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ABSTRACT
Background: Causes of infant linear growth faltering in low-income settings remain poorly understood. Identifying age-specific risk factors in
observational studies might be influenced by statistical model selection.
Objectives: To estimate associations of selected household factors and infant feeding behaviors within discrete age intervals with interval-specific
changes in length-for-age z-scores (LAZs) or attained LAZ, using 5 statistical approaches.
Methods: Data from a birth cohort in Dhaka, Bangladesh (n = 1157) were analyzed. Multivariable-adjusted associations of infant feeding patterns
or household factors with conditional LAZ (cLAZ) were estimated for 5 intervals in infancy. Two alternative approaches were used to estimate
differences in interval changes in LAZ, and differences in end-interval attained LAZ and RRs of stunting (LAZ < −2) were estimated.
Results: LAZ was symmetrically distributed with mean ± SD = −0.95 ± 1.02 at birth and −1.00 ± 1.04 at 12 mo. Compared with exclusively
breastfed infants, partial breastfeeding (difference in cLAZ: −0.11; 95% CI: −0.20, −0.02) or no breastfeeding (−0.30; 95% CI: −0.54, −0.07) were
associated with slower growth from 0 to 3 mo. However, associations were not sustained beyond 6 mo. Modifiable household factors (smoking,
water treatment, soap at handwashing station) were not associated with infant growth, attained size, or stunting. Alternative statistical approaches
yielded mostly similar results as conditional growth models.
Conclusions: The entire infant LAZ distribution was shifted down, indicating that length deficits were mostly caused by ubiquitous or
community-level factors. Early-infant feeding practices explained minimal variation in early growth, and associations were not sustained to 12 mo
of age. Statistical model choice did not substantially alter the conclusions. Modifications of household hygiene, smoking, or early infant feeding
practices would be unlikely to improve infant linear growth in Bangladesh or other settings where growth faltering is widespread. Curr Dev Nutr
2021;5:nzab077.
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Introduction

Optimal fetal and infant growth is a foundation of child health and neu-
rodevelopment (1). It has therefore been of longstanding global health
concern that infants in low- and middle-income countries (LMICs) are
generally shorter and have slower average growth velocities compared

with healthy norms (2, 3). A common pattern of slow linear growth in
LMICs is reflected at the population level by a low mean length-for-age
z-score (LAZ) at birth and a further decline in mean LAZ during the first
2 y of life (2, 4). The population burden of linear growth faltering (i.e.,
decline in LAZ) is conventionally indicated by the stunting prevalence
(i.e., proportion of children with LAZ < − 2). Although there has been
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a progressive decrease in the global prevalence of stunting in children
aged <5 y, the prevalence in South Asia remains high (33% according
to 2019 estimates) (5).

Numerous maternal, perinatal, infant, and household characteris-
tics have been associated with childhood stunting, primarily in cross-
sectional studies (1, 6). A systematic review identified birth outcomes
[preterm and small-for-gestational-age (SGA)] and environmental fac-
tors (unimproved water and sanitation, biomass fuel use) as dominant
clusters of individual-level risks to which stunting was attributed (6).
Using a different evidence synthesis approach, others have concluded
that diarrhea, poor dietary diversity, SGA, and biomass fuel use were
the major contributors to stunting prevalence (7). However, relatively
few longitudinal studies in LMICs have examined age-specific effects
of modifiable household and early postnatal feeding practices on linear
growth in infancy (8–13). Furthermore, a systematic review of early-
life intervention trials found that although providing multiple micronu-
trient supplements to infants had a modest significant effect on LAZ,
there were no convincing growth-promoting effects of other postnatal
interventions (food supplements, deworming, maternal education, wa-
ter/sanitation) (14). Negative results of many intervention studies have
highlighted the concern that stunting risk factors identified in observa-
tional studies can be difficult to modify or that associations are con-
founded. Furthermore, aggregation or comparison of findings across
longitudinal studies of infant growth risk factors is complicated by the
use of a wide range of child growth models (15), the choice of which
can influence the magnitude of observed exposure-growth associations
(16).

To estimate the contribution of infant feeding patterns and selected
modifiable household behaviors to age interval–specific variations in
early infant growth in a low-resource setting, and to directly assess the
effect of statistical model selection on inferences, we conducted a lon-
gitudinal observational study of linear growth from birth to 12 mo of
age in a cohort of Bangladeshi infants. First, we described the overall
mean LAZ trajectory and parameters of the LAZ distribution through-
out infancy, in relation to international norms. Second, we analyzed the
associations of selected modifiable household and early postnatal feed-
ing factors with infant growth in discrete intervals using conditional
growth models (“residuals method”) as the primary analytic. Four al-
ternative growth modeling approaches were used to test the sensitivity
of estimates and inferences to model choice.

Methods

Study design
This longitudinal cohort study was based on secondary analyses of data
from the Maternal Vitamin D and Infant Growth (MDIG) trial, a ran-
domized controlled trial assessing the effect of maternal vitamin D sup-
plementation during pregnancy and lactation on infant growth, con-
ducted from 2014 to 2018 in Dhaka, Bangladesh (trial registration num-
ber: NCT01924013) (17, 18). Inclusion criteria for the MDIG trial are
described in Supplemental Methods 1. Household characteristics were
collected at prenatal enrollment and at 9 mo postpartum. Parental an-
thropometry was conducted at enrollment and at 12 mo postpartum.
Infant dietary history based on maternal/caregiver report was assessed
weekly from birth until 6 mo of age. Infant anthropometric measures

were scheduled at trimonthly intervals during infancy, with the addi-
tion of another measurement at 1 visit in the first 2 mo (randomly as-
signed to 2, 4, 6, or 8 wk after birth). Among live births in the MDIG trial
(n = 1254), infants were eligible for inclusion in the present study if an-
thropometric data were available at ≥2 time points from birth to 12 mo
of age. Approval for the MDIG trial was obtained from research ethics
committees at the Hospital for Sick Children and the International Cen-
ter for Diarrheal Disease Research, Bangladesh (icddr,b). Written in-
formed consent was obtained from all mothers of infants for partici-
pation. The Strengthening the Reporting of Observational Studies in
Epidemiology (STROBE) cohort reporting guidelines were used for this
report (19).

Outcome data collection and variable definitions
Crown–heel length was measured independently by 2 study personnel
using standard length boards. Measurements were repeated if the differ-
ence between paired measurements was >7 mm. The length board that
was initially used had a counter display and ball-bearing–mounted slid-
ing footboard (Harpenden infantometer; Holtain); however, this was
switched to a wooden length board (Infant/Child ShorrBoard; Weigh
and Measure) because of frequent decalibration of the Harpenden
length board. Of 1098 infants in this study with length data at birth, 276
(25%) were measured using the Harpenden length board. Similarly, of
1094 infants with length data at 3 mo, 104 (9.5%) were measured using
the Harpenden length board.

Means of the final pair of measurements were used to generate age-
and sex-standardized LAZ using a combination of growth standards:
1) Intergrowth-21st Newborn Size Standards for measurements taken
within 48 h of birth (20); 2) Intergrowth-21st International Postnatal
Growth Standards for Preterm Infants for infants born earlier than 37
wk of gestation and measured up to 64 wk postmenstrual age (21); and
3) the WHO Child Growth Standards for term infants measured be-
yond birth and for preterm infants measured beyond 64 wk postmen-
strual age (22). Length and LAZ were assessed for biological plausibility
and temporal consistency and reconciled using the jackknife residuals
method (23).

LAZs at 4 time points were included: birth, 3 mo, 6 mo, and 12 mo of
age based on predefined criteria on age in days at the time of each mea-
surement (Supplemental Methods 2). Growth in 5 age intervals was as-
sessed: 1) birth to 3 mo of age; 2) 3 to 6 mo of age; 3) birth to 6 mo of age;
4) 6 to 12 mo of age; and 5) birth to 12 mo of age. These intervals were
chosen to identify the effects of feeding practices during the period in
which exclusive breastfeeding is recommended (birth to 6 mo), and to
assess if effects were sustained up to 12 mo of age. Because breastfeeding
patterns change substantially during the first 6 mo, we further divided
the birth to 6-mo exposure period into 2 intervals to enable estimation
of separate effects of early compared with late feeding practices.

Exposure data collection and variable definitions
Infant feeding patterns (birth to 3 mo or birth to 6 mo).
Study personnel collected maternal/caregiver recall of infant feeding
history on a weekly basis from birth to 26 wk of age. Each child-week
was classified according to WHO definitions as: exclusively breastfed
(breast milk only); predominantly breastfed (breast milk with water,
sugar water, honey, or other nonmilk, nonformula liquid); partially
breastfed (breast milk with animal, powdered or condensed milk, and
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solid or semisolid foods); or not breastfed (24). For each growth interval,
classification of each infant with respect to this breastfeeding status hi-
erarchy was based on the least optimal breastfeeding category achieved
in any observed week during that interval (Supplemental Methods 2).
Infants with missing feeding data for both of the last 2 wk of an interval
were “not able to be classified.” The duration of exclusive breastfeed-
ing (EBF) was calculated as the number of continuous weeks from birth
to 26 wk in which an infant was classified as exclusively breastfed. In
the primary analyses, we counted the first week of life as EBF when de-
riving the classification of feeding pattern and calculating EBF duration,
because prelacteal feeding was a common practice in this setting in oth-
erwise exclusively breastfed infants. However, in sensitivity analyses, we
included the first week in the determination of breastfeeding status and
EBF duration. In additional sensitivity analyses, we used varying criteria
to derive the breastfeeding pattern and duration of exclusive breastfeed-
ing to assess the robustness of our findings (Supplemental Methods 2).

Infants were classified as ever or never having had exposure to an
animal-source food or formula in the first 3 mo and first 6 mo of life.
In primary analyses for each of these exposures, we included infants in
the model if we had data on the exposure of interest (i.e., animal-source
food or formula exposure in the first 3 or 6 mo of life) for at least half
of the weeks in the observation period. In sensitivity analyses, we in-
cluded all infants regardless of the number of weeks of data available
(Supplemental Methods 2). Feeding-related data were collected in the
first 26 wk; therefore, we considered lagged associations of feeding vari-
ables to 6 mo with growth outcomes from 6 to 12 mo. Mothers were also
asked weekly from birth to 26 wk of age if they were concerned about
their baby’s feeding or weight gain. To address a potential mechanism
of reverse causality (i.e., caregiver concern about poor growth leading
to abandonment of EBF), we generated a derived variable representing
any such “maternal concern” expressed in the month prior to a change
from EBF to a different feeding pattern (e.g., to partial breastfeeding or
no breastfeeding).

Household sanitation and smoking.
Household sanitation was assessed using 2 separate variables ascer-
tained in a household questionnaire at maternal prenatal enrollment.
Drinking water treatment (yes/no) was self-reported by the mother,
whereas presence of soap at the handwashing area (yes/no) was visu-
ally assessed by study personnel. Household tobacco smoking was as-
certained at maternal prenatal enrollment. Type of toilet facilities (95%
flush or pour water into a piped sewer/tank/latrine), water source (80%
piped into house or lot), and cooking source/fuel (95% not cooking in-
side the house with solid fuel) were not pursued beyond preliminary
analyses due to inadequate heterogeneity in the distribution of these
variables.

Additional covariates.
Potential confounders included maternal age, maternal height, 12-mo
postpartum maternal BMI as a proxy of preconception BMI, mater-
nal and paternal education levels, maternal and paternal occupations,
wealth index, number and age of siblings, delivery mode and loca-
tion, neonatal hospitalization, infant sex, infant weight-for-age z-score
(WAZ), and weight-for-length z-score (WFL) at birth. Principal compo-
nents analysis using household asset data was used to derive the wealth
index, which served as a proxy measurement of socioeconomic status

(18). The specific set of confounders included in each model depended
on an a priori constructed directed acyclic graph (DAG) of hypothe-
sized pathways (Supplemental Figure 1). Vitamin D supplementation
group assignment and maternal height were included in all analyses.

Statistical analysis
The LAZ distribution at the beginning of each age interval was de-
scribed in terms of its mean, median, SD, kurtosis, and skewness. Nor-
mality was tested using the Kolmogorov–Smirnov test. To estimate asso-
ciations between risk factors and linear growth, primary analyses used
the conditional growth (residuals) method involving 2-stage linear re-
gressions in which LAZ at the end of a given time interval was first re-
gressed on the LAZ at the beginning of the interval:

LAZit = β0 + β1LAZi,t−1 + εit (1a)

Then, the infant-specific residuals from the first model (referred to
as conditional LAZ, or cLAZ) were regressed on the specified risk factor
of interest, X, and a set of covariates, C1, …, Cj based on the relevant
DAG, in a second linear regression model:

εit = cLAZit = β0 + β1Xi + β2Ci1 + . . . + β j+1Cij + ε∗
i (1b)

In models addressing infant feeding exposures, we estimated asso-
ciations of feeding status in the 0–3-mo period with concurrent growth
from 0 to 3 mo, and lagged associations of feeding status in the 0–3-mo
interval with growth in later intervals (3–6, 0–6, 0–12, and 6–12 mo).
We also estimated associations of feeding from 0 to 6 mo on concurrent
growth in the 0–3-, 0–6-, and 3–6-mo intervals, and lagged associations
with growth in the 0–12- and 6–12-mo intervals.

Alternate modeling approaches were used in sensitivity analyses:

(1) Baseline-adjusted attained size model (ANCOVA): LAZ at the
end of a time interval, LAZt, was regressed on the exposure of in-
terest, a set of confounders, and LAZ at the beginning of the given
time interval, LAZt-1, using linear regression:

LAZit = β0 + β1LAZi,t−1 + β2X + β3Ci1

+ . . . + β j+2Ci j + εi (2)

(2) Change score model: The change (�) in LAZ from the beginning
to the end of a given interval, �LAZt, was regressed on the speci-
fied risk factors of interest and covariates using linear regression:

LAZit − LAZi,t−1 = �LAZt = β0 + β1Xi

+β2Ci1 + . . . + β j+1Ci j + εi (3)

(3) Attained size model: LAZ at 1 time point (birth, or the end of each
interval), LAZt, was regressed on the exposure of interest, X, and
a set of covariates, C1, …, Cj, without conditioning on any mea-
surement of LAZ at a previous time point:

LAZit = β0 + β1Xi + β2Ci1 + . . . + β j+1Ci j + εi (4)

(4) Stunting model: Each child’s stunting status (defined as stunted if
LAZ <−2 and not stunted if LAZ ≥−2) was regressed on specific
risk factors of interest and relevant covariates using a modified
Poisson regression with robust SE variance to obtain an RR (25):

Pr [LAZt < −2] = exp(β0 + β1X + β2C1 + . . . + β j+1Cj ) (5)
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We also estimated associations of feeding variables with attained
size and stunting at birth to document the potential bias due to reverse
causality in estimating the effect of feeding on growth. As a post hoc sen-
sitivity analysis, we also assessed the association of breastfeeding pattern
from 0 to 3 mo of age with infant growth from birth to 12 mo of age using
a mixed effects model with linear splines (Supplemental Methods 3).
Multivariable-adjusted associations were expressed as mean differences
or RRs and 95% CI.

Sensitivity analyses were conducted using various alternate deriva-
tions of the feeding variables using the conditional growth modeling
approach (Supplemental Methods 2). Using the conditional growth ap-
proach, we also assessed the unadjusted associations of various factors
that are not modifiable or not immediately modifiable in the postna-
tal period (described collectively as “nonmodifiable”): infant sex, birth
weight and WLZ at birth, location and mode of delivery, neonatal hospi-
talization, maternal or paternal education levels and occupations, num-
ber of siblings, wealth index, maternal age, maternal 12-mo postpartum
BMI, and maternal height.

Comparisons were 2-sided and considered statistically significant if
P < 0.05. Analyses were complete case without any imputation of miss-
ing data and no corrections were made for multiple testing. All analyses
were conducted using Stata 15.1 (26).

Results

Characteristics of participants and population-average LAZ
trajectory
Maternal, household, delivery, and infant characteristics are summa-
rized in Table 1, and infant feeding patterns are summarized in Table 2.
A total of 1157 infants were included in ≥1 age interval–specific analysis
(Supplemental Figure 2). EBF was common in the newborn period; for
example, 87% (n = 934) of infants were exclusively breastfed at 2 wk of
age, although this included 235 infants exposed to prelacteal feeds in the
first week of life (Figure 1). By 3 mo, 50% of infants (n = 574) were ex-
clusively breastfed (Table 2) including 117 infants exposed to prelacteal
feeds in the first week of life. Using the primary breastfeeding pattern
definitions based on weekly recall throughout the 0–6-mo period, only
159 (14%) of the infants included in the analysis met the study criteria
for EBF from birth until 6 mo (Figure 1; Table 2).

Mean ± SD newborn LAZ, WAZ, and WFL were −0.95 ± 1.02,
−1.20 ± 0.90, and −0.80 ± 1.00, respectively (Table 1). Mean LAZ fluc-
tuated during the 12-mo period; however, SDs remained relatively stable
and there was no substantial skewness or asymmetry at any age. Mean
LAZ ± SD was −0.87 ± 0.93 at 3 mo, −0.84 ± 0.98 at 6 mo, and −1.00
± 1.04 at 12 mo (Supplemental Table 1; Supplemental Figure 3). The
observed mean LAZ was always well below that of the theoretical mean
(LAZ = 0) that would be expected under optimal conditions for growth
(Supplemental Figure 3).

Feeding patterns and infant growth
Partial and not breastfeeding from 0 to 3 mo were associated with
slower conditional growth compared with EBF in the 0–3-mo interval
(Table 3). However, all groups were similar by 12 mo; specifically, nei-
ther partial nor not breastfeeding in the 0–3-mo period was associated
with overall growth from 0 to 12 mo (Table 3). Feeding patterns classi-
fied on the basis of the 0–6-mo period were not associated with growth

from 0 to 6 mo or total growth in the 0–12-mo interval (Table 3). Du-
ration of EBF was not significantly associated with cLAZ in any interval
(Table 3). Infants given formula in the 0–3-mo interval had slower aver-
age growth in that interval (Table 3); however, those infants experienced
relatively faster growth in the 3–6-mo period such that no associations
with formula intake were sustained over the 0–6-mo period or to 12
mo (Table 3). Animal-source food intake was not associated with cLAZ
in any interval (Table 3). Inferences in all intervals were unchanged
after adjusting for maternal concern about infant feeding or growth
in the month preceding a change in feeding pattern (Supplemental
Table 2).

Household characteristics and infant growth
In primary models (residuals method), not having soap at the wash sta-
tion was associated with faster conditional growth in the 6–12-mo inter-
val but the association was attenuated and nonsignificant for the com-
plete birth to 12-mo period (Table 4). Reported household smoking and
water treatment were not associated with growth in any interval (Table
4). Inferences were unchanged when household data collected at 9 mo
postpartum were used instead of characteristics reported in the prena-
tal period (Supplemental Table 3). Vitamin D supplementation was not
associated with growth in any model (data not shown).

Alternative growth modeling approaches
For most associations, estimates and inferences obtained from the
2 other interval-growth approaches, ANCOVA (Supplemental Table
4; Table 5) and change-score models (Table 5; Supplemental Table 5),
were similar to those from the conditional growth models. None of
the modeling approaches suggested sustained associations of any of the
early-life exposures with growth up to 12 mo. Considering those asso-
ciations examined using interval growth approaches, there were 14/69
(19%) exposure-outcome associations for which the inference from ≥1
modeling approach was statistically significant. For 4 of these 14 (14%)
associations, inferences differed across any 2 of the interval growth ap-
proaches, although differences in point estimates were minor (Sup-
plemental Table 6). For these 4 associations with discrepancies, the
change-score model differed from the residuals approach (primary ap-
proach). For example, water treatment in the home was associated with
a statistically significant 0.11 lower LAZ from 0 to 3 mo of age in the
change-score model, but the effect was attenuated and nonsignificant
in the other interval growth approaches, and was essentially null in the
attained size model (Supplemental Table 6). Conversely, the ANCOVA
model did not differ from the residuals approach, and the point esti-
mates and CIs were essentially identical (Supplemental Table 6).

Attained size (Table 5; Supplemental Table 7) and stunting models
(Table 5; Supplemental Table 8) yielded inferences that were generally
consistent with the interval growth models. The attained size model dif-
fered from the residuals approach for 4 of 9 associations for which both
analyses were performed and where ≥1 of the approaches yielded a sig-
nificant inference (Supplemental Table 6). One notable difference was
that animal-sourced food intake (0–3 mo) was associated with smaller
attained LAZ and higher risk of stunting at 6 mo of age, whereas the
effects were smaller and nonsignificant for all 3 of the interval growth
modeling approaches (Supplemental Table 6). The attained size and
stunting models also provided evidence of reverse causality or other
unmeasured confounding: LAZ at birth was lower in those who had
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TABLE 1 Infant, maternal, and household characteristics of participants in a birth cohort in Dhaka, Bangladesh

Characteristic

Infants contributing
data to ≥1 analysis

(n = 1157)1

Infants contributing data to
the analysis with the smallest

sample size1,2 (n = 920)

Maternal age, y, median (25th, 75th percentiles) 23 (20, 26) 23 (20, 26)
Maternal 12-mo postnatal BMI, kg/m2, mean ± SD 23.7 ± 4.2 23.8 ± 4.2
Maternal height, cm, mean ± SD 150.9 ± 5.4 150.9 ± 5.4
Male infant, n (%) 587 (51) 472 (51)
Newborn weight-for-length z-score, mean ± SD3 − 0.8 ± 1.0 − 0.8 ± 1.0
Newborn weight-for-gestational-age z-score, mean ± SD4 − 1.2 ± 0.9 − 1.2 ± 0.9
Newborn length-for-gestational-age z-score, mean ± SD5 − 0.95 ± 1.02 − 0.91 ± 0.97
Gestational age at birth, d, median (25th, 75th percentiles) 274 (267, 280) 274 (268, 281)
Vaginal delivery, n (%) 551 (48) 427 (46)
Hospital delivery, n (%) 978 (85) 788 (86)
Prelacteal feeds, n (%)6 227 (26) 184 (25)
Neonatal hospitalization, n (%) 169 (15) 134 (15)
Wealth index, mean ± SD 0.0 ± 1.7 0.1 ± 1.6
Maternal occupation: homemaker, n (%) 1081 (93) 856 (93)
Paternal occupation, n (%)

Day laborer, rickshaw driver, agricultural worker 121 (10) 96 (10)
Salaried worker 630 (55) 495 (54)
Private business owner, professional 342 (30) 271 (30)
Jobless 20 (1.7) 18 (2)
Other 42 (3.6) 38 (4.1)

Maternal education, n (%)
No schooling 50 (4.3) 43 (4.7)
Incomplete primary schooling or madrasah 245 (21) 188 (20)
Completed primary school 599 (52) 484 (53)
Completed high school 242 (21) 193 (21)
University 21 (1.8) 12 (1.3)

Paternal education, n (%)
No schooling 75 (6.5) 63 (6.8)
Incomplete primary schooling or madrasah 189 (16) 145 (16)
Completed primary school 548 (47) 440 (48)
Completed high school 198 (17) 162 (18)
University 61 (5.3) 48 (5.2)
Unknown 86 (7.4) 62 (6.7)

Number of siblings, median (25th, 75th percentiles) 1 (0, 1) 1 (0, 1)
Age of youngest sibling, n (%)

No other siblings 541 (47) 420 (46)
0–24 mo 34 (2.9) 27 (2.9)
24–36 mo 73 (6.3) 59 (6.4)
37–48 mo 94 (8.1) 74 (8.1)
>48 mo 413 (36) 338 (37)

Any smoking in household, n (%) 400 (35) 313 (34)
Home water is treated (boiled, bleached, or filtered), n (%) 529 (46) 430 (47)
Observed soap or detergent at wash station in home, n (%) 975 (84) 772 (84)
1Sample size n = 1157 or n = 920 in each column respectively, except the following: prelacteal feeds n = 881 and n = 732; paternal occupation n = 1155 and n = 918;
age of youngest sibling n = 1155 and n = 918; any smoking in household n = 1154 and n = 918.
2The smallest sample size was for the model in which length-for-age z-score from 3 to 6 mo was the outcome and breastfeeding pattern from 0 to 6 mo was the primary
exposure.
3Weight-for-length data for 1059 infants contributing data to ≥1 analysis and 920 infants in models with the smallest sample size.
4Weight-for-gestational age z-scores data for 1097 infants contributing data to ≥1 analysis and 920 infants contributing data to the model with the smallest sample size.
5Length-for-gestational age z-scores data for 1098 infants contributing data to ≥1 analysis and 920 infants contributing data to the model with the smallest sample size.
6Infants were classified as having been exposed to prelacteal feeds if they were not exclusively breastfed in the first week of life, but subsequently exclusively breastfed
in the second week. The denominator comprises infants who were classified as exclusively breastfed in the second week.

received animal-sourced foods from 0 to 3 mo (Supplemental Table 7);
also, not breastfeeding (compared with EBF) from 0 to 3 mo was associ-
ated with higher rates of stunting at birth, and every additional month of
EBF was associated with lower rates of stunting at birth (Supplemental
Table 8).

A post hoc multilevel mixed effects linear model to assess the mod-
ifying effect of feeding pattern from 0 to 3 mo on the LAZ-by-age tra-

jectory yielded the same inferences as the primary residuals approach;
specifically, partial breastfeeding (compared with EBF) was associated
with slower growth from 0 to 3 mo, but correspondingly faster growth
from 3 to 6 mo, and not associated with growth from 6 to 12 mo (Sup-
plemental Table 9). As with all the other modeling approaches, we did
not observe sustained associations of breastfeeding pattern from 0 to 3
mo with infant growth to 12 mo of age (Supplemental Table 9).
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TABLE 2 Infant feeding-related factors in the 0–3-mo and 0–6-mo age intervals applied to the
analyses of a birth cohort in Dhaka, Bangladesh (n = 1157)1

Age interval in which exposure was
ascertained

Infant feeding factor 0–3 mo 0–6 mo

n Max 1157 1157
Breastfeeding pattern, n (%)

EBF 574 (50) 159 (14)
Predominant breastfeeding 111 (9.6) 81 (7)
Partial breastfeeding 382 (33) 776 (67)
None (i.e., no breastfeeding) 42 (3.6) 98 (8.5)
Unable to classify 48 (4.1) 43 (3.7)

EBF duration since birth, wk, median (25th 75th percentiles) 13 (5, 13) 13 (5, 22)
Animal source food intake, n (%)

Ever 107 (9.6) 360 (32)
Infant formula intake, n (%)

Ever 394 (35) 704 (62)
Maternal concern about feeding or weight gain, n (%)

Ever 426 (37) 647 (56)
Maternal concern about feeding or weight gain within 1 mo prior

to cessation of EBF or end of age interval, n (%)
Yes 223 (20) 277 (25)
No 895 (80) 844 (75)

1Restricted to infants included in ≥1 analysis assessing the association of infant size with feeding and/or household characteris-
tics. Sample size was 1157 for all variables shown except for animal source food intake (n = 1111 from 0 to 3 mo and n = 1116
from 0 to 6 mo); infant formula intake (n = 1118 from 0 to 3 mo and n = 1131 from 0 to 6 mo); maternal concern about feeding
or weight gain (n = 1150 from 0 to 3 mo and n = 1156 from 0 to 6 mo); and maternal concern in the month prior to cessation
of EBF (n = 1118 from 0 to 3 mo and n = 1156 from 0 to 6 mo). Details on derivation of feeding-related factors can be found
in Supplemental Methods 2. EBF, exclusive breastfeeding.

Sensitivity analyses
In contrast to primary analyses, there were no significant associations
between feeding pattern and growth in any interval when a strict breast-
feeding definition was used (Alternative A), allowing for a single devi-
ation in any week (Alternative D), when only including infants with no
missing breastfeeding data (Alternative F), or when the breastfeeding
classification was based only on data collected 24 h prior to measure-
ment (Alternative G) (Supplemental Table 10). As well, when allowing
infants to be classified with a nonexclusive breastfeeding pattern (rather
than “unable to classify”) even if they had missing feeding data in the
2 wk prior to measurement (Alternative C), or when the breastfeeding
classification was based only on the 2 wk of data collected prior to mea-
surement (Alternative E), not breastfeeding was associated with rela-
tively faster growth in the 6–12-mo time period compared with EBF
(Supplemental Table 10). Also, in contrast to the primary analyses, when
stricter age ranges were used to group the growth measurements, not
breastfeeding was not associated with slower growth over any time pe-
riod (data not shown). All other sensitivity analyses showed no changes
in inferences.

Risk factors that are nonmodifiable or not amenable to
intervention in the immediate postnatal period
Girls had 0.17 (95% CI: 0.09, 0.25), 0.13 (95% CI: 0.04, 0.23), and 0.17
(95% CI: 0.06, 0.27) greater cLAZ in the 0–3-, 0–6-, and 0–12-mo in-
tervals, respectively, compared with boys. Higher maternal BMI was as-
sociated with slower growth from 0 to 3 mo, and faster growth from
6 to 12 mo (Supplemental Table 11). Maternal height was positively
associated with growth in all intervals. Higher levels of both maternal

and paternal education were associated with faster growth in the 0–6-,
6–12-, and 0–12-mo intervals, with infants of parents with completed
secondary education or higher growing fastest (Supplemental Table 11).
Compared with having no siblings, having ≥2 siblings in the household
was associated with slower growth in the 0–3-, 0–6-, and 0–12-mo pe-
riods.

Discussion

Feeding patterns or selected modifiable household characteristics did
not have sustained associations with linear growth from birth to 12 mo
in Bangladeshi infants. Overall, findings were similar using alternative
statistical models, although minor differences in some estimates and in-
ferences underscored the potential impact of model choice on studies of
child growth (16). The average growth trajectory was below the theo-
retical optimal (mean LAZ = 0), and the entire distribution was shifted
down, indicating that nearly the entire cohort experienced growth fal-
tering compared with a healthy population. This highlights that studies
of between-child variability in growth are inadequate for understanding
the community factors that cause whole-population faltering (27).

Partial or no breastfeeding (compared with EBF), and formula in-
take, were associated with relatively slower growth from 0 to 3 mo of
age, but there were no sustained effects to 12 mo of age. EBF from 0
to 6 mo (recommended by the WHO) was not associated with faster
growth (or lower risk of stunting) at 12 mo compared with predomi-
nant or partial breastfeeding. Although upstream social determinants
of child growth are widely acknowledged (1), global health responses to
child undernutrition have tended to assume that “stunting is an outcome

CURRENT DEVELOPMENTS IN NUTRITION
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FIGURE 1 Cumulative infant feeding patterns according to WHO classifications up to 6 mo of age in a birth cohort in Dhaka, Bangladesh
(n = 1157). For any given week, the breastfeeding pattern for infants was based on the least optimal breastfeeding pattern from the
second week up until that week. The proportion of infants exclusively breastfed was relatively low in the first week due to the common
practice of prelacteal feeds, so the first week was not included in the derivation of the cumulative breastfeeding pattern classification from
week 2 to week 26 shown here and used in the primary analyses. Beyond 1 wk of age, cessation of EBF was defined as any non-EBF
exposure. The number of infants contributing breastfeeding data in a given week ranged from 1039 to 1155. EBF, exclusive breastfeeding.

of maternal undernutrition and inadequate infant and young child feed-
ing” (28). EBF to 6 mo is often advocated to reduce stunting (29, 30) de-
spite evidence from LMICs that early infant feeding patterns are unre-
lated to linear growth (4, 31–34), and that EBF promotion does not im-
prove growth (14, 35) or might increase the risk of stunting (36–38) even
though it protects against diarrhea (39). In the PROBIT trial in Belarus,
breastfeeding promotion led to greater length increases in the first 3 mo,
but there was no effect by 12 mo of age (40), mirroring the present find-
ings. In high-income countries, formula-fed infants can have greater
weight gain (41), particularly beyond 3–4 mo (42, 43), but length has
not been consistently associated with feeding (41). The present findings
contribute further insights into age window–specific feeding-growth
associations in an LMIC: infants who are exclusively/predominantly
breastfed from 0 to 3 mo might grow slightly faster up to 3 mo, but
without sustained effects. Moreover, observed associations of early feed-
ing patterns with length at birth suggest residual confounding of the
feeding-growth associations. “Maternal concern” about a baby’s growth
or feeding did not explain any observed associations, but it is diffi-
cult to disentangle a baby’s size/growth from the caregiver’s decisions
about feeding (44, 45). Overall, the evidence indicates that although EBF
promotion is strongly justified by other benefits, it should not be ex-
pected to improve linear growth or reduce the prevalence of stunting in
LMICs.

Other modifiable household resources and behaviors were not the
primary focus of the study and were limited by heterogeneity in some
measures of facilities and practices at the household level. However, the

lack of beneficial associations of water treatment practices or soap at
the wash station broadly agreed with the null effects of water sanitation
and hygiene (WaSH) interventions on linear growth in recent trials in
Kenya, Zimbabwe, and Bangladesh (46). WaSH appears to be a key ex-
ample of a class of early-life exposures for which micro-level household
or behavioral modifications could be ineffective because they do not
fundamentally change the community-level causes of widespread fac-
tors that constrain growth, such as microbial contamination (46). Fur-
thermore, other studies have similarly shown the dominant influence of
upstream biological factors (e.g., maternal stature) on early childhood
height (47), emphasizing the limited role of readily modified individual-
level factors in the postnatal period.

In contrast to child growth studies that apply a single modeling ap-
proach (15), we considered if conclusions differed depending on the
approach to estimating exposure-growth associations. Most of the null
findings were similar across models, but several associations were only
statistically significant by certain models. We acknowledge the limita-
tions of cross-model comparisons based on a P value threshold-driven
hypothesis testing framework (i.e., point estimates were generally simi-
lar even if precision differed); yet, in some circumstances model choice
can influence estimates and could therefore account for discrepancies
between otherwise similar studies. In a previous study, the change-score
model was preferred over ANCOVA because it avoids overadjustment
for covariates that temporally precede and are associated with the base-
line size parameter in ANCOVA models (16); however, the authors of
that study did not apply the residuals method, which can overcome this
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limitation and has been widely adopted elsewhere (48, 49). The resid-
uals and ANCOVA models can sometimes yield different results (50),
but we found they produced similar estimates. Residuals and ANCOVA
models uniquely account for regression to the mean—the expectation
that infants who were smaller or larger than peers at the beginning of an
interval will tend to exhibit “catch-up” or faltering (51, 52). As demon-
strated in studies in which interval growth was the exposure rather than
outcome (53), the models are algebraically related to one another, and
yield regression coefficients with slightly different but complementary
interpretations. Using a more flexible longitudinal (repeated-measures)
model can offer statistical advantages and is particularly useful when
there is variability in the timing of anthropometric measurements (54).
However, in a sensitivity analysis using mixed-effects regression with
linear splines, we found that inferences were similar to the simpler ap-
proaches, likely because the timing of anthropometric measurements in
this cohort was relatively uniform. Integration of findings from interval-
growth and attained size models clarified the specific periods of growth
that gave rise to observed differences in average LAZ at any given age;
for example, differences between no breastfeeding and EBF at 3 mo were
largely attributable to slower postnatal growth from 0 to 3 mo in the
no-breastfeeding group. Exposure definitions (e.g., breastfeeding pat-
tern) influenced the magnitude and direction of associations to an even
greater extent than statistical model choice, although inferences were
generally unchanged.

This was an observational analysis of a randomized trial dataset and
was therefore limited to exposure variables for which data were avail-
able, coherently characterized, and had sufficient between-infant het-
erogeneity in the study population. As in all observational studies, es-
timates likely remained biased by unmeasured confounding. Estimat-
ing the relation between a time-varying exposure (feeding) and time-
varying outcome (length) is challenging, and the findings might have
differed if we had more frequent anthropometric assessments or had
used other methods to address treatment-confounder feedback. In ad-
dition, because the primary feeding variables were based on mater-
nal/caregiver report, we cannot exclude an effect of response bias (e.g.,
social desirability bias such that mothers might have tended to under-
report feeding practices that are inconsistent with public health recom-
mendations). Another limitation was the absence of a marked decline in
LAZ previously observed in Dhaka and other LMICs (11), yet this co-
hort was still substantially shorter than normal, indicating suboptimal
conditions for growth. Strengths of the study were the high quality of
anthropometric data and prospective ascertainment of feeding status in
the first 6 mo. We used multiple approaches to examine concurrent and
lagged effects of feeding in defined age windows, and numerous sen-
sitivity analyses. Expected robust associations of size/growth with non-
modifiable factors (e.g., parental education) suggested that null findings
for modifiable exposures were unlikely to be due to imprecision in the
anthropometric outcome measurements.

In conclusion, early infant feeding patterns or other selected mod-
ifiable household characteristics did not explain between-child varia-
tions in infant linear growth in a low-income setting where small size
at birth and postnatal linear growth faltering are pervasive. Choice of
the statistical growth model, which gave rise to minor differences in
some estimates, should be considered in future studies. As observed
in LMICs in general, the LAZ distribution and population-average pat-
tern of linear growth suggest that the prenatal and postnatal exposures
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that constrain linear growth are mainly upstream social phenomena or
ubiquitous factors (27). Programs and policies to promote healthy in-
fant growth in LMICs should target structural causes of undernutri-
tion rather than blame maternal or household caregiving practices and
behaviors.

Acknowledgments
We thank the MDIG co-investigators, staff, and participants.

The authors’ responsibilities were as follows—SLS, HQ, JS, DER: de-
signed the research; FKK, SSS, MMI, TA, AAM, DHH, SZ: conducted
the research; DER, SLS, HQ, JS: analyzed data; SLS, HQ, DER: wrote the
manuscript; and all authors: read and approved the final manuscript.

Data Availability

Data described in the manuscript, code book, and analytic code will be
made available upon request pending application and approval.

References

1. Black RE, Victora CG, Walker SP, Bhutta ZA, Christian P, de Onis M, Ezzati
M, Grantham-McGregor S, Katz J, Martorell R, et al. Maternal and child
undernutrition and overweight in low-income and middle-income countries.
Lancet 2013;382(9890):427–51.

2. Victora CG, de Onis M, Hallal PC, Blossner M, Shrimpton R. Worldwide
timing of growth faltering: revisiting implications for interventions.
Pediatrics 2010;125(3):e473–80.

3. Prentice AM, Moore SE, Fulford AJ. Growth faltering in low-income
countries. World Rev Nutr Diet 2013;106:90–9.

4. Svefors P, Sysoev O, Ekstrom EC, Persson LA, Arifeen SE, Naved RT,
Rahman A, Khan AI, Selling K. Relative importance of prenatal and postnatal
determinants of stunting: data mining approaches to the MINIMat cohort,
Bangladesh. BMJ Open 2019;9(8):e025154.

5. United Nations Children’s Fund (UNICEF), World Health Organization,
International Bank for Reconstruction and Development/The World Bank.
Levels and trends in child malnutrition: key findings of the 2019 edition of
the joint child malnutrition estimates. Geneva: World Health Organization;
2019.

6. Danaei G, Andrews KG, Sudfeld CR, Fink G, McCoy DC, Peet E, Sania A,
Smith Fawzi MC, Ezzati M, Fawzi WW. Risk factors for childhood stunting
in 137 developing countries: a comparative risk assessment analysis at global,
regional, and country levels. PLoS Med 2016;13(11):e1002164.

7. Mosites E, Dawson-Hahn E, Walson J, Rowhani-Rahbar A, Neuhouser ML.
Piecing together the stunting puzzle: a framework for attributable factors of
child stunting. Paediatr Int Child Health 2017;37(3):158–65.

8. Adair LS, Gulkey DK. Age-specific determinants of stunting in Filipino
children. J Nutr 1997;127(2):314–20.

9. Hop LT, Gross R, Giay T, Sastrooamidjojo S, Schultink W, Lang NT.
Premature complementary feeding is associated with poorer growth of
Vietnamese children. J Nutr 2000;130(11):2683–90.

10. Arifeen SE, Black RE, Caulfield LE, Antelman G, Baqui AH. Determinants of
infant growth in the slums of Dhaka: size and maturity at birth, breastfeeding
and morbidity. Eur J Clin Nutr 2001;55(3):167–78.

11. MAL-ED Network Investigators. Childhood stunting in relation to the pre-
and postnatal environment during the first 2 years of life: the MAL-ED
longitudinal birth cohort study. PLoS Med 2017;14(10):e1002408.

12. Saha KK, Frongillo EA, Alam DS, Arifeen SE, Persson LA, Rasmussen
KM. Use of the new World Health Organization child growth standards
to describe longitudinal growth of breastfed rural Bangladeshi infants and
young children. Food Nutr Bull 2009;30(2):137–44.

13. Lourenco B, Villamor E, Augusto RA, Cardoso MA. Determinants of linear
growth from infancy to school-aged years: a population-based follow-
up study in urban Amazonian children. BMC Public Health 2012;12(1):
265.

14. Park JJH, Fang ML, Harari O, Dron L, Siden EG, Majzoub R, Jeziorska V,
Thorlund K, Mills EJ, Bhutta ZA. Association of early interventions with
birth outcomes and child linear growth in low-income and middle-income
countries: Bayesian network meta-analyses of randomized clinical trials.
JAMA Network Open 2019;2(7):e197871.

15. Leung M, Perumal N, Mesfin E, Krishna A, Yang S, Johnson W, Bassani
DG, Roth DE. Metrics of early childhood growth in recent epidemiological
research: a scoping review. PLoS One 2018;13(3):e0194565.

16. Kramer MS, Zhang X, Bin Aris I, Dahhou M, Naimi A, Yang S, Martin
RM, Oken E, Platt RW. Methodological challenges in studying the causal
determinants of child growth. Int J Epidemiol 2016;45(6):2030–7.

17. Roth DE, Gernand AD, Morris SK, Pezzack B, Islam MM, Dimitris MC,
Shanta SS, Zlotkin SH, Willan AR, Ahmed T, et al. Maternal vitamin D
supplementation during pregnancy and lactation to promote infant growth in
Dhaka, Bangladesh (MDIG trial): study protocol for a randomized controlled
trial. Trials 2015;16(1):300.

18. Roth DE, Gernand AD, Al Mahmud A. Vitamin D supplementation in
pregnancy and lactation and infant growth. N Engl J Med 2018;379(19):1881.

19. von Elm E, Altman DG, Egger M, Pocock SJ, Gøtzsche PC, Vandenbroucke
JP, STROBE Initiative. The Strengthening the Reporting of Observational
Studies in Epidemiology (STROBE) statement: guidelines for reporting
observational studies. J Clin Epidemiol 2008;61:344–9.

20. Villar J, Ismail LC, Victora CG, Ohuma EO, Bertino E, Altman DG, Lambert
A, Papageorghiou AT, Carvalho M, Jaffer YA, et al. International standards
for newborn weight, length, and head circumference by gestational age
and sex: the Newborn Cross-Sectional Study of the INTERGROWTH-21st

Project. Lancet 2014;384(9946):857–68.
21. Villar J, Giuliani F, Bhutta ZA, Bertino E, Ohuma EO, Ismail LC,

Barros FC, Altman DG, Victora C, Noble JA, et al. Postnatal growth
standards for preterm infants: the preterm postnatal follow-up study
of the INTERGROWTH-21st Project. Lancet Glob Health 2015;3(11):
e681–91.

22. World Health Organization. WHO child growth standards: length/height-
for-age, weight-for-age, weight-for-length, weight-for-height and body
mass index-for-age: methods and development. Geneva: World Health
Organization; 2006.

23. Shi J, Korsiak J, Roth DE. New approach for the identification of implausible
values and outliers in longitudinal childhood anthropometric data. Ann
Epidemiol 2018;28(3):204–211.e3.

24. World Health Organization. Indicators for assessing infant and young child
feeding practices: part 1 definitions. Conclusions of a consensus meeting
held 6–8 November 2007 in Washington D.C., USA. Geneva: World Health
Organization; 2008.

25. Zou G. A modified Poisson regression approach to prospective studies with
binary data. Am J Epidemiol 2004;159(7):702–6.

26. StataCorp. Stata statistical software: release 15. College Station (TX):
StataCorp LLC; 2017.

27. Roth DE, Krishna A, Leung M, Shi J, Bassani DG, Barros AJD. Early
childhood linear growth faltering in low-income and middle-income
countries as a whole-population condition: analysis of 179 Demographic
and Health Surveys from 64 countries (1993-2015). Lancet Glob Health
2017;5(12):e1249–57.

28. World Health Organization. Childhood stunting: challenges and
opportunities. Report of a webcast colloquium on the operational issues
around setting and implementing national stunting reduction agendas.
Geneva: World Health Organization; 2014.

29. World Health Organization. Global Nutrition Targets 2025: stunting policy
brief. Geneva: World Health Organization; 2014.

30. World Health Organization. Reducing stunting in children: equity
considerations for achieving the Global Nutrition Targets 2025. Geneva:
World Health Organization; 2018.

31. MAL-ED Network Investigators. Relationship between growth and illness,
enteropathogens and dietary intakes in the first 2 years of life: findings

CURRENT DEVELOPMENTS IN NUTRITION



12 Silverberg et al.

from the MAL-ED birth cohort study. BMJ Glob Health 2018;2(4):
e000370.

32. Eriksen KG, Johnson W, Sonko B, Prentice AM, Darboe MK, Moore SE.
Following the World Health Organization’s recommendation of exclusive
breastfeeding to 6 months of age does not impact the growth of rural
Gambian infants. J Nutr 2017;147(2):248–55.

33. Owais A, Schwartz B, Kleinbaum DG, Suchdev PS, Faruque AS, Das
SK, Stein AD. Minimum acceptable diet at 9 months but not exclusive
breastfeeding at 3 months or timely complementary feeding initiation is
predictive of infant growth in rural Bangladesh. PLoS One 2016;11(10):
e0165128.

34. Vesel L, Bahl R, Martines J, Penny M, Bhandari N, Kirkwood BR, WHO
Immunization-linked Vitamin A Supplementation Study Group. Use of new
World Health Organization child growth standards to assess how infant
malnutrition relates to breastfeeding and mortality. Bull World Health Organ
2010;88(1):39–48.

35. Giugliani ER, Horta BL, Loret de Mola C, Lisboa BO, Victora CG.
Effect of breastfeeding promotion interventions on child growth:
a systematic review and meta-analysis. Acta Paediatr 2015;104(467):
20–9.

36. Fadnes LT, Nankabirwa V, Engebretsen IM, Sommerfelt H, Birungi N,
Lombard C, Swanevelder S, Van den Broeck J, Tylleskar T, Tumwine
JK, et al. Effects of an exclusive breastfeeding intervention for six
months on growth patterns of 4–5 year old children in Uganda: the
cluster-randomised PROMISE EBF trial. BMC Public Health 2016;16(1):
555.

37. Kramer MR, Chalmers B, Hodnett E, Sevkovskaya Z, Dzikovich I, Shapiro S,
Collet J-P, Vanilovich I, Mezen I, Ducruet T, et al. Promotion of Breastfeeding
Intervention Trial (PROBIT): a randomized trial in the Republic of Belarus.
JAMA 2001;285(4):413–20.

38. Khan AI, Hawkesworth S, Ekstrom EC, Arifeen S, Moore SE, Frongillo EA,
Yunus M, Persson LA, Kabir I. Effects of exclusive breastfeeding intervention
on child growth and body composition: the MINIMat trial, Bangladesh. Acta
Paediatr 2013;102(8):815–23.

39. Lamberti LM, Fisher Walker CL, Victora CG, Black RE. Breastfeeding and the
risk for diarrhea morbidity and mortality. BMC Public Health 2011;11(Suppl
3):S15.

40. Kramer MS, Guo T, Platt RW, Shapiro S, Collet J-P, Chalmers B, Hodnett
E, Sevkovskaya Z, Dzikovich I, Vanilovich I, et al. Breastfeeding and infant
growth: biology or bias? Pediatrics 2002;110(2):343–7.

41. Dewey KG. Growth characteristics of breast-fed compared to formula-fed
infants. Neonatology 1998;74(2):94–105.

42. Persson LA. Infant feeding and growth: a longitudinal study in three Swedish
communities. Ann Hum Biol 1985;12(1):41–52.

43. Dewey KG, Heinig MJ, Nommsen LA, Peerson JM, Lönnerdal B. Growth of
breast-fed and formula-fed infants from 0 to 18 months: the DARLING study.
Pediatrics 1992;89(6):1035–41.

44. Marquis GS, Habicht JP, Lanata CF, Black RE, Rasmussen KM. Association
of breastfeeding and stunting in Peruvian toddlers: an example of reverse
causality. Int J Epidemiol 1997;26(2):349–56.

45. Kramer MS, Davies N, Oken E, Martin RM, Dahhou M, Zhang X, Yang S.
Infant feeding and growth: putting the horse before the cart. Am J Clin Nutr
2018;107(4):635–9.

46. Pickering AJ, Null C, Winch PJ, Mangwadu G, Arnold BF, Prendergast AJ,
Njenga SM, Rahman M, Ntozini R, Benjamin-Chung J, et al. The WASH
Benefits and SHINE trials: interpretation of WASH intervention effects on
linear growth and diarrhoea. Lancet Glob Health 2019;7(8):e1139–46.

47. Richter LM, Orkin FM, Roman GD, Dahly DL, Horta BL, Bhargava SK,
Norris SA, Stein AD, COHORTS Investigators. Comparative models of
biological and social pathways to predict child growth through age 2 years
from birth cohorts in Brazil, India, the Philippines, and South Africa. J Nutr
2018;148(8):1364–71.

48. Adair LS, Fall CHD, Osmond C, Stein AD, Martorell R, Ramirez-Zea M,
Sachdev HS, Dahly DL, Bas I, Norris SA, et al. 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. Lancet 2013;382(9891):525–34.

49. Stein AD, Wang M, Martorell R, Norris SA, Adair LS, Bas I, Sachdev HS,
Bhargava SK, Fall CH, Gigante DP, et al. Growth patterns in early childhood
and final attained stature: data from five birth cohorts from low- and middle-
income countries. Am J Hum Biol 2010;22(3):353–9.

50. Esrey SA, Casella G, Habicht J-P. The use of residuals for longitudinal data
analysis: the example of child growth. Am J Epidemiol 1990;131(2):365–72.

51. Cole TJ. Growth charts for both cross-sectional and longitudinal data. Stat
Med 1994;13(23-24):2477–92.

52. Mei Z, Grummer-Strawn LM, Thompson D, Dietz WH. Shifts in
percentiles of growth during early childhood: analysis of longitudinal
data from the California Child Health and Development Study. Pediatrics
2004;113(6):e617–27.

53. Georgiadis A, Benny L, Crookston BT, Duc LT, Hermida P, Mani S,
Woldehanna T, Stein AD, Behrman JR. Growth trajectories from conception
through middle childhood and cognitive achievement at age 8 years: evidence
from four low- and middle-income countries. SSM Popul Health 2016;2
:43–54.

54. Leung M, Bassani DG, Racine-Poon A, Goldenberg A, Ali SA, Kang G,
Premkumar PS, Roth DE. Conditional random slope: a new approach for
estimating individual child growth velocity in epidemiological research. Am
J Hum Biol 2017;29(5):e23009.

CURRENT DEVELOPMENTS IN NUTRITION


