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ABSTRACT: Although observational findings linking breast milk to
higher scores on cognitive tests may be confounded by factors
associated with mothers’ choice to breastfeed, it has been suggested
that one or more constituents of breast milk facilitate cognitive
development, particularly in preterms. Because cognitive scores are
related to head size, we hypothesized that breast milk mediates
cognitive effects by affecting brain growth. We used detailed data
from a randomized feeding trial to calculate percentage of expressed
maternal breast milk (%EBM) in the infant diet of 50 adolescents.
MRI scans were obtained (mean age = 15 y 9 mo), allowing volumes
of total brain (TBV) and white and gray matter (WMV, GMV) to be
calculated. In the total group, %EBM correlated significantly with
verbal intelligence quotient (VIQ); in boys, with all IQ scores, TBV
and WMV. VIQ was, in turn, correlated with WMV and, in boys
only, additionally with TBV. No significant relationships were seen
in girls or with gray matter. These data support the hypothesis that
breast milk promotes brain development, particularly white matter
growth. The selective effect in males accords with animal and human
evidence regarding gender effects of early diet. Our data have im-
portant neurobiological and public health implications and identify
areas for future mechanistic study. (Pediatr Res 67: 357-362, 2010)

Numerous studies report that breastfeeding is associated
with higher scores on tests of neurodevelopment and
cognition in later life (1,2), suggesting that breast milk may
impact early brain development, with potentially important
biologic, medical, and social implications. These findings are
often questioned because other factors associated with moth-
ers’ choice to breastfeed (e.g. higher socioeconomic status and
level of education, different child-rearing attitudes) might
promote cognitive development. In a study using data from a
national database, adjustment for maternal intelligence quo-
tient (IQ) eliminated the breastfeeding effect (3). All these
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studies, however, are potentially flawed by lack of experimen-
tal design.

More recently, a large cluster randomized trial of breast-
feeding promotion using an experimental design demonstrated
a large effect of breastfeeding on cognition, adding credence
to the evidence for beneficial effects seen in past observational
studies (4). Anderson et al. (5) showed in a meta-analysis that,
after appropriate adjustments, breastfeeding was associated
with an advantage of around three points on tests of cognition
in children born at term and around five points in those born
preterm, both large effects in population terms. The implica-
tion is that, over and above social factors, one or more
constituents of breast milk benefit neurodevelopment, partic-
ularly so in those born preterm, at a more sensitive stage of
brain development.

Our current study was prompted by two factors, the now
likely causal relationship between breastfeeding and cognition
and the previous observation that cognitive scores in preterms
are related to head circumference and brain size measured by
quantitative volumetric analysis of MRI scans (6). With this
background, we examined the relationships between breast
milk feeding and cognition and brain volume determined from
MRI scans. Our specific purpose was to provide evidence for
the hypothesis that cognitive benefits of breastfeeding are
mediated through an effect on brain growth, ultimately influ-
encing mature brain volume.

To explore this hypothesis, we studied members of a cohort
of adolescents who had participated in a large randomized trial
examining the health and developmental effects of early infant
nutrition, conducted between 1982 and 1985 (7). The subjects
were born preterm, at a sensitive period for nutritional effects
on brain development and cognition (8). In exploratory anal-
yses, those receiving breast milk, after allowing for confound-
ing factors, had an 8.3 point IQ advantage at 7-8 y (9). A
subset of this cohort has been followed up to 13-19 y of age
for MRI scanning and cognitive testing. Data collected on

Abbreviations: BBM, banked breast milk; % EBM, percentage of diet that is
expressed maternal breast milk; FSIQ, full-scale intelligence quotient; GMV,
grey matter volume; LCPUFA, long-chain polyunsaturated fatty acid; PIQ,
performance intelligence quotient; TBV, total brain volume; VIQ, verbal
intelligence quotient; WMV, white matter volume
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these subjects while in the neonatal unit provided precise
information on the volumes of breast milk consumed (by
nasogastric tube), giving a rare opportunity to explore the
potential dose-response effect of breast milk feeding on
brain volumes and cognition at adolescence. It is important
to note that all neonatal data were recorded for this study at
the time and were not obtained retrospectively from charts.
Although some IQ data for the larger group have been
reported previously (10,11), neither 1Q data for this partic-
ular group nor information regarding breast milk in the diet
have been published.

METHODS

Subjects. The original randomized trial of early nutrition consisted of two
studies, each with two parallel trials (8). In the trial of interest here, mothers
elected to breastfeed but varied in their success in expressing milk and,
therefore, in the need for supplementary feeding. According to randomization
before breastfeeding commenced, these infants were given one of three
supplements: a nutrient-enriched preterm formula (PTF), a standard term
formula (TF; used in the 1980s for feeding preterm infants), or a banked
breast milk (BBM; provided by unrelated donors and unfortified). The
volumes of all enteral intakes were recorded daily (parenteral nutrition was
not included) and the expressed maternal breast milk component converted to
a percentage (%EBM) of the infant’s total intake. The median number of days
in the study was 39.5 (quartiles: 21.5; 39.5; 61.3).

Our intention was not to conduct another follow-up because the neuroim-
aging component constrained the number of adolescents who could be studied
due to factors such as difficulty of travel to the hospital for MRI imaging. To
make interpretation of the diet-brain relationships as straightforward as
possible, we chose to include those who had been born at 30wk GA or less
and who had been considered neurologically normal, by history and exami-
nation, when seen at 7.5-8 y, making them an atypical group. All attended
mainstream schools. Cognitive and imaging data were available for 50 (26 M;
24 F) adolescents who had been assigned to the EBM + supplement limb of
the original study, allocated to diet as follows: PTF = 28, TF = 13, and
BBM = 9. Percentage EBM in the diet ranged from 0 (2 infants) to 100 (3
infants) with a mean of 60.1. Members of this group had been assessed
cognitively in previous follow-up studies but no MRI scans were collected at
time of birth (in the early 1980s) or subsequently. Mean age at cognitive
testing/MRI acquisition was 15y 9 mo (range: 13 y 5 mo—19 y 9 mo; SD =
13.6 mo).

Cognitive assessment. The age-appropriate Wechsler 1Q test was given: 44
completed the Wechsler Intelligence Scale for Children-Third Edition
(WISC-III) and 6 the Wechsler Adult Intelligence Scale-Third Edition
(WAIS-III). Mazes, an optional subtest, were omitted from the WISC-IIL.
Verbal 1Q (VIQ), performance 1Q (PIQ), and full-scale IQ (FSIQ) scores were
calculated. IQ scores have a population mean of 100 and a SD of 15.

MRI scan acquisition. MRI studies were performed using a 1.5T Siemens
Vision system. Investigations included magnetization-prepared rapid acqui-
sition gradient echo (MPRAGE 3-D) (12) volume acquisition with repetition
time of 10 ms; echo time, 4 ms; inversion time, 200 ms; flip angle, 12 degrees;
matrix size, 256 X 256; field of view, 250 mm; partition thickness, 1.25 mm;
128 sagittal partitions in the third dimension, and acquisition time, 8.3 min.

MRI volumetric analysis. We used an established technique developed by
Fischl er al. (13) to obtain volumes for total brain (excluding cerebrospinal
fluid) and for white and cortical gray matter in the left and right hemispheres
separately; central gray matter and the cerebellum were not included. This
method involves whole brain segmentation and the assignment of a neuro-
anatomical label to every point in the cortex; labeling of the structures, using
T1-weighted images, is based on probabilistic information estimated from a
training set manually labeled by neuroanatomists. It has been validated by
correlation with histology, manual measures, and with known properties of
the cortex (14,15). We correlated total brain volumes obtained on two
separate occasions and, as expected from such an automated method, the
correlation between them was 1.0.

Procedure. Cognitive data were collected during the hospital visit for MRI
acquisition. Test administration was carried out by one individual blind to
%EBM. Written consent was obtained from all participants and parents/
guardians, and approval was obtained from the relevant ethics committees
(The Great Ormond Street NHS Trust/Institute of Child Health, Norwich
District, South Sheffield Research, East Suffolk Local Research, and Cam-
bridge Local Research Ethics Committees).

Statistics. T-Tests were used to compare male and female groups. The
relationships among %EBM, 1Q scores, and neural volumes were calculated
using partial correlation coefficients. In analyses involving %EBM and 1Q
scores, we covaried level of maternal education and social class. We did not
correct for age at test because 1Q scores are already age corrected or for GA
because there was no significant relationship between GA and %EBM in this
group (p = 0.2). In all analyses involving neural measurements from MRI
scans, we added age at test/scan and GA as additional covariates because
brain development takes place over the age range during which our adoles-
cents were scanned (16) and because “baseline” brain structure at birth is
related to GA (17). In fact, the relationships between GA and neural volumes
were not significant in this group (the range in GA values was only 4 wks),
but we included it in case of residual confounding. We then selected three
quantitative variables reflecting aspects of neonatal condition: days to achieve
enteral feeds of 150 mL/kg/d (only available for 41 infants), days of venti-
lation, and number of infections based on positive blood culture. We con-
ducted principal analyses as described above for all children first, reporting
these results. We then carried out secondary analyses with the additional
covariates but only report these if the pattern of significant results was altered.
We also conducted regression analyses in which all covariates were added as
predictors.

RESULTS

Group characteristics. Table 1 presents perinatal and milk
intake data for the total group and genders separately; there
were no significant differences between boys and girls. In
addition, we looked at socioeconomic status (coded into 6
categories based on the UK Registrar General’s Classification
of Occupations) and level of maternal education (coded into 5
categories based on academic achievement). The distribution
of education level did not differ between girls and boys;
significantly more girls were classified as higher social class
(% p = 0.03). All mothers in the study had chosen to
breastfeed and there was no relationship between either social
class or maternal education and %EBM within the group.
Nevertheless, to reduce any residual impact, both maternal
education and social class were covaried in all subsequent
analyses. Table 2 presents information specifically about
markers of illness in the neonatal period that might have had
an impact on feeding and subsequent outcomes. No child in
this study received corticosteroids.

The children had been classified as neurologically normal
on the basis of history and examination but not MRI scan, at
7-8 y. Thirty-three of the 50 adolescent scans were considered
normal on visual inspection. Of the remaining 17, 10 had a
small corpus callosum, two had reduced bilateral hippocampi,
two showed a mild periventricular leukomalacia pattern, and
one each had prominent ventricles, left peritrigonal focal
atrophy, and a possible MR signal abnormality in deep white
matter. We could not discern any relationships between these
findings and outcome measures.

Table 1. Means (SD) for perinatal and social factors for the
whole group and for males and females separately

Total group Males Females
(n = 50) (n = 26) (n = 24)

Perinatal data
Gestational age (wks) 28.8 (1.1) 28.9 (0.8) 28.8 (1.3)

% Small for gestational age 16 19 13

Birth weight (g) 1230 (244)  1215(201) 1245 (287)

Apgar score at 5 minutes 7.7(2.2) 7.3(2.2) 8.2(2.2)
Expressed breast milk data

%EBM 62.2(36.1) 642 (37.6) 60.0(35.0)
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Table 2. Indications of severity of illness during the
neonatal course

Median (quartiles/frequencies) Range

Length of hospitalization (d) 39.5 4-92
Respiration
Days of ventilation (quartiles) 2(0,2,5) 0-42
Frequency of pneumonia 1/50
Feeding
Days to reach 150 mL/kg/d for 10 (7, 10, 18) 5-57
enteral feeds (quartiles)
Days to regain birth weight 17 (12,17, 23) 5-42
(quartiles)
Infection
Frequency of 2/50
infections/positive blood
culture
Frequency of NEC 0/50
Neurological status at 18 mo
Normal 44
Equivocal 5 (1 value missing)

As mentioned above, the group was chosen in such a way that
it was not representative of the whole cohort. However, we
compared the study group with the total group in the cohort who
met the same selection criteria (GA =30 wk, normal neurologic
status at 7-8 y and participated in trial 2; n = 84) to see if they
were comparable: GA—total mean = 28.8 wks, study mean =
28.8 wks; birth weight—total mean = 1299 g, study mean =
1230 g; Apgar at 5 min—total mean = 7.7, study mean = 7.7,
days of ventilation—total median = 3.0, study median = 2.0.
The proportions of small for gestational age infants were 13% in
the total group and 16% in the study group.

%EBM and IQ. Table 3 shows that all mean IQ scores were
close to the putative population mean of 100. IQ scores for
boys and girls did not differ significantly. Correlation coeffi-
cients between %EBM and IQ measures are shown in Table 4;
p levels =0.05 were considered significant. The whole group
showed a significant relationship between %EBM and VIQ
(FSIQ at trend level), largely attributable to the boys, who
showed relationships between %EBM and all three 1Q scores,
whereas the girls showed none. Repeating these analyses with
additional covariates did not change this pattern of results,
except that the relationship between PIQ and %EBM in the
boys was at trend level only (p = 0.08). We then carried out
regression analyses for the three IQ scores with the following
predictors: maternal education, social class, %EBM, number
of infections, number of days to achieve enteral feeds of 150
mL/kg/d, and days of ventilation. Results are presented in
Table 5. For each outcome measure, we show the overall
significance level of the best model with the contributions
made by its significant predictors. The ratio of number of

Table 3. Mean (SD) VIQ, PIQ, and FSIQ scores for the whole
group and for boys and girls separately

Whole group (n = 50) Boys (n = 26) Girls (n = 24)
VIQ 101.1 (12.8) 99.7 (12.4) 102.6 (13.4)
PIQ 99.2 (14.1) 96.8 (14.8) 101.8 (13.0)
FSIQ 100.1 (13.5) 98.1 (13.1) 102.3 (13.9)

Table 4. Correlation coefficients (p levels) between %EBM and 1Q
measures for the whole group and boys and girls separately with
level of maternal education and social class partialled out

Whole group (n = 50)  Boys (n = 26) Girls (n = 24)

VIQ 0.274 (p = 0.054) 0.424 (p = 0.031) 0.166 (p = 0.439)
PIQ 0.165 (p = 0.253) 0.444 (p = 0.023) —0.036 (p = 0.868)
FSIQ 0.249 (p = 0.081) 0.476 (p = 0.014) 0.084 (p = 0.696)

predictor variables to number of subjects is rather high so
caution in interpretation is advised.

%EBM and neural volumes. We calculated partial corre-
lations between %EBM and a series of neural volumes: total
brain volume (TBYV), left and right white matter volume
(WMV) and left and right grey matter volume (GMV), adding
test age/age at scan, and GA as covariates in addition to
maternal education and social class, as above. Table 6 shows
that %EBM was related significantly both to TBV and to left
and right WMV in the whole group. The same was true in the
boys, in whom the relationship between %EBM and WMV
accounted for almost 50% of the variance. In girls, the rela-
tionship with WMV existed at a trend level only and that with
TBV was not significant. No significant relationships existed
between any %EBM and any GMV. Repeating the analyses
using the additional covariates did not change these patterns of
results except to reduce the size of the correlations between
%EBM and WMV in girls, so that they were no longer
significant even at a trend level. We repeated regression
analyses as reported above, adding GA and age at test/scan as
predictors. Results are shown in Table 5; the patterns for left
and right GMV and WMV were the same so only the left
results are reported.

The above analyses used absolute brain volumes. We re-
peated the WMV and GMV analyses covarying for TBV, i.e.
using relative volumes (shown in Table 6). The results reflect
the fact that these analyses deal with two component volumes
contributing to TBV. Thus, although WMVs remained signif-
icantly related to %EBM, GMVs were now also significantly
related but in the negative direction, the trend level relation-
ships between %EBM and WMV in girls become significant.
Finally, to further clarify the relative contributions of gray and
white matter to TBV, we examined the correlations between
%EBM and TBV. In all cases, covarying gray matter in-
creased the size of the correlation coefficients while covarying
white matter decreased them.

Neural volumes and I1Q. Finally, we examined the relation-
ships between neural volumes and IQ scores (Table 7). For the
whole group, left and right WMV correlated significantly with
both VIQ and FSIQ. Boys showed these same relationships
(with trend level relationships between PIQ and white matter)
and, also, a significant correlation between TBV and VIQ. The
nonsignificant relationships between IQ and neural volumes in
girls and between IQ and gray matter in any group are omitted
from Table 6.

Impact of donor BBM. The diet group given banked do-
nated breast milk as a supplement to EBM (n = 9) received
100% human milk from two sources. To check that the
inclusion of this group had not unduly influenced the results,
we eliminated the BBM group and analyzed data only from
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Table 5. Results of regression analyses predicting 1Q scores and neural volumes

1Q Neural volumes
Overall significance of model VIQ (0.003) PIQ (0.03) FSIQ (0.002) TBV (0.001) LWM (<0.001) LGM (<0.001)

Predictor variables

Maternal education — — — — 0.033 0.01
Social class 0.02 0.05 0.007 — 0.012 —
% EBM 0.004 — 0.012 — <.001 —
Days of ventilation — — — — — —
D 150* 0.003 — — — —
Number of infections — 0.05 — 0.008 — —
GA NA NA NA — — —
Test age/age at scan NA NA NA 0.04 0.05 0.001

* Number of days needed to achieve 150 mL/kg/day of enteral feeding.

The overall significance level of the models predicting IQ and neural volumes are given in the top row.
The predictor variables are listed and significance levels for those retained in each model are presented. Because results for left and right grey and white matter

analyses were similar, only the left are presented here.

Table 6. Correlations (p values) between %EBM and neural volumes for the whole group and boys and girls separately

Absolute volumes

Relative Volumes

Whole group (n = 50) Boys (n = 26) Girls (n = 24)  Whole group (n = 50) Boys (n = 26) Girls (n = 24)
Total brain volume 0.351 (p = 0.02) 0.512 (p = 0.02) 0.199 NS NA NA NA
Left white matter 0.527 (p < 0.001)  0.710 (p < 0.001) 0.403 (p = 0.08) 0.474 (p < 0.001) 0.622 (p = 0.003)  0.480 (p = 0.04)
Right white matter 0.507 (p < 0.001)  0.658 (p = 0.001) 0.426 (p = 0.06) 0.430 (p = 0.003) 0.500 (p = 0.02) 0.500 (p = 0.03)

0.104 NS
0.127 NS

0.200 NS
0.202 NS

Left cortical grey matter
Right cortical grey matter

0.007 NS
0.065 NS

—0.467 (p < 0.001)
—0.483 (p = 0.001)

—0.517 (p = 0.016) —0.878 (p < 0.001)
—0.633 (p = 0.002) —0.870 (p < 0.001)

Maternal education, social class, test age, and gestational age were used as covariates in all analyses.

Table 7. Significant correlations (p values) between neural volume measures and the three 1Q scores for the whole group and for boys

Whole group (n = 50) Boys (n = 26)
VIQ PIQ FSIQ VIQ PIQ FSIQ
TBV 0.243 NS 0.073 NS 0.181 NS 0.479 (p = 0.02) 0.187 NS 0.364 NS
LWM 0.325 (p = 0.03) 0.194 NS 0.295 (p = 0.05) 0.648 (p = 0.001) 0.413 (p = 0.06) 0.593 (p = 0.004)

Maternal education, social class, test age, and gestational age were used as covariates in all analyses. Results were the same for left and right WMVs so only

the left is shown.

the 41 infants who had not received any donated human milk.
The relationships between %EBM and VIQ and FSIQ in this
smaller group were both significant at the p = 0.006 level.
Regression analyses in these 41 subjects who received one of
the other two supplements (i.e. TF or PTF) showed that
neither supplement significantly predicted IQ outcome but
%EBM did so for both VIQ and FSIQ. The effects of sole diets
were not examined in this study. Similar results were found
for neural volumes but are not reported here.

DISCUSSION

This study showed a dose-response relationship between
early breast milk intake and later IQ and, uniquely, with whole
brain volume at adolescence. In all subjects, but most clearly
in boys, the effects of breast milk were seen more strongly on
white than gray matter in the brain. These data support the
hypothesis that one or more constituents of mothers’ breast
milk promote brain development at a structural level.

Our observation that IQ itself was strongly related to white
matter, and hence TBV is consistent with the observed links
between early breast milk feeding and both later IQ and later
WMV. Relationships between white matter and measures of
cognition have been reported previously in children (18).
These data support the hypothesis that the beneficial impact of

breastfeeding on IQ may be mediated, at least partly, by
promoting the development of white matter.

Generalization of our findings to healthy full-term infants is
untested but may be supported by the observations that breast-
feeding in healthy infants is also related to higher subsequent
1Q scores and that IQ is related to white matter in children and
adults generally. In any case, preterm infants represent a
sizeable proportion of the population (e.g. greater than the
prevalence of type I diabetes), overrepresented among those
with neurodevelopmental problems, so favorable influences
on long-term brain development are important to identify even
within this large subgroup.

Although correlations were seen in the whole population,
they were always more highly significant in males. Thus, 1Q
was most clearly related to white matter and hence TBV in
males, and expressed breast milk was linked to IQ and to
neural volumes only in males. These findings concur with a
large body of animal evidence; Smart (19) for example,
examining the effect of early malnutrition on later learning and
behavior in 165 animal studies, reported dominant effects in
males. A growing literature in humans describes gender dif-
ferences in brain development and structure (20,21) and in
relationships between brain structure and cognition (22,23).
We emphasize that males and females did not differ in mean
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1Q values but rather in the relationships between 1Q and both
diet and neural volumes. Percentage EBM accounted for
around 25% of the variance in IQ in boys but only 5% in girls.
It is interesting to note the recent report by Kesler er al. (24)
that measures of WMV differ between preterm males and
females.

Correlations were often found for FSIQ, but more de-
tailed analysis showed that VIQ, rather than PIQ, was
related to breastfeeding and neural volumes (except in one
instance). There is growing evidence that early nutrition
may have a selective, lasting effect on verbal subscales
(8,25); in later development, however, diet may selectively
affect PIQ (26). The implication is that the cognitive effects
of nutritional intervention may depend on the timetable of
brain development.

Possible mechanisms. The mechanism for the observed
effects is uncertain. In recent years, long-chain polyunsatu-
rated fatty acids (LCPUFAs), notably docosahexaenoic acid
(DHA), have been considered a key explanation for neurode-
velopmental benefits of breast milk. A recent meta-analysis of
outcome in preterms after early LCPUFA supplementation of
infant formula (27), however, found no conclusive evidence
for long-term cognitive effects, suggesting that differences in
early LCPUFA intake may not explain our observations.
Although LCPUFAs remain of interest, it should be remem-
bered that human milk contains a wide variety of other factors
including hormones and growth factors, some of which (e.g.
thyroxin, nerve growth factor) could plausibly influence cere-
bral development, although this is not established. During the
window of brain development we studied, glial cell production
and myelination are key factors related to volume increase
(28). Our study was not designed to examine detailed neuronal
development, but a plausible hypothesis for further testing is
that breastfeeding promotes glial cell proliferation and, hence,
myelination. Interestingly, a recent study showed that dietary
manipulation in neonatal rats affected the expression of myelin
basic protein more in males than in females (29), consistent
with our findings of a greater effect of diet on white matter
development in males.

Breast milk contains significant quantities of cholesterol,
whereas infant formulas contain little (30); full-term breastfed
infants have higher total serum cholesterol at 6 mo (31). Saher
et al. (32) reported recently that cholesterol is an indispensable
component of myelin membranes in mice and that cholesterol
availability in oligodendrocytes is a rate-limiting factor in
brain maturation. The massive increase in synapse number
postnatally may require large amounts of cholesterol, obtained
by neurons from astrocytes (33). Serum cholesterol has been
related to intellectual performance in adults (34). We suggest,
therefore, that dietary cholesterol intake could help explain an
impact of breast milk on white matter development and cog-
nition, through enhanced glial production/myelination.

Limitations. We recognize limitations to the conclusions
that can be drawn from this study because it did not have an
experimental design, making it impossible to test for causa-
tion. We hope, however, to provide an impetus to further
research and suggest to cognitive scientists that nutrition as an
environmental factor may affect their outcomes. Testing for

causation more formally in future intervention studies may be
possible but, meanwhile, the strong observed dose-response
relationships and the consistency of our findings with previous
animal and human research makes causation plausible.

The study sample was restricted to preterm infants who had
normal neurologic status at 7 y. We are unable to say anything
about the relationships we have observed here in those pre-
terms who show evidence of injury or adverse outcome. We
do not know whether this group would show the same effects,
smaller or larger. It is possible that %EBM might have a
greater influence in this vulnerable group but this remains to
be determined.

There are also some more specific limitations. Der et al. (4)
have recently suggested that the relationship between breast-
feeding and IQ is explained by the confounding influence of
higher IQ in breastfeeding mothers. Although all mothers in
this study had chosen to provide breast milk, we accept that
residual confounding might remain, even within this subpopu-
lation, if, for example, higher maternal IQ was associated with
greater breast milk production. Lacking maternal IQ scores,
we have used level of maternal education as a proxy measure
and covaried this in all correlations. Although there was no
significant relationship between %EBM and level of maternal
education in the study population here, we accept that mater-
nal 1Q cannot be ruled out as a factor without directly mea-
suring it. We have noted above that although the main out-
come data, cognitive scores and neural volumes, were
available for all subjects, data were missing for one control
variable we used as a covariate, a weakness of the study.

During the age range studied here, gray matter and white
matter develop along different trajectories (16). Neural vol-
umes were obtained at one time point only which is why we
have covaried age at scan in an attempt to crudely control for
these differences. Repeated scans would have allowed obser-
vations about the effects of breast milk on the course of
development. The results show that the %EBM ingested as a
child is related to the volume of white matter seen in the brain
at the age range studied here but the absolute volumes of white
(and gray) matter might differ at different ages without affect-
ing these correlation coefficients.

In summary, the present evidence supports the hypothesis
that the effects of constituents of mothers’ milk underlie the
repeated observations that breastfeeding is associated with a
higher cognitive level, at least in males. This has both scien-
tific and clinical implications, pointing to nutritional practices
that could optimize the attainment of cognitive potential. Our
study also helps provide a framework for future mechanistic
studies on the impact of early nutrition on brain development.
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