persson, I., Ahlsson, F., Ewald, U., Tuvemo, T., Qingyuan, M., von Rosen, D.,
& Proos, L. (1999). Influence of perinatal factors on the onset of
puberty in boys and girls: Implications for interpretation of link with
risk of long term diseases. American Journal of Epidemiology, 150,
747–755. https://doi.org/10.1093/oxfordjournals.aje.a010077

McCaffrey, D. F., Ridgeway, G., & Morral, A. R. (2004). Propensity score
estimation with boosted regression for evaluating causal effects in
observational studies. Psychological Methods, 9, 403–425. https://doi.
org/10.1037/1082‐989X.9.4.403
McGuinn, L. A., Voss, R. W., Laurent, C. A., Greenspan, L. C., Kushi, L. H., &
Windham, G. C. (2016). Residential proximity to traffic and female
pubertal development. Environment International, 94, 635–641.
https://doi.org/10.1016/j.envint.2016.06.031
Millimet, D. L., & Wang, L. (2011). Is the quantity–quality trade‐off a trade‐
off for all, none, or some? Economic Development and Cultural Change,
60, 155–195. https://doi.org/10.1086/661216
Montgomery, M.R., Lloyd, C.B., 1996. Fertility and maternal and child
health, in: Ahlburg, D.A., Kelley, A.C., Mason, K.O. (Eds.), The impact
of population growth on well‐being in developing countries, Population
Economics. Springer Berlin Heidelberg, Berlin, Heidelberg, pp. 37–65.
https://doi.org/10.1007/978‐3‐662‐03239‐8_3

Pathak, P. K., Tripathi, N., & Subramanian, S. V. (2014). Secular trends in menarcheal age in India—Evidence from the Indian Human Development
Survey. PLoS ONE, 9. https://doi.org/10.1371/journal.pone.0111027

Rosenbaum, P. R., & Rubin, D. B. (1984). Reducing bias in observational
studies using subclassification on the propensity score. Journal of the
American Statistical Association, 79, 516–524. https://doi.org/
10.1080/01621459.1984.10478078
Rosenbaum, P. R., & Rubin, D. B. (1985). Constructing a control group using
multivariate matched sampling methods that incorporate the propensity score. The American Statistician, 39, 33–38. https://doi.org/
10.1080/00031305.1985.10479383
Rosenzweig, M. R., & Wolpin, K. I. (1980). Testing the quantity–quality fertility model: The use of twins as a natural experiment. Econometrica, 48,
227–240. https://doi.org/10.2307/1912026
Sandhu, J., Ben‐Shlomo, Y., Cole, T. J., Holly, J., & Davey Smith, G. (2006).
The impact of childhood body mass index on timing of puberty, adult
stature and obesity: A follow‐up study based on adolescent anthropometry recorded at Christ's Hospital (1936–1964). International
Journal of Obesity, 30, 14–22. https://doi.org/10.1038/sj.ijo.0803156

Ministry of Women and Child Development (2015). Integrated Child
Development Services (ICDS) scheme, Ministry of Women and Child
Development, Government of India. Available at http://www.icds‐
wcd.nic.in/icds.aspx (accessed 2.8.19).

Sianesi, B. (2004). An evaluation of the Swedish system of active labor
market programs in the 1990s. The Review of Economics and Statistics,
86, 133–155. https://doi.org/10.1162/003465304323023723

Nandi, A., Ashok, A., Kinra, S., Behrman, J. R., & Laxminarayan, R. (2016).
Early childhood nutrition is positively associated with adolescent educational outcomes: Evidence from the Andhra Pradesh Child and
Parents Study (APCAPS). The Journal of Nutrition, 146, 1–8.

Simondon, K. B., Simondon, F., Simon, I., Diallo, A., Bénéfice, E., Traissac, P.,
& Maire, B. (1998). Preschool stunting, age at menarche and adolescent
height: A longitudinal study in rural Senegal. European Journal of Clinical
Nutrition, 52, 412–418. https://doi.org/10.1038/sj.ejcn.1600577

Nandi, A., Behrman, J., & Laxminarayan, R. (2019). The impact of a national
early childhood development program on future schooling attainment:
Evidence from ICDS in India. Economic Development and Cultural
Change, xxx, xxx–xxx. in Press. https://doi.org/10.1086/703078

Sloboda, D. M., Hart, R., Doherty, D. A., Pennell, C. E., & Hickey, M. (2007).
Age at menarche: Influences of prenatal and postnatal growth. The
Journal of Clinical Endocrinology and Metabolism, 92, 46–50. https://
doi.org/10.1210/jc.2006‐1378

Nandi, A., Behrman, J. R., Bhalotra, S., Deolalikar, A. B., & Laxminarayan, R.
(2017). Human capital and productivity benefits of early childhood
nutritional interventions. In Disease control priorities (Third ed., Vol. 8)
(pp. 385–402). Washington, DC: Child & Adolescent Development.
World Bank Publications.

Soliman, A., De Sanctis, V., & Elalaily, R. (2014). Nutrition and pubertal
development. Indian Journal of Endocrinology Metabolism, 18,
S39–S47. https://doi.org/10.4103/2230‐8210.145073

Nandi, A., Behrman, J. R., Kinra, S., & Laxminarayan, R. (2018). Early‐life
nutrition is associated positively with schooling and labor market outcomes and negatively with marriage rates at age 20–25 years:
Evidence from the Andhra Pradesh Children and Parents Study
(APCAPS) in India. The Journal of Nutrition, 148, 140–146. https://doi.
org/10.1093/jn/nxx012
Nandi, A., Lutter, R., & Laxminarayan, R. (2017). Breastfeeding duration and
adolescent educational outcomes: Longitudinal evidence from India.
Food and Nutrition Bulletin, 38(4), 528–541. https://doi.org/10.1177/
0379572117733100

Sonneveldt, E., DeCormier Plosky, W., & Stover, J. (2013). Linking high parity and maternal and child mortality: What is the impact of lower health
services coverage among higher order births? BMC Public Health, 13,
S7. https://doi.org/10.1186/1471‐2458‐13‐S3‐S7
Stein, A. D., Barros, F. C., Bhargava, S. K., Hao, W., Horta, B. L., Lee, N., …
Richter, L. (2013). Birth status, child growth, and adult outcomes in
low‐ and middle‐income countries. The Journal of Pediatrics, 163,
1740–1746.e4. https://doi.org/10.1016/j.jpeds.2013.08.012
Stein, A. D., Wang, M., Martorell, R., Norris, S. A., Adair, L. S., Bas, I., …
Victora, C. G. On Behalf of the Cohorts Group(2010). Growth patterns
in early childhood and final attained stature: Data from five birth
cohorts from low‐ and middle‐income countries. American Journal of
Human Biology, 22, 353–359. https://doi.org/10.1002/ajhb.20998

Onland‐Moret, N. C., Peeters, P. H. M., Gils, V. H. C., Clavel‐Chapelon, F.,
Key, T., Tjønneland, A., … Riboli, E. (2005). Age at menarche in relation
to adult height: The EPIC study. American Journal of Epidemiology, 162,
623–632. https://doi.org/10.1093/aje/kwi260

Stover, J., & Ross, J. (2010). How increased contraceptive use has reduced
maternal mortality. Maternal and Child Health Journal, 14, 687–695.
https://doi.org/10.1007/s10995‐009‐0505‐y

Ouyang, F., Perry, M. J., Venners, S. A., Chen, C., Wang, B., Yang, F., …
Wang, X. (2005). Serum DDT, age at menarche, and abnormal menstrual cycle length. Occupational and Environmental Medicine, 62,
878–884. https://doi.org/10.1136/oem.2005.020248

Talma, H., Schönbeck, Y., van Dommelen, P., Bakker, B., van Buuren, S., &
HiraSing, R. A. (2013). Trends in menarcheal age between 1955 and
2009 in the Netherlands. PLoS ONE, 8, e60056. https://doi.org/
10.1371/journal.pone.0060056

12 of 12

NANDI

bs_bs_banner

Tam, C. S., de Zegher, F., Garnett, S. P., Baur, L. A., & Cowell, C. T. (2006).
Opposing influences of prenatal and postnatal growth on the timing of
menarche. The Journal of Clinical Endocrinology and Metabolism, 91,
4369–4373. https://doi.org/10.1210/jc.2006‐0953
Trussell, J., & Pebley, A. R. (1984). The potential impact of changes in fertility on infant, child and maternal mortality. Studies in Family Planning,
15, 267–280. https://doi.org/10.2307/1966071
Victora, C. G., Adair, L., Fall, C., Hallal, P. C., Martorell, R., Richter, L., &
Sachdev, H. S. (2008). Maternal and child undernutrition: Consequences for adult health and human capital. Lancet, 371, 340–357.
https://doi.org/10.1016/S0140‐6736(07)61692‐4
Villamor, E., & Jansen, E. C. (2016). Nutritional determinants of the timing
of puberty. Annual Review of Public Health, 37, 33–46. https://doi.org/
10.1146/annurev‐publhealth‐031914‐122606
World DataBank: World Development Indicators. (2017). World Bank.
Available at http://databank.worldbank.org/data/reports.aspx?source=
world‐development‐indicators
Yermachenko, A., & Dvornyk, V. (2014). Nongenetic determinants of age at
menarche: A systematic review. BioMed Research International, 2014,
1–14. https://doi.org/10.1155/2014/371583

ET AL.

Yu, S. H., Mason, J., Crum, J., Cappa, C., & Hotchkiss, D. R. (2016). Differential effects of young maternal age on child growth. Global Health
Action, 9, 31171. https://doi.org/10.3402/gha.v9.31171
Zacharias, L., & Rand, W. M. (1983). Adolescent growth in height and its
relation to menarche in contemporary American girls. Annals of Human
Biology, 10, 209–222. https://doi.org/10.1080/03014468300006381

SUPPORTING INFORMATION
Additional supporting information may be found online in the
Supporting Information section at the end of the article.

How to cite this article: Nandi A, Behrman JR, Black MM,
Kinra S, Laxminarayan R. Relationship between early‐life nutrition and ages at menarche and first pregnancy, and childbirth
rates of young adults: Evidence from APCAPS in India. Matern
Child Nutr. 2019;e12854. https://doi.org/10.1111/mcn.12854

