PLOS MEDICINE

Check for
updates

G OPEN ACCESS

Citation: Lin L, Amissah E, Gamble GD, Crowther
CA, Harding JE (2020) Impact of macronutrient
supplements on later growth of children born
preterm or small for gestational age: A systematic
review and meta-analysis of randomised and
quasirandomised controlled trials. PLoS Med
17(5): €1003122. https://doi.org/10.1371/journal.
pmed.1003122

Academic Editor: Lars Ake Persson, London
School of Hygiene and Tropical Medicine, UNITED
KINGDOM

Received: October 23,2019
Accepted: April 23, 2020
Published: May 26, 2020

Copyright: © 2020 Lin et al. This is an open access
article distributed under the terms of the Creative
Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in
any medium, provided the original author and
source are credited.

Data Availability Statement: Data and associated
documentation are available to other users under
the data sharing arrangements provided by the
Maternal and Perinatal Research Hub, based at the
Liggins Institute, University of Auckland (https://
wiki.auckland.ac.nz/pages/viewpage.action?
pageld=112776383). The data dictionary and
metadata are available at doi:10.17608/k6.
auckland.12128136. Researchers are able to use

RESEARCH ARTICLE

Impact of macronutrient supplements on
later growth of children born preterm or small
for gestational age: A systematic review and
meta-analysis of randomised and
quasirandomised controlled trials

Luling Lin, Emma Amissah
E. Harding® *

, Gregory D. Gamble(, Caroline A. Crowther), Jane

Liggins Institute, University of Auckland, Auckland, New Zealand

* j.harding@auckland.ac.nz

Abstract

Background

Nutritional supplements may improve short-term growth of infants born small (preterm or
small for gestational age), but there are few data on long-term effects and concerns that
body composition may be adversely affected. Effects also may differ between girls and
boys. Our systematic review and meta-analysis assessed the effects of macronutrient sup-
plements for infants born small on later growth.

Methods and findings

We searched OvidMedline, Embase, Cochrane CENTRAL, and Cochrane Database of Sys-
tematic Reviews from inception to January 30, 2020, and controlled-trials.com, clinicaltrials.
gov, and anzctr.org.au on January 30, 2020. Randomised or quasirandomised trials were
included if the intention was to increase macronutrient intake to improve growth or develop-
ment of infants born small and growth was assessed after discharge. Primary outcome was
body mass index (BMI) in childhood. Data were pooled using random-effect models. Out-
comes were evaluated in toddlers (< 3 years), childhood (3 to 8 years), adolescence (9 to 18
years), and adulthood (>18 years). Forty randomised and 2 quasirandomised trials of vari-
able methodological quality with 4,352 infants were included. Supplementation did not alter
BMI in childhood (7 trials, 1,136 children; mean difference [MD] —0.10 kg/m?, [95% confi-
dence interval (Cl) —0.37 to 0.16], p = 0.45). In toddlers, supplementation increased weight
(31 trials, 2,924 toddlers; MD 0.16 kg, [0.01 to 0.30], p = 0.03) and length/height (30 trials,
2,889 toddlers; MD 0.44 cm, [0.10 t0 0.77], p=0.01), but not head circumference (29 trials,
2,797 toddlers; MD 0.15 cm, [-0.03 to 0.33], p=0.10). In childhood, there were no signifi-
cant differences between groups in height (7 trials, 1,136 children; MD 0.22 cm, [-0.48 to
0.92], p=0.54) or lean mass (3 trials, 354 children; MD -0.07 kg, [-0.98 to 0.85], p=0.88),
although supplemented children appeared to have higher fat mass (2 trials, 201 children;

PLOS Medicine | https://doi.org/10.1371/journal.pmed.1003122 May 26, 2020

1/25


http://orcid.org/0000-0002-8448-1504
http://orcid.org/0000-0002-9043-240X
http://orcid.org/0000-0003-0412-3203
http://orcid.org/0000-0002-9079-4451
http://orcid.org/0000-0003-2697-1422
https://doi.org/10.1371/journal.pmed.1003122
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pmed.1003122&domain=pdf&date_stamp=2020-05-26
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pmed.1003122&domain=pdf&date_stamp=2020-05-26
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pmed.1003122&domain=pdf&date_stamp=2020-05-26
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pmed.1003122&domain=pdf&date_stamp=2020-05-26
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pmed.1003122&domain=pdf&date_stamp=2020-05-26
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pmed.1003122&domain=pdf&date_stamp=2020-05-26
https://doi.org/10.1371/journal.pmed.1003122
https://doi.org/10.1371/journal.pmed.1003122
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://wiki.auckland.ac.nz/pages/viewpage.action?pageId=112776383
https://wiki.auckland.ac.nz/pages/viewpage.action?pageId=112776383
https://wiki.auckland.ac.nz/pages/viewpage.action?pageId=112776383
http://dx.doi.org/10.17608/k6.auckland.12128136
http://dx.doi.org/10.17608/k6.auckland.12128136

PLOS MEDICINE

Macronutrient supplement effects on later growth

this information and the provided contact address
(researchhub@auckland.ac.nz) to request a de-
identified dataset through the Data Access
Committee of the Liggins Institute. Data will be
shared with researchers who provide a
methodologically sound proposal and have
appropriate ethical approval, where necessary, to
achieve the research aims in the approved
proposal. Data requesters are required to sign a
Data Access Agreement that includes a
commitment to using the data only for the
specified proposal, not to attempt to identify any
individual participant, a commitment to secure
storage and use of the data, and to destroy or
return the data after completion of the project. The
Liggins Institute reserves the right to charge a fee
to cover the costs of making data available, if
needed, for data requests that require additional
work to prepare.

Funding: This independent research is funded in
part by a grant from the Health Research Council of
New Zealand (16/605). The funder had no role in
study design, data collection and analysis, decision
to publish, or preparation of the manuscript.

Competing interests: The authors have declared
that no competing interests exist.

Abbreviations: BMC, bone mineral content; BMD,
bone mineral density; BMI, body mass index; Cl,
confidence interval; GRADE, Grading of
Recommendations Assessment, Development and
Evaluation; IPD, individual participant data; MD,
mean difference; PRISMA, Preferred Reporting
Items for Systematic Reviews and Meta-Analyses;
RCT, randomised controlled trial; RR, relative risk;
SGA, small for gestational age; SMD, standardised
MD.

MD 0.79 kg, [0.19 to 1.38], p=0.01). In adolescence, there were no significant differences
between groups in BMI (2 trials, 216 adolescents; MD -0.48 kg/m?, [-2.05 to 1.08], p =
0.60), height (2 trials, 216 adolescents; MD -0.55 cm, [-2.95 to 1.86], p = 0.65), or fat mass
(2 trials, 216 adolescents; MD -1.3 5 kg, [-5.76 to 3.06], p = 0.55). In adulthood, there also
were no significant differences between groups in weight z-score (2 trials, 199 adults; MD
-0.11,[-0.72 10 0.50], p = 0.73) and height z-score (2 trials, 199 adults; MD —-0.07, [-0.36 to
0.22], p=0.62). In subgroup analysis, supplementation was associated with increased
length/height in toddler boys (2 trials, 173 boys; MD 1.66 cm, [0.75 to 2.58], p = 0.0003), but
not girls (2 trials, 159 girls; MD 0.15 cm, [-0.71 to 1.01], p=0.74). Limitations include consid-
erable unexplained heterogeneity, low to very low quality of evidence, and possible bias due
to low or unbalanced followup.

Conclusions

In this systematic review and meta-analysis, we found no evidence that early macronutrient
supplementation for infants born small altered BMI in childhood. Although supplements
appeared to increase weight and length in toddlers, effects were inconsistent and unlikely to
be clinically significant. Limited data suggested that supplementation increased fat mass in
childhood, but these effects did not persist in later life.

PROSPERO registration: CRD42019126918.

Author summary

Why was this study done?

o Preterm and small-for-gestational-age infants are at increased risk of poor growth.

o Nutritional supplements are often given to these infants to improve short-term growth,
but observational studies suggest that this may lead to increased risk of later overweight/
obesity.

o There are few data on long-term effects, and it is possible that they may be different in
girls and boys.

What did the researchers do and find?

« We undertook a systematic review and meta-analysis of 40 randomised clinical trials
and 2 quasirandomised trial of nutritional supplements involving 4,352 infants born
preterm or small for gestational age.

o We found that early supplements given to infants born small did not alter BMI in child-
hood but may slightly increase weight and length in toddlers and fat mass in childhood.

« None of the effects persisted after early childhood, although data are limited and quality
of evidence is low.
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What do these findings mean?

o The available evidence suggests that early nutritional supplements for infants born pre-
term or small do not alter BMI in childhood but also have little effect on growth.

« Despite large numbers of trials involving thousands of infants, there is still limited evi-
dence about the benefits and risks of early nutritional supplements after early
childhood.

Introduction

Infants born preterm or small for gestational age (SGA) are at increased risk of poor growth,
delayed development, and disability [1-4]. Preterm infants accumulate significant protein and
energy deficits during early life [5], which can cause a substantial postnatal growth failure.
Approximately 80% of preterm infants [6] and 85%-90% of SGA infants [7] attain catch-up
growth after initial growth failure, although incomplete catch-up growth is common [6], and
these children often remain considerably smaller than their full-term peers during childhood,
adolescence, and adulthood [5,6,8,9].

Further, infants born small often have significantly lower bone mineral content than those
born at term. Approximately 80% of total body bone mineral content of the fetus is acquired
in the last trimester of pregnancy, so inadequate mineral transfer from the placenta before
birth will lead to reduced bone mineral content in preterm infants [10-12]. The prevalence of
metabolic bone disease is inversely associated with birth weight and gestational age [11,12]
and may increase the risk of neonatal rickets, childhood fracture, and poor growth in child-
hood [12].

Providing preterm and SGA infants with enhanced nutrition in early life is associated with
improved short-term growth [13-18]. However, observational studies suggest there may be an
increased risk of later overweight/obesity after the period of rapid early weight gain [19-21]
and that this may contribute to increased risk of later metabolic disease, diabetes, and heart
disease in those born small [22,23]. There also is limited evidence that these effects may differ
in boys and girls [24]. Three previous systematic reviews have compared the effect of supple-
mented versus unsupplemented formula started after hospital discharge and fortified versus
unfortified breastmilk started in hospital or after hospital discharge [17,25,26]. None of these
reviews reported growth outcomes after 18 months of age, and none assessed potential sex-
specific effects.

The aims of this systematic review and meta-analysis were to assess the effects of macronu-
trient supplements in nutrition of preterm and SGA infants on later growth and bone develop-
ment after hospital discharge and to assess whether these effects differ in girls and boys.

Methods

This study is reported as per the Preferred Reporting Items for Systematic Reviews and Meta-
Analyses (PRISMA) guideline (S1 Checklist) and registered prospectively in PROSPERO (reg-
istration number CRD42019126918) (S1 Protocol).

Ethics approval was not required for this analysis of published data.
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Search strategy and selection criteria

We searched OvidMedline, Embase, Cochrane Library Central Registry of Controlled Trials,
and Cochrane Database of Systematic Reviews from inception to January 30, 2020. We also
searched for eligible ongoing trials in Current Controlled Trials (www.controlled-trials.com),
Clinical Trials (www.clinicaltrials.gov), and the Australian and New Zealand Clinical Trials
Registry (www.anzctr.org.au) on January 30, 2020. Conference abstracts were included if they
provided usable data. Search strategy and search terms are in S1 Table.

Inclusion criteria were as follows: (1) randomised controlled trials (RCTs) and quasi-RCTs
without restrictions on date of publication or language; (2) infants born preterm (<37 weeks’
gestation) or small (birth weight <2.5 kg or <10th percentile); (3) the intervention was
intended to increase intake of one or more macronutrients (protein, carbohydrate, fat, energy,
or protein/energy ratio) with the primary aim of improving growth or development (interven-
tions could be enteral, parenteral, or both; commence any time during initial hospitalisation
after birth or after discharge; and must have been provided for >1 week); and (4) reported any
of the prespecified outcomes assessed after term equivalent age (>37 weeks” postmenstrual
age) or after discharge from hospital after birth.

Studies that reported comparisons between unsupplemented and supplemented nutrition
with parenteral supplements, human breast milk supplements, formula milk, or other macro-
nutrients were eligible for inclusion. We excluded trials comparing the timing of the introduc-
tion of nutrition (early versus delayed feeding), macronutrients of different composition (e.g.,
different types of lipids or proteins), variations in intakes of micronutrients (including sodium,
potassium, calcium, phosphorous, vitamins, other minerals, amino acids, fatty acids), or
focussed on gastrointestinal development.

The primary outcome was body mass index (BMI) in childhood.

Secondary outcomes were (1) growth assessments: weight (absolute and z-scores), length or
height (absolute and z-scores), head circumference (absolute and z-scores), ponderal index,
and body composition (fat mass, lean mass, measured by bioimpedance or DEXA or skin fold
thickness or other method); (2) bone development: bone mineral content, volumetric bone
mineral density, and fractures; (3) nutrition: feeding tolerance, intake (protein, energy), appe-
tite, breastfeeding and duration; (4) death: neonatal or later death, up to the time of followup
and cause of death; (5) quality of life; (6) general health and use of healthcare resources; (7)
adverse events; and (8) cost. When data were available, the outcomes were evaluated in tod-
dlers (<3 years), childhood (3 to 8 years), adolescence (9 to 18 years), and adulthood (>18
years). However, there were no data for ponderal index, fractures, nutrition, death, quality of
life, general health and use of healthcare resources, adverse events, and cost.

Data collection and analysis

Two reviewers (LL and EA) independently screened titles and abstracts of all records identi-
fied, assessed potentially eligible full-text articles for inclusion, extracted data into a template
data extraction form, and assessed the risk of bias for included studies using Cochrane criteria
[27]. Discrepancies were resolved by discussion or with a third author (JH).

We assessed risk of bias for each key outcome using the Grading of Recommendations
Assessment, Development and Evaluation (GRADE) approach [28] and created ‘Summary of
findings’ tables using GRADEpro Guideline Development Tool [29]. If a trial reported the
same outcomes measured at different time points in childhood or beyond (>3 years), we
chose the age group with the most data for assessment of the quality of evidence. We assessed
quality of evidence for the following outcomes (GRADE outcomes): BMI in childhood, weight
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in toddlers, head circumference in toddlers, length or height in toddlers, height at >3 years,
lean mass at >3 years, and fat mass at >3 years.

Statistical analysis

We undertook meta-analyses using RevMan 5.3 [30] using random-effects models and calcu-
lated relative risks (RRs) and mean differences (MDs) with 95% confidence intervals (CIs). For
measures of bone mineralisation, we calculated standardised MDs (SMDs) with 95% Cls
because of different methods of measurement. P-values < 0.05 denoted statistical significance.
All tests were 2-tailed with no adjustment for multiple comparisons. We calculated I* and >
tests to determine statistical heterogeneity, with I* > 50% and P < 0.10 considered significant
heterogeneity. We assessed bias due to small study effects for GRADE outcomes by visual
inspection of funnel plots when there were more than 10 trials. We planned to conduct sensi-
tivity analyses for GRADE outcomes by examining only trials considered to have low risk of
selection and detection bias. We conducted subgroup analyses to explore whether the effects of
supplements differed with sex, SGA (birth weight <10th percentile), timing of supplementa-
tion (in hospital, after discharge, or both), primary feed (breastmilk or formula), or trial timing
(conducted before or after 2000) and tested for interactions for GRADE outcomes (S1 Appen-
dix). No unplanned analyses were performed.

Results

After deduplication, 8,090 records were identified. After title and abstract screening, we com-
pleted full-text screening for 281 records. We excluded 171 records that did not meet our
inclusion criteria. We included the remaining 40 RCT's and 2 quasi-RCT's (118 records) in the
qualitative analysis and 33 RCTs and 2 quasi-RCTs in the quantitative analysis (Fig 1, S2
Appendix). The included infants were born between 1972 and 2018. Three studies included
term SGA infants [31-33], and the remaining studies included preterm infants. Infants in 13
studies received supplements in hospital [34-44], in 27 studies received supplements post-
discharge [24,31,33,45-68], and in 2 studies received supplements both in hospital and post-
discharge [32,69]. Twenty-two studies were conducted up to 2000 [24,31,32,35,37,38,41,43-
45,47-52,56,60,61,66,69,70], and 20 were conducted in or after 2001 [33,34,36,39,40,42,46,53~
55,57-59,62-65,67,68,71] (S2 Table).

Risk of bias in included studies

Included studies were of variable methodological quality (Sla and S1b Fig), with around 45%
having a high risk of attribution bias because of loss to long-term followup of more than 20%.
Approximately 20% of included studies were at high risk of reporting bias because some pre-
specified outcomes were not reported [52,56,63,65,69] or the outcomes were only reported for
some selected groups [37,44]. We considered that 17% of included studies were at high risk of
performance bias because of lack of blinding of the families or clinicians. Although for many
studies, blinding was not possible, e.g., when the intervention was breastfeeding [37,38,42-44],
many did not comment on blinding of the outcome assessment. Nearly 15% of the included
studies were at high risk of other bias because of imbalance between groups at baseline
[31,32,34,57,58], different baseline data in each publication [24], or stopping early [39]. Two
studies were at high risk of selection bias because the infants were quasirandomised according
to their birth date [59] or last digit of the infant’s hospital number [70].
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Fig 1. Flow diagram for included studies.

https://doi.org/10.1371/journal.pmed.1003122.g001

Primary outcome: BMI in childhood

In childhood, there was no significant difference in BMI between supplemented and unsupple-
mented groups (7 trials [32,37,44,46,67]; 1,136 children; MD [kg/mz] —-0.10; 95% CI -0.37,
0.16; P = 0.45; Fig 2).

Secondary outcomes

BMI. There were no significant differences between supplemented and unsupplemented
groups in BMI in toddlers (6 trials [37,44,46,64]; 887 toddlers; MD [kg/mz] —-0.20; 95% CI
—0.44, 0.05; P=0.11; Fig 2) or in adolescence (2 trials [37,44]; 216 adolescents; MD [kg/m2]
-0.48; 95% CI —2.05, 1.08; P = 0.55; Fig 2).

Weight. Supplementation increased weight in toddlers (31 trials [24,31-33,36-40,42—
44,46,50-53,55,57-60,62,64-66,69,71]; 2,924 toddlers; MD [kg] 0.16; 95% CI 0.01, 0.30;

P =0.03; Fig 3). There were no significant differences between groups in weight in childhood
(7 trials [32,37,44,46,67]; 1,136 children; MD [kg] —0.16; 95% CI —0.65, 0.32; P = 0.51; Fig 3) or
in adolescence (2 trials [37,44]; 216 adolescents; MD [kg] —1.22; 95% CI —5.92, 3.48; P = 0.61;
Fig 3). Sensitivity analysis including only studies at low risk of bias showed there was no signif-
icant difference in weight between toddlers in the supplemented and unsupplemented groups
(MD [kg] 0.06; 95% CI —0.15, 0.27; P = 0.57; S2a Fig), and funnel plots (S3a Fig) did not sug-
gest significant bias due to small study effects.
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Supplemented Unsupplemented Mean Difference Mean Difference
Study or Mean _ SD Total Mean SD_ Total Weight IV, Random, 95% CI IV, Random, 95% CI
BMI in toddlers
Amesz 2010 164 1.3 43 16.8 14 34 13.7% -0.40 [-1.01,0.21] o
Lucas 1989a 158 14 64 159 17 72 17.8% -0.10 [-0.62, 0.42] .
Lucas 1989b 151 17 153 157 25 149 201%  -0.60[-1.08,-0.12] — =
Lucas 1990a 16 1.9 61 16.1 14 58 14.2% -0.10 [-0.70, 0.50] -
Lucas 1990b 16 14 105 161 16 110 26.6% -0.10 [-0.50, 0.30] ——
Picaud 2008 168 14 21 163 13 17 74% 0.50 [-0.36, 1.36] -
Subtotal (95% CI) 447 440 100.0%  -0.20 [-0.44, 0.05] -
Heterogeneity: Tau? = 0.02; Chi* = 6.07, df = 5 (P = 0.30); I* = 18%
Test for overall effect: Z = 1.58 (P = 0.11)
BMI in childhood
Amesz 2010 156 1.9 33 15 2 21 57% 0.60 [-0.47, 1.67] e
Fewtrell 2001 163 29 70 16 18 83  9.8% 0.30 [-0.48, 1.08] ]
Lucas 1989a 152 241 62 152 32 68  7.4% 0.00[-0.92, 0.92] e Sa—
Lucas 1989b 151 1.7 151 157 25 139 194%  -0.60[-1.10,-0.10] — e
Lucas 1990a 154 16 67 154 1.8 68 15.9% 0.00 [-0.57, 0.57] =
Lucas 1990b 15.6 2 111 155 19 113 187% 0.10 [-0.41, 0.61] =
Zachariassen 2011 147 14 79 15 1.3 71 232% -0.30 [-0.73, 0.13] 5
Subtotal (95% CI) 573 563 100.0%  -0.10 [0.37, 0.16] >
Heterogeneity: Tau? = 0.03; Chi = 8.03, df = 6 (P = 0.24); I = 25%
Test for overall effect: Z = 0.76 (P = 0.45)
BMI in adolescence
Lucas 1989¢ 211 39 64 208 39 66 51.1% 0.30 [-1.04, 1.64]
Lucas 1990c 209 32 42 222 35 44 48.9% -1.30[-2.72,0.12)
Subtotal (95% CI) 106 110 100.0% -0.48 [-2.05, 1.08]

Heterogeneity: Tau? = 0.78; Chi* = 2.58, df = 1 (P = 0.11); 1= 61%

Test for overall effect: Z = 0.60 (P = 0.55)

2
Favours

Favours [L

Fig 2. Forest plot of effect of macronutrient supplementation on BMI (kg/m?) in childhood (primary outcome),
toddlers, and adolescence (secondary outcomes). P-values are from Z test for the summary effect and chi-squared
test for heterogeneity. BMI, body mass index; CI; confidence interval.

Supplemented

Unsupplemented

https://doi.org/10.1371/journal.pmed.1003122.g002

Mean Difference

Mean Difference

IV, Random, 95% CI

1V, Random, 95% CI

Study or Mean _ SD Total Mean _ SD Total Weight
Weight in toddlers

Amesz 2010 738 1511 52 746 143 41 26%
Bellagamba 2016 11613 1.366 82 11.722 1786 82 3.1%
Brooke 1985 512 054 10 453 048 7 031%
Carver 2001 9356 1.377 26 8846 1398 27 21%
Chan 1994 5219 0698 24 502 0689 12 32%
Cooke 2001 1045 1.383 49 9885 0915 54 33%
Cooper 1985 5335 0612 4 5244 0664 4 17%
De Curtis 2002 42 027 16 403 0539 17  41%
Dogra 2017 9.998 0115 44 9502 1211 48 3.9%
Embleton 2005 5704 0823 48 5606 0592 25 3.9%
Fewtrell 2001 1024 144 118 1009 115 122 44%
Jeon 2011 9420 1498 31 10233 1106 20  24%
Koo 2006 8562 1.3 31 9328 1324 36 25%
Lin 2004 6128 0206 20 5323 034 20 46%
Litmanovitz 2007 6948 0975 10 7.313 0694 10 21%
Lucas 19892 10 13 64 99 15 72 32%
Lucas 1989b 101 13 153 10 13 149 41%
Lucas 19902 104 16 61 102 12 58 3.0%
Lucas 1990b 103 12 105 103 12 110  4.0%
Lucas 1992 8208 0389 16 7.584 04 15 42%
Lucas 1996 1005 134 125 1009 11 120 4.1%
Lucas 2001 102 128 113 101 147 116 4.0%
Moltu 2013 699 0.881 17 6967 1415 13  21%
Mukhopadhyay 2007 ~ 7.974 1248 50 7.743 1193 51 32%
O'Connor 2008 9835 1152 14 8648 1483 16  16%
Picaud 2008 9486 131 21 8479 1189 17 19%
Roggero 2012 11428 1494 87 11384 1315 94 35%
Svenningsen 1982 1063 051 15 1037 044 14  39%
Tan 2008 78 041 34 82 071 37 42%
Wauben 1998 9 09 12 9 09 13 22%
Wheller 1996 4505 0487 23 4.483 0591 20 3.9%
Subtotal (95% CI) 1475 1449 100.0%
Heterogeneity: Tau? = 0.10; Chi* = 109.64, df = 30 (P < 0.00001); I = 73%

Test for overall effect: Z = 2.17 (P = 0.03)

Weight in childhood

Amesz 2010 263 43 33 257 57 21 29%
Fewtrell 2001 227 61 70 22 42 8 83%
Lucas 1989a 223 51 62 218 5 68 7.8%
Lucas 1989b 223 36 151 232 48 139 24.1%
Lucas 19902 233 35 67 23 41 68 143%
Lucas 1990b 238 43 111 235 44 113 181%
Zachariassen 2011 2051 31 79 21.16 3 71 244%
Subtotal (95% CI) 573 563 100.0%
Heterogeneity: Tau? = 0.01; Chi* = 6.08, df = 6 (P = 0.41); I = 1%

Test for overall effect: Z = 0.66 (P = 0.51)

Weight in adolescence

Lucas 1989¢ 55 122 64 539 99 66 51.6%
Lucas 1990¢ 549 101 42 586 97 44 484%
Subtotal (95% CI) 106 110 100.0%

Heterogeneity: Tau? = 7.33; Chi* = .75, df = 1 (P = 0.10); I = 64%

Test for overall effect: Z = 0.51 (P =

61)

-0.08 [-0.68, 0.52]
-0.11[-0.60, 0.38]
0.59[0.10, 1.08]
0.51[-0.24, 1.26]
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Fig 3. Forest plot of effect of macronutrient supplementation on weight (kg) in toddlers, childhood, and
adolescence. P-values are from Z test for the summary effect and chi-squared test for heterogeneity. CI, confidence
interval.

https://doi.org/10.1371/journal.pmed.1003122.g003
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Supplemented  Unsupplemented Mean Difference Mean Difference
Study or Subgroup _Mean _ SD_Total Mean _ SD Total Weight IV, Random, 95% CI IV, Random, 95% CI
Length or height in toddlers

Amesz 2010 67 25 52 665 48 41 27%  050[1.12,212 0
Bellagamba 2016 868 34 82 874 44 82 37%  -0.60[-1.80,0.60]
Brooke 1985 571 23 10 561 24 7 17%  1.00[-1.28,3.28]
Carver 2001 746 36 27 735 36 27 21% 0.82, 3.02]
Cooke 2001 80 29 49 79 29 54 3.9% 212
Cooper 1985 585 16 4 585 23 4 12% X 2.75]
De Curtis 2002 528 14 16 524 27 17 3.0% .40 [-1.06, 1.86)
Dogra 2017 7604 173 44 7642 15 48 55%  -0.08[-0.74,0.58]
Embleton 2005 586 22 48 581 24 25 39%  050[-0.63163]
Fewtrell 2001 801 31 118 793 32 122 50% 0.80 [0.00, 1.60]
Jeon 2011 785 52 31 801 37 20 17%  -1.60[-3.87,067]
Koo 2006 714 321 31 735 341 36 27% -210[-3.69,-051]
Lin 2004 587 14 20 566 11 20 5.1% 2.10[1.32, 2.88)
Litmanovitz 2007 659 36 10 656 2 10 14%

Lucas 1989a 793 37 64 787 39 T2 35% :
Lucas 1989b 795 38 153 79 32 149 50%  050[-0.29,129]
Lucas 1990a 809 45 61 797 36 58 30%  1.20[0.26,266]
Lucas 1990b 80 3 105 80 35 110 48%  0.00(-0.87,087]
Lucas 1992 707 094 16 696 081 15 56% 1.10[0.48, 1.72]
Lucas 1996 80 335 125 801 320 120 49%  -0.10[-0.93,0.73]
Lucas 2001 806 34 113 797 27 116 50% 0.90[0.10, 1.70)
Moltu 2013 662 25 17 667 31 13 19%  -0.50([-2.56, 1.56]
Mukhopadhyay2007 724 3 50 718 35 51 35%  030[097,157]
O'Connor 2008 765 29 14 727 42 16 14% 3.80[1.24, 6.36]
Picaud 2008 747 42 21 72 36 17T 15% 2.70[0.22,5.18]
Roggero 2012 85 37 87 847 3 94 44%  030[-0.69,1.29]
Svenningsen 1982 845 35 15 865 3 14 16%  -200[4.37,037]
Tan 2008 69 191 34 693 188 37 47%  -0.30[-1.18,058]
Wauben 1998 749 37 12 759 25 13 15%  -1.00[-3.50, 1.50]
Wheller 1996 54 19 23 53 17 20 41%  1.00[-0.08,2.08]
Subtotal (95% CI) 1452 1437 100.0%  0.44[0.10,0.77]

Heterogeneity: Tau? = 0.43; Chi2 = 66.92, df = 20 (P < 0.0001); I = 57%
Test for overall effect: Z = 2,52 (P = 0.01)

Height in childhood

Amesz 2010 1295 56 33 130.2 6.6 21 4.2% -0.70 [-4.11,2.71]
Fewtrell 2001 1181 64 70 1173 6.9 83 11.1% 0.80[-1.31,2.91]
Lucas 1989a 1204 66 62 1194 6.5 68 9.7% 1.00 [-1.26, 3.26]
Lucas 1989b 1213 64 151 1216 56 139 259% 8, 1.
Lucas 1990a 1229 55 67 1216 6.3 68 12.4%

Lucas 1990b 1232 59 111 1225 6 113 20.3% .
Zachariassen 2011 120 52 79 121 56 71 16.4% -1.00 [-2.74, 0.74]
Subtotal (95% Cl) 573 563 100.0% 0.22 [-0.48, 0.92]

Heterogeneity: Tau* = 0.00; Chi = 4.96, df = 6 (P = 0.55); I = 0%
Test for overall effect: Z = 0.61 (P = 0.54)

Height in adolescence

Lucas 1989c 1608 9.4 64 1613 102 66 509%  -0.50[-387,287] —_——

Lucas 1990c 1619 7.3 42 1625 89 44 491%  -0.60[-4.03,283] R & E—

Subtotal (95% CI) 106 110 100.0%  -0.55 [-2.95, 1.86]

Heterogeneity: Tau? = 0.00; Chi* = 0.00, df = 1 (P = 0.97); I = 0% ) ) ) )
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Fig 4. Forest plot of effect of macronutrient supplementation on length or height (cm) in toddlers, childhood, and
adolescence. P-values are from Z test for the summary effect and chi-squared test for heterogeneity. CI, confidence
interval.

https://doi.org/10.1371/journal.pmed.1003122.9004

There were no significant differences between supplemented and unsupplemented groups
in weight z-scores in toddlers (13 trials [34,39,40,42,46,47,49,55,57,58,61,67,68]; 1,135 toddlers;
MD 0.01; 95% CI -0.27, 0.29; P = 0.94; S4a Fig), childhood (1 trial; 153 children; MD 0.14;
95% CI -0.23, 0.51; P = 0.46; S4a Fig), adolescence (2 trials [37,44]; 244 adolescents; MD
-0.25; 95% CI —0.55, 0.05; P = 0.10; S4a Fig), or adulthood (2 trials [37,44]; 199 adults; MD
—0.11; 95% CI —0.72, 0.50; P = 0.73; S4a Fig).

Length or height. Supplementation increased length in toddlers (30 trials [24,31-33,36-
40,42-44,46,50,52,53,55,57-60,62,64-66,69,71]; 2,889 toddlers; MD [cm] 0.44; 95% CI 0.10,
0.77; P = 0.01; Fig 4). There were no significant differences between supplemented and unsup-
plemented groups in height in childhood (7 trials [32,37,44,46,67]; 1,136 children; MD [cm]
0.22; 95% CI —0.48, 0.92; P = 0.54; Fig 4) or in adolescence (2 trials [37,44]; 216 adolescents;
MD [cm] -0.55; 95% CI —2.95, 1.86; P = 0.65; Fig 4). Sensitivity analysis including only studies
at low risk of bias showed there was no significant difference between groups in length or
height in toddlers (7 trials [32,36,37,42,44]; 1,175 toddlers; MD [cm] 0.28; 95% CI —0.08, 0.63;
P =0.13; S2b Fig) and funnel plots (S3b Fig) did not suggest significant bias due to small study
effects.

There were no significant differences between supplemented and unsupplemented groups
in length or height z-scores in toddlers (12 trials [34,39,40,42,46,49,55,57,58,61,67,68]; 1,083
toddlers; MD 0.08; 95% CI —0.19, 0.34; P = 0.58; S4b Fig), childhood (1 trial [32]; 153 children;
MD 0.20; 95% CI —0.15, 0.55; P = 0.26; S4b Fig), or adulthood (2 trials [37,44]; 199 adults; MD
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Supplemented Unsupplemented Mean Difference Mean Difference

Study or Subgrou Mean SD Total Mean SD_Total Weight IV, Random, 95% CI IV, Random, 95% CI

Head circumference in toddlers

Bellagamba 2016 476 194 82 479 177 82 41%  -0.30[-0.87,0.27] -

Brooke 1985 394 14 10 386 14 7 14%  0.80[-0.55,2.15] _

Carver 2001 457 16 27 454 16 27 2.7% 0.30 [-0.55, 1.15] T

Cooke 2001 48.5 15 49 48 *w 54 3.8% 0.50 [-0.12, 1.12] § D

Cooper 1985 395 05 4 399 16 4 1.0% -0.40 [-2.04, 1.24] — = rF

De Curtis 2002 377 11 16 378 18 17 22% -0.10 [-1.11, 0.91] s

Dogra 2017 46.44 139 44 462 1.19 48 4.3% 0.24[-0.29,0.77] =

Embleton 2005 413 13 48 409 12 25 39%  0.40[-0.20,1.00] T

Fewtrell 2001 47.8 15 118 475 15 122 5.3% 0.30 [-0.08, 0.68] e

Jeon 2011 457 25 31 464 17 29 2.0% -0.70 [-1.78, 0.38] —

Koo 2006 451 1.88 31 46 1.89 36 2.5% -0.90 [-1.81, 0.01] =

Lin 2004 387 06 20 375 08 20 4.9% 1.20[0.76, 1.64] .

Litmanovitz 2007 43 1.8 10 44 22 10 0.9% -1.00 [-2.76, 0.76] I

Lucas 1989a 477 15 64 476 17 72 43%  0.10[-0.44,0.64] i

Lucas 1989b 482 16 153 481 15 149 55%  0.10[-0.25,045] T

Lucas 1990a 477 15 61 475 14 58  44%  0.20[-0.32,0.72] S

Lucas 1990b 48.1 16 105 481 18 110 4.8% 0.00 [-0.45, 0.45] —

Lucas 1992 458 0.55 16 453 031 15 5.8% 0.50[0.19, 0.81] .

Lucas 1996 481 112 125 481 11 120 6.0% 0.00 [-0.28, 0.28] i ol

Lucas 2001 476 18 113 479 19 116 4.7% -0.30 [-0.78, 0.18] -7

Moltu 2013 434 11 18 438 15 13 23%  -0.40[-1.36,0.56] —

Mukhopadhyay 2007 443 16 50 441 14 51 40%  0.20[0.39,0.79] e

O'Connor 2008 47 11 14 46 14 16 2.5% 1.00 [0.10, 1.90] =

Picaud 2008 46.5 19 21 453 18 17 1.7% 1.20[0.02, 2.38] IO

Roggero 2012 479 16 87 478 15 94 4.8% 0.10 [-0.35, 0.55] T

Svenningsen 1982 475 1.5 15 475 24 14 1.2% 0.00 [-1.47, 1.47] _—r

Tan 2008 446 0.96 34 454 141 37 4.2% -0.80 [-1.36, -0.24] ———

Wauben 1998 469 39 12 468 13 13 06%  0.10[-2.22 242 O

Wheller 1996 385 11 23 379 08 20 41% 0.60 [0.03, 1.17] —

Subtotal (95% Cl) 1401 1396 100.0% 0.15[-0.03, 0.33] »

Heterogeneity: Tau? = 0.12; Chi? = 68.99, df = 28 (P < 0.0001); I* = 59%

Test for overall effect: Z = 1.65 (P = 0.10)

Head circumference in childhood

Amesz 2010 523 17 33 522 26 21 35%  0.10[-1.15135] e

Lucas 1989a 51.9 15 62 518 23 68 12.6% 0.10[-0.56, 0.76] =

Lucas 1989b 522 19 151 525 17 139 322%  -0.30[-0.71,0.11] =

Lucas 1990a 521 15 67 521 16 68 20.2% 0.00 [-0.52, 0.52] . ox

Lucas 1990b 525 17 111 527 15 113 31.4% -0.20 [-0.62, 0.22] —.r

Subtotal (95% Cl) 424 409 100.0% <0.14 [-0.38, 0.09] L

Heterogeneity: Tau? = 0.00; Chi* = 1.57, df = 4 (P = 0.81); I* = 0%

Test for overall effect: Z = 1.19 (P = 0.23) 4 2 2 4
Favours [\ Favours

Fig 5. Forest plot of effect of macronutrient supplementation on head circumference (cm) in toddlers and
childhood. P-values are from Z test for the summary effect and chi-squared test for heterogeneity. CI, confidence
interval.

https://doi.org/10.1371/journal.pmed.1003122.g005

-0.07; 95% CI —0.36, 0.22; P = 0.62; S4b Fig) but reduced height z-scores in adolescence (2 tri-
als [35,70]; 244 adolescents; MD —0.30; 95% CI —0.57, —0.03; P = 0.03; S4b Fig).

Head circumference. In toddlers, there were no significant differences between supple-
mented and unsupplemented groups in head circumference (29 trials [24,31-33,36-40,42—
44,50,52,53,55,57-60,62,64-66,69,71]; 2,797 toddlers; MD [cm] 0.15; 95% CI —0.03, 0.33;

P =0.10; Fig 5). In childhood, there was no significant difference between groups in head cir-
cumference (5 trials [37,44,46]; 833 children; MD [cm] —0.14; 95% CI —0.38, 0.09; P = 0.23;
Fig 5).

Sensitivity analysis including only studies at low risk of bias showed there was no evidence
of differences in head circumference in toddlers between supplemented and unsupplemented
nutrition groups (MD [cm] 0.04; 95% CI —0.20, 0.29; P = 0.72; S2c Fig), and funnel plots (S3c
Fig) did not suggest significant bias due to small study effects.

Toddlers in the supplemented group had lower head circumference z-scores than toddlers
in the unsupplemented group (10 trials [34,39,40,42,46,57,58,61,67,68]; 958 toddlers; MD
—0.28; 95% CI —0.49 to —0.07; P = 0.008; S4c Fig).

Fat mass and lean mass. There were no significant differences between supplemented
and unsupplemented groups in fat mass in toddlers (7 trials [24,46,49,53,55,58,62]; 442 tod-
dlers; MD [kg] 0.02; 95% CI —0.12 to 0.17; P = 0.73; Fig 6). Supplementation increased fat
mass in childhood (2 trials [46,67]; 201 children; MD [kg] 0.79; 95% CI 0.19, 1.38; P = 0.009;
Fig 6), but not in adolescence (2 trials [37,44]; 216 adolescents; MD [kg] —1.35; 95% CI —5.76,
3.06; P = 0.55; Fig 6) or at >3 years (4 trials [37,44,46,67]; 417 children; MD [kg] —0.32; 95%
CI -2.50, 1.85; P = 0.77; Fig 6). There were also no significant differences between supple-
mented and unsupplemented groups in lean mass in toddlers (8 trials [24,46,49,53,55,
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a.

Supplemented  Unsupplemented Mean Difference Mean Difference
Study or Mean  SD Total Mean _ SD Total Weight IV, Random,95% Cl IV, Random, 95% CI
Fat mass in toddlers
Amesz 2010 182 074 43 202 061 34 129%  -020[-0.50,0.10] —
Brunton 1998 132 047 22 136 059 23 124%  -0.04[-0.35,027] -
Cooke 2001 2332 0679 56 2058 0477 57 180%  0.27[0.06,049] -
De Curtis 2002 0923 022 16 0.884 0242 17 224%  0.04[-0.12,020] T
Embleton 2005 153 0542 37 1459 0386 21 164%  0.07[-0.17,031] -
Koo 2006 244 1013 44 289 1248 45 7.0%  -0.45[0.92,0.02] —
0O'Connor 2008 1559 0373 13 1401 0534 14 109%  0.16[-0.19, 0.50] T
Subtotal (95% Cl) 231 211 100.0%  0.02[-0.12,0.17] ¢

Heterogeneity: Tau? = 0.02; Chiz = 11.80, df = 6 (P = 0.07); I2 = 49%
Test for overall effect: Z = 0.34 (P = 0.73)

Fat mass in childhood

Amesz 2010 12 24 31 6.6 24 20 19.4% 0.60 [-0.75, 1.95] -1 ==
Zachariassen 2011 4.864 2.378 79 4.033 1733 71 80.6% 0.83[0.17, 1.49] ——
Subtotal (95% CI) 110 91 100.0% 0.79 [0.19, 1.38] i
Heterogeneity: Tau? = 0.00; Chiz = 0.09, df = 1 (P = 0.76); I = 0%
Test for overall effect: Z = 2.59 (P = 0.009)
Fat mass in adolescence
Lucas 1989¢c 9.8 13 64 8.9 1 66 50.1% 0.90 [0.50, 1.30] —
Lucas 1990c 9.6 15 42 132 1 44 49.9% -3.60 [-4.14, -3.06] ——
Subtotal (95% CI) 106 110 100.0% -1.35[-5.76, 3.06]
Heterogeneity: Tau? = 10.07; Chi* = 171.82, df = 1 (P < 0.00001); I* = 99%
Test for overall effect: Z = 0.60 (P = 0.55) + + t +
-4 -2 2 4
Favours Favours [L
b.
Supplemented Unsupplemented Mean Difference Mean Difference
Study or Subgroup _Mean SD_Total Mean SD_Total Weight IV, Random, 95% CI 1V, Random, 95% CI
Lean mass in toddlers
Amesz 2010 578 062 43 564 062 34 131% 0.14 [-0.14, 0.42] o e
Brunton 1998 4.05 052 22 324 035 23 13.3% 0.81[0.55, 1.07] T
Cooke 2001 6.872 0.806 56 6.592 0.738 57 13.0% 0.28 -0.01, 0.57] [
De Curtis 2002 3.209 0.233 16 3.082 0414 17 13.7% 0.13[-0.10, 0.35) ™
Embleton 2005 4.181 0.435 37 4.198 0451 21 13.6% -0.02[-0.26, 0.22] bl
Koo 2006 6.045 0.96 44 666 066 45 12.3% -0.62 [-0.96, -0.27] =
O'Connor 2008 8.013 0.625 13 73711 124 14 75% 0.64 [-0.09, 1.38] T
Roggero 2012 4.97 0.662 40 445 051 44 134% 0.52[0.27,0.77] ———
Subtotal (95% Cl) 27 255 100.0% 0.2 [-0.06, 0.50] =
Heterogeneity: Tau? = 0.14; Chi? = 54.03, df = 7 (P < 0.00001); I* = 87%
Test for overall effect: Z = 1.52 (P = 0.13)
Lean mass in childhood
Amesz 2010 189 28 31 184 38 20 16.9% 0.50 [-1.44, 2.44]
Fewtrell 2001 198 36 70 193 3 83 357% 0.50 [-0.56, 1.56] — T
Zachariassen 2011 167 21 79 174 25 71 474%  -0.70[-1.44,0.04] —a—

Subtotal (95% CI) 180 174 100.0%  -0.07 [-0.98, 0.85]
Heterogeneity: Tau? = 0.31; Chi? = 3.90, df = 2 (P = 0.14); I = 49% ) ) )

Test for overall effect: Z = 0.15 (P = 0.88) -2 -1 0 1 é
Favours [L Favours

Fig 6. Forest plot of effect of macronutrient supplementation on fat mass and lean mass. P-values are from Z test
for the summary effect and chi-squared test for heterogeneity. (a) Fat mass (kg); (b) Lean mass (kg). CI, confidence
interval.

https://doi.org/10.1371/journal.pmed.1003122.9g006

58,62,65]; 526 toddlers; MD [kg] 0.22; 95% CI —0.06, 0.50; P = 0.13; Fig 6) or in childhood (3
trials [32,46,67]; 354 children; MD [kg] —0.07; 95% CI —0.98, 0.85; P = 0.88; Fig 6).

Skin fold thickness. There were no significant differences between supplemented and
unsupplemented groups in triceps skin fold thickness in toddlers (6 trials [37,44,61,70]; 1,021
toddlers; MD [mm] 0.11; 95% CI —0.12, 0.35; P = 0.35; S5a Fig) or in childhood (4 trials
[37,44]; 779 children; MD [mm] —0.09; 95% CI —0.57, 0.38; P = 0.70; S5a Fig). There were also
no significant differences between supplemented and unsupplemented groups in subscapular
skin fold thickness in toddlers (6 trials [37,44,61,70]; 1,021 toddlers; MD [mm] —0.05; 95% CI
—0.21, 0.10; P = 0.50; S5b Fig) or in childhood (4 trials [37,44]; 779 children; MD [mm] —0.10;
95% CI -0.64, 0.44; P = 0.71; S5b Fig).

Bone development. In studies that measured bone mineral content (BMC), toddlers in
the supplemented group had higher BMC than those in the unsupplemented group (13 trials
[24,41,43,46,47,49,51,53,55,58,60,62,64]; 670 toddlers; SMD 0.43; 95% CI 0.03, 0.83; P = 0.03;
S6a Fig). There were no significant differences between groups in BMC in childhood (1 trial
[46]; 51 children; SMD 0.11; 95% CI —0.45, 0.68; P = 0.69; S6a Fig), in adolescence (2 trials
[37,44]; 239 adolescents; SMD —0.21; 95% CI —0.46, 0.05; P = 0.12; S6a Fig), or in adulthood (2
trials [37,44]; 199 adults; SMD —0.06; 95% CI —0.34, 0.22; P = 0.69; S6a Fig).

In studies that measured bone mineral density (BMD), the pattern was similar. Toddlers in
the supplemented group had higher BMD than toddlers in the unsupplemented group (5 trials
[24,41,55,62,64]; 289 children; SMD 0.40; 95% CI 0.07, 0.73; P = 0.02; S6b Fig). There were no
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significant differences between supplemented and unsupplemented groups in BMD in child-

hood (1 trial [46]; 51 children; SMD 0.00; 95% CI —0.56, 0.56; P = 1.00; S6b Fig), in adolescence

(2 trials [37,44]; 239 adolescents; SMD —0.10; 95% CI —0.36, 0.15; P = 0.42; S6b Fig), or in

adulthood (2 trials [37,44]; 199 adults; SMD —0.08; 95% CI —0.36, 0.21; P = 0.60; S6b Fig).
There were no data for the other secondary outcomes.

Subgroup analyses

Sex of infants. There was no significant sex interaction for the effect of supplementation
on BMI in childhood [67]. However, in toddlers, supplemented boys had greater length or
height than unsupplemented boys (2 trials, 173 boys; MD [cm] 1.66, 95% CI 0.75, 2.58;

P =0.0003) [24,61], but there were no differences in girls (2 trials, 159 girls; MD [cm] 0.15,
95% CI -0.71, 1.01; P = 0.74) (P = 0.02 for interaction). There were no significant sex interac-
tions for weight or head circumference in toddlers (Table 1).

SGA infants. In children born SGA, there were no significant differences between supple-
mented and unsupplemented groups in BMI in childhood [32], weight in toddlers [31-33,65],
length or height in toddlers [31-33,65], head circumference in toddlers [31-33,65], or height
in childhood [32] (Table 1).

Timing of supplements. There were no significant differences between supplemented
and unsupplemented groups in the different timing subgroups for BMI in childhood, head cir-
cumference in toddlers, lean mass in childhood, or height in childhood and no evidence of an
interaction between timing and effects of supplements. Toddlers who had received supple-
ments after hospital discharge, but not if they received supplements both in hospital and post-
discharge or only in hospital, were heavier and longer than those who had not received
supplements (weight: 17 trials [24,31,33,46,50-53,57-62,64-66], 1,082 toddlers; MD [kg] 0.16,
95% CI 0.01, 1.30, P = 0.03; length or height: 16 trials [24,31,33,46,50,52,53,57-62,64-66],
1,047 toddlers; MD [cm] 0.79, 95% CI 0.25, 1.33; P = 0.004) and had greater fat mass in child-
hood (2 trials [46,67], 201 children; MD [kg] 0.79, 95% CI 0.19, 1.38; P = 0.009), but there was
no evidence of an interaction between timing of supplements and effects on these outcomes
(Table 1).

Primary feed. In children who had received formula as their primary feed, there were no
significant differences between the supplemented and the unsupplemented groups in BMI in
childhood [32,44,46], height at >3 years [32,44,46], fat mass at >3 years [44,46], and lean mass
at >3 years [32,46] (Table 1). However, supplemented toddlers had greater weight (22 trials
[24,31-33,44,46,50-53,55,57-62,64-66,69], 1,758 toddlers; MD [kg] 0.21; 95% CI 0.04, 0.38;

P =0.02), length or height (22 trials [24,31-33,44,46,50,52,53,55,57-62,64-66,69], 1,723 tod-
dlers; MD [cm] 0.67; 95% CI 0.24, 1.11; P = 0.003), and head circumference (20 trials [24,31-
33,44,50,52,53,55,57-62,64-66,69], 1,630 toddlers; MD [cm] 0.27, 95% CI 0.04, 0.50; P = 0.02).

In children who had received breast milk as their primary feed, children in the supple-
mented groups had lower BMI in childhood (3 trials [37,67], 570 children; MD [kg/mz] —-0.38;
95% CI —0.69, —0.07; P = 0.01) but higher fat mass at >3 years (2 trials [37,67], 280 children;
MD [kg] 0.88; 95% CI 0.49, 1.26; P < 0.001), and there were no significant differences between
groups in lean mass [67] or height [37,67] at >3 years (Table 1). In toddlers, there were no sig-
nificant differences between groups in weight [36-38,40,43], length or height [36-38,40,43],
and head circumference [36-38,40,43].

In toddlers who had received parenteral and enteral feed as primary feed, the supplemented
groups had lower weight (3 trials [39,42,71], 265 toddlers; MD [kg] —0.30; 95% CI —0.52, —0.08;
P =0.008) and head circumference (3 trials [39,42,71], 265 toddlers; MD [cm] —0.53; 95% CI
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Table 1. Summary of subgroup analyses.

Subgroup Number of Participants (Studies) MD [95% CI] P for I’ | P for Subgroup
Overall Interaction
Effect
Sex of infants
BMI in childhood boys 70 (1 RCT) [67] —-0.60 [-1.13, -0.07] kg/m2 0.03 NA | 0.16
girls 80 (1 RCT) [67] 0.00 [-0.66, 0.66] kg/mz 1.00 NA
Weight in toddlers boys 173 (2 RCTs) [24,61] 0.59 [-0.13, 1.32] kg 0.11 73% | 0.10
girls 159 (2 RCTs) [24,61] —0.08 [-0.43, 0.26] kg 0.63 0%
Length/height in boys 173 (2 RCTs) [24,61] 1.66 [0.75, 2.58] cm 0.0003 | 0% | 0.02
toddlers girls 159 (2 RCTS) [24,61] 0.15 [~0.71, 1.01] cm 074 | 0%
Head circumference | boys 173 (2 RCTs) [24,61] 0.16 [-1.41,1.73] cm 0.84 87% | 0.68
in toddlers girls 159 (2 RCTs) [24,61] ~0.18 [0.65, 0.29] cm 0.45 0%
SGA infants
BMI in childhood SGA infants 153 (1 RCT) [32] 0.30 [-0.48, 1.08] kg/m2 0.45 NA | NA
Weight in toddlers SGA infants 370 (4 RCTs) [31-33,65] 0.40 [-0.04, 0.83] kg 0.07 83% | NA
Length/height in SGA infants 370 (4 RCTs) [31-33,65] 0.97 [-0.10, 2.05] cm 0.08 73% | NA
toddlers
Head circumference | SGA infants 370 (4 RCTs) [31-33,65] 0.51 [-0.15,1.17] cm 0.13 81% | NA
in toddlers
Height in childhood | SGA infants 153 (1 RCT) [32] 0.80 [-1.31,2.91] cm 0.46 NA | NA
Timing of supplements
BMI at >3 years started in the hospital 779 (4 RCTs) [37,44] —0.16 [-0.52, 0.20] kg/m2 0.39 32% | 0.57
(childhood) across in-hospitaland | 153 (1 RCT) [32] 0.30 [~0.48, 1.08] kg/m’ 045 | NA
% g
postdischarge periods
started after hospital 204 (2 RCTs) [46,67] —0.10 [-0.83, 0.85] kg/m2 0.99 25%
discharge
Weight in toddlers started in the hospital 1,573 (12 RCTs) [36-40,42-44,55,71] 0.03 [-0.1, 0.17] kg 0.65 34% | 0.24
across in-hospital and 269 (2 RCTs) [32,69] 0.20 [-0.03, 0.42] kg 0.08 0%
postdischarge periods
started after hospital 1,082 (17 RCTs) [24,31,33,46,50-53,57-62,64— | 0.16 [0.01, 0.30] kg 0.03 73%
discharge 66]
Length or height in started in the hospital 1,573 (12 RCTs) [36-40,42-44,55,71], 0.08 [-0.22, 0.37] cm 0.60 0% | 0.07
toddlers across in-hospital and | 269 (2 RCTs) [32,69] ~0.37 [~3.08, 2.34] cm 079 | 79%
postdischarge periods
started after hospital 1,047 (16 RCTs) [24,31,33,46,50,52,53,57— 0.79 [0.25, 1.33] cm 0.004 60%
discharge 62,64-66]
Head circumference | started in the hospital 1,573 (12 RCTs) [36-40,42-44,55,71], 0.01 [-0.16, 0.17] cm 0.93 19% | 0.19
in toddlers across in-hospital and 269 (2 RCTs) [32,69] 0.28 [-0.09, 0.65] cm 0.13 0%
postdischarge periods
started after hospital 954 (15 RCTs) [24,31,33,50,52,53,57-62,64-66] | 0.28 [-0.05, 0.60] cm 0.10 68%
discharge
Fat mass at >3 years | started in the hospital 216 (2 RCTs) [37,44] -1.34 [-5.75, 3.07] kg 0.55 99% | 0.35
started after hospital 201 (2 RCTs) [46,67] 0.79 [0.19, 1.38] kg 0.009 0%
discharge
Lean mass at >3 across in-hospital and 153 (1 RCT) [32] 0.5 [-0.56, 1.56] kg 0.36 NA |0.11
years (childhood) postdischarge periods
started after hospital 354 (2 RCTs) [46,67] —0.55 [-1.24, 0.15] kg 0.12 22%
discharge
Height at >3 years started in the hospital 779 (4 RCTs) [37,44] 0.47 [-0.38, 1.32] cm 0.28 0% | 0.25
(childhood) across in-hospitaland | 153 (1 RCT) [32] 0.80 [1.31,2.91] cm 046 | NA
postdischarge periods
started after hospital 204 (2 RCTs) [46,67] —0.94 [-2.48,0.61] cm 0.23 0%
discharge
(Continued)
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Table 1. (Continued)

Subgroup Number of Participants (Studies) MD [95% CI] P for I* | P for Subgroup
Overall Interaction
Effect
Primary feed
BMI at >3 years formula as primary milk | 566 (4 RCTs) [32,44,46] 0.15[-0.18, 0.48] kg/mZ 0.37 0% | 0.02
(childhood) feed
breast milk as primary 570 (3 RCTs) [37,67] —-0.38 [-0.69, —0.07] kg/m2 0.01 0%
milk feed
Weight in toddlers formula as primary milk | 1,758 (22 RCTs) [24,31-33,44,46,50-53,55,57- | 0.21 [0.04, 0.38] kg 0.02 73% | 0.001
feed 62,64-66,69]
breast milk as primary | 901 (6 RCTs) [36-38,40,43] 0.14 [-0.02, 0.29] kg 0.09 0%
milk feed
parenteral and enteral 265 (3 RCTs) [39,42,71] -0.30 [-0.52, -0.08] kg 0.008 0%
nutrition
Length or height in formula as primary milk | 1,723 (22 RCTs) [24,31- 0.67 [0.24, 1.11] cm 0.003 58% | 0.02
toddlers feed 33,44,46,50,52,53,55,57-62,64—66,69]
breast milk as primary | 901 (6 RCTs) [36-38,40,43] 0.13 [-0.26, 0.52] cm 0.51 0%
milk feed
parenteral and enteral 265 (3 RCTs) [39,42,71] —0.42 [-1.09, 0.26] cm 0.23 0%
nutrition
Head circumference | formula as primary milk | 1,630 (20 RCTs)[24,31-33,44,50,52,53,55,57— | 0.27 [0.04, 0.50] cm 0.02 59% | 0.001
in toddlers feed 62,64-66,69]
breast milk as primary 901 (6 RCTs) [36-38,40,43] 0.80 [-0.10, 0.26] cm 0.36 0%
milk feed
parenteral and enteral 265 (3 RCTs) [39,42,71] —0.53 [-0.90, -0.16] cm 0.005 0%
nutrition
Height at >3 years formula as primary milk | 566 (4 RCTs) [32,44,46] 0.75[-0.26, 1.77] cm 0.14 0% |0.15
(Childhood) feed
breast milk as primary | 570 (3 RCTs) [37,67] —-0.28 [-1.25,0.70] cm 0.58 0%
milk feed
Fat mass at >3 years | formula as primary milk | 137 (2 RCTs) [44,46] -1.54 [-5.56, 2.58] kg 0.46 97% | 0.25
feed
breast milk as primary 280 (2 RCTs) [37,67] 0.88 [0.49, 1.26] kg <0.001 0%
milk feed
Lean mass at >3 formula as primary milk | 204 (2 RCTs) [32,46] 0.5 [-0.43, 1.43] kg 0.29 0% | 0.05
years (Childhood) feed
breast milk as primary | 150 (1 RCT) [67] —0.70 [-1.44, 0.04] kg 0.06 NA
milk feed
Different timing
BMI at >3 years before or in 2000 932 (5 RCTs) [32,37,44] —0.09 [-0.42, 0.24] kg/m2 0.58 29% | 0.82
(childhood) after 2000 204 (2 RCTS) [46,67] 0.01 [~0.83, 0.85] kg/m’ 0.98 57%
Weight in toddlers before or in 2000 1,831 (16 RCTs) [24,31,32,37,38,43,44,50~ 0.20 [0.09, 0.32] kg 0.0006 | 29% | 0.45
52,60,61,66,69]
after 2000 1,093 (15 RCTs) [33,36,39,40,42,46,53,55,57— 0.09 [-0.19, 0.36] kg 0.54 84%
59,62,64,65,71]
Length or heightin | before or in 2000 1,796 (15 RCTs) 0.62 [0.32,0.92] cm <0.001 14% | 0.37
toddlers [24,31,32,37,38,43,44,50,52,60,61,66,69]
after 2000 1,093 (15 RCTs) [33,36,39,40,42,46,53,55,57~ 0.30 [-0.34, 0.93] cm 0.36 71%
59,62,64,65,71]
Head circumference | before or in 2000 1,796 (15 RCTs) 0.19 [0.05, 0.32] cm 0.007 9% | 0.55
in toddlers [24,31,32,37,38,43,44,50,52,60,61,66,69]
after 2000 1,001 (14 RCTs) [33,36,39,40,42,46,53,55,57~ 0.06 [-0.32, 0.44] cm 0.75 76%
59,62,64,65,71]
Height at >3 years before or in 2000 932 (5 RCTs) [32,37,44] 0.52 [-0.27,1.31] cm 0.20 0% | 0.10
(Childhood) after 2000 204 (2 RCTs) [46,67] ~0.94 [-2.48, 0.61] cm 023 0%
(Continued)
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Table 1. (Continued)

Subgroup Number of Participants (Studies) MD [95% CI] P for I* | P for Subgroup
Overall Interaction
Effect
Fat mass at >3 years | before or in 2000 280 (2 RCTs) [37,44] 0.88 [0.49, 1.26] kg <0.001 0% | 0.25
after 2000 137 (2 RCTs) [46,67] —1.54 [-5.56, 2.58] kg 0.46 97%
Lean mass at >3 before or in 2000 153 (1 RCT) [32] 0.50 [-0.56, 1.56] kg 0.36 NA | 0.20
years (Childhood) | e 2000 201 (2 RCTs) [46,67] ~0.45 [-1.41,0.51] kg 036 | 22%

Abbreviations: BMI, body mass index; CI, confidence interval; MD, mean difference; NA, not applicable; RCT, randomised controlled trial; SGA, small for gestational
age.

P-values are from Z test for the summary effect and chi-squared test for heterogeneity.

https://doi.org/10.1371/journal.pmed.1003122.t001

—0.90, —0.16; P = 0.005), but not length or height [39,42,71], than the unsupplemented groups
(Table 1).

The tests for an interaction between primary feed and macronutrient supplements were sig-
nificant for BMI in childhood (P = 0.02), weight (P = 0.001), length or height (P = 0.02), and
head circumference (P = 0.001) in toddlers (Table 1). There was no evidence of an interaction
between primary feed and effects of supplements on height, fat mass, or lean mass at >3 years.

Trial timing. In the different trial timing subgroups, there were no significant differences
between supplemented and unsupplemented groups in BMI in childhood. In trials conducted
before or in 2000, toddlers in the supplemented group had greater weight (16 trials
[24,31,32,37,38,43,44,50-52,60,61,66,69], 1,831 toddlers; MD [kg] 0.20; 95% CI 0.09, 0.32;

P =0.0006), length or height (15 trials [24,31,32,37,38,43,44,50,52,60,61,66,69], 1,796 toddlers;
MD [cm] 0.62; 95% CI 0.32, 0.92; P < 0.001), and head circumference (15 trials
[24,31,32,37,38,43,44,50,52,60,61,66,69], 1,796 toddlers; MD [cm] 0.19; 95% CI 0.05, 0.32;

P =0.007) than toddlers in the unsupplemented group. However, there were no significant dif-
ferences between supplemented and unsupplemented groups in weight
[33,36,39,40,42,46,53,55,57-59,62,64,65,71], length or height [33,36,39,40,42,46,53,55,57-
59,62,64,65,71], and head circumference [33,36,39,40,42,46,53,55,57-59,62,64,65,71] in tod-
dlers in the trials conducted after 2000 (Table 1). There was no evidence of an interaction
between trial timing and macronutrient supplements on BMI in childhood, weight in toddlers,
length in toddlers, head circumference in toddlers, or height at >3 years.

Studies not included in quantitative synthesis

Agosti and colleagues [45] compared infants who received preterm formula (n = 69) or stan-
dard term formula (n = 52) after hospital discharge. At 12 months’ corrected age, they reported
no significant differences in weight (mean 9.7 kg versus 9.3 kg), length (mean 75.6 cm versus
74.7 cm), head circumference (mean 46.4 cm versus 46.1cm), and BMI between groups. In the
subgroup of SGA infants, supplemented infants had greater length (mean 74.6 cm versus 71.6
cm) than unsupplemented infants at 12 months’ corrected age. Data were presented in figures,
and no standard deviations were reported.

Bhatia and colleagues [48] compared infants who received standard infant formula or
reduced protein formula (total n = 24) after hospital discharge. There were no differences in
growth parameters (weight, length, and head circumference) between groups. Data were not
presented, and the numbers of infants in each group were not reported.
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Cooper and colleagues [70] compared infants who received preterm formula (n = 10) or
standard formula (n = 10). There were no significant differences in weight, length, head cir-
cumference, and skin fold thickness between groups. Data were presented as percent of the
expected values.

Davies [35] compared growth rate (weight, length, head circumference) between infants
who received supplemented formula (1 = 34) or breast milk (n = 34). There were no differ-
ences in growth rates between groups from 1 to 2 months after birth. The absolute growth data
were presented in figures, and no standard deviations were reported.

Ekcharoen and colleagues [54] compared growth rate (weight, length, head circumference)
between infants who received postdischarge formula (1 = 6) or high-protein, medium-chain
triglyceride formula (n = 5). There were no differences in growth rates between groups, but
measurements were not presented.

Friel and colleagues [56] compared infants who received enriched formula (n = 27) or stan-
dard term formula (n = 27). There were no significant differences in growth rate between
groups, but measurements were not presented.

Peng and colleagues [63] compared infants who received preterm formula (# = 19) or stan-
dard term formula (n = 15). There were no significant differences in weight, length, or head
circumference between groups at 6 months’ corrected age. Data were presented in figures, and
no standard deviations were reported.

Quality of evidence (GRADE)

The quality of the evidence was assessed as low or very low for all the GRADE outcomes
(Table 2).

Discussion

In our systematic review and meta-analysis of 40 RCTs and 2 quasi-RCT's involving 4,352
infants born preterm or SGA, we found no evidence that early macronutrient supplements led
to significant differences in BMI in childhood. However, consistent with our hypothesis, we
found that early macronutrient supplements may increase weight and length in toddlers,
although the effect is inconsistent and unlikely to be clinically significant, and also increase
bone mineralisation. Macronutrient supplements did not increase head circumference, and
none of these effects persisted into later life. We also found that early supplements may
increase fat mass in childhood, but not in adolescence.

Previous literature has suggested the possible early nutritional origins of obesity. An obser-
vational study indicated that faster weight gain in early life is associated with higher fat mass in
later life [72]. Another retrospective study also demonstrated that higher average protein
intake during initial hospitalisation was associated with increased fat mass at 9.5 years of age
in children born preterm [73]. We chose BMI as the primary outcome for this analysis, on the
assumption that this would be the most widely available measure of adiposity and is predictive
of later cardiometabolic risk. Our data show that early supplements had no effect on BMI or
lean mass in childhood and BMI in adolescence and no effect on skin fold thickness in toddlers
or childhood. Although supplements may increase fat mass in childhood, limited data suggest
that this does not persist in adolescence or in the combined group of >3 years. Therefore, our
findings from randomised trials challenge the previous observational reports that early supple-
ments lead to faster early growth and also increased later adiposity.

In toddlers, the supplemented group had greater weight and length or height but similar
head circumference when compared to those in the unsupplemented nutrition group. How-
ever, in the sensitivity analyses including only trials at low risk of bias, there were no
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Table 2. GRADE table: Summary of findings.

Supplemented compared to unsupplemented nutrition for children born preterm or SGA
Patient or population: children born preterm or SGA

Setting: hospital or NICU

Intervention: supplemented nutrition

Comparison: unsupplemented nutrition

Outcomes Anticipated Absolute Effects* (95% CI) Grade of evidence
Risk with Unsupplemented | Risk with Supplemented Nutrition
Nutrition
BMI at >3 years Comparator The mean BMI at >3 years (childhood) in the intervention group 1,136 (7 eeOQLOW
(childhood) was 0.1 kg/ m? lower (0.37 lower to 0.16 higher) RCTs)
Weight in toddlers (kg) Comparator The mean weight in toddlers in the intervention group was 0.16 kg 2,924 (31 ®OOQOVERY
higher (0.01 higher to 0.30 kg higher) RCTs) LOW®P*
Head circumference in Comparator The mean head circumference in toddlers in the intervention group | 2,797 (29 | ® OQ(VERY
toddlers (cm) was 0.15 cm higher (0.03 lower to 0.33 cm higher) RCTs) LOW®b¢
Length/height in toddlers | Comparator The mean length/height in toddlers in the intervention group was 2,889 (30 | ®OQOQOVERY
(cm) 0.44 cm higher (0.1 higher to 0.77 cm higher) RCTs) LOW®b<
Height at >3 years (cm) Comparator The mean height at >3 years (childhood) in the intervention group | 1,136 (7 eoOQLOW
(childhood) was 0.22cm higher (0.48 lower to 0.92 cm higher) RCTs)
Fat mass at >3 years (kg) | Comparator The mean fat mass at >3 years in the intervention group was 0.33 kg | 417 (4 @OOQVERY
lower (2.78 lower to 2.12 kg higher) RCTs) LOWPS
Lean mass at >3 years (kg) | Comparator The mean lean mass at >3 years (childhood) in the intervention 354 (3 (-B(-BC)()LOWC‘d
(childhood) group was 0.07 kg lower (0.98 lower to 0.85 kg higher) RCTs)

*The risk in the intervention group (and its 95% CI) is based on the assumed risk in the comparison group and the relative effect of the intervention (and its 95% CI).
Abbreviations: BMI, body mass index; CI, confidence interval; GRADE, Grading of Recommendations Assessment, Development and Evaluation; MD, mean
difference; NICU, Newborn Intensive Care Unit; RCT, randomised controlled trial; RR, risk ratio; SGA, small for gestational age.

GRADE Working Group grades of evidence: high certainty, we are very confident that the true effect lies close to that of the estimate of the effect; moderate certainty, we
are moderately confident in the effect estimate—the true effect is likely to be close to the estimate of the effect, but there is a possibility that it is substantially different;
low certainty, our confidence in the effect estimate is limited—the true effect may be substantially different from the estimate of the effect; very low certainty, we have
very little confidence in the effect estimate—the true effect is likely to be substantially different from the estimate of effect.

*Studies were supported by formula or fortifier companies whose role was not specified.

PLarge losses to followup at 6 to 8 years.

“Uncertainty about methods used to generate a random sequence, conceal allocation, or blind outcome assessors.

dSubstantial heterogeneity existed.

https://doi.org/10.1371/journal.pmed.1003122.t002

differences between groups in weight, length or height, and head circumference in toddlers. In
the subgroup of trials reporting z-scores, toddlers in the supplemented nutrition group also
had similar weight and height/length z-scores but reduced head circumference z-scores. Sev-
eral factors may contribute to these apparent discrepancies between findings using absolute
values and those using z-scores. Firstly, the analyses of absolute values and z-scores included
different trials. For instance, only 8 trials reported both absolute values and z-scores for weight
in toddlers, and the differences between groups were in the same direction for both outcomes
in all of these trials. Four trials only reported weight z-scores, and 22 trials only reported abso-
lute values.

Secondly, in 4 of 12 trials reporting z-scores, infants in the unsupplemented groups were
larger than those in the supplemented nutrition groups at followup. In 3 of these trials
[34,57,58], infants in the unsupplemented group had greater gestational age at study entry,
and in 1 trial [42], infants in the unsupplemented group who were followed up were of greater
gestational age and birth weight because of loss of followup. Excluding these 4 trials with
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substantially dissimilar group characteristics (24% of the total children reporting z-scores), the
findings for z-scores were similar to those for absolute measures (i.e., supplemented groups
had higher weight z-score and length z-scores, and similar head circumference z-scores, com-
pared with the unsupplemented groups).

Further, heterogeneity was high for both sets of analyses. The wide range of ages (from 3
months to 24 months) may contribute to heterogeneity in the analyses of absolute growth val-
ues, whereas z-scores are age- and sex-specific, which would be expected to result in narrower
CIs. However, only a few studies reported z-scores. We would recommend reporting both
absolute and z-score values in future studies.

Moreover, a much larger number of trials and participants have been included in the quan-
titative analysis of absolute growth measurements than those of z-scores. Statistical signifi-
cance is heavily dependent on the sample size, so when the sample size is large, even small
treatment effects can appear statistically significant [74]. We conclude that, given the lack of
effect of supplementation on growth measurements in the subgroup of low-risk studies or in
those reporting z-scores, the small apparent effect of macronutrient supplementation on abso-
lute weight (MD 0.16 kg) and length or height (0.44 cm) in toddlers is unlikely to be clinically
significant.

Our data also suggest that toddlers in the supplemented group had greater bone mineralisa-
tion than infants in the unsupplemented group. Approximately 80% of total body bone miner-
alisation of the fetus is acquired in the last trimester of pregnancy [10-12], so preterm infants
are at risk for suboptimal bone mineralisation. Deficits in mineralisation during this period
could increase risk of childhood fracture and cause reduced peak bone mass [75,76], which
may result in higher risk of osteoporosis in later life [77]. Thus, providing adequate nutritional
support to achieve adequate bone accretion in early life may be of initial clinical benefit for
infants born small. However, limited evidence from this systematic review suggests that early
macronutrient supplementation does not affect long-term bone mineralisation.

In order to further explore sources of heterogeneity in key outcomes, we undertook a num-
ber of prespecified subgroup analyses. We specifically hypothesised that the effects of supple-
ments may be different in girls and boys. We found that supplementation increased length or
height in toddler boys, but not girls, suggesting that the effects of nutrient supplements may be
sex-specific, although there were no data to show whether these differences persisted in later
life. Animal studies have shown some evidence of sex differences in these effects, with preterm
male lambs who received early supplemented nutrition having greater early weight gain and
increased ponderal index in adulthood, effects that were not seen in females [78]. Male, but
not female, preterm piglets receiving a high-protein diet also had higher growth rates than
those receiving an adequate protein diet after weaning [79].

We anticipated that the effect of supplementation on growth may also depend in part upon
the primary feed being supplemented (formula versus breastmilk versus parenteral nutrition).
Intriguingly, supplements appeared to increase early growth in weight, length, and head cir-
cumference only if the primary feed was formula, but not if the primary feed was breastmilk,
whereas supplements provided as both parenteral and enteral feeds decreased toddler weight
and head circumference. A previous systematic review also reported that feeding preterm
infants with formula is associated with faster in-hospital rates of growth [80]. Our review
shows that the effect of nutrient-enriched formula on growth may persist after hospital dis-
charge but not last through childhood and adolescence.

However, the reason for the lack of effect of supplements on early growth if breastmilk was
the primary feed is not clear and raises the interesting possibility that the previously reported
protective effect of breastmilk for later obesity [81,82] may also apply to early growth accelera-
tion. However, this conflicts with our findings that supplemented breast milk decreased BMI
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but increased fat mass in childhood. Another possible explanation may be that infants whose
primary feed was breastmilk, which is generally of lower calorie and protein content than for-
mula, received less total nutrition or less additional nutrition in the supplemented group.
However, our estimates showed that infants in the supplemented group who received breast-
milk as their primary feed had similar energy intakes as those whose primary feed was formula,
making this explanation unlikely (S3 Table).

In subgroup analysis, it appeared that providing both parenteral and enteral supplements
had an adverse effect on early growth. However, in one trial, infants in the unsupplemented
group who were followed up were of greater gestational age and birthweight than those in the
supplemented group, and after exclusion of this trial, there was no effect of parenteral and
enteral supplements on early growth. Therefore, we are unable to draw any conclusions about
the effect of combination parenteral and enteral feed.

We found that toddler weight, length, and head circumference increased in supplemented
infants if they received postdischarge nutrition, but these effects were not seen in the other 2
timing groups, although this interaction term was not significant. It is possible that introduc-
ing supplements before discharge has little effect on later size because illness and factors other
than nutrient intake limit growth at this time, as opposed to after discharge, when infants are
in the phase of catch-up growth. It is also possible that the effects of supplementation were
only transient in both groups but that growth outcomes after discharge were measured some
time after the supplementation for infants who received in-hospital supplements but much
closer to the time of supplementation for infants who received postdischarge supplements.

In order to explore other sources of heterogeneity, we carried out subgroup analyses
according to the study date. We found that supplements increased growth in toddlers in stud-
ies conducted before and during 2000, but not in studies conducted after 2000, although the
interaction term was not significant. Possible reasons for these differences may be the wide
variations in estimating the values of macronutrient composition of preterm human milk and
different neonatal intensive care units and commercial companies using different values to
modify the composition of formula and fortifier over time [83,84]. We expected that differ-
ences in baseline (unsupplemented) intakes over time may contribute to differences in the
overall effects of macronutrient supplements, with later studies potentially reporting higher
macronutrient intakes in the unsupplemented groups and hence smaller effects of additional
supplements compared to earlier studies. However, our analyses indicated that there were no
differences in mean baseline intakes or in MDs between supplemented and unsupplemented
nutrition groups between the 2 epochs (S4 Table).

In the subgroup of infants born SGA, there were no differences in BMI and height in child-
hood or in weight, length, and head circumference as toddlers between supplemented and
unsupplemented groups, but there was substantial heterogeneity in these analyses. Of the trials
reporting growth in toddlers born SGA, 3 studied term SGA infants [31-33] and reported
greater weight, length, and head circumference in the supplemented groups, whereas 1 trial
studied preterm SGA infants [65] and reported no difference in these outcomes between sup-
plemented and unsupplemented groups. Term and preterm SGA infants may respond differ-
ently to early supplements, and further studies are needed to explore the interactions between
gestational age and macronutrient supplements in SGA infants.

Previously published systematic reviews [17,25,26] of the effects of macronutrient supple-
ments for preterm infants only reported growth outcomes up to 18 months of age. Our review
included all eligible trials regardless of type and timing of intervention, and thus, more trials
have been included, allowing analysis of some long-term outcomes.

This study had some limitations. There were many fundamental differences between stud-
ies, including different sizes and gestational ages of infants at birth and different types and
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timings of interventions, which could not be explained by our subgroup analyses and are likely
to have contributed to the substantial heterogeneity we observed for most outcomes. For this
reason, we used random-effect models for all analyses, which allows for differing true effects
across studies [85]. In addition, multiple outcomes, multiple time points, and a large number
of subgroups were analysed in the current review, which may increase the risk of type 1 error
[86]. Despite the large numbers of trials and infants included, the evidence is also limited by
the low methodological quality, substantial heterogeneity, and limited data beyond early child-
hood, making strong conclusions difficult. The quality was low for most of the included trials,
largely because of unclear methodology used for random allocation and unclear role of com-
mercial sponsors.

Few studies of nutrition in preterm infants have reported outcomes separately for boys and
girls. An individual participant data (IPD) meta-analysis allows more in-depth exploration
and more detailed analyses [87]. A planned IPD meta-analysis [88] (PROSPERO
CRD42017072683) may prove helpful in further exploring possible sex differences in the
effects of macronutrient supplements in infants born small. Further, because of the lack of
long-term outcomes, as well as new trials, further followup of existing trials would provide
additional critical evidence about the long-term effects of macronutrients on growth of pre-
term and SGA infants.

Our study suggests that early macronutrient supplements given to infants born small does
not alter BMI in childhood. Supplementation may increase weight and length, but not head
circumference, in toddlers, but these effects are unlikely to be clinically significant and do not
persist in later life. Bone mineralisation is also increased, but only in toddlers. Our analysis
does not support concerns from observational studies that early supplement may increase fat
mass in later life. However, despite 41 trials with 4,352 infants included, there is still little evi-
dence of the effects of early macronutrient supplements on later growth and body
composition.
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S1 Fig. Risk of bias. (a) Risk of bias graph: review authors’ judgements about each risk of bias
item presented as percentages across all included studies. (b) Risk bias summary: review
authors’ judgements about each risk of bias item for each included study.

(TIF)

S2 Fig. Sensitivity analyses. Forest plots of effect of macronutrient supplementation on
growth outcomes including trials with low risk of bias. P-values are from Z test for the sum-
mary effect and chi-squared test for heterogeneity. (a) Weight in toddlers (kg), (b) length or
height in toddlers (cm), (c) head circumference in toddlers (cm).

(TIF)

$3 Fig. Funnel plots. Funnel plot of supplemented versus unsupplemented nutrition for the
growth outcomes. (a) Weight in toddlers, (b) length or height in toddlers, (c) head circumfer-
ence in toddlers. The middle dashed line indicates the overall MD. The dashed line either side
represents the pseudo-95% Cls. CI, confidence interval; MD, mean difference.

(TIF)

S4 Fig. Forest plots of effect of macronutrient supplementation on growth z-scores.
P-values are from Z test for the summary effect and chi-squared test for heterogeneity. (a)
Weight z-scores, (b) length/ height z-scores, (c) head circumference z-scores.

(TIF)

S5 Fig. Forest plots of effect of macronutrient supplementation on skin fold thickness. P-
values are from Z test for the summary effect and chi-squared test for heterogeneity. (a) Tri-
ceps skin fold thickness (mm), (b) subscapular skin fold thickness (mm).

(TIF)

S6 Fig. Forest plots of effect of macronutrient supplementation on bone development.
P-values are from Z test for the summary effect and chi-squared test for heterogeneity. Std.
Mean Difference = difference in mean outcome between groups/standard deviation of out-
come among participants. (a) BMC, (b) BMD. BMC, bone mineral content; BMD, bone min-
eral density.

(TIF)

S1 Checklist. PRISMA checklist. PRISMA, Preferred Reporting Items for Systematic Reviews
and Meta-Analyses.
(DOC)

S$1 Protocol. Impact of macronutrient supplements on later growth of children born pre-
term or SGA: Protocol for a systematic review and meta-analysis. SGA, small for gestational
age.

(DOCX)
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