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ABSTRACT

Background: Child stunting is a major public health problem,
afflicting 155 million people worldwide. Lack of animal-source
protein has been identified as a risk, but effects of animal protein
supplementation are not well established.

Objective: The aim of this study was to investigate effects of
animal protein supplementation in mothers, preterm infants, and term
infants/children on birth and growth outcomes.

Methods: PubMed, EMBASE, Cochrane library, Web of Science,
Cumulative Index of Nursing and Allied Health Literature, and Latin
American and Caribbean Health Sciences Literature were searched
for randomized controlled trials of animal protein supplementation
in mothers or infants and children (<age 5 y), evaluating measures
of anthropometry (<age 18 y). Main outcomes included birth weight,
low birth weight, small for gestational age at birth; height, height-for-
age, weight, weight-for-age, weight-for-length, stunting, and wasting
<18 y of age. Data were extracted independently in duplicate, and
findings pooled using inverse variance meta-analysis. Heterogeneity
was explored using I, stratified analysis, and meta-regression, and
publication bias by funnel plots, Egger’s test, and fill/trim methods.
Results: Of 6808 unique abstracts and 357 full-text articles, 62 trials
were included. The 62 trials comprised over 30,000 participants
across 5 continents, including formula-based supplementation in
infants and food-based supplementation in pregnancy and childhood.
Maternal supplementation increased birth weight by 0.06 kg, and
both formula and food-based supplementation in term infants/young
children increased weight by <0.14 kg. Neither formula nor food-
based supplementation for term infants/young children increased
height, whereas the height-for-age z-score was increased in the
food-based (+0.06 z-score) but not formula-based (—0.11 z-score)
trials reporting this outcome. In term infants, the weight-for-length
z-score was increased in trials of formula (40.24 z-score) and food
supplementation (40.06 z-score), whereas food supplementation was
also associated with reduced odds of stunting (—13%).
Conclusions: Supplementation of protein from animal-source foods
generally increased weight and weight-for-length in children, but
with more limited effects on other growth outcomes such as attained
height.  Am J Clin Nutr 2019;110:410-429.
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Introduction

Suboptimal growth in young children is among the most
common forms of undernutrition worldwide, with manifestations
including low birth weight (LBW), low childhood height and
weight, stunting, and wasting (1). With serious ramifications
for physical and cognitive development, improved child growth
is a major global target in the context of the United Nation’s
Sustainable Development Goals. For normal growth, sufficient
dietary protein during pregnancy and early childhood is critical,
in particular from animal-source foods due to their complete
amino acid profile, contents and bioavailability of lysine, sulfur
amino acids, and threonine, and associated insulin-like growth
factors, iron, zinc, and vitamin Bj, (2-6). Extreme protein
deficiency leads to hypoalbuminemic malnutrition, metabolic
abnormalities, and delayed development; and animal protein-rich
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foods and supplements have shown beneficial effects in severely
undernourished children (7) and in specially formulated food
supplements to treat acute malnutrition and wasting (8). However,
the role of animal protein in situations of less extreme protein
inadequacy (quantity or quality) is less well established.

In animal models, linear growth is sensitive to total dietary
protein, for instance acting through stimulation of insulin-like
growth factor-1 and its binding proteins (9-11). In humans,
observational studies have found that stunting and other sub-
optimal growth outcomes are often associated with diets high
in staple starches and low in animal sources of protein (12—14).
Yet, whereas some studies suggest that higher dietary animal
protein is associated with higher growth rates in young children
(5, 6), other studies suggest that increased consumption of animal
protein or animal foods could result in excessive (obesogenic)
growth, for example mediated by insulin-like growth factor-1
(5, 15, 16). Thus, uncertainty remains about the expected
impacts of supplemental animal protein and foods in supporting
optimal growth in children (13, 17-20), including effects on
birth outcomes, linear growth, and prevention of stunting and
wasting. In addition, such effects could vary by the period
of supplementation, i.e., during pregnancy/lactation, in preterm
infants, or during infancy/early childhood.

To address these important gaps in knowledge, we performed
a systematic review and meta-analysis of randomized controlled
trials to determine the effects of maternal, preterm infant, and
term infant/child supplementation of animal protein on child birth
and growth outcomes. Elucidating these relations, as well as the
remaining evidence gaps, is essential to inform strategies and
policymaking to reduce undernutrition globally.

Methods

We followed the Preferred Reporting Items for Systematic
Reviews and Meta-Analyses guidelines during all stages of
implementation, analysis, and reporting of this meta-analysis.

Primary exposures and outcomes

The primary exposure of interest was the consumption of
protein from animal sources, including meat, seafood (including
fish), dairy products (including milk), and eggs, as well as animal
milk-based infant formulas, by children aged 5 y or younger and
pregnant women or postpartum lactating women. The primary
outcomes included birth weight and risk of LBW (<2500 g),
intrauterine growth retardation, or premature birth (gestational
age <37 wk); and height, height-for-age z-score (HAZ), weight,
weight-for-age z-score (WAZ), weight-for-length z-score (WFL),
and risk of stunting, assessed <18 y of age.

Search strategy

Multiple electronic databases were searched for relevant
articles including PubMed, EMBASE, The Cochrane Library
Web of Science, Cumulative Index of Nursing and Allied
Health Literature, and Latin American and Caribbean Health
Sciences Literature (LILACS). This was supplemented with
hand searching of citation lists and electronic searching of the

first 20 “related articles” on PubMed for all included full-
text publications; searches of the international standard ran-
domized control trial number register (http://www.isrctn.com/);
and contacts with experts. Searches were performed without
restrictions on years or language through 25 February 2015 (and
updated through to June 2018), with examples of search terms
including: (dietary protein OR meat OR dietary supplements
OR fortified food OR protein supplement) AND (body height
OR growth child development OR pregnancy outcome OR
birth weight OR stunting OR height) AND (child OR infant
OR pregnant women) AND (clinical trials OR randomized
controlled trial). Complete search strategies for each database are
presented in the supplementary materials. Title and abstracts of
all identified references were screened by 1 investigator (LP). For
any potentially relevant article, the full text was retrieved and
independently assessed in duplicate by 4 investigators (LP, SK,
DK, VM) to determine eligibility, with discrepancies resolved by
consensus.

Study selection
Inclusion criteria

We included all randomized control trials that evaluated the
effect of animal-source food intake in pregnancy, lactation, or
children <age 5 y, including premature infants, low-birth-weight
infants, and stunted or otherwise malnourished children, on
growth outcomes as described above, including an effect measure
and information to compute its standard error.

Exclusion criteria

We excluded studies with duration <3 mo; or where the
interventions included multiple dietary or other elements that did
not allow the isolation of an effect of animal protein or animal
food consumption across groups. We also excluded observa-
tional studies, cross-sectional ecological studies, commentaries,
general reviews, case reports, or trials conducted in populations
with major chronic disease (e.g., sickle-cell disease, cystic
fibrosis, HIV infection, and phenylketonuria). When duplicate
publications from the same study were identified, we included
the publication reporting the largest number of participants for
each outcome of interest.

Data extraction

Data from included studies were independently extracted by 4
investigators in duplicate (LP, SK, DK, VM) using a standardized
electronic form, with any differences resolved by consensus.
Information was extracted on the study (first author, years, design,
location), participants (sample size, age, sex, race, baseline
nutritional status, birth status [term, preterm], socio-economic
status, baseline proportion of stunting, primary method of feeding
[breastfed, formula fed]), intervention (quantity and source of an-
imal protein, assessment methods, energy adjustment), outcome
types, follow-up (duration of follow-up, dropout rate), and growth
outcomes (effect size, associated measure of uncertainty). The
dose of each intervention was standardized to grams of animal
protein per 1000 kcal regular diet. If the precise protein content
of the supplement was not reported, it was estimated using the
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American Diabetes Association and Academy for Nutrition and
Dietetics Diabetic Exchange Lists (when not specified, dairy
products were assumed to be whole milk, and meat to be
medium fat) (21). When volume of formula was not reported,
American Academy of Pediatrics (22) recommendations were
used to estimate the amount consumed by infants at the mean
age of the intervention group. If the total number of calories
was not reported, this was estimated using NHANES data based
on the age group of the study (23). Direct author contacts were
attempted for all missing data.

Quality assessment

Study quality was assessed using the Cochrane Collabora-
tions risk-of-bias tool, evaluating potential for selection bias,
performance bias, detection bias, attrition bias, and reporting bias
through a 6-question quality control checklist (24). Each question
was answered as low risk of bias (score = 1), high risk of bias
(score = —1), or unclear (score = 0); and values were summed
(potential range: —6 to +6) (Supplemental Table 1). Scores
were grouped in approximate tertiles with values of —6 to 0
considered as low quality, 1-3 as medium quality, and 4-6 as high
quality.

Statistical analysis

Analyses were stratified by period of supplementation: mater-
nal, preterm, and term/early childhood. For continuous outcomes
(e.g., height, HAZ, weight, WAZ, WFL), the primary effect
measure was the mean difference in changes from baseline to
follow-up in the intervention compared with the control group.
If mean changes from baseline were not reported, the difference
in follow-up measures between treatment groups was used. For
binary outcomes (e.g., risk of stunting, wasting), we extracted
the reported OR across treatment groups. The SE for each effect
measure was extracted or directly calculated from other reported
uncertainty measures (SD, 95% CI, P value). We utilized the
values from intent-to-treat analysis as the default. For trials
reporting effects by stratum (e.g., by sex or randomized factorial
design), we calculated the study-specific effect of animal protein
by inverse-weighted meta-analysis across subgroups within that
trial. Findings across trials were pooled using inverse variance-
weighted meta-analyses (25); random effects weights were also
evaluated in sensitivity analyses.

Heterogeneity was assessed using the I’ statistic, with
thresholds of <25%, 50%, and >75% considered to represent
low, moderate, and high heterogeneity, respectively. We eval-
uated prespecified sources of potential heterogeneity including
country income (high, low/middle), baseline nutritional status
(average/unspecified, >30% malnourished), dose of protein
supplementation (> or <median), energy supplementation
(isocaloric-protein, energy-protein), intervention duration (>
or <median), and study quality score (low, medium/high),
using stratified analyses and meta-regression to test statistical
significance of potential differences. We hypothesized that
benefits of supplementation would be greater in low-/middle-
income countries than in high-income countries, in malnourished
than in average/unspecified nutritional status, in higher than in
lower dose of protein, in energy-protein supplementation than

in isocaloric-protein supplementation, and in studies with longer
intervention duration, and higher study quality score. In post
hoc exploratory analyses, we also assessed heterogeneity by
child age at baseline and at follow-up. Potential for small-
study effects was evaluated by visual inspection of funnel plots
and Egger’s and Begg’s tests (26). For both stratified analyses
and evaluation of small-study effects, we focused on outcomes
with at least 10 estimates to facilitate statistical power. All
analyses were performed with STATA 14 (StataCorp) (2-tailed
a = 0.05).

Results

Study characteristics

Of 6808 articles, 62 randomized controlled trials met eli-
gibility criteria (Supplemental Figure 1, Supplemental In-
formation 1), totaling 30,349 unique participants. The trials
were conducted across 5 continents including 16 trials in
the North America/Caribbean, 16 in Europe, 9 in Asia, 6 in
Central and South America, 13 in Africa, and 2 across multiple
continents (Table 1). Thirteen trials were conducted with
pregnant women, 6 in preterm infants, and 43 in term infants/early
childhood. Twenty-eight trials evaluated supplements or foods
based on animal protein; 34 trials evaluated a mix of animal
and plant protein. Trials of formula-based supplementation in
infancy were generally isocaloric, whereas trials of food-based
supplementation in pregnancy and childhood generally provided
both animal protein and calories. The mean age at randomization
was 31.4 y, and gestational age was on average 19.3 wk for
pregnant mothers, 1 wk for preterm infants, and 9.3 mo for term
infants/children. The mean intervention duration was 23.3 wk for
trials during pregnancy and 26 wk for trials in infants/children;
with a mean difference in protein between intervention arms of
9.85 g/1000 kcal in pregnant women, 5.6 in preterm infants, and
7.15 in term infants/children.

Maternal supplementation

Among trials during pregnancy, protein supplementation
significantly increased birth weight (N = 14 estimates from 12
trials, n = 8132 total participants; weighted mean difference
[WMD] = 0.06 kg; 95% CI: 0.02, 0.11 kg; P = 56.7%)
(Figure 1). Maternal supplementation did not significantly
reduce the risk of LBW (N = 5, n = 6121; OR: 0.89; 95%
CI: 0.78, 1.02; > = 0.8%) or small for gestational age (SGA)
(N = 4, n = 5674; OR: 0.98; 95% CI: 0.87, 1.10; I> = 80.3%)
(Supplemental Figure 2), or increase height (N = 3, n = 1490;
WMD = 0.01 cm; 95% CI: —0.09, 0.11 cm; I? = 59.7%) or
weight (N = 2, n = 636; WMD = —0.08 kg; 95% CI: —0.23,
0.08 kg; P = 0.0%) during later childhood (Supplemental
Figure 3).

Three trials supplemented both mothers (during pregnancy
and/or breastfeeding) and their children after birth, all with
combined energy—animal protein supplementation: increases
were seen in both child height (N = 2, n = 3276; WMD =
0.09 cm; 95% CI: 0.02, 0.15 cm; I> = 61.8%) and weight (N =3,
n =4227, WMD = 0.10 kg; 95% CI: 0.04, 0.16 kg; I> = 71.6%)
(Supplemental Figure 4).
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N N Protein dose %
Author (year) Ref Country intervention  control  (g/1000kcal) SMD (95% Cl) Weight
Kardjati (1989) (42) Indonesia 104 81 0.05 ¢ -0.21(-0.50, 0.08) 2.48
Mardones-Santander (1991) (43)  Chile 391 391 0.63 —— -0.15(-0.29,-0.01) 10.68
Adams gp A (1978) (39) USA 36 43 18.20 ¢ -0.09 (-0.53,0.35) 1.07
Rush (1980) (45) USA 248 264 16.90 —— -0.06 (-0.23,0.12)  7.00
Adu-Afarwuah (2015) (40) Ghana 307 318 1.10 — 0.06 (-0.10, 0.22) 8.55
Rush (1981) (45) USA 256 264 253 — 0.08 (-0.09, 0.25) 711
Ashorn (2015) (48) Malawi 394 381 1.10 - 0.08 (-0.06, 0.22) 10.60
Mridha (2016) (44) Bangladesh 898 2551 1.10 0.10 (0.02, 0.18) 36.35
Wohlleb (1983) (47) Taiwan 108 105 241 0.12(-0.15,0.39)  2.91
Mora (1981) (30) Colombia 207 200 1.82 - 0.13 (-0.06, 0.33) 5.56
Viegas (1982) (46) UK 33 38 0.45 ) 0.16 (-0.31, 0.63) 0.96
Adams gp B (1978) (39) USA 23 43 3.20 Y 0.18 (-0.33, 0.69) 0.82
Schroeder (1995) (28) Guatemala 170 229 047 ——8—— 0.27 (0.07,0.47) 5.30
Chan (2006) (41) USA 25 24 1.40 —) 0.99 (0.40, 1.59) 0.59
Overall (l-squared =56.7%, p = 0.005) <> 0.06 (0.02, 0.11) 100.00
| |
-5 0 5

Difference in birth weight (kg)

FIGURE 1 Effects of protein supplementation on birth weight in kilograms from 14 estimates in 12 trials including 8132 subjects. SMD, standardized

(weighted) mean difference.

Preterm infant supplementation

Supplementation of preterm infants (comparing formula with
higher compared with lower animal protein) did not significantly
affect child height (N =5, n = 262; WMD = 0.06 cm; 95% CI:
—0.22,0.34 cm; I? = 96.9%) and reduced HAZ (N = 4, n = 269;
WMD = —1.31 z-score; 95% CI: —1.60, —1.01; I> = 96.8%)
(Supplemental Figure 5), although these trials were quite small.
Preterm supplementation did not significantly affect child weight
(N =6, n=2373; WMD = 0.19 kg; 95% CIL: —0.03, 0.42 kg;
I’ = 96.2%) (Supplemental Figure 6). Only 2 trials reported
weight for age, which decreased (N =2,n=169; WMD = —0.81
z-score; 95% CI:—1.16, —0.46; I> = 98.4%), and 1 trial provided
2 estimates for weight for length, which also decreased (N = 2,
n = 100; WMD = —1.57 z-score; 95% CI. —2.02, —1.12;
I’ = 0.0%) (Supplemental Figure 7).

Term infant/child supplementation

In trials of formula supplementation (higher compared with
lower protein content) among term infants/children, supple-
mentation significantly increased weight (N = 24, n = 2923;
WMD = 0.14 kg; 95% CI: 0.07, 0.21 kg; I = 81.9%) (Figure 2)
but not height (N = 24, n = 2920; WMD = 0.01 cm; 95%
CI: —0.07, 0.08 cm; I> = 75.7%) (Figure 3). Only 7 estimates
from 6 trials reported weight- and height-for-age z-scores: WAZ

was not reduced (N = 7, n = 1532; WMD = —0.01 z-score;
95% CI: —0.11, 0.09; > = 95.1%), but HAZ (N = 7, n = 1532,
WMD = —0.11 z-score; 95% CI: —0.22, —0.0.01; I*> = 90.3%)
was reduced (Supplemental Figure 8). Only 3 studies reported
WFL: WFL was increased (N = 3, n = 711, WMD =
0.24 z-score; 95% CI: 0.09, 0.38; I> = 0.0%) (Supplemental
Figure 9).

Similar to formula trials, the trials testing food-based animal
protein showed that supplementation significantly increased
weight (N = 23 estimates, n = 11,195; WMD: 0.09 kg; 95% CI:
0.06, 0.13 kg; I> = 85.8%) (Figure 4) but not height (N = 25,
n = 13,626; WMD = —0.02 cm; 95% CIL: —0.06, 0.01 cm;
> =97.8%) (Figure 5). However, in 19 trials assessing z-scores,
HAZ increased (N = 19, n = 11,098; WMD = 0.06 z-score;
95% CI: 0.02, 0.10; I? = 57.9%) (Supplemental Figure 10). In
these food-based trials, the source was most often milk; yogurt,
fish, and red meat were also used. Consistent with the overall
weight effects, a tendency toward an increase was seen in weight
for age (N = 15, n = 5611; WMD = 0.05 z-score; 95% CI:
0.00, 0.10; I> = 80.6%) and an increase in weight for length
(N=19,n=11,251; WMD = 0.06 z-score; 95% CI: 0.02, 0.10;
PP = 87.2%) (Supplemental Figure 11). Only 3 trials evaluated
stunting, finding a significant reduced risk of stunting (N = 6
estimates, n = 5138; OR: 0.87; 95% CI: 0.77, 0.97; I> = 0), but
no reduced risk of wasting (N = 5 estimates, n = 5267; OR: 0.99;
95% CI: 0.84, 1.16; I* = 0.0%) (Supplemental Figure 12).
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N N

Author (year) Ref Country intervention  control
Graham gp B (1996) (59) Peru 15 14
Lonnerdal (1998) (64) Sweden 11 11
Fleddermann (2014) (57) Serbia 82 82
Lonnerdal gp B (1990) (63) Taiwan 15 15
Larnkjaer (2009) (61) Denmark 38 45
Fazzolari-Nesci (1992) (56) Sweden 10 10
Lien (2004) (62) USA 63 72
Turck (2006) (70) France 38 36
Rzehak gp B (2009) (67) Germany 138 164
Raiha (2002) (66) ltaly 29 29
Rzehak gp A (2009) (67) Germany 145 164
Koletzko (2009) (15) Multi-country 322 313
Weber (2014) (71) Multi-country 221 227
Hanning (1992) (60) Canada 45 45
Lonnerdal gp A (1990) (63) Taiwan 15 15
Ziegler (2003) (72) USA 19 27
Oropeza-Ceja gp A (2018) (65) Mexico 18 17
Fomon (1996) (58) USA 19 15
Schmelzle (2002) (68) Germany 49 52
Oropeza-Ceja gp B (2018) (65) Mexico 24 17
Graham gp A (1996) (59) Peru 15 14
Borschel (2013) (55) USA 75 82
Graham gp D (1996) (59) Peru 10 14
Graham gp C (1996) (59) Peru 13 14

Overall (I-squared = 81.9%, p = 0.000)

Pimpin et al.

Age at
outcome  Protein dose %
(months)  (g/1000kcal) SMD (95% Cl) Weight
12.9 0.89 - -0.43 (-1.17,0.31) 0.99
0 1.60 —e -0.30 (-1.14,0.54) 0.76
2.79 8| -0.30 (-0.60, 0.01) 5.71
0.39 - -0.23 (-0.95,0.48) 1.05
12.1 0.82 -8 -0.23 (-0.66, 0.20) 2.88
3 1.60 —e -0.22 (-1.10,0.66) 0.70
3 0.57 -0.12 (-0.46,0.22) 4.72
17.5 0.93 -0.09 (-0.54, 0.37) 2.60
64 0.66 -0.07 (-0.30,0.16) 10.54
13 0.46 -0.05 (-0.56, 0.47) 2.04
64 0.25 -0.01 (-0.23,0.22) 10.83
243 16.65 0.13(-0.03,0.28) 22.30
77.2 2.28 0.15(-0.03,0.34) 15.72
3 0.41 0.23 (-0.18,0.65) 3.15
3 0.17 - 0.25(-0.46,0.97) 1.05
4 0.54 - 0.30(-0.29,0.89) 1.55
4 4.70 o 0.32(-0.35,0.99) 1.21
37 0.80 = 0.35(-0.33,1.03) 1.16
3 4.02 HE- 0.36 (-0.03,0.76) 3.49
4 7.50 r—a— 0.52(-0.11,1.15) 1.35
12.9 0.40 * 0.57(-0.17,1.32)  0.98
3.7 -0.20 4 1.65(1.29,2.02) 4.10
22.6 0.21 — 2.06(1.04,3.07) 0.53
22.6 0.12 —) 2.19(1.22,3.15) 0.58
w 0.14 (0.07, 0.21) 100.00
I I

-1

Standardized mean difference in Weight (kg)

FIGURE 2 Effects of term child protein formula supplementation on weight in kilograms from 24 estimates from 18 trials including 2923 subjects. SMD,

standardized (weighted) mean difference.

Potential sources of heterogeneity

Using stratified analyses and meta-regression, we evaluated
prespecified potential sources of heterogeneity (Table 2). Among
trials of pregnant women evaluating birth weight, no significant
heterogeneity was identified by country income, baseline nutri-
tional status, dose of protein supplementation, intervention du-
ration, or study quality score. Compared with isocaloric-protein
supplementation (one trial only), energy-protein supplementation
to pregnant women was more effective in increasing birth weight
(P heterogeneity = 0.002; birth weight WMD = 0.089 kg; 95%
CI: 0.040, 0.137 kg).

For trials of formula-based supplementation in term children,
univariate meta-regression suggested that studies from low-
and middle-income countries (N = 6) showed larger increases
in both weight (P heterogeneity = 0.001) and height (P
heterogeneity = (0.02) than studies from high-income countries
(N = 18); similar stratification was identified by baseline
nutritional status and intervention duration. Doses of animal
protein supplementation below median showed larger effects. No

significant heterogeneity was identified by study quality score or
in multivariate meta-regression.

Among trials of food-based supplementation in term children,
effects on height were smaller, in studies of malnourished
compared with average/unspecified nutritional status (P hetero-
geneity < 0.001), whereas effects on WAZ and WFL were
greater in studies of average/unspecified nutritional status (P
heterogeneity < 0.026 for both). In univariate meta-regression,
potential heterogeneity was also identified by dose of protein
supplementation, presence of energy supplementation, inter-
vention duration, and study quality score for studies of the
effect of height. Heterogeneity was identified by dose and study
quality score in studies of HAZ meta-regression, and for baseline
nutritional status, intervention duration and study quality, for
studies of the effect on WAZ. Only baseline nutritional status
and animal protein supplementation dose shower heterogeneity
effects in studies of WFL. None of these interactions remained
significant in multivariate meta-regression. No variables were
found to drive heterogeneity in studies of the effect on weight.
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Age at
N N outcome Protein dose %
Author (year) Ref Country intervention control (months) (g/1000kcal) SMD (95% Cl) Weight
Lonnerdal (1998) (64) Sweden 11 11 0 1.60 — -0.66 (-1.52, 0.20) 0.73
Fleddermann (2014) (57) Serbia 82 82 4 279 —— -0.50 (-0.81,-0.19) 5.55
Graham gp B (1996) (59) Peru 15 14 12.9 0.89 ——t— -0.50 (-1.24,0.24) 0.98
Fazzolari-Nesci (1992) (56) Sweden 10 10 3 1.60 ——f e -0.49 (-1.38, 0.40) 0.68
Larnkjaer (2009) (61) Denmark 39 44 121 0.82 —La -0.27 (-0.71, 0.16) 2.86
Hanning (1992) (60) Canada 45 45 3 0.41 —— -0.18 (-0.59, 0.24) 3.13
Rzehak gp A (2009) (67) Germany 145 164 64 0.25 -E- -0.17 (-0.39, 0.05) 10.72
Rzehak gp B (2009) (67) Germany 138 164 64 0.66 -E- -0.15 (-0.38, 0.08) 10.44
Lien (2004) (62) USA 63 72 3 0.57 -0.09 (-0.43, 0.25) 4.69
Weber (2014) (71) Multi-country 221 227 77.2 2.28 -0.08 (-0.27, 0.10) 15.63
Koletzko (2009) (15) Multi-country 322 313 243 16.65 -0.06 (-0.22, 0.09) 2217
Oropeza-Ceja gp A (2018) (65) Mexico 18 17 4 4.70 o— — 0.00 (-0.66, 0.66) 1.22
Turck (2006) (70) France 38 36 17.5 0.93 —— 0.12(-0.33, 0.58) 2.58
Ziegler (2003) (73) USA 19 27 4 0.54 ——— 0.36 (-0.24, 0.95) 1.53
Oropeza-Ceja gp B (2018) (65) Mexico 24 17 4 7.50 ——— 0.39 (-0.24, 1.01) 1.36
Schmelzle (2002) (68) Germany 49 49 3 4.02 —ll— 0.39 (-0.01, 0.79) 3.36
Raiha (2002) (66) Italy 29 29 13 0.46 -+ 0.43 (-0.09, 0.95) 1.98
Lonnerdal gp A (1990) (63) Taiwan 15 15 3 0.17 —_ 0.50 (-0.23, 1.23) 1.01
Graham gp C (1996) (59) Peru 13 14 226 0.12 ——— 0.52 (-0.25, 1.29) 0.91
Fomon (1996) (58) USA 19 15 37 0.80 e — 0.55 (-0.14, 1.24) 1.13
Graham gp D (1996) (59) Peru 10 14 226 0.21 —_t—————p————— (.65 (-0.18, 1.48) 0.77
Lonnerdal gp B (1990) (63) Taiwan 15 15 3 0.39 ——) 1.00(0.24,1.76) 0.92
Borschel (2013) (55) USA 75 82 3.7 -0.20 —— 1.00 (0.67, 1.33) 4.86
Graham gp A (1996) (59) Peru 15 14 12.9 0.40 — 150 (0.67, 2.33) 0.78
Overall (I-squared = 75.7%, p = 0.000) <> 0.01 (-0.07, 0.08) 100.00
| |
-1.5 0 15

Standardized mean difference in Height (cm)

FIGURE 3 Effects of term child protein formula supplementation on height in centimeters from 24 estimates in 18 trials including 2920 subjects. SMD,

standardized (weighted) mean difference.

In post hoc analyses of interaction by age at follow-up, children
below the median age at follow-up showed stronger effects in the
association of formula-based supplementation and weight and the
association of food-based supplementation and WFL. Above the
median age at follow-up was associated with stronger effects of
term children food-based supplementation on height and WAZ.

Evaluation of small-study effects

Visual inspection of funnel plots and Egger’s and Begg’s tests
did not provide any evidence for meaningful small-study effects
(Supplemental Figure 13).

Discussion

This systematic review and meta-analysis of 62 controlled
trials comprising over 30,000 participants across 5 continents
found that supplementation of protein from animal-source foods
generally increased weight in children; yet, it had limited effects
on other outcomes such as attained height or stunting. For
instance, maternal supplementation increased birth weight by
0.06 kg (with no significant effect on LBW or SGA), and both

formula and food-based supplementation in term infants/young
children increased weight by 0.14 and 0.09 kg, respectively.
The strongest effects were seen in trials where both mothers
and children were supplemented, with 100-g increases in weight
and a mean 0.1-cm increase in height. However, neither formula
nor food-based supplementation for term infants/young children
increased height, whereas HAZ was increased in food-based
(+0.06 z-score) but not formula-based trials (—0.11 z-score)
reporting this outcome. Whether this latter difference is due
to chance or benefits of nonprotein components of animal-
source foods remains unclear, and the limited number of studies
reporting on HAZ outcomes after term formula supplementation
(N = 7) adds uncertainty about this finding. We conducted
a post hoc meta-analysis of height and weight in studies of
food-based supplementation in term children in the subgroup of
studies that reported HAZ and WAZ, respectively, as an outcome.
However, we still did not find a positive effect of food-based
supplementation on height, and the significant effect on weight
was maintained in this subgroup of studies. Supplementation in
preterm infants did not significantly improve growth outcomes;
in contrast, lower height for age, weight for age, and weight for
length (although based on only 6 trials totaling <400 participants)
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Age at

N N outcome
Author (year) Ref Country intervention  control  (months)
Simondon (1996) (90) Congo 53 67 7
Long gp Meat (2011) (85) Kenya 96 96 30
Tavill (1969) (94) Morocco 50 38 12
Lin (2007) (84) Malawi 115 125 18
Simondon (1996) (90) Bolivia 65 62 7
Simondon (1996) (90) New Caledonia 43 47 7
Maleta gp A (2015) (86) Malawi 235 245 17.9
Maleta gp B (2015) (86) Malawi 242 238 17.9
Fabiansen gp A (2017) (78) Burkina Faso 448 482 14.5
Fabiansen gp B (2017) (78) Burkina Faso 499 482 14.5
Simondon (1996) (90) Senegal 53 57 7
Christian gp A (2015) (77) Bangladesh 755 1265 18
Christian gp B (2015) (77) Bangladesh 769 1265 18
Tang (2014) (92) China 462 856 19
Mangani (2013) (87) Malawi 191 185 18
Walker (1996) (95) Jamaica 31 32 48
Long gp Milk (2011) (85) Kenya 96 9 30
Heikens (1989) (81) Jamaica 39 43 20.6
Ackatia-Armah (2015) Mali 282 281 18
He (2005) (79) China 201 201 60
Alarcon (2003) (75) Multi-country 44 47 51.5
Heikens (1993) (80) Jamaica 37 38 20.6
Skau (2015) (91) Cambodia 71 70 15

Overall (I-squared = 85.8%, p = 0.000)

Pimpin et al.

Protein dose %
(9/1000kcal) SMD (95% Cl) Weight
6.47 ——] -0.36 (-0.72, 0.00) 1.09
0.14 - -0.31 (-0.60, -0.03) 1.77
1.30 * -0.28 (-0.70, 0.15) 0.80
4.69 -0.25 (-0.50, 0.01) 2.22
6.47 —— -0.04 (-0.39, 0.31) 1.18
6.47 -0.01 (-0.42, 0.40) 0.84
1.48 0.00 (-0.18, 0.18) 4.47
2.96 0.00 (-0.18, 0.18) 4.47
2.79 0.00 (-0.13, 0.13) 8.66
6.99 0.00(-0.12, 0.13) 9.14
6.47 0.03 (-0.34,0.41) 1.02
4.00 0.07 (-0.02, 0.16) 17.61
5.47 0.12(0.03, 0.21) 17.80
0.88 0.12(0.00, 0.23) 11.17
6.49 0.14 (-0.06, 0.34) 3.49
1.52 - 0.16 (-0.34, 0.65) 0.59
0.58 0.23 (-0.06, 0.51) 1.78
1.56 * 0.25 (-0.19, 0.68) 0.76
2.19 [} 0.28 (0.11, 0.45) 5.20
0.43 - 0.31(0.11, 0.50) 3.70
3.70 —— 0.48 (0.06, 0.90) 0.82
1.56 —_—— 1.16 (0.67, 1.65) 0.60
1.76 —_—— 2.11(1.70, 2.52) 0.84
’ 0.09(0.06, 0.13) 100.00
I I

-1 0 3

Standardized mean difference in Weight (kg)

FIGURE 4 Effects of term child protein food-based supplementation on weight in kilograms from 23 estimates from 16 trials including 11,195 subjects.

SMD, standardized (weighted) mean difference.

were shown. In sum, these findings do not provide strong
evidence for the benefits of animal-protein supplementation
in mothers and preterm infants, and during infancy/early
childhood on growth outcomes other than weight and WFL, and
stunting for food supplementation in term children; the potential
effects of food-based supplementation on HAZ require further
study.

Formula-based trials generally provided isocaloric animal
protein supplementation, whereas trials in pregnant mothers and
food-based trials in children generally provided both animal
protein and additional calories from foods (“balanced energy—
animal protein supplementation”). Increases in birth weight with
the latter approach in pregnant mothers support recommendations
from a 2013 narrative review (87), although the effects of the
increased calories compared with animal protein per se cannot be
distinguished in these interventions. The increased height in term
children given balanced energy—animal protein supplementation
was based on very few trials with particular characteristics: all
were conducted in the 1970s, including in rural Guatemala, urban
slums in Columbia, and small industrial towns in South Wales
(39, 37, 38). Although our meta-analysis supports increased birth
weight with balanced energy—animal protein supplementation

from foods to mothers, our findings also highlight the relatively
few studies testing this approach in children after birth, indicating
a need for additional trials in this area.

During exclusive breastfeeding, protein accounts for ~5%
of energy intake, which generally increases to ~15% energy
when complementary foods are introduced (88). In general,
protein requirements for infants and young children have been
determined by the Adequate Intake method, where recommended
intakes are set at the mean protein intake of healthy breastfeeding
children, or ~1.5 g/kg/d for infants 0-6 mo of age (89).
These levels of intake are several-fold higher than physiologic
requirements to prevent clinical amino acid deficiencies.

Yet, it remains unclear whether the amino acid requirements
for body maintenance are the same as those for new tissue
deposition (recovery from undernutrition) (90), and the appro-
priate dietary protein intake for optimal growth in children has
remained uncertain. WHO has argued for inclusion of animal
protein in supplementary foods in the management of moderate
acute malnutrition (wasting), suggesting that “animal-source
foods are more likely to meet the amino acid and other nutrient
needs of recovering children” (91). However, few prior studies
have systematically reviewed whether animal protein promotes
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Age at
N N outcome  Protein dose %
Author (year) Ref Country intervention  control  (months)  (g/1000kcal) SMD (95% ClI) Weight
Krebs (2012) (83) Multi-country 532 530 18 0.62 { -2.17 (-2.32,-2.02) 5.26
Long gp Meat (2011) (85) Kenya 96 96 30 0.14 -0.37 (-0.65, -0.08) 1.49
Tavill (1969) (94) Morocco 50 38 12 1.30 -0.28 (-0.70, 0.15)  0.67
Simondon (1996) (90) Congo 53 67 7 6.47 -0.18 (-0.54,0.18)  0.93
Simondon (1996) (90) Senegal 53 57 7 6.47 -0.05(-0.42,0.33) 0.87
Fabiansen gp A (2017) (78)  Burkina Faso 448 482 14.5 2.79 0.00 (-0.13, 0.13) 7.32
Fabiansen gp B (2017) (78) Burkina Faso 499 482 14.5 6.99 0.01 (-0.12, 0.13) 7.73
Nikiema (2014) (88) Burkina Faso 675 694 16 1.47 0.03 (-0.07, 0.14) 10.78
Christian gp A (2015) (77) Bangladesh 755 1265 18 4.00 0.03 (-0.06, 0.12) 14.90
Maleta gp B (2015) (86) Malawi 242 238 17.9 2.96 0.05 (-0.13, 0.23) 3.78
Maleta gp A (2015) (86) Malawi 235 245 17.9 1.48 0.05 (-0.13, 0.23) 3.78
Lin (2007) (84) Malawi 115 125 18 4.69 0.07 (-0.18, 0.32) 1.89
Christian gp B (2015) (77) Bangladesh 769 1265 18 5.47 0.10 (0.01, 0.19) 15.05
Mangani (2013) (87) Malawi 191 185 18 6.49 0.11 (-0.09, 0.31) 2.96
Tang (2014) (93) China 462 856 19 0.88 0.14 (0.03, 0.25) 9.43
Alarcon (2003) (75) Multi-country 44 47 515 3.70 0.16 (-0.26, 0.57) 0.71
Ackatia-Armah (2015) Mali 282 281 18 2.19 0.23 (0.07, 0.40) 4.41
Long gp Milk (2011) (85) Kenya 96 96 30 0.58 0.24 (-0.04, 0.53) 1.50
Simondon (1996) (90) New Caledonia 43 47 7 6.47 0.25 (-0.17, 0.66) 0.70
He (2005) (79) China 201 201 60 0.43 0.26 (0.07, 0.46) 3.14
Simondon (1996) (90) Bolivia 65 62 7 6.47 0.27 (-0.08, 0.62) 0.99
Walker (1996) (95) Jamaica 31 32 48 1.52 0.30 (-0.20, 0.80) 0.49
Heikens (1989) (81) Jamaica 39 43 20.6 1.56 0.31(-0.12, 0.75) 0.64
Heikens (1993) (80) Jamaica 37 38 20.6 1.56 - 2.95(2.29, 3.61) 0.28
Skau (2015) (91) Cambodia 71 70 15 1.76 ) 4.43(3.82,5.05) 0.32
Overall (I-squared = 97.8%, p = 0.000) -0.02 (-0.06, 0.01)  100.00
| |
-2 0 3

Standardized mean difference in Height (cm)

FIGURE 5 Effects of term child protein food-based supplementation on height in centimeters from 25 estimates from 18 trials including 13,626 subjects.

SMD, standardized (weighted) mean difference.

optimal growth. In a recent meta-analysis, balanced energy and
protein supplementation during pregnancy reduced stillbirth by
40% (95% CI: 6, 61%) and SGA by 21% (95% CI: 10, 31%),
and increased birth weight by 0.04 kg (95% CI: 0.005, 0.08
kg) (92). Conversely, based on 2 trials of isocaloric-protein
supplementation during pregnancy, no benefits on birth outcomes
were identified; effects of either of these approaches on linear
growth after birth were not evaluated (92). Another meta-analysis
focused on balanced protein-energy supplementation and birth
outcomes, but without differentiating plant compared with
animal sources (93). Supplementation significantly increased
birth weight, but not birth length or birth head circumference;
again, effects on linear growth after birth were not evaluated.
Consistent with our quantitative results, a recent narrative review
of lipid compared with grain-based supplemental foods in the
management of moderate wasting concluded that “benefits of
dairy in Ready-to-Use-Food require further investigation” (94).
Our finding significantly extends and expands these results by
investigating animal protein supplementation during pregnancy,

in preterm infants, and in term infants/children; evaluating linear
growth after birth; and formally considering heterogeneity by a
range of underlying characteristics.

Our systematic review also highlights the variation in the
populations studied, and the nature and doses of supplementation
strategies. Continuing knowledge gaps are identified because
trials have used varying kinds of foods, types and levels of
protein, and forms of intervention, all of which continue to
make a clear articulation of the role of animal-source proteins
on nutrition outcomes challenging. The differences between
food-based and formula-based interventions that we identified
could indicate an effect of the overall food, although chance or
other design and population difference could also explain these
findings. Our results highlight the need for further studies of this
question, including trials concurrently testing isocaloric animal
protein, animal protein including its calories, and animal foods.
The heterogeneity identified in our meta-analysis as well as prior
reviews indicates a need for more standardized approaches to
evaluate specific forms and doses of animal protein, repeated
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episodes of growth failure (wasting as well as linear growth
retardation), and, of course, the role of aggravating factors
beyond diet. Several recently completed or ongoing trials are
testing various forms and levels of animal-source foods in
products specifically designed to treat acute or severe wasting in
children in low-income countries. As demonstrated by our current
investigation, there can be wide variability in prevalence of
wasting or stunting among such populations at baseline. Among
term children, we found that formula-based supplementation had
larger effects on weight and height in populations with lower
baseline nutritional status, the at-risk group that would drive
such interventions. These same groups consistently experience
greater benefits on growth in studies of pregnant women or food-
based supplementation in children. These interactions by baseline
nutritional status are biologically plausible and policy-relevant.
Of note, however, is that few studies document the background
quantity or quality (completeness) of usual total protein intake at
baseline. Relatively modest differences in baseline characteristics
of undernutrition, background diets, and corresponding doses and
durations of supplementation could have meaningful impacts on
effectiveness.

Our investigation has several strengths. Extensive searches
of multiple databases, hand searching of citations, and searches
of electronically linked studies reduce the likelihood that major
studies corresponding to our inclusion criteria were missed.
Strict inclusion criteria and duplicate data extraction reduced the
possibilities of error and bias. Plausible sources of heterogeneity
and the potential for small-study effects were quantitatively
evaluated. Studies were identified across a range of countries,
increasing generalizability. We evaluated supplementation in
mothers, preterm infants, and term infants/young children,
providing a more complete picture of effects across the early life
course. We focused on randomized controlled trials, increasing
inference for a cause-and-effect relation. Strengths of our
investigation include the evaluation of different related outcomes
(e.g., weight, WAZ, height, HAZ), allowing assessment for
concordance of findings and elucidating robustness of the results,
as well as evaluation of prespecified sources of heterogeneity
to identify potential reasons for differences across studies. The
observed unexplained discrepancies (e.g., for weight compared
with WAZ for formula supplementation) suggest that further
research is needed to confirm the effects of animal protein and
animal-source foods on these outcomes.

Potential limitations should be considered. As with any meta-
analysis, results are limited by the availability of studies focusing
on specific outcomes of interest; for instance, relatively few
studies evaluated age-specific growth outcomes, wasting, or
stunting assessed using different metrics. Although we evaluated
several potential sources of heterogeneity, other unknown
sources, including the possibility of chance, remained. In terms of
quality, many published papers evaluated using Cochrane criteria
for risks of bias demonstrated elements that were either “unclear”
or of relatively low rigor. This argues for much more attention
to study quality going forward. For some outcomes, the small
numbers and sizes of identified trials limited statistical power.
On the other hand, this is the largest meta-analysis on this topic
to date, serving to highlight the specific gaps in information for
certain outcomes of concern.

In summary, this meta-analysis summarizes available evidence
for the role of animal protein supplementation on birth, weight,
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and linear growth outcomes early in life. Supplementation
during pregnancy and infancy/childhood increased child weight
and food-based supplementation in childhood increased WAZ
and reduced the risk of stunting. Only supplementation of
animal-source foods (but not formula) during infancy/childhood
increased height for age. Benefits on growth outcomes in preterm
infants were not identified. Overall, too few high-quality studies
were identified to allow for definitive conclusions on linear
growth. This does not negate the benefits of balanced (protein
plus energy) supplementation for recovery from wasting in
children of undernourished mothers or the consideration of other
potential benefits, such as on cognitive outcomes, which require
separate assessment. WHO continues to support its 2012 call for
use of animal-source protein in food supplements intended to
manage existing malnutrition. As such, many argue that protein
quality (including defined as deriving from animal-source foods)
“is important to child health and not a fallacy” (95). We find that
convincing evidence from multiple sources pointing to significant
benefits beyond weight remains elusive and is therefore a priority
for future policy-relevant research.
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