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ABSTRACT

A large body of evidence suggests that the first 1000 d from conception is a critical window in which interventions to address malnutrition will be

most effective, but little is known about the impact on linear growth of nutritional interventions in children $2 y of age. The aim of this analysis

was to evaluate the effectiveness of several nutrition-based interventions, specifically iron, zinc, calcium, iodine, vitamin A, multiple ($2)

micronutrients, protein, and food, at improving growth in children $2 y of age. A systematic search of MEDLINE and EMBASE retrieved 7794

articles. A total of 69 studies met prespecified inclusion criteria. Baseline height-for-age z score, age, nutrient dose, and study duration were

examined as potential sources of heterogeneity. Zinc (mean effect size: 0.15; 95% CI: 0.06, 0.24), vitamin A (0.05; 95% CI: 0.01, 0.09), multiple

micronutrients (0.26; 95% CI: 0.13, 0.39), and protein (0.68; 95% CI: 0.30, 1.05) had significant positive effects on linear growth, with baseline

height-for-age z score as a significant inverse predictor of the effect size. Iron, calcium, iodine, and food-based interventions had no significant

effect on growth. Age at baseline, study duration, and dose were not related to effect size for any nutrient examined. These findings suggest that

zinc, vitamin A, multiple micronutrients, and protein interventions delivered after 24 mo of age can have a positive effect on linear growth,

especially in populations that have experienced growth failure. Adv Nutr 2017;8:323–36.
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Introduction
The global prevalence of linear growth stunting has steadily
declined from 1990 (40%) to 2014 (24%), yet;159 million
children <5 y old remain affected (1). This highlights the
critical need to identify effective strategies to address the
global burden of linear growth failure.

The etiology of linear growth faltering is multifactorial
(2). More than 2 billion people and 800 million people suffer
from vitamin and mineral deficiencies and energy defi-
ciency, respectively (3, 4). Growth faltering may stem from
deficiencies in single nutrients, multiple micronutrients
(MMs)6, macronutrients, energy, or more commonly, a
combination of many nutritional deficiencies.

Increasingly, the foci of nutritional interventions are
pregnancy and the first 2 y of life. This period, also coined
the first 1000 d, is widely accepted as a window of opportu-
nity in which interventions will affect child growth, with in-
terventions outside of this window often considered unlikely
to have any significant effect. However, based on evidence
suggesting that catch-up growth occurs even in the absence
of interventions, an opportunity to promote catch-up
growth beyond the first 1000 d has been proposed (5, 6).

Most previousmeta-analyses have restricted their analysis to
single nutrients and to children <5 y of age (including both
children <2 y of age and those $2 y of age), thereby limiting
the conclusions that can be made regarding the impact of in-
terventions on growth after age 24 mo. To address these issues,
we conducted a systematic review and meta-analysis of clinical
trials to evaluate the effect of a range of nutrition-based inter-
ventions beyond the first 2 y of life on child growth.

Methods
Data sources and searches. We searched MEDLINE (1966–2016) and EM-
BASE (1947–2016) on 14 January 2016 and 26 February 2016, respectively.
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For MEDLINE, the search (“linear growth or height” and “intervention or
child nutritional physiological phenomena”) was used. For EMBASE, the
search “nutrition and height and growth” was used. To be included, trials
had to meet the following criteria: 1) study subjects were humans; 2) the
study was available in English; 3) subjects were children aged $2 y but
<20 y; 4) subjects were free of chronic disease, such as Crohn’s disease
and HIV; 5) the study was a randomized controlled trial or quasirandom-
ized controlled trial; 6) the intervention was nutritional; and 7) height
was measured and reported both before and after intervention. Titles and
abstracts of retrieved studies were scanned to exclude irrelevant studies.
Full texts of remaining articles were reviewed, and studies that met inclusion
criteria were included. Reference lists of included articles and relevant liter-
ature reviews were hand-searched for additional relevant articles. The
search process is illustrated in Figure 1.

Review of studies and extraction of summary data. Key descriptive data, in-
cluding the sample size, location of intervention, baseline and endline char-
acteristics of the study subjects, dose and duration of intervention, height
outcome, and significance of findings were extracted into a standardized
form. The reported sample size corresponds to the number of subjects
who completed the intervention. The included studies were grouped into
8 intervention categories: 1) iron, 2) zinc, 3) calcium, 4) iodine, 5) vitamin A,
6) multiple MMs ($2 MMs), 7) protein, and 8) food. Studies with >1 in-
tervention group were treated as independent studies. For studies that did
not report baseline height-for-age z score (HAZ) or stunting prevalence but
provided mean age and height data, HAZ was calculated by using WHO
Anthro software (version 3.2.2) from reference data for the majority sex by
using the mean age. In studies that used a delivery schedule other than
daily, the average dose provided was converted to a daily dose. The Jadad
test (a validated instrument that independently assesses the method of
randomization, blinding, and report of subject withdrawal and dropout) was
used to assess methodological quality, which was classified as high (score 5),
moderate (score 4), or low (scores 1–3) (7). All data were entered twice and
inconsistencies resolved.

Data synthesis and analysis. The primary response variable was change in
height, expressed in centimeters or HAZ. We utilized adjusted estimates of
linear growth when available. Interquartile ranges, 95% CIs, and SEs were

converted to SDs by using standard equations provided in the Cochrane Hand-
book for Systematic Reviews of Interventions (8). If only the baseline and end-
line values were reported, we calculated the crude mean change in height by
subtracting baseline mean from the endline mean. For studies that did not re-
port the SD for linear growth changes, we calculated the SD for change, assum-
ing the baseline and endline were highly correlated (r = 0.8). In studies with
multiple intervention groups and a single control group, the sample size of
the control group was divided equally by the number of intervention groups
while retaining the same value for the change in linear growth and its SD to
avoid multiple counting of the control group.

A sensitivity analysis to assess the effect of assumptions regarding corre-
lation between growth measures pre- and postintervention was conducted
by using the following: 1) assuming a correlation of 0.5, 0.8, or 0.9; 2) as-
suming no correlation; and 3) calculating effect size only for the subsample
of studies that reported the changes and SD of change (Supplemental Table
1). Additional sensitivity analyses were conducted by excluding studies in
which there was no stunting (mean study baseline HAZ >22) and in which
dietary intake was adequate.

Effect sizes for each individual study were computed by dividing the
mean change in the intervention and control groups by the pooled SD.
Data were consolidated by using an inverse variance method. I2 statistics
were used to measure the heterogeneity of the studies. If the I2 value was
<50%, a fixed-effects model was applied. If the I2 value was >50%, a
random-effects model was used (8). We visually assessed funnel plots to
investigate potential publication bias (9). Data were analyzed by using
RevMan (version 5.0.25), and figures were prepared by using RevMan
and GraphPad Prism (version 5.01) software.

Results
Study selection
The literature search yielded 7794 references (Figure 1), of
which 7555 were excluded on the basis of title and abstract,
and 189 studies were excluded following full review. An ad-
ditional 19 articles were identified from reference lists. A to-
tal of 69 articles were included in the systematic review and
meta-analysis.

Baseline characteristics and risk of bias
The baseline characteristics for single-micronutrient and other
nutrition-based interventions are reported in Tables 1 and 2,
respectively. Using the Jadad test, 37 studies were classified as
high quality, 19 were of medium quality, and 13 were of low
quality. Symmetric funnel plots suggested a low chance of
publication bias in zinc, iodine, and food-based analysis.
Asymmetrical funnel plots for iron, calcium, vitamin A,
MMs, and protein suggest potential publication bias (Supple-
mental Figure 1). The key effects of nutritional interventions
administered after age 24 mo on linear growth are summa-
rized in Table 3.

Effects of nutrition-based interventions on linear
growth
Iron. A total of 14 studies were included in the meta-
analysis. All studies were conducted in low- and middle-
income countries (LMICs) located in East Asia and the
Pacific (n = 4), South Asia (n = 5), Africa (n = 4), and
Latin America or the Caribbean (n = 1). The number of
subjects in each study ranged from 41 to 374, with mean
ages ranging from 34 to 167 mo. Approximately 82% of
datasets had a baseline HAZ <21, and 5 of 17 datasets
had a baseline HAZ <22. One study (21) did not have

FIGURE 1 Flowchart illustrating the selection of trials for
inclusion in the systematic review and meta-analysis. RCT,
randomized controlled trial.
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TABLE 1 Baseline study characteristics of single-micronutrient interventions in children $2 y of age1

Study Year Country Subjects, n
Mean initial
age, mo Dose Duration, mo

Mean
initial HAZ Quality

Iron
Aguayo (10) 2000 Bolivia 64 111 3 mg/kg bw 4 21.48 High
Angeles et al. (11) 1993 Indonesia 76 37 30 mg 2 22.26 Medium
Bhatia and Seshadri 1 (12) 1992 India 105 47 40 mg 6 22.3 Medium
Bhatia and Seshadri 2 (12) 1992 India 51 54 40 mg 6 21.56 Medium
Chen et al. (13) 2008 China 132 48 8.57 mg 6 20.23 Medium
Chwang et al. (14) 1988 Indonesia 41 128 10 mg/kg bw 3 21.52 Medium
Dossa et al. (15) 2001 Benin 68 47 60 mg 3 22.26 Medium
Hettiarachchi et al. (16) 2008 Sri Lanka 374 167 35.71 mg 6 21.19 Medium
Latham et al. (17) 1990 Kenya 55 96 285.7 mg 1 20.88 High
Lawless et al. (18) 1994 Kenya 86 105 150 mg 3 21.23 High
Mwanri et al. 1 (19) 2000 Tanzania 68 132 85.7 mg 3 22.2 High
Mwanri et al. 2 (19) 2000 Tanzania 68 126 85.7 mg 3 21.56 High
Palupi et al. (20) 1997 Indonesia 187 42 4.29 mg 2 21.82 Medium
Pereira et al. (21) 1979 India 44 42 10 mg 5 — Low
Rahman et al. (22) 1999 Bangladesh 147 34 15 mg 12 22.2 High
Sungthong et al. 1 (23) 2002 Thailand 200 116 300 mg 4 21.55 High
Sungthong et al. 2 (23) 2002 Thailand 190 116 42.86 mg 4 21.49 High

Zinc
Castillo-Durán et al. 1 (24) 1994 Chile 19 169 10 mg 12 22.58 High
Castillo-Durán et al. 2 (24) 1994 Chile 18 138 10 mg 12 22.61 High
Cavan et al. (25) 1993 Guatemala 156 82 7.14 mg 6 21.38 High
Friis et al. (26) 1997 Zimbabwe 276 134 40 mg 12 21.18 High
Gibson et al. (27) 1989 Canada 60 75 10 mg 12 21.39 High
Hettiarachchi et al. (16) 2008 Sri Lanka 382 161 10 mg 6 21.1 High
Kaseb and Fallah (28) 2013 Iran 95 146 5 mg 4 20.6 High
Kikafunda et al. (29) 1998 Uganda 113 56 10 mg 6 20.7 High
Mozaffari-Khosravi et al. 1 (30) 2009 Iran 47 39 5 mg 6 21.58 Medium
Mozaffari-Khosravi et al. 2 (30) 2009 Iran 38 40 5 mg 6 21.65 Medium
Nakamura et al. (31) 1993 Japan 21 70 5 mg 6 22.44 Low
Ronaghy et al. (32) 1969 Iran 27 156 28 mg 5 22.73 Low
Ronaghy et al. (33) 1974 Iran 39 156 40 mg 12 23.02 Low
Rosado et al. (34) 1997 Mexico 95 29 20 mg 12 21.7 High
Ruz et al. (35) 1997 Chile 53 40 10 mg 14 20.52 High
Sayeg Porto et al. (36) 2000 Brazil 18 116 5 mg/kg bw 6 22.67 Medium
Sempértegui et al. (37) 1996 Ecuador 48 42 10 mg 2 22 High
Taneja et al. (38) 2010 India 421 27 20 mg 4 — High
Walravens et al. (39) 1983 United States 40 50 10 mg 12 22.07 High

Calcium
Bass et al. 1 (40) 2007 Australia 47 109 800 mg 9 0.47 High
Bass et al. 2 (40) 2007 Australia 41 109 800 mg 9 0.36 High
Bonjour et al. (41) 1997 Switzerland 108 95 850 mg 12 0.3 High
Cameron et al. (42) 2004 Australia 48 124 1200 mg 24 0.3 High
Chevalley et al. (43) 2005 Switzerland 174 89.3 850 mg 12 0.2 High
Courteix et al. 1 (44) 2005 France 54 119.3 800 mg 12 — High
Courteix et al. 2 (44) 2005 France 31 119.3 800 mg 12 — High
Dibba et al. (45) 2000 Gambia 160 124 714.3 mg 12 21.09 High
Ekbote et al. (46) 2011 India 58 33 357.1 mg 12 21.96 High
Iuliano-Burns et al. 1 (47) 2003 Australia 34 106 434 mg 9 20.08 High
Iuliano-Burns et al. 2 (47) 2003 Australia 32 106 434 mg 9 0.27 High
Lloyd et al. (48) 1993 United States 94 143 500 mg 18 20.23 High
Nowson et al. (49) 1997 Australia 56 168 1000 mg 18 20.9 High
Pettifor et al. (50) 1981 South Africa 60 121 500 mg 3 21.09 Medium
Specker and Binkley 1 (51) 2003 United States 90 48 714.3 mg 12 0 High
Specker and Binkley 2 (51) 2003 United States 88 39 714.3 mg 12 20.15 High

Iodine
Zimmerman et al. 1 (52) 2007 Albania 310 137 400 mg2 6 21.13 Medium
Zimmerman et al. 2 (52) 2007 South Africa 188 110 200 mg3 6 20.54 Medium

Vitamin A
Fawzi et al. 1 (53) 1997 Sudan 2166 24 to ,364 200,000 IU 17 — High
Fawzi et al. 2 (53) 1997 Sudan 2033 36 to ,484 200,000 IU 17 — High
Fawzi et al. 3 (53) 1997 Sudan 1975 48 to ,604 200,000 IU 17 — High
Fawzi et al. 4 (53) 1997 Sudan 1756 60 to ,724 200,000 IU 17 — High

(Continued)
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extractable baseline height data. The daily dose of iron
ranged from 10 to 286 mg/d. In 2 studies, the daily dose
of iron could not be determined because administration of
the mineral was based on body weight (10, 14). The
duration of supplementation lasted from 1 to 12 mo.

Effect sizes for change in height were calculated from 17
datasets (n = 14 studies) and ranged from20.30 to 0.89 (Fig-
ure 2A). There was significant heterogeneity (P = 0.003). The
overall standard mean effect was not statistically significant
(0.10; 95% CI: 20.04, 0.24) (Figure 2A). Sensitivity analyses
excluding studies in which no children were stunted (0.13;
95% CI: 20.24, 0.51) and in which serum hemoglobin was
$110 g/L (0.27; 95% CI: 20.13, 0.67) did not alter the con-
clusions. Baseline HAZ (r = 20.34; P = 0.22), age (r = 0.20;
P = 0.46), study length (r =20.41; P = 0.10), dose (r =20.03;
P = 0.91), and hemoglobin (r = 20.15; P = 0.60) were not
predictors of the effect size (Supplemental Figure 2A–E).

Zinc. We identified 17 studies that examined the effect of
zinc on height. The majority of included studies were con-
ducted in LMICs located in South Asia (n = 2), Africa
(n = 2), the Middle East (n = 4), and Latin America or
the Caribbean (n = 3). The number of subjects in each study
ranged from 18 to 421, with mean ages of subjects ranging
from 27 to 169 mo. At baseline, 74% of datasets had HAZ
scores <21, and 8 of the 17 study populations had HAZ
scores <22. One study (38) did not have extractable base-
line height data for children aged $24 mo. The daily dose
of zinc ranged from 5 to 40 mg/d for 2 to 12 mo.

Effect sizes for change in height were calculated from 19
datasets (n = 17 studies) and ranged from 20.16 to 0.97
(Figure 2B). The majority of datasets (89%) had a positive
effect size, and the overall standard mean effect was statisti-
cally significant (0.15; 95% CI: 0.06, 0.24) (Figure 2B). Sen-
sitivity analyses excluding studies in which no children were
stunted (0.49; 95% CI: 0.19, 0.79) and in which serum zinc
was >12 mmol/L (0.13; 95% CI: 0.02, 0.24) did not alter
the conclusions. The regression model showed a significant

negative relation (r =20.51; P = 0.03) between baseline HAZ
and effect size for height gain (Figure 3A). Baseline age
(r = 0.17; P = 0.48), study length (r = 20.11; P = 0.65),
dose (r = 0.09; P = 0.72), and serum zinc (r = 0.19;
P = 0.56) were not predictors of the effect size (Figure 3B–E).

Calcium. A total of 12 studies contributed 16 data sets. Three
of the studies were conducted in LMICs located in South Asia
(n = 1) and Africa (n = 2). The remaining studies were con-
ducted in high-income countries, including 2 in the United
States, 4 in Australia, 2 in Switzerland, and 1 in France. The
number of subjects in each study ranged from 31 to 174,
with mean ages of subjects ranging from 33 to 168 mo.
Four studies enrolled both boys and girls, 6 studies enrolled
only girls, and 2 enrolled only boys. At baseline, 3 of 8
study populations had HAZ scores <21, and no population
had HAZ scores <22. There was insufficient data to
calculate baseline HAZ in the study by Courteix et al. (44).
The daily dose of calcium ranged from 357 to 1200 mg/d
for 3 to 24 mo.

Effect sizes for change in height ranged from 20.37 to
0.61 (Figure 2C). The overall standard mean effect was not
statistically significant (0.03; 95% CI: 20.09, 0.14) (Figure
2C). Sensitivity analyses excluding studies in which dietary
intake was $400 mg/d did not alter the conclusions
(20.08; 95% CI: 20.35, 0.18). Baseline HAZ (r = 0.33;
P = 0.25), age (r = 0.29; P = 0.08), study length (r = 20.29;
P = 0.27), dose (r =20.07; P = 0.79), and baseline dietary cal-
cium (r = 0.14; P = 0.63) were not predictors of the effect size
(Supplemental Figure 3A–E).

Iodine. Two studies that examined the impact of iodine sup-
plementation on linear growth were identified. One study
contributing 2 data sets was included in the meta-analysis.
The data were obtained from studies conducted in Albania
and South Africa, both LMICs. The number of subjects
was 188 and 310, with mean ages 110 and 137 mo,
respectively. Both studies had a baseline mean HAZ >22,

TABLE 1 (Continued )

Study Year Country Subjects, n
Mean initial
age, mo Dose Duration, mo

Mean
initial HAZ Quality

Fawzi et al. 5 (53) 1997 Sudan 2079 .604 200,000 IU 17 — High
Fawzi et al. 6 (53) 1997 Sudan 1991 24 to ,364 200,000 IU 17 — High
Fawzi et al. 7 (53) 1997 Sudan 2023 36 to ,484 200,000 IU 17 — High
Fawzi et al. 8 (53) 1997 Sudan 1985 48 to ,604 200,000 IU 17 — High
Fawzi et al. 9 (53) 1997 Sudan 1875 60 to ,724 200,000 IU 17 — High
Fawzi et al. 10 (53) 1997 Sudan 2120 .604 200,000 IU 17 — High
Hadi et al. 1 (54) 2000 Indonesia 377 $244 206,000 IU 24 — Medium
Hadi et al. 2 (54) 2000 Indonesia 2263 $244 206,000 IU 24 — Medium
Lin et al. (55) 2009 China 86 37 100,000 IU 3 20.46 High
Mwanri et al. 1(19) 2000 Tanzania 68 131 5000 IU 3 22.13 High
Mwanri et al. 2 (19) 2000 Tanzania 68 127 5000 IU 3 21.39 High
Yang et al. (56) 2002 China 63 48 667 IU 12 21.55 High

1 bw, body weight; HAZ, height-for-age z score; IU, international unit.
2 Single dose.
3 Two doses delivered 3 mo apart.
4 Age range.
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TABLE 2 Baseline study characteristics of multiple-micronutrient, protein, and food-based interventions in children $2 y of age1

Study Year Country Subjects, n
Mean initial
age, mo Form

Duration,
mo

Mean
initial HAZ Quality

Multiple micronutrient
Ash et al. (57) 2003 Tanzania 750 120 5.4 mg Fe, 1750 IU vitamin A, 45 μg I,

5.25 mg Zn, 72 mg vitamin C,
0.6 mg riboflavin, 0.15 mg folic
acid, 3 μg vitamin B-12, 0.7 mg
pyridoxal, 10.5 mg vitamin E

6 22.1 Medium

Hall et al. (58) 2007 Vietnam 1080 83 Biscuits fortified with 18 vitamins
and minerals; supplemented
food provided 1400 IU retinol,
60 μg I, 5 mg Fe, 6 mg Zn

17 21.47 Low

Hettiarachchi et al. (16) 2008 Sri Lanka 380 159 50 mg Fe, 14 mg Zn 6 21.08 Medium
Hyder et al. (59) 2007 Bangladesh 837 144 7 mg Fe, 1296 IU vitamin A, 75 μg I,

7.5 mg Zn, 120 mg vitamin C,
0.91mg riboflavin, 120 μg folic acid,
1 μg vitamin B-12, 1 mg vitamin
B-6, 10 mg vitamin E, 5 mg niacin

12 21.97 High

Vinod Kumar and
Rajagopalan (60)

2006 India 159 90 3,000 IU vitamin A, 1 mg vitamin
B-12, 1 mg Ca, 15 mg niacin,
1 mg pyridoxal, 100 μg folic
acid, 1 μg vitamin B-12, 30 IU
vitamin E, 30 mg vitamin C,
10 mg Fe, 250 mg lysine

9 21.23 Low

Lopriore et al. (61) 2004 Algeria 209 50 1000 mg Ca, 1134 mg K, 635 mg P,
156 mgMg, 42 mg Fe, 41 mg Zn,
2 mg Cu, 2000 μg vitamin A,
50 μg vitamin D, 20mg vitamin E,
125 mg vitamin C, 4 mg
thiamin, 4 mg riboflavin, 4 mg
pyridoxal, 4 μg vitamin B-12,
500 μg folate, 25 mg
pantothenic acid, 60 mg niacin

6 22.85 Medium

Manger et al. (62) 2008 Thailand 563 111 5 mg Fe, 5 mg Zn, 50 μg I, 270 μg
vitamin A

7 21 High

Muthayya et al. (63) 2009 India 277 104 500 μg vitamin A, 0.9 mg
riboflavin, 1 mg pyridoxal, 1.8 μg
vitamin B-12, 300 μg folate,
227.1 mg vitamin C, 231 mg Ca,
100 μg I, 18 mg Fe, 10.5 mg Zn,
0.93 g a-linolenic acid, 0.10 g
docosahexaenoic acid

12 21.32 High

Mwanri et al. (19) 2000 Tanzania 68 143 5,000 IU vitamin A, 200 mg Fe 3 21.9 High
Ronaghy et al. (32) 1969 Iran 30 156 10 g dried egg white, 6,000 IU

vitamin A, 500 IU vitamin D, 50 IU
a-tocopherol, 2mg thiamin, 2.5mg
riboflavin, 25 mg niacin, 20 mg
panthothenic acid, 0.3 mg biotin,
4 mg pyridoxal, 10 μg vitamin
B-12, 90 mg vitamin C, 0.1mg folic
acid, 100 mg Ca, 100 mg Fe,
5 mg Mn, 0.1 mg Co, 1.1 mg Cu,
0.15 Cr, 2 mg Mb, 0.5 mg Ni,
0.1 mg Se, 0.15 mg I, 1 mg F

20 22.96 Low

Ronaghy et al. (33) 1974 Iran 25 156 6,000 IU vitamin A, 500 IU vitamin D,
50 IU vitamin E, 2 mg thiamin,
2.5 mg riboflavin, 25 mg niacin,
20 mg panthothenic acid, 0.1 mg
folic acid, 0.3 mg biotin, 4 mg
pyridoxal, 10 μg vitamin B-12,
90 mg vitamin C, 100 mg Ca,
120mgMg, 100mg Fe, 5mgMn,
0.1 mg Co, 40 mg Zn, 1.1 mg Cu,
0.15 mg Cr, 2 mg Mb, 0.5 mg Ni,
0.1 mg Se, 0.15 mg I, 1 mg F

5 22.74 Low

(Continued)
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with 1 study having a mean HAZ <21. Supplemental iodine
was delivered as iodized oil in one large bolus (400 mg) or 2
smaller doses (200 mg every 3 mo). The duration of both
studies was 6 mo.

Effect sizes for change in height were calculated from 2
datasets (n = 1 study) and were 0.00 and 0.11 (Figure 2D).
The overall standard mean effect was not statistically

significant (0.07; 95% CI:20.10, 0.25) (Figure 2D). Because
of limited data, effect modification by baseline HAZ, age,
and study length was not examined.

Vitamin A. We identified 5 studies that assessed the effect of
vitamin A on linear growth. The studies contributed 16 da-
tasets for analysis. The studies were conducted in Sudan

TABLE 2 (Continued )

Study Year Country Subjects, n
Mean initial
age, mo Form

Duration,
mo

Mean
initial HAZ Quality

Rosado et al. (34) 1997 Mexico 96 29 20 mg Fe, 20 mg Zn 12 21.65 High
Sarma et al. (64) 2006 India 695 122 7.3 g protein, 2 g fat, 576 mg Ca,

14 mg Fe, 1.6 mg riboflavin,
2 mg pyridoxal, 1 μg vitamin
B-12, 200 μg folic acid, 80 mg
vitamin C, 400 μg vitamin A,
2.5 μg vitamin D, 0.7 mg
thiamin, 0.9 mg niacin, 75 μg I,
2.3 mg Zn

14 20.62 High

Shatrugna et al. (65) 2006 India 184 138 14 mg Fe, 1.6 mg riboflavin, 2 mg
pyridoxal, 1 μg vitamin B-12,
200 μg folic acid, 80 mg
vitamin C, 400 μg vitamin A,
2.5 μg vitamin D, 0.7 mg
thiamin, 0.9 mg niacin, 400mg Ca,
75 μg I, 2.3 mg Zn

14 20.86 High

Solon et al. (66) 2003 Philippines 831 119 4.8 mg Fe, 700 IU vitamin A, 48 μg I,
3.75 mg Zn, 75 mg vitamin C,
0.46 mg riboflavin, 0.06 mg folic
acid, 0.5 μg vitamin B-12, 0.5 mg
pyridoxal, 2.5 mg vitamin E,
2.5 mg niacin

4 21.81 Medium

Zadik et al. (67) 2004 Israel 37 173 10 mg Fe, 11 mg Zn, 10,000 IU
vitamin A

6 22.65 Medium

Zadik et al. (68) 2010 Israel 37 77 12 mg Fe, 6,000 IU vitamin A 6 22.75 Medium
Protein
Grillenberger et al. 1 (69) 2003 Kenya 178 91 Ground beef added to githeri 24 21.4 Medium
Grillenberger et al. 2 (69) 2003 Kenya 190 88 Cow milk 24 21.3 Medium
Kabir et al. (70) 1998 Bangladesh 69 33 Protein-supplemented diet 1 21.87 Low
Lampl et al. 1 (71) 1978 New Guinea 45 124 Skim milk powder added to diet 8 23.85 Low
Lampl et al. 2 (71) 1978 New Guinea 41 124 Skim milk powder added to diet 8 23.95 Low
Larnkjær et al. 1 (72) 2014 Denmark 61 161 Skim milk 3 0.84 High
Larnkjær et al. 2 (72) 2014 Denmark 53 161 Casein protein 3 0.78 High
Larnkjær et al. 3 (72) 2014 Denmark 59 160 Whey protein 3 0.89 High
Malcolm 1 (73) 1970 New Guinea 43 94 Skim milk powder 2 23.75 Low
Malcolm 2 (73) 1970 New Guinea 66 97 Skim milk powder 3 23.64 Low
Pereira et al. (74) 1969 India 35 42 Rice supplemented with lysine

and threonine
6 22.07 Medium

Pereira et al. 1 (75) 1973 India 63 42 Rice supplemented with lysine
and threonine

6 22.22 Low

Pereira et al. 2 (75) 1973 India 46 42 Wheat supplemented with lysine 6 21.88 Low
Food
Alarcon et al. (76) 2003 Philippines

and
Taiwan

91 49 Pediasure (Abbott Laboratories) 3 21.38 Low

Grillenberger et al. (69) 2003 Kenya 246 87 Fat added to githeri 24 21.35 Medium
Malcolm (73) 1970 New Guinea 57 126 5 meals of taro and sweet potato

instead of 3
3 23.6 Low

Maleta et al. (77) 2004 Malawi 61 51 RTUF (high in micronutrient) or
maize or soy flour

23 23.1 Low

Prasad Mp et al. 1 (78) 2016 India 137 134 Sorghum supplementation 8 21.64 Low
Prasad Mp et al. 2 (78) 2016 India 125 119 Sorghum supplementation 8 21.2 Low

1 HAZ, height-for-age z score; RTUF, ready to use food; IU, international unit.
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FIGURE 2 Forest plots of the effect on linear growth of single micronutrient interventions in children $2 y of age. Data derived from
systematic literature review of nutrient interventions administered after age 2 y. (A) Iron. (B) Zinc. (C) Calcium. (D) Iodine. (E) Vitamin A.
Fixed, fixed-effects model; IV, inverse variance; random, random-effects model; std., standard.
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(53), Tanzania (19), China (55, 56), and Indonesia (54). The
study in Sudan (53) was stratified by age group and sex, the
study in Tanzania (19) had 2 treatment groups, and the study
in Indonesia (54) was stratified by breastfeeding status. The
number of subjects in each study ranged from 63 to 2166,
with mean ages of subjects ranging from 2 to 12 y. A majority
(75%) of the study populations had a baseline HAZ <21, of
which 1 study population had HAZ <22. The study by Fawzi
et al. (53) did not provide sufficient data to calculate baseline
HAZ for the stratified sex and age groups. The dose of vita-
min A ranged from 5000 to 206,000 international units,
and duration of supplementation lasted from 3 to 17 mo.
Larger doses ($100,000 international units) were adminis-
tered with larger time intervals between doses (monthly to bi-
annually); whereas smaller vitamin A supplements were
administered more frequently (3 d/wk to weekly).

Effect sizes for change in height were calculated from 16
datasets (n = 5 studies) and ranged from 20.19 to 0.87 (Fig-
ure 2E). There was significant heterogeneity (P = 0.007). One
dataset by Mwanri et al. (19) was identified as a potential out-
lier because of its effect size being 3 times higher than that of
the next largest effect size. The overall standardized mean ef-
fect was statistically significant with (0.05; 95% CI: 0.01, 0.09)
and without (0.04; 95% CI: 0.01, 0.07) the outlier (Figure 2E).
Baseline HAZ (r =20.62; P = 0.38), age (r = 0.83; P = 0.17),
and study duration (r =20.43; P = 0.10) were not predictors
of effect size for height gain (Supplemental Figure 4A–C).

MMs. Seventeen trials were identified. All studies were con-
ducted primarily in LMICs: 3 in Africa, 3 in East Asia and
the Pacific, 4 in the Middle East, 6 in South Asia, and 1 in Latin
America and the Caribbean. The number of subjects in each
study ranged from 25 to 1080, with mean ages of subjects rang-
ing from 29 to 173 mo. At baseline, 14 study populations had a
mean HAZ <21, of which 6 had a mean HAZ <22. MM in-
terventions were administered as either supplements (e.g., pills)
or fortified foods and beverages. The composition and dose of
the MM supplements varied among studies. All interventions
contained iron, whereas the inclusion of zinc (76.5%),
vitamin A (88.2%), calcium (41.2%), and iodine (52.9%) was
more variable. The duration of supplementation ranged from
3 to 20 mo.

The effect sizes for change in height ranged from 20.14
to 2.56 (Figure 4A). The majority of datasets (94%) had a
positive effect size, and 7 were statistically significant. There
was significant heterogeneity (P < 0.00001). The studies by
Zadik et al. (67, 68) and Ronaghy et al. (33) were identified
as possible outliers because of extreme effect sizes. The over-
all weighted mean effect was 0.26 (95% CI: 0.13, 0.39) and
0.15 (95% CI: 0.06, 0.24) with and without the potential
outliers, respectively. Excluding studies in which no children
were stunted at baseline did not alter these conclusions
(0.96; 95% CI: 0.46, 1.46). The regression model showed a
significant negative relation (r = 260; P = 0.0117) between

FIGURE 3 Relation between potential sources of heterogeneity
and the standard mean effect of zinc intervention on linear
growth in children$2 y of age. (A) Baseline HAZ was a significant
predictor of the effect size (r = 20.51; P , 0.05). (B) Age (r = 0.17;
P . 0.05), (C) study duration (r = 20.11; P . 0.05), (D) dose
(r = 0.09; P . 0.05), and (E) serum zinc (r = 0.19; P . 0.05) were

not predictors of the effect size. Each point represents one study
estimate. HAZ, height-for-age z score.
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baseline HAZ and effect size for height gain (Figure 5A).
Age (r = 0.45; P = 0.067) and study length (r = 20.14;
P = 0.6) were not predictors of the effect size for height
gain (Figure 5B–C).

Protein. A total of 7 protein-based intervention trials that
provided data to calculate an effect on linear growth were
identified. Five studies contained multiple treatment
groups, each providing either 2 (69, 73, 75) or 3 data sets
(72). A majority of the studies were conducted in LMICs,

including 1 in Africa, 2 in East Asia and the Pacific, and 3
in South Asia. The number of subjects in each study
ranged from 35 to 190, with mean ages of subjects ranging
from 33 to 161 mo. At baseline, 10 study populations
had a mean HAZ of <21, of which 6 had a mean HAZ
<22. Protein supplements were administered as either
meat (69), cow milk (liquid or powder) (69, 71–73),
amino acid–supplemented rice or wheat (74, 75), casein
(72), whey (72), or high-protein diets (70). The duration
of supplementation ranged from 0.69 to 24 mo.

TABLE 3 Summary estimates of the weighted mean effect sizes (95% CIs) for each nutritional intervention

Outcome Iron Zinc Calcium Iodine
Vitamin

A MM1 Protein Food

n 1953 1966 1175 498 22,928 6258 939 717
Linear growth 0.10

(20.04, 0.24)
0.15

(0.06, 0.24)
0.03

(20.09, 0.14)
0.07

(20.10,0.25)
0.05

(0.01, 0.09)
0.26

(0.13, 0.39)
0.68

(0.30, 1.05)
0.19

(20.28, 0.66)
1 MM, multiple micronutrient.

FIGURE 4 Forest plots of the
effect on linear growth of
multiple-micronutrient,
protein, and food-based
interventions in children $2 y
of age. Data derived from
systematic literature review of
nutrient interventions
administered after age 2 y. (A)
Multiple micronutrient. (B)
Protein. (C) Food-based. Fixed,
fixed-effects model; IV, inverse
variance; MM, multiple
micronutrient; random,
random-effects model; std.,
standard.
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The effect sizes for change in height ranged from20.05 to
2.09 (Figure 4B). The majority of datasets (85%) had a posi-
tive effect size, but only 5 were statistically significant. There
was significant heterogeneity (P < 0.00001). The data sets ex-
tracted from Lampl et al. (71), Malcolm (73), and 1 data set
from Kabir et al. (70) were possible outliers because of the
large effect size. The overall weighted mean effect was 0.68
(95% CI: 0.30, 1.05) and 0.13 (95% CI: 20.03, 0.29) with
and without the potential outliers, respectively. Excluding
studies in which no children were stunted at baseline did
not alter the conclusions (1.21; 95%CI: 0.53, 1.88). The regres-
sion model showed a significant negative relation (r = 20.80;
P = 0.001) between baseline HAZ and effect size for height
gain (Figure 6A). Age (r = 20.02; P = 0.94) and study length
(r = 20.29; P = 0.34) were not predictors of the effect size for
height gain (Figure 6B–C).

Food-based intervention. Sufficient data were available
from 6 data sets from 5 studies (69, 73, 76–78) for calcula-
tion of the effect of food-based supplementation on height.
All of the studies were conducted in LMICs, including 2 in
Africa, 1 in East Asia and the Pacific, and 1 in South Asia.
The number of subjects in each study ranged from 57 to
246, with mean ages of subjects ranging from 49 to 134
mo. At baseline, all study populations had a HAZ score
<21, of which 33% had a HAZ score of <22. Food-based
supplements were delivered in many forms including
Pediasure (Abbott Laboratories) (76), fat (69), ready-to-

use therapeutic food (77), additional meals (73), or the
addition of sorghum to the diet (78).

The effect sizes for change in height ranged from 20.83
to 0.72 (Figure 4C). There was significant heterogeneity
(P < 0.001). The overall weighted mean effect was not statis-
tically significant (0.19; 95% CI: 20.28, 0.66) (Figure 4C).
Furthermore, excluding studies in which no children were
stunted at baseline did not alter the conclusions (0.31; 95%
CI: 20.32, 0.94). Baseline HAZ (r = 20.11; P = 0.84), age
(r = 20.28; P = 0.59) and study length (r = 20.23; P = 0.66)
were not predictors of the effect size for height gain (Supple-
mental Figure 5A–C).

Discussion
This systematic review and meta-analysis was conducted to
investigate the impact of nutrition-based interventions on lin-
ear growth in children aged$2 y. A few notable observations
may have programmatic implications. Specifically, interven-
tions containing iron, calcium, or iodine or those providing
food do not improve linear growth, whereas interventions
containing zinc (0.15; 95% CI: 0.06, 0.24), vitamin A (0.05;
95% CI: 0.01, 0.09), MMs (0.26; 95% CI: 0.13, 0.39), or pro-
tein (0.68; 95% CI: 0.30, 1.05) had a significant positive effect
on height. A range of sensitivity analyses with the use of dif-
ferent assumptions for the SD for the change in height did not
alter these conclusions (Supplemental Table 1).

Several observational studies have reported associations
between iron-deficiency anemia and impaired linear growth

FIGURE 5 Relation between potential sources of heterogeneity and the standard mean effect of multiple-micronutrient interventions
on linear growth in children $2 y of age. (A) Baseline HAZ was a significant predictor of the effect size (r = 20.60; P , 0.05). (B) Age
(r = 0.45; P . 0.05) and (C) study duration (r = 20.14; P . 0.05) were not predictors of the effect size. Each point represents 1 study
estimate. HAZ, height-for-age z score.

FIGURE 6 Relation between potential sources of heterogeneity and the standard mean effect of protein interventions on linear
growth in children $2 y of age. (A) Baseline HAZ was a significant predictor of the effect size (r = 20.80; P , 0.05). (B) Age (r = 20.02;
P . 0.05) and (C) study duration (r = 20.29; P . 0.05) were not predictors of the effect size. Each point represents 1 study estimate.
HAZ, height-for-age z score.
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that may stem from impaired immunity, appetite, and thy-
roid hormone metabolism (18, 79, 80). As such, the impact
of iron supplementation on linear growth has been the sub-
ject of a number of systematic reviews and meta-analyses
(81–83). The review by Ramakrishnan et al. (81) restricted
their analysis to children <5 y old, which excludes a large
number of trials included in this study. Three systematic re-
views examined iron-supplementation trials conducted in
all children (aged <18 y) and did not identify a statistically
significant effect on linear growth (82–84). Despite method-
ological differences, our findings were consistent with those
of earlier reviews. When we excluded studies with normal
hemoglobin, the effect size increased (0.10 compared with
0.27) but did not reach statistical significance (11, 12, 15,
19, 21). Our study further contributes to the growing
body of evidence suggesting that iron is ineffective at pro-
moting linear growth.

Zinc is an essential transition metal that plays a critical role
in normal linear growth via mechanisms involving growth-
hormone release, insulin-like growth factor I, chondrogenesis,
collagen synthesis, osteoblast function, and calcification of
bone (85). Thus, it is no surprise that moderate-to-severe
zinc deficiency in children depresses growth and skeletal mat-
uration (85). For this reason, the effect of zinc supplementation
on linear growth has been the topic of several meta-analyses
(2, 81, 86–88). In contrast to our study, the systematic reviews
by Ramakrishnan et al. (81), Stammers et al. (86), and Das
et al. (87) reported no significant effect of zinc supplementa-
tion on height; however, it is not appropriate to compare our
review and the aforementioned studies because of consider-
able variability in inclusion criteria. Our findings confirm
those of Brown et al. (88) who found a statistically significant
positive effect (0.35; 95% CI: 0.19, 0.51) of zinc supplementa-
tion on linear growth in children aged <12 y. Interestingly, this
systematic review reported a weighted mean effect size that
was 2-fold higher than the standard mean difference of our re-
view (0.35 compared with 0.15), likely a consequence of differ-
ing inclusion criteria and statistical techniques. Only baseline
HAZ was a significant inverse predictor of the effect of zinc
supplementation on height. We also did not find any evidence
that linear growth was more responsive to zinc supplementa-
tion in individuals with baseline serum zinc #12 mmol/L.
However, the small number of trials with baseline zinc defi-
ciency likely limited this analysis (16, 26, 28, 38, 39). Collec-
tively, our study suggests that zinc supplementation after age
24 mo will have a positive effect on linear growth, principally
in stunted children.

Bone is the principal reservoir for body calcium, where it
is stored as a component of hydroxyapatite. Calcium defi-
ciency will induce bone resorption, which may impair linear
growth. The majority of the studies included in this analysis
measured height secondary to bone outcomes, the primary
variable of interest. It is also likely that baseline calcium in-
take can influence the effect of calcium supplementation on
height; however, few studies included in this review had a
low baseline calcium intake (<400 mg/d) (45, 46), which
limits our ability to assess effect modification by baseline

status. Overall, our findings confirm those of Winzenberg
et al. (89), who found no significant effect of calcium sup-
plementation on linear growth in children aged <18 y. Taken
together, there is no evidence to support the use of calcium
supplements in children$2 y of age as a public health strat-
egy to reduce stunting.

Iodine deficiency remains a major public health problem,
despite successful strategies to prevent deficiency (e.g., fortifi-
cation of salt). Iodine is an essential component of thyroid hor-
mones that are required for skeletal growth (90). There were
few studies that met our inclusion criteria. One study that pro-
vided 2 datasets was included in the meta-analysis, which
showed no effect of iodine supplementation on linear growth.
The sparsity of randomized, placebo-controlled iodine inter-
vention trials is a limitation of this analysis, and the conclu-
sions that can be made regarding the impact of iodine
supplementation in children $2 y of age on height remain
limited.

Vitamin A is essential for growth, and clinical vitamin A de-
ficiency has been linked to poor growth performance (91).
Supplemental vitamin A is thought to promote growth by re-
ducing infection and diarrhea, both predictors of growth falter-
ing. Our results suggest that vitamin A supplementation does
have an effect on linear growth in children $2 y of age. Our
findings contradict those of 2 meta-analyses by Ramakrishnan
et al. (84, 81) in which the authors conclude that vitamin A
supplementation does not have a positive effect on height
gain. These conflicting findings likely stem from different in-
clusion criteria, because the reviews by Ramakrishnan et al.
(81, 84) included children aged <2 y. Taken together, the evi-
dence suggests that vitamin A supplementation may be a strat-
egy to address linear-growth faltering in children.

Nutrient deficiencies are unlikely to occur in isolation;
thus, MM supplementation has been promoted as a more
holistic strategy to address malnutrition and stunting. Inter-
estingly, our findings (0.26; 95% CI: 0.13, 0.39) were nearly
identical to the effect of MM interventions reported in a
meta-analysis of four studies conducted by Ramakrishnan
et al. (84) (0.28; 95% CI: 0.16, 0.41). However, in a subse-
quent review by Ramakrishnan et al. (81), the effect of
MMs on height in children aged <5 y was considerably
smaller, although the results remained statistically signifi-
cant (0.09; 95% CI: 0.01, 0.17). Similar to zinc, baseline
HAZ was a significant predictor of the effect of MM supple-
mentation on height. It is important to note that the studies
by Zadik et al. (67, 68) and Ronaghy et al. (33) had individ-
ual effect sizes that were considerably higher than the other
included studies. A possible explanation for the large effect
sizes is that the subjects in the studies by Zadik et al. (67,
68) were diagnosed with constitutional delay of growth
and puberty and born small-for-gestational age, respectively,
whereas the subjects in the study by Ronaghy et al. (33) were
malnourished. Excluding these studies from our analysis re-
duced the overall standardized mean effect size (0.15; 95%:
CI: 0.06, 0.24), but it remained statistically significant. Over-
all, our results are consistent with previous meta-analyses
and provide evidence in support of MM supplementation
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after age 24 mo as a strategy to promote linear growth dur-
ing childhood.

It is well documented that severe protein malnutrition in
children mechanistically drives linear growth retardation
through a reduction of insulin-like growth factor I (92).
The results of our review suggest a statistically significant pos-
itive effect of protein supplementation on linear growth in
children $2 y of age. Baseline HAZ was a significant inverse
predictor of the effect of protein supplementation on height.
The studies by Lampl et al. (71), Malcolm (73), and Kabir
et al. (70) had individual effect sizes that were nearly double
that of the next highest effect, and excluding those studies
from our analysis substantially reduced the overall standard-
ized mean effect size (0.13; 95% CI: 20.03, 0.29). The sub-
jects in the studies by Lampl et al. (71) and Malcolm (73)
were severely stunted (HAZ <23) at baseline and had a defi-
ciency of 14–25 g protein/d, whereas those in the study by
Kabir et al. (70) were recovering from shigellosis infection,
whichmay explain the large effect of protein supplementation
on linear growth. Nonetheless, we believe that the studies
should remain in the meta-analysis because they both repre-
sent situations in which protein malnutrition would be pre-
sent. Overall, our findings provide evidence in support of
protein-based interventions after age 24 mo as an effective
strategy to address stunting, especially in children who are se-
verely stunted.

Growth faltering is also associated with overall poor diet
quality that includes low intake of animal foods and high in-
takes of foods that contain inhibitors that impede the bio-
availability of nutrients essential for growth. However, the
results from our systematic review suggest that food interven-
tions are ineffective at improving linear growth. This analysis
is limited by the small number of studies (n = 6) and suffered
from significant heterogeneity, which is to be expected be-
cause food-based interventions can take many forms. Addi-
tional well-designed trials are warranted to truly elucidate
the growth-promoting potential of food-based interventions.

This review highlights several limitations of the extant lit-
erature. Approximately half of the included trials were of
medium-to-low quality as assessed by Jadad scoring. How-
ever, influence analyses, or the effect of omitting single stud-
ies, did not reveal an overwhelming effect of any single trial,
suggesting that no one study was influencing the results. A
second limitation is the duration of interventions and length
of follow-up of the included studies. Stunting is indicative of
long-term nutritional status; the short duration of most
trials (#12 mo) may have corrected the nutritional defi-
ciency but may not have been sufficiently long enough to
observe a significant effect on height. Future intervention
trials should have longer durations and/or include extended
periods of subject follow-up. It is also worth noting that the
inclusion of females >16 y and males >18 y of age may have
reduced the potential impact of intervention effect because
of the cessation of linear growth after the pubertal growth
spurt. Across studies included in this review, the oldest
mean age of subjects was 14 y. Furthermore, the studies re-
ported that children aged >13 y showed no evidence of

puberty, had recently reached menarche, or had not completed
pubertal development as assessed by Tanner stages. Thus, the
inclusion of older children is unlikely to have influenced our
results. Lastly, consistent data on baseline nutritional status
of subjects were available only for iron, zinc, and calcium inter-
ventions. Restricting our analysis to subjects deficient in the re-
spective nutrient did not alter our conclusions but may have
been limited by the small number of studies with baseline de-
ficiency. Ultimately, our ability to draw conclusions regarding
conditions that are more responsive to nutritional interven-
tions is limited by a lack of extractable data and represents a
critical gap that should be addressed in future trials.

In conclusion, this review indicates that nutritional inter-
ventions, namely zinc, vitamin A, MMs, and protein, delivered
to children $2 y of age have the potential to improve linear
growth, particularly in children who have experienced growth
failure. The results suggest that the window of opportunity to
address stunting does not completely close at 2 y of age.
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