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Breast-feeding and cognitive development: a meta-analysis'~3
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ABSTRACT

Background: Although the results of many clinical studies sug-
gest that breast-fed children score higher on tests of cognitive
function than do formula-fed children, some investigators have
suggested that these differences are related to confounding
covariables such as socioeconomic status or maternal education.
Objective: Our objective was to conduct a meta-analysis of
observed differences in cognitive devel opment between breast-fed
and formula-fed children.

Design: In this meta-analysis we defined the effect estimate as
the mean difference in cognitive function between breast-fed and
formula-fed groups and calculated average effects using fixed-
effects and random-effects models.

Results: Of 20 studies meeting initia inclusion criteria, 11 studies
controlled for =5 covariates and presented unadjusted and
adjusted results. An unadjusted benefit of 5.32 (95% CI: 4.51,
6.14) points in cognitive function was observed for breast-fed
compared with formula-fed children. After adjustment for covari-
ates, the increment in cognitive function was 3.16 (95% ClI: 2.35,
3.98) points. This adjusted difference was significant and homo-
geneous. Significantly higher levels of cognitive function were
seen in breast-fed than in formula-fed children at 6-23 mo of age
and these differences were stable across successive ages. Low-
birth-weight infants showed larger differences (5.18 points; 95%
Cl: 3.59, 6.77) than did normal-birth-weight infants (2.66 points;
95% Cl: 2.15, 3.17) suggesting that premature infants derive
more benefits in cognitive development from breast milk than do
full-term infants. Finally, the cognitive developmental benefits of
breast-feeding increased with duration.

Conclusion: This meta-analysis indicated that, after adjustment
for appropriate key cofactors, breast-feeding was associated with
significantly higher scores for cognitive development than was
formula feeding. Am J Clin Nutr 1999;70:525-35.

KEY WORDS Breast-feeding, formula feeding, infant
nutrition, premature infants, docosahexaenoic acid, arachidonic
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INTRODUCTION

Since the report of Hoefer and Hardy in 1929 (1), many studies
have reported that children who are breast-fed score higher on
tests of cognitive development than do children who are formula

See corresponding editorial on page 433.

fed (2-19). Although many investigators report that differences
in cognitive development persist after adjustment for important
covariates (3-8, 11-13, 16, 17), other investigators (9, 18, 19)
suggest that these differences are not significant after appropriate
covariate adjustment.

The cognitive development of an infant is a complex process
influenced by multiple genetic and environmental factors that
interact with one another (20). Because randomized controlled tri-
alsarenot feasible in this area, observational cohort and case-con-
trol studies have been performed. Some studies do not address
questions of exclusivity or duration of breast-feeding, making the
dose-response effects difficult to assess (20). The method of infant
feeding is correlated with socioeconomic factors such as smoking,
parental intelligence and educational attainment, socioeconomic
status, family size, birth order, and population density (20). This
meta-analysis was performed to more accurately quantitate differ-
ences in cognitive development between breast-fed and formula-
fed children with and without adjustment for covariates.

METHODS

I dentification of studies

We defined 3 initial inclusion criteria in evaluating the liter-
ature for the comparative effects of breast-feeding and formula
feeding on cognitive development: 1) studies that compared sub-
jects who were predominantly breast-fed with subjects who were
predominantly formulafed, 2) the primary outcome measure was
awidely applied test of cognitive development or ability yielding
a single score for purposes of comparison, and 3) subjects were
tested between infancy and adolescence.
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A search of MEDLINE for the period from 1966 to June 1996
identified candidate studies. Additional studies published during
this period or before 1966 were identified by using the “ancestry
approach” (21) by consulting reference lists from single studies
and pertinent literature reviews.

Twenty separate published reports (1-19, 22) met the initial
criteria. Three reports were excluded from all meta-analysis cal-
culations because insufficient data were reported to calculate
effect estimates (18, 22) or because the study design was not
comparable with that of others (14). Three additional studies
were excluded from those meta-analyses that cal culated absolute
test score differences because insufficient information was
reported to derive this effect estimate (2, 6, 10). Of the remaining
14 reports, 11 studies (3-5, 7, 8, 11-13, 16, 17, 19) reported both
unadjusted and covariate-adjusted findings comparing cognitive
development of breast-fed and formula-fed subjects (ie, “matched”
unadjusted and adjusted results). We made the meta-analysis cal -
culations separately for the total sample of observations and the
subset of 11 matched studies. We present results from the
matched subset to maximize statistical control and interpretabil-
ity of covariate-adjusted findings. However, there were no mate-
rial differences between these findings and those obtained from
the total sample of observations (these results are available from
the authors).

Covariate-adjusted effects

Our review identified 15 key cofactors that would be desirable to
control for when evaluating the relation between breast-feeding
and cognitive development: duration of breast-feeding, sex, maternal
smoking history, maternal age, maternal intelligence, maternal edu-
cation, maternal training, paternal education, race or ethnicity,
socioeconomic status, family size, birth order, birth weight, gesta-
tional age, and childhood experiences. Studies were considered
covariate-adjusted if they controlled statistically for a minimum of
5 characteristics in models to estimate effects of breast-feeding
compared with those of formulafeeding on cognitive development.
Sixteen studies met this criterion. Pooled estimates of effect were
separately calculated for unadjusted and adjusted resullts.

Additional classification of studies

Calculation of effect estimates from 11 studies that reported
absolute test score differences in a comparable metric yielded a
total of 32 unadjusted and 30 adjusted effect estimates. Some-
times, more than one effect estimate was derived from a single
publication because it reported results of multiple general tests
of cognitive development or results of testing at more than one
age. Study results were additionally classified into 2 subgroup-
ings within unadjusted and adjusted categories as follows: 1)
matched disaggregated observations (n = 28 unadjusted and 28
adjusted observations) consisted of all observations from the
subset of studies that reported both unadjusted and adjusted
(matched) results for the same sample; and 2) matched com-
posite observations (n = 11 unadjusted and 11 adjusted obser-
vations) consisted of weighted aggregates of all observations
within a single study, yielding a single composite observation
for each study. The latter subcategory was established to
reduce potential estimation problems resulting from interde-
pendency between multiple alternative or prospective test
results reported in a single study (23). In some cases, a single
sample generated more than one published report; composite
estimates were not calculated across publications because in

these instances different sample subsets were used. Findings
for both subgroups are presented in tables as a cross check for
sensitivity of results.

M eta-analysis

All included studies were observational in design because it
was rarely possible to randomly assign infants to breast- or for-
mula-feeding regimens. Meta-analysis of observational studies is
appropriate in the absence of randomized studies (24-26) but careful
attention must be given to choosing statistical models used to pool
results, to investigating the heterogeneity between results of studies,
and to evaluating potential confounding factors (27—-29).

In our study, estimates of the average effect of breast-feeding
compared with formula feeding on cognitive development, and
95% Cls for this value, were calculated by using both fixed
effects and random-effects model assumptions (30); homogeneity
of results across studies was evaluated before and after adjust-
ment for potential covariates. Fixed-effects models assume that
each study estimates the same true population value for the
effect of interest, and thus that differences between observed
results of studies can be fully accounted for by sampling varia-
tion. The appropriateness of this assumption can be formally
evaluated by tests of homogeneity of results between studies
(29). If significant heterogeneity between outcomes exists in
initial analyses (ie, differences in study findings are not fully
explained by sampling variation), the contribution of particular
study characteristics (eg, presence or absence of statistical con-
trol for confounders) to variation between results may be inves-
tigated. Random-effects models assume that a distribution of
population effects exists and is generated by a distribution of
possible study effect situations. Thus, outcomes of studies may
differ both because of sampling variation and true differences
in effects.

Fixed- and random-effects models can be appropriately
applied to pooling of data to evaluate the sensitivity of results to
differing model assumptions (31). In tables we reported primarily
fixed-effects estimates because most of the pooled results
obtained were statistically homogeneous. For sensitivity analysis,
we also reported results of random-effects models for principal
analyses in text. All analyses were conducted by using SAS-PC
version 6.11 (SAS Institute, Inc, Cary, NC) with the formulas
provided and by adapting the template code provided by
Shadish and Haddock (32).

For each study, summary results of all reported tests and addi-
tional relevant study attributes were recorded, coded, and tabu-
lated for analysis. The effect estimate was defined as the
absolute mean difference in cognitive developmental test score
between breast-fed and formula-fed groups (breast-fed minus
formula fed) for meta-analysis of results of matched disaggre-
gated (28 unadjusted and 28 adjusted observations) and matched
composite (11 unadjusted and 11 adjusted observations) cate-
gories. These comparisons were confined to combinations of test
results providing a single score for cognitive development (or
intelligence quotient; 1Q) referenced to the norm to provide a
mean of 100 points and an SD of 10-20 points (33). A second
comparison estimated the weighted average difference between
unadjusted and adjusted results by calculating the difference
between these values for each observation (adjusted minus unad-
justed result) and combining differences across observations. For
meta-analysis of the total sample (32 unadjusted and 30 adjusted
observations) the effect estimate was defined as the standardized
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mean difference (34) between breast-fed and formula-fed groups
(breast-fed minus formula-fed means divided by the pooled SD
of the estimate) to facilitate comparison of results across dis-
parate test score metrics.

Other variables

Additional analyses estimated effects of breast-feeding com-
pared with those of formula feeding on cognitive development
after disaggregating sample results by age category, birth weight,
and duration of breast-feeding exposure.

Age

We examined pooled effect estimates separately across different
age classifications both to evaluate the stability of effects across
developmental periods and because appropriate developmental
testing during childhood is age dependent. We defined 4 age cate-
gories for separate pooling and presentation of results, based
jointly on recommended age-appropriate boundaries for tests
used in a sample of studies and on the available distribution of
ages at assessment included in our final sample. These categories
were 6-23 mo, 2-5y, 6-9 y, and 10-15 y. We also estimated
results by using more specific age categories but did not observe
significant differences in findings.

Birth weight

Observations were placed in low- or normal birth weight cat-
egories. Results for low-birth-weight subjects were pooled
across the 6 adjusted observations available in the matched dis-
aggregated data subset. The definitions of authors were used to
identify low birth weights as defined in Table 1; however, the
study of Pollock (9) was not included in these analyses. Most
studies presented full cohort results for subjects without further
disaggregation by birth weight. Thus, in aggregate, the comparison
category of 24 general observations was considered to be of normal
birth weight.

Duration

Greater duration of breast-feeding may enhance its effect on
cognitive development (1). To evaluate this, we pooled results
separately across 5 breast-feeding duration intervals: 4-7, 8-11,
12-19, 20-27, and =28 wk. To obtain a substantial distribution
of estimates across several exposure categories, both covariate-
adjusted and unadjusted, duration-based estimates were included.
Before results were combined, unadjusted values, were adjusted
by subtracting the best available estimate of difference between
adjusted and unadjusted values, which was defined as either the
value for the effect of cofactors obtained for the overall compar-
ison of adjusted and unadjusted results for the study (range:
2.09-2.53 points), or, if this value was unavailable, the weighted
average covariate-adjustment effect obtained across all observa-
tions (because of heterogeneity, the random-effects average of
2.41 points was subtracted). After adjustment, results were
pooled separately for each duration category.

RESULTS

Attributes of studies

The summary characteristics of 20 studies meeting initial criteria
for inclusion are listed in Table 1. In some cases data from the
same parent sample were used in =2 reports. These studies were

included separately if they presented test results from new meas-
urements of subjects or reported new results from a specific subset
of the original sample. Most studies were conducted in the United
Kingdom (10 reports) and the United States (5 reports), with others
from Australia, Germany, New Zealand, and Spain. All studies
included males and females. Although sex was frequently
included as a covariate in analyses, insufficient information was
reported to provide reliable estimates separately for males and
females. The age at which cognitive evaluation took place ranged
from 6 mo to 16 y. Five studies reported results separately for low-
birth-weight children. Of the 20 studies, 18 used prospective designs.

Tests of cognitive development that were identified as appro-
priate for inclusion in the meta-analysis are also shown in Table 1.
Fourteen distinct assessment procedures designed to provide an
estimate of overall cognitive ability were used. The most com-
monly used measures were the Bayley Mental Development
Index (12 observations), the Peabody Picture Vocabulary Test
(6 observations), the General Cognitive Index of the McCarthy
Scales of Children’s Abilities (5 observations), the Wechsler
Child Intelligence Scale (4 observations), and the Stanford-Binet
Intelligence Scale (2 observations). No other test was used in
more than one instance. Information on infant-feeding measures
is presented in column 6. At a minimum, all studies classified
subjects into categories representing a predominantly formula-fed
or breast-fed experience. Information on exclusivity, duration, or
other specifics of the subjects’ feeding experience was also
noted. Other childhood outcomes measured and additional
sources of information we used are also shown in Table 1.

The extent to which key cofactors were assessed by previous
investigators is given in Table 2. “Matched” studies were
defined as reports that presented both unadjusted and cofactor-
adjusted estimates of the effect of breast-feeding on cognitive
development for the same sample; 12 studies met this criterion.
The total number of covariates included in models comparing
effects of breast-feeding and formula feeding on cognitive
development are given; this number ranged from 1 to 12 in the
full sample and from 5 to 12 in matched studies only, with a
mean of 8 cofactors included in models in the latter category.
The 10 studies that directly evaluated the effects of the duration
of breast-feeding exposure on subjects cognitive development
are noted in the table. The extent to which key covariates were
included in models across studies is displayed across columns
5-18. Cofactors that were well represented across studies
included, in order of frequency, socioeconomic status (SES), sex,
maternal education, birth weight, parity, gestational age, maternal
intelligence quotient, and maternal smoking. Covariates that
were infrequently evaluated in studies included race or ethnicity,
parenting behaviors, childhood experiences, family size, and
paternal characteristics. Each of these latter factors was evalu-
ated in <5 studies.

Unadjusted and adjusted estimates

The results of meta-analysis for all matched observations are
given in Table 3. Unadjusted and adjusted-pooled mean differ-
ences in cognitive developmental score between breast-fed and
formula-fed children are reported by using fixed-effects estima-
tion procedures. A positive value indicates an advantage in average
developmental score for breast-fed compared with bottle-fed chil-
dren. For purposes of sensitivity analysis, results are displayed
separately in the table for all composite observations (n = 11) and
all observations without aggregation (n = 28); results obtained
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TABLE 1
Attributes of studies evaluating the effect of breast-feeding on cognitive development*
Subject Study Cognitive devel opment Breast-feeding Other childhood Other data-collection
Study and location  characteristics  type assessments? attributes outcomes methods
Hoefer and Hardy (1), 383M +F P Stanford-Binet Intelligence Scale FF, BF <3 mo, Age of talking Questionnaire: parent
United States® 7-13y Pinter-Patterson Performance BF 10-20 mo Percentage with 1Q >120 Interview: parent
Percentage with 1Q >130 Medical records
Stanford Educational “Baby book” records
Achievement Test results
Dorner and Grychtolik 134 M + F R School mark averages FF, BF, FF School mark averages Teacher reports
(2), Germany 16y (natural sciences and languages) and BF (sports, behavior and
conduct)
Rodgers (3),

United Kingdom?® 2424 M + F P 8y: Picture Intelligence FF exclusively; 8y: Word reading Interview: mother
subsample 15 y: Nonverbal ability BF exclusively; 15y: Mathematics Teacher reports
assessed: Sentence completion BF 1 mo, 2 mo,
8y, 15y 3 mo, 4 mo,

5-7 mo, 28 mo
Silvaet a (18), 1037 M + F P Peabody Picture Vocabulary Test BF <1 wk, Developmental experiences  Interview: mother
New Zealand 3y BF 14 wk, Age of attainment of

BF 5-12 wk, developmental milestones

BF 13-24 wk, Gross and fine motor

BF 25-36 wk, coordination

BF 37-51 wk, Verbal comprehension

BF >51 wk and expression

Behavior problems

Fergusson et a (4), 1037 M + F P 3y: Peabody Picture Intelligence FF, BF <4 mo, 3,5, 7y: Language Interview: mother

New Zealand® assessed: 3y, Test BF =4 mo development

5y, 7y 5y: Stanford-Binet Intelligence 5, 7y: Articulation
Scale
7'y: Wechdler Intelligence Scale
Ounsted et a (5), 242 M + F P British Abilities Scales (10 FF, BF, DNR Holbom Reading Quotient ~ Not reported

United Kingdom? 75y subscales)

Taylor and Wadsworth  13135M +F P English Picture Vocabulary Test FF, BF <1 mo Copying Designs Score Interview: mother

(6), United Kingdom 5y partial or Child Behavior Score

exclusive Percentage with speech
BF 1-3 mo partial problems
or exclusive
BF >3 mo partial
or exclusive
Morley et d (7), 77IM +F P Bayley Mental Development Index  FF, BF, DNR None Interview: caregiver
United Kingdom? 18 mo Developmental Profile |1
LBW < 1850 g (academic scale |Q equivalent)
Morrow-Tlucak et a 229M +F P 6mo, 1y, 2y: Bayley Menta FF, BF <4 mo, None Questionnaire: mother

(8), United States® Assessed: 6 mo, Development Index BF >4 mo Interview: mother

ly,2y HOME Instrument
administration
Pollock (9), 8128 M + F P English Picture Vocabulary Test FF, BF partia Copying Designs Test Not reported
United Kingdom or exclusive,
5y during first 7d  Human Figure Drawing Test
LBW < 2537 g postpartum
Bauer et a (10), 50M +F P McCarthy Scales of Children’s BF duration not None Not reported
United States 3y Abilities General Cognitive Index  further specified
Doyleet d (11), %M +F P 2y: Bayley Mental Development FF exclusively None Not reported
Australia® Assessed: 2y, Index BF, DNR
5y,8y 5y: Wechsler Preschool and
LBW 500— Primary Scale of Intelligence
1500 g 8y: Wechdler Intelligence Scae
for Children Revised
Jacobson and Jacobson 323 M + F P McCarthy Scales of Children’s FF exclusively to  None Interview: mother

(19), United States® 4y

Abilities General Cognitive Index
Peabody Picture Vocabulary Test
Revised

BF exclusively

(5 categories not
further specified)

(Continued)
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TABLE 1 (Continued)

Subject Study Cognitive devel opment Breast-feeding Other childhood Other data-collection
Study and location  characteristics  type assessments? attributes outcomes methods
Lucas et a (12), 283 M + F P Wechdler Intelligence Scale for FF, BF successfully Wechsler Intelligence Scale  Not reported

United Kingdom?® Subsample Children Revised (Anglicized)
758y Overall 1Q assessed from
LBW <1850 g 5 subscales

Rogan and Gladen (13), 855 M + F P 6mo, 1y, 15y, 2y: Bayley

United States® at baseline Mental Development Index
assessed: 3y, 4y, 5y: McCarthy Scales
6mo, 1y, of Children’s Abilities
15y, 2y, General Cognitive Index
3y,4y,5y

Greene et a (22),
United Kingdom

432M +F R
11-16y

Primary Mental Abilities Test

Intelligence Quotient

Raven’s Standard Progressive
Matrices Test Intelligence
Quotient

for Children Revised
Verbal Subscale

Wechdler Intelligence
Scale for Children Revised
Performance Subscale

(determined within
72 h of delivery)

FF exclusively Bayley Psychomotor Index  Interview: mother
BF < 4wk and McCarthy Motor Scale Medica records
weaned <9wk,  McCarthy Scales of Physical and
BF <4 wk or Children’s Abilities developmental
5-19 wk and Verbal, Quantitative, examinations
weaned 919wk,  Perceptual-Performance,  Biologica samples
BF 5-19 wk or Memory Subscales
>20 wk and Report card grades
weaned 19-49 wk,
BF =20 wk and
weaned =50 wk
FF, BF as Primary Mental Abilities Hospital consultation
recorded on Test records
hospital consul- ~ Verbal, Numerical, and Headlth Visitor reports

tation records School health records

BF 1-12 wk, >12 wk

Reasoning Subscales

Lucaset a (14), 117M +F P Bayley Mental Development FF exclusively, Bayley Psychometer History: clinical,
United Kingdom subsample Index (corrected for prematurity) BF exclusively with  Development Index social, demo-
FF vs. BF donor breast milk  (corrected for prematurity)  graphic factors
donor breast Physical examination
milk 18 mo Anthropometry
LBW < 1850 g Biological samples
Pollock (15), 3838 M + F P 5y: English Picture Vocabulary Test FF exclusively 5y: Human Figure Drawing Questionnaire and
United Kingdom subsample 10y: British Abilities Scales >3 mo Copying Design Score interview: parents
“clinically Total Score (overall cognitive BF exclusively 10y: Pictoria Language Test Medical records,
advantaged”* and perceptual ability) >3 mo Friendly Maths Test medical
Assessed: Edinburgh Reading Test examination,
5y,10y Spelling Test school testing
British Abilities Scales
Word Definition, Matrices,
and Similarities Subscales
Temboury et a (16), 229M +F P Bayley Mental Development Index FF from birth Bayley Psychomotor Not reported

Spain® 18-29 mo

592 M +F P
18 mo

Florey et a (17),
United Kingdom?

Bayley Mental Development Index

or BF <1mo Development Index

BF for <3 mo

FF, BF, DNR Bayley Psychomotor Interview: mother
as recorded at Development Index Medical records
hospital at discharge Health Visitor records
and on early

Health Visitor record

1LBW, low birth weight; FF, formula fed; BF, breast-fed; P, prospective study; R, retrospective study; DNR, duration not reported; 1Q, intelligence

quotient.
2Tests identified as appropriate for inclusion in the meta-anaysis.

3 Study reporting both unadjusted and covariate-adjusted (minimum of 5 covariates) findings.

4“Clinically advantaged” subsample defined in reference.

using random effects estimation procedures are reported below.
The unadjusted pooled mean difference for the 11 composite
observations was 5.32 points, indicating that on average, an incre-
mental benefit of this magnitude was observed for breast-fed
children across studies before adjustment for covariates. This
unadjusted difference was significant but heterogeneous across
studies. The counterpart unadjusted breast-fed advantage in cog-
nitive development for all 28 observations of 4.97 points com-
pared closely with the composite unadjusted value. When ran-
dom-effects estimation procedures were used to account for

heterogeneity between results, the pooled mean difference for the
unadjusted composite observations was moderately elevated to
6.15 (95% ClI: 4.68, 7.61) points, and the pooled mean difference
for all observationsincreased to 5.64 (95% Cl: 4.77, 6.52) points.
Thus, all estimates established the average unadjusted benefit in
cognitive development of breast-feeding compared with formula
feeding at between 5 and 6 points.

After adjustment for covariates, the pooled mean increment
in cognitive developmental score for breast-fed compared with
formula-fed children across the 11 composite observations
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TABLE 2
Assessment of cofactors in studies on the effect of breast-feeding on cognitive development
Matched Number of Duration of Materna Maternal Maternal  Maternal Maternal  Paterna Race or Family Birth  Birth  Gestationd Childhood
Study report’  cofactors’ breast-feeding Sex  smoking age IQ*  education training education ethnicity SES size” order weight age experience
Hoefer and Hardy (1) N 1 A3
Dorner and Grychtalik (2) N 3 A
Rodgers (3) \% 10 A A A A A A A A A A
Silvaet a (18) N 4 A A A A A A
Fergusson et al (4) Y 7 A A A A A A A A A
Ounsted et al (5) Y 8 A A A A A
Taylor and Wadsworth (6) Y 8 A A A A A A A
Morley et a (7) \% 10 A A A A A A A
Morrow-Tlucak et al (8) Y 8 A A A A A A A
Pollock (9) N 7 A A A A A A A
Baver et al (10) N 3 A A A
Doyleet al (11) \% 6 A A A A A A
Jacobson and Jacobson (19) Y 5 A A A A A
Lucaset al (12) Y 8 A A A A A A A A
Rogan and Gladen (13) Y 9 A A A A A A A A
Greeneet a (22) N 7 A A A A A A A A
Lucas et al (14) N 9 A A A A A
Pollock (15) N 9 A A A A A A A A A
Temboury et al (16) Y 12 A A A A A A
Florey et a (17) Y 10 A A A A A A A

1V 13 NOSH3ANVY

"Matched” denotes that numeric results are reported in the study for both unadjusted and cofactor-adjusted models; Y, yes; and N, no.
2Total number of cofactors evaluated in assessment of the effect of breast-feeding on cognitive development.

3A, assessed, ie, the cofactor was included in the assessment of the effect of breast-feeding on cognitive development.
4Socioeconomic status.

SIntelligence quotient.

€102 ‘9T J8qWanoN uo 1sanB Aq Bio uoniinu-uosfe wolj papeojumod


http://ajcn.nutrition.org/
http://ajcn.nutrition.org/

@ The American Journal of Clinical Nutrition

META-ANALY SIS OF BREAST-FEEDING AND COGNITION 531
TABLE 3
Results of meta-analysis: weighted mean difference in cognitive developmental score between breast-fed and formula-fed children: unadjusted and
adjusted results compared for all matched composite observations and all matched observationst
Mean difference

Matched observations (breast-fed—formula fed)? SE 95% Cl z Q*
Composite

Unadjusted (n = 11) 5.32 0.4152 451, 6.14 12.82 23.20 (0.01)

Adjusted (n = 11) 3.16 0.416 2.35,3.98 7.60 12.76 (0.2373)
Total

Unadjusted (n = 28) 4.97 0.2455 4.49, 5.45 20.25 69.30 (<0.001)

Adjusted (n = 28) 2.89 0.2463 241, 3.37 11.74 27.54 (0.435)

Inis the number of observations (tests of hypothesis) in category.

2Fixed-effects estimate of the weighted mean difference in cognitive developmental score between groups. Positive values indicate greater mean score

for breast-fed children relative to formula-fed children.
3Test of significance of weighted mean difference: P < 0.001.

4Test of homogeneity of weighted mean difference; associated P value in parentheses.

declined to 3.16 points. This adjusted difference was also signi-
ficant and, in contrast with the unadjusted results, was homo-
geneous across studies. The counterpart-adjusted difference for
all 28 observations of 2.89 points was similar in magnitude.
When random-effects models were used, the pooled mean dif-
ference for 11 composite observations was modestly elevated
to 3.49 (95% CI: 2.45, 4.53) points, and the counterpart value
for all observations was 2.92 (95% CI: 2.42, 3.41) points.
These alternative estimates indicate that after adjustment for
covariates, breast-feeding conferred a consistent and signifi-
cant incremental benefit of =3 points to children’s cognitive
development.

Adjusted mean differences and Cls for 11 studies (composite
observations) that reported matched results, and the pooled esti-
mate across studies, are shown in Figure 1. All 11 studies

Formula-fed
benefit Breast-fed benefit
3.40
Rogers (3)
1 2.09
Fergusson et al (4) -
I 5.61
Ounsted et al (5)
1 4.36
Moriey et al (7) -
] 4.72
Morrow-Tlucak et al (8)
I 5.02
Doyle et al (11)
Jacobson and 1 1.71
Jacobson (19) I
T 8.30
Lucasetal (12)
1 270
Rogan and Gladen (13)
1 4.36
Temboury et al (16) —
1 3.70
Florey et al (17)
T 3.16
All studies —

4 2 0 2 4 6 8 10 12 14

FIGURE 1. Effect of breast-feeding versus formula feeding on cog-
nitive developmental score: covariate-adjusted mean differences for
matched composite observations.

observed a benefit associated with breast-feeding after adjustment
for covariates. This advantage was significant in 9 instances.

To specify the effects of covariate adjustment on observed ben-
efits for breast-feeding as precisely as possible, differences
between unadjusted and adjusted results were calculated for each
study reporting both values (ie, matched observations) and the
resulting differences were pooled by using fixed-effects models.
Results addressing this question are given in Table 4. Results are
reported separately for composite and for total observations. The
pooled estimate indicates that covariate adjustment reduced the
magnitude of the observed benefit in cognitive development
obtained by breast-feeding by 2.11 points on average for 11 com-
posite observations. The counterpart value for all 28 observations
was closely comparable at —2.00 points. These pooled estimates
were heterogeneous across studies. Random-effects models gave
an estimated difference for composite observations of —2.41
points, and the value for al observations was —2.39 points.

Effect of age at measurement, birth weight, and duration of
breast-feeding

Results, after disaggregating observations by age of subjects,
birth-weight category, and duration of exposure to breast-feed-
ing, are presented in Tables 5-7. The effect estimate reported is
the adjusted mean differences in cognitive developmental score
between breast-fed and formula-fed children. Results of esti-
mates adjusted by age at measurement are presented in Table 5.
Breast-fed children showed significant incremental benefits in
developmental score in comparison with formula-fed childrenin
each of the measured categories. The increment accruing from
breast-feeding was observed in children measured as early as
6-23 mo of age (mean increment of 3.11 points). This benefit
was stable across successive age categories. There is no evi-
dence for an age-associated trend in the magnitude of the incre-
ment. The results suggest that a significant developmental aug-
mentation attributable to breast-feeding is established early in
the life course and persists at least through midadolescence.

The results of the meta-analysis by category of birth weight are
presented in Table 6; they indicate that the benefit obtained from
breast-feeding was most pronounced in children of low birth
weight, athough significant benefits were observed in both cate-
gories. An average adjusted benefit of 5.18 points was obtained for
low-birth-weight children across the 6 available observations. This
value was significant and homogeneous. The observed benefit for
children in the low-birth-weight category was also significantly
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TABLE 4

Results of meta-analysis: pooled difference between covariate-adjusted and unadjusted results for cognitive developmental score, comparing results for

matched observationst

Pooled difference
Matched observations  (adjusted — unadjusted)? SE 95% ClI 2 Q*
Composite (n = 11) —-211 0.0204 —2.15, —2.07 103.95 1633.2
Total (n = 28) —2.00 0.0117 —-2.02, —1.97 170.54 7730.7

Inisthe number of matched observations (studies reporting both unadjusted and adjusted results).
°Fixed-effects estimate of the weighted average difference in cognitive development score between adjusted and unadjusted results. A negative value
indicates reduction in the magnitude of difference in adjusted results in comparison with unadjusted results.

3Test of significance of weighted estimate: P < 0.001.
4Test of homogeneity of weighted estimate: P < 0.001.

higher than the average adjusted increment of 2.66 points observed
for children in the normal-birth-weight category. However, the
higher score noted for breast-fed children in the comparison cate-
gory was aso significant and homogeneous across observations.

Results of examining the duration of breast-feeding exposure
are presented in Table 7. For each duration category, the value
reported represents the weighted, adjusted mean difference in
cognitive developmental score between breast-fed and formula-fed
children. The results showed a pattern of gradual increase in the
magnitude of the incremental benefit in cognitive development
correlated with breast-feeding compared with formula-feeding
as the duration of breast-feeding exposure increased from 8-11
wk (weighted mean benefit of 1.68 points) to =28 wk (weighted
mean benefit of 2.91 points). Although a consistent pattern of
increase in the weighted-mean estimates was evident, substantial
overlap exists in Cls for these estimates. Also, a significant ben-
efit for breast-feeding was obtained for the 4 longer-duration cat-
egories representing breast-feeding exposure >8 wk. Results
were homogeneous across observations in 3 of 5 categories.
Similar findings were obtained when random-effects models
were estimated for these data (results not shown).

DISCUSSION

This meta-analysis of 20 controlled studies indicated that
breast-feeding was associated with a 3.2-point higher cognitive
development score than was formula feeding after adjustment
for key cofactors. These results were homogeneous and signifi-
cant (P < 0.001). Enhanced cognitive development of breast-
fed compared with formula-fed children was manifested early
in development and was sustained through childhood and ado-

TABLE S5

lescence. Increasing duration of breast-feeding was accompa-
nied by a gradual increase in cognitive developmental benefit.
Our analysis supports data reported in individual studies (3, 4,
8, 11, 13, 15).

Low-birth-weight infants derived greater benefits from breast-
feeding than did normal-weight infants. Our analysis suggests that
normal-birth-weight infants who are breast-fed rather than for-
mulafed have a cognitive developmental advantage of 2.66 points
(P < 0.001) whereas low-hirth-weight infants have an advantage of
5.18 points (P < 0.001) compared with formula-fed infants
matched for birth weight. These observations support the results of
comparisons made in individual studies (7, 9, 11, 12, 14, 35).

Although our meta-analysis suggests that key cofactors con-
tribute from 2.0 to 2.4 points to the difference in cognitive devel-
opmental score between breast-fed and formula-fed children,
differences in measured and unmeasured cofactors between
these 2 groups remain a major limitation of this analysis.
Recently, investigators (Table 2) assessed between 3 and 12
covariates and adjusted, as far as possible, for these confounders.
After adjustment for significant cofactors, 9 of 11 investigations
(Figure 1) reported significantly higher cognitive deveolpment
scoresfor breast-fed infants than for formula-fed infants. Because
recognized covariates contributed to an estimated 2.11-point dif-
ference, it isunlikely but possible that heretofore unrecognized or
inadequately assessed covariates, if adjusted for would negate the
3.16-point difference noted in the cognitive function for breast-fed
compared with formula-fed children. Further studies, such as
those of Lucas et a (14), may help answer this question.

Several additional factors support a specific value of breast-
feeding with respect to cognitive function. First, breast-fed chil-
dren appear to have a broad range of enhanced brain functions

Results of meta-analysis: weighted mean difference in cognitive developmental score between breast-fed and formula-fed children by age at measurement*

Mean difference

Age category Breast-fed Formulafed (breast-fed — formulafed)?  95% Cl z Q*

6-23mo (n=7) 2283 1169 311 1.82,4.39 4.75 4.68 (0.585)
25y (n=12) 3674 5166 253 1.86, 3.20 7.39 9.34 (0.590)
6-9y (n=5) 1575 1461 301 1.99, 4.03 578 10.28 (0.036)
10-15y (n=2) 1116 4120 3.19 1.89, 4.48 4.82 0.04 (0.837)

Inisthe number of observations (tests of hypothesis) across all studies.

°Fixed-effects estimate of the weighted mean difference in cognitive developmental score between groups. Positive values indicate a greater mean score

for breast-fed children relative to formula-fed children.
3Test of significance of weighted mean difference: P < 0.001.

4Test of homogeneity of weighted mean difference; associated P value in parentheses.
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TABLE 6

Results of meta-analysis: weighted mean difference in cognitive developmental score between breast-fed and formula-fed children by birth weight category

Mean difference

Birth weight Breast-fed Formulafed (breasst-fed — formulafed)!  SE 95% Cl z Qe
Normal or mixed” (n = 22) 8922 5778 0.2585 2.15,3.17 10.29 15.57 (0.793)
Low (n=16) 1294 751 0.8117 3.59, 6.77 6.38 3.23(0.665)

IFixed-effects estimate of the weighted mean difference in cognitive developmental score between groups. Postive values indicate greater mean scores

for breast-fed children relative to formula-fed children.
2Test of significance of weighted mean difference: P < 0.001.

3Test of homogeneity of weighted mean difference; associated P value in parentheses.
4Some studies did not distinguish between low- and normal-birth-weight children when reporting results; in these instances the results were placed in

the “normal or mixed” category.

compared with formula-fed children. In addition to improved
performance on a variety of different tests of cognitive function,
indicating a general enhancement of cognitive function rather
than of very specific functions, breast-fed children, compared
with formula-fed children, show more rapid maturation of visual
function (36, 37) and may acquire motor skills at an earlier age
(2, 35). It has also been suggested that breast-fed children have
fewer emotional or behavioral problems (2, 6, 35) and fewer
minor neurologic problems later in life (38, 39) than do formula-fed
children. These observations suggest that breast-feeding specifi-
cally enhances globa neurologic development. Second, the
enhanced benefit observed for low-birth-weight infants again
suggests that breast milk provides specific advantages to prema-
ture infants. Third, the “dose effect,” or increasing benefit with
duration of breast-feeding, also suggests that there are specific
advantages related to increasing exposure to breast milk.

The recent study of Lelorier et a (40) cautions against overinter-
preting findings of meta-analyses. Appropriately conducted research
syntheses must carefully specify criteriafor study selection and qual-
ity assessment, explore sources of variation in results, and evauate
senditivity of findingsto different statistical modelsfor pooling results
(41, 42). Our meta-analysis pooled results of nonrandomized studies
that were selected on the basis of their relative uniformity in address-
ing the research question of interest, and classified according to their
extent of statistical control of the relation. We excluded one study (14)
because it used a design that differed significantly from that of the
other studies. We explored variation within and between various sub-
sets of the sample of studies, grouped according to more or less
restrictive criteria. We aso examined differences between the results
when aternative statistical models for pooling studies were applied to
the data. Our pooled estimates were robust to different aggregations

TABLE 7

of data and to application of different statistical models for meta-
analysis. This gives us confidence in the reliability of the findings as
asummary of the current state of research knowledge but in no way
impliesthat additional study of the research question is not warranted.

If breast-feeding is accompanied by more rapid or better devel -
opment of neurologic function, it may be because breast milk pro-
vides nutrients required for rapid development of the immature
brain. Human breast milk may support neurologic development
by providing long-chain polyunsaturated fatty acids (LCPUFAS)
such as docosahexaenoic acid (DHA; 22:6n—3) and arachidonic
acid (AA; 20:4n—6). Structural lipid comprises 60% of the
human brain, and DHA and AA are major lipid components
(43-45). Premature infants are denied the intrauterine supply of
DHA and AA and, having no fat stores of these basic LCPUFAS,
do not have adequate DHA and AA for retinal and cortical brain
development (36, 37, 46-48). Breast milk provides these critical
L CPUFAS, whereas formulas available in the United States do not
provide DHA or AA (37, 48).In 1979, Sanders and Naismith (49)
noted that blood DHA concentrations were higher in breast-fed
than in formula-fed infants. Research in primates (50) and
humans (45, 51, 52) indicates that breast-fed infants have higher
brain concentrations of DHA than do formula-fed infants studied
after accidental death. Makrides et a (52) also noted that the
DHA content of the brain cortex of infants increased significantly
with duration of breast-feeding. Furthermore, erythrocyte DHA
was significantly correlated with brain cortex DHA content in
human infants (52), as reported previously in animal studies (53).

Crawford (44) hypothesized that DHA and AA are the vital
components of human breast milk that support development of the
newborn brain. Extensive animal (54), primate (55) and human
(48, 56) research supports this hypothesis. Bjerve et a (57) docu-

Results of meta-analysis: weighted mean difference in cognitive developmental score between breast-fed and formula-fed children by duration of

breast-feeding exposure*

Duration of Study Subjects by feeding status Mean difference

breast-feeding  reference number  Breast-fed Formulafed (breast-fed — formulafed)® 95% ClI z Q*

4-7 wk 1,3,6,22 2609 8413 —0.02 —0.71, 0.67 0.06 (0.951) 4.98 (0.419)
8-11 wk 34,6813 3070 10198 1.68 112, 2.25 584 (<0.001)  14.03 (0.448)
12-19 wk 3,6,13,22 2458 9569 215 1.41, 2.88 5.72 (<0.001) 18.77 (0.016)
20-27 wk 1,348 1232 2767 2.78 1.94, 3.61 6.50 (<0.001) 7.20 (0.516)
228wk 1,313 2910 1840 201 1.73, 4.09 482 (<0.001)  17.50(0.041)

LAIl available observations were included in the meta-analysis; the estimated effect of covariates has been subtracted from unadjusted observations.

2Fixed-effects estimate of the weighted mean difference in cognitive development score between groups. Positive values indicate a greater mean score
for breast-fed children relative to formula-fed children; negative values indicate the opposite result.

3Test of significance of weighted mean difference; associated P value in parentheses.

4Test of homogeneity of weighted mean difference; associated P value in parentheses.
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mented that serum DHA concentrations are positively and signifi-
cantly correlated with results of Bayley mental and psychomotor
development scales. Furthermore, several studies documented that
DHA concentrations in serum and erthyrocytes are significantly
lower in formula-fed than in breast-fed infants (48, 53, 58, 59).
Early studies in primates (55) and more recent studies in human
infants (36, 48, 60) showed that breast-fed infants score higher on
visual acuity tests than do formula-fed infants, and this perfor-
mance correlates with concentrations of DHA in erythrocytes.

The advantages associated with a 3- to 5-point higher level
of cognitive function or |Q score are controversial. The available
scientific data suggest that cognitive function is positively and
significantly correlated with educational achievement (61), job
performance (62), occupational achievement (63), and income
(64), and inversely related to delinquency rates (65). An 1Q
increase of 3 points (one-fifth of an SD) from 100 to 103 would
elevate an individual from the 50th to the 58th percentile of the
population and would potentially be associated with higher edu-
cational achievement, occupational achievement, and social
adjustment.

In conclusion, this meta-analysis of controlled studies indi-
cates that breast-feeding is associated with a 3.16-point higher
score for cognitive devel opment compared with formulafeeding
after adjustment for significant covariates. This difference
between breast-fed and formula-fed children was observed as
early as 6 mo and was sustained through 15 y of age, the last
time of reliable measurement. Longer duration of breast-
feeding was accompanied by greater differences in cognitive
development between breast-fed and formula-fed children.
Whereas normal-weight infants showed a 2.66-point differ-
ence, low-hirth-weight infants showed a 5.18-point difference
in 1Q compared with weight-matched, formula-fed infants.
These studies suggest that nutrients present in breast milk may
have a significant effect on neurologic development in prema-
ture and term infants.
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