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Abstract

Longer exclusive breastfeeding duration has been associated with differences in

neural development, better satiety responsiveness, and decreased risk for childhood

obesity. Given hippocampus sensitivity to diet and potential role in the integration of

satiety signals, hippocampus may play a role in these relationships. We conducted a

secondary analysis of 149, 7–11‐year‐olds (73 males) who participated in one of five

studies that assessed neural responses to food cues. Hippocampal grey matter vo-

lume was extracted from structural scans using CAT12, weight status was assessed

using age‐ and sex‐adjusted body mass index (%BMIp85), and parents reported

exclusive breastfeeding duration and satiety responsiveness (Children's Eating

Behaviour Questionnaire). Separate path models for left and right hippocampus

tested: (1) the direct effect of exclusive breastfeeding on satiety responsiveness and

its indirect effect through hippocampal grey matter volume; (2) the direct effect of

hippocampal grey matter volume on %BMIp85 and its indirect effect through satiety

responsiveness. %BMIp85 was adjusted for maternal education, yearly income, and

premature birth while hippocampal grey matter volume was adjusted for total in-

tercranial volume, age, and study from which data were extracted. Longer exclusive

breastfeeding duration was associated with greater bilateral hippocampal grey

matter volumes. In addition, better satiety responsiveness and greater left hippo-

campal grey matter volume were both associated with lower %BMIp85. However,

hippocampal grey matter volumes were not associated with satiety responsiveness.

Although no relationship was found between breastfeeding and child weight status,

these results highlight the potential impact of exclusive breastfeeding duration on

the hippocampal structure.
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1 | INTRODUCTION

As one in three of children in the United States have overweight or

obesity, it is important to understand how early‐life modifiable

factors like breastfeeding impact the risk for obesity (Fryar

et al., 2018). Longer exclusive breastfeeding durations are asso-

ciated with decreased risk for childhood obesity (Arenz et al., 2004;

Birth to 24 Month Subcommittee, 2020; Metzger & McDade, 2010),

however, the mechanisms underlying this association remain

unclear. One proposed mechanism is that breastfeeding improves

the ability to eat in response to internal satiety signals because the

baby has more control over the amount consumed due to the ab-

sence of external visual cues present when bottle feeding (Brown &

Lee, 2012). This is proposed to reduce maternal feeding pressure for

the infant to eat beyond satiation (Bartok & Ventura, 2009; Brown

& Lee, 2012; Carnell & Wardle, 2007). Adding support to this me-

chanism, children and adolescents who were breastfed for longer

durations show better trait‐related response to satiety signals

compared with those who were breastfed for shorter durations

(Brown & Lee, 2012; Reyes et al., 2014). Although satiety respon-

siveness is heritable (Carnell et al., 2008), these studies suggest it is

also influenced by modifiable factors such as infant feeding prac-

tices. Given its association with lower adiposity and weight status in

children and adolescents (Carnell & Wardle, 2008), increased satiety

responsiveness may be one mechanism through which a longer

duration of exclusive breastfeeding is associated with decreased

risk for childhood obesity.

Breastfeeding may also impact childhood obesity through its

influence on early brain development (Bartok & Ventura, 2009;

Das, 2001). Breastmilk contains greater amounts of the long‐chain

fatty acids docosahexaenoic (DHA) and arachidonic acid (ARA;

Das, 2001; Fu et al., 2016) than formula (Lien et al., 2018). DHA and

ARA are important for the development of myelin, the fatty white

matter that sheaths neuronal axons to improve neurotransmission

(Butt et al., 2014; Deoni et al., 2018; Lien et al., 2018; Singh, 2005).

Therefore, greater global myelination in exclusively breastfed relative

to formula‐fed infants and young children may be due to higher

concentrations of DHA and ARA in breastmilk (Deoni et al., 2018).

Although the mechanism is unclear, breastfeeding has also been as-

sociated with differences in grey matter which consists of neuronal

cell bodies, glial cells, and synapses. Longer breastfeeding durations

have been associated with greater hippocampal volume in infants

born prematurely (Belfort et al., 2016) as well as greater total (Luby

et al., 2016) and regional (e.g., parietal and temporal; Ou et al., 2016)

grey matter volume in children born full‐term. Overall, this suggests

that breastfeeding may have an impact on both grey and white

matter brain development in children.

Although breastfeeding has been associated with differences in

brain structure across many regions, differences in hippocampal

structure may be particularly important when considering risk for

excess weight gain (Clasen et al., 2020; Masterson, Bobak

et al., 2019; Z. L. Mestre et al., 2017; Stevenson & Francis, 2017).

Hippocampus is sensitive to diet and contributes to the regulation of

food intake through the integration of hormonal (e.g., ghrelin, leptin)

and cognitive (e.g., memory, learning, craving) signals (Stevenson

& Francis, 2017). However, the relationship between hippocampal

volume and weight status remains unclear as some studies have re-

ported no association in children (Adise et al., 2021; Ou et al., 2016;

Perlaki et al., 2018) or adolescents (Z. Mestre et al., 2020), while

other studies show a mixed pattern of results. There is evidence that

greater child weight status is associated with both lower left hippo-

campal volume (Bauer et al., 2015; Z. L. Mestre et al., 2017) and

higher right hippocampal volume (Masterson, Bobak et al., 2019).

Longitudinally, there is also evidence in children and adolescents that

smaller increases in body mass index (BMI) over 3 years were asso-

ciated with greater increases in right medial temporal lobe grey

matter volume, an area that includes the hippocampus (Hashimoto

et al., 2015). Therefore, while the hippocampal structure may be

sensitive to breastfeeding, it remains unclear whether differences in

hippocampal structure contribute to the reduced risk for childhood

obesity associated with breastfeeding.

The objective of this secondary data analysis was to use

path analyses to test the hypothesis that exclusive breastfeeding

duration would be associated with childhood weight status through

its influence on satiety responsiveness and hippocampal volume.

The proposed analyses will contribute to our understanding of the

mechanisms through which breastfeeding impacts childhood weight

status.

2 | SUBJECTS AND METHODS

2.1 | Participants

Children from the ages of 7–11 years old (mean = 9, SD = 1.21) were

enroled in one of five prior studies designed to assess child eating

Key messages

• Longer exclusive breastfeeding was associated with

greater bilateral hippocampal grey matter volume but not

satiety responsiveness in children.

• While exclusive breastfeeding duration was not directly

associated with weight status, better satiety respon-

siveness and greater left hippocampal grey matter vo-

lume were both associated with lower weight status in

children.

• This study highlights the potential impact of exclusive

breastfeeding on hippocampal structure, providing a

possible mechanism in which breastfeeding may reduce

the risk for excess childhood weight gain.

• Future studies need to determine the relative impact that

complementary periods of breastfeeding may have on

regional brain development and satiety responsiveness.
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behaviour and neural responses to food cues. All studies were ap-

proved by the Institutional Review Board at The Pennsylvania State

University. Assent and consent were obtained from the children and

parents, respectively. In total, 149 children were included (73 males

and 76 females). Exclusion criteria for participants across the five

prior studies included any contraindications for magnetic resonance

imaging (MRI; e.g., metal implants, claustrophobia), medications that

could influence taste, psychological or learning disorders (e.g.,

attention‐deficit hyperactivity disorder), left‐handedness, food al-

lergies, and parents reporting that the child disliked the food served

in the primary studies (Adise et al., 2018; English et al., 2017; Keller

et al., 2018; Masterson, Bermudez et al., 2019). The sample ranged

in weight status, with 73% (n = 108) of children classified as having

healthy weight (healthy weight < 85th percentile), 14% (n = 20) as

having overweight (overweight 85th‐94.9th percentile), and 13%

(n = 20) as having obesity (obese > 95th percentile; Kuczmarski

et al., 2002). No children had underweight (<5th percentile). The

ethnic and racial diversity of the cohort was limited but in line

with the demographics of rural central Pennsylvania (94.5%

Caucasian). There were no differences in demographic character-

istics by sex (p's > 0.250). Full participant demographics are pre-

sented in Table 1.

2.2 | Measures

2.2.1 | Family and early life

Yearly family income and parental education were used as proxies for

socioeconomic status (Bradley & Corwyn, 2002). These measures were

reported through a demographic survey by the parent that accom-

panied the child to the visit, which was the mother 90.6% of the time

(n = 135). Exclusive breastfeeding, defined as a diet consisting of

breastmilk with no other food or drink (Infant, 2002), was measured by

asking parents: ‘If breastfed, for how many months was he/she ex-

clusively breastfed?’ Due to some parents providing a range of months

rather than a discrete number, length of exclusive breastfeeding was

subsequently divided into the following intervals: 0–3, 3–6, and

>6 months. Children whose parents reported 0 months of exclusive

breastfeeding were included in the interval ‘0–3 months’. These in-

tervals were chosen as 6 months of exclusive breastfeeding is the

current recommendation from the American Academy of Pediatrics

(American Academy of Pediatrics, 2012). Prematurity was determined

by a parent reporting if their child was born premature.

2.2.2 | Satiety responsiveness

The Children's Eating Behavior Questionnaire (CEBQ) was used to

assess child appetitive traits. This instrument is a validated parent‐

report questionnaire that assesses eight appetitive traits (Wardle

et al., 2001). While parents completed the entire questionnaire, the

current study only used the satiety responsiveness subscale, which

asks parents to rate the frequency of five behaviours related to the

child's ability to recognise and respond to internal hunger and satiety

signals (Carnell & Wardle, 2007). The frequency of each behavior was

rated on a 5‐point scale (never = 1, rarely = 2, sometimes = 3, often = 4,

always = 5) and responses showed good internal reliability (α = 0.75).

TABLE 1 Participant characteristics

Full sample Males Females

Total, N 149 73 76

Age, years, mean (SD) 8.99 (1.21) 8.96 (1.20) 9.00 (1.23)

%BMIp85, mean (SD) 98.2 (17.5) 97.2 (18.1) 99.2 (16.9)

Race, N

Black/African American 7 5 2

White 136 64 72

Other/mixed 6 4 2

Ethnicity, N

Hispanic/Latino 6 3 3

Not Hispanic/Latino 120 59 61

Not reported 23 11 12

Yearly income, N

>$100,000 49 26 23

$51,000–$100,000 69 30 39

<$50,000 28 16 12

Not reported 3 1 2

Maternal education, N

>BA degree 50 22 28

BA degree 54 30 24

Associates/technical
degree

12 5 7

High school/some college 21 10 11

Other/not reported 12 6 6

Parental education, N

>BA degree 57 28 29

BA degree 38 22 16

Associates/technical

degree

8 2 6

High school/some college 31 12 19

Other/not reported 15 9 6

Exclusive breastfeeding duration, N

>6 months 54 24 30

4–6 months 55 29 26

0–3 months 40 20 20

Note: Sex differences were tested with χ2 and Fisher exact tests. There
were no sex differences; p's > 0.250.

Abbreviations: %BMIp85, body mass index/body mass index at 85th
percentile; BA, bachelor's level degree; SD, standard deviation.
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2.2.3 | Anthropometrics

Child height and weight were measured twice using a stadiometer

(Detecto model 437; precision to the nearest 0.1 cm) and standard

electronic scale (Seca model 202; precision to nearest 0.1 kg). Averaged

measured height and weight were used to calculate BMI (weight,

kg/height2, m2). To account for age and sex, we divided the child's BMI

by the BMI at the Centers for Disease Control age‐ and sex‐specific

cutoff for overweight (85th percentile BMI cutoff %BMIp85 = 100x(BMI/

BMI at 85th percentile); Freedman et al., 2017; Kuczmarski et al., 2002).

Therefore, a value of 100% indicates the child's BMI is equal to the BMI

at the overweight cutoff (i.e., 85th percentile), a value less than 100%

indicates the child's BMI is below the overweight cutoff (i.e., does not

have overweight), and a value greater than 100% means the child's BMI

is above the overweight cutoff (i.e., has overweight or obesity). The

calculated %BMIp85 was used as it is more strongly associated with

adiposity measures in children than that of BMIz or BMI percentile

(Freedman et al., 2017). For demographic purposes, children were also

classified according to weight status using percentile cutoffs (healthy

weight < 85th percentile, overweight 85th–94.9th percentile, and

obese > 95th percentile).

2.2.4 | Mock training for MRI

Before the MRI scan, participants completed a training session using

a mock MRI scanner. These sessions familiarized the participants with

the MRI environment while allowing them to practice holding still

under observation. Participants were instructed to lie still in the mock

scanner while they heard sounds similar to those heard in the MRI

scanner. For full protocol details, see previous functional MRI pub-

lications (Adise et al., 2019; English et al., 2017; Keller et al., 2018;

Masterson, Bermudez et al., 2019).

2.2.5 | MRI acquisition

To restrict movement, padding around the head, arms, and body was

used. While all data were acquired using the same Siemens Prisma Fit

3T scanner, the exact parameters used for MPRAGE acquisition

varied between studies (see Table S1). Previous studies have de-

monstrated scan variability can be mitigated with the inclusion of

study as a covariate (Chen et al., 2014; Fennema‐notestine

et al., 2007; Pardoe et al., 2008; Takao et al., 2014), therefore,

study number was controlled for in all statistical models.

2.3 | Analytic approach

2.3.1 | Structural data

Before processing the structural MRI scans, all scans were manually

reviewed for quality by two trained raters (authors R. C. H. and J. A.).

Each scan was rated for warping, clipping, ringing, ghosting, and

blurriness based on the following scale: 0‐perfect, 1‐isolated errors,

2‐local moderate errors, 3‐distributed moderate errors, 4‐distributed

severe errors, 5‐immediate exclusion. The raters had complete

agreement on warping and clipping and showed good reliability on all

other categories based on intraclass correlation coefficients (ring-

ing = 0.89, ghosting = 0.76, and blurriness = 0.81). Any participant

with an average rating of 4 or higher was excluded from our data set

(n = 3). For participants that were included in multiple studies, the

participant's best quality scan was used.

All scans were analysed using the SPM12 software (https://

www.fil.ion.ucl.ac.uk/spm; version 7771) and the Computational

Anatomy Toolbox (http://www.neuro.uni-jena.de/cat/; version 12.6,

1444) in Matlab R2018a. As the standard tissue probability maps are

derived from adults, who differ in cortical anatomy from children

(Yoon et al, 2009), a study‐specific tissue probability map was gen-

erated using the CerebroMatic toolbox with age and sex as covariates

of no interest (Wilke et al., 2017). In native space, the scans were

bias‐ and noise‐corrected, skull stripped, and segmented into grey

matter, white matter, and cerebrospinal fluid. Individual total inter-

cranial volume (TIV) was computed by adding these tissue volumes in

native space. Estimation of hippocampal volumes was derived from

the neuromorphometrics atlas (Neuromorphometrics, Inc.) in native

space. Image quality was assessed via a weighted measure of noise

and bias. Total grey matter volume was extracted for the left and

right hippocampus for offline analyses.

2.3.2 | Path models

All analyses were conducted in R (Team, 2012) with path analyses

completed using the package lavaan (version 0.6‐7; Rosseel, 2012).

The same model (Figure 1a) using maximum likelihood estimation was

tested for both left and right hippocampus.

The model tested direct associations between (1) exclusive

breastfeeding duration and satiety responsiveness and hippocampal

grey matter volume and between (2) hippocampal grey matter vo-

lume and %BMIp85 and satiety responsiveness. Additionally, the

model tested the indirect associations between (1) exclusive breast-

feeding duration and satiety responsiveness through hippocampal

grey matter volume and (2) hippocampal grey matter volume and %

BMIp85 through satiety responsiveness. We hypothesised that longer

breastfeeding duration would be associated with greater hippo-

campal grey matter volume and that hippocampal grey matter volume

would mediate the positive association between exclusive breast-

feeding duration and satiety responsiveness. Additionally, we hy-

pothesised greater hippocampal grey matter volume would be

associated with better satiety responsiveness and that satiety re-

sponsiveness would mediate the association between hippocampal

grey matter volume and %BMIp85. As socioeconomic status and

prematurity can impact breastfeeding and body size, paths (see

Figure 1a) predicting breastfeeding duration and %BMIp85 controlled

for prematurity, maternal education, and yearly income. In paths that
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included hippocampal grey matter volume, we adjusted for TIV, age,

and study.

Model goodness of fit was assessed with Satorra–Bentler scaled

χ2 test statistic (Satorra & Bentler, 1988, 1994), root mean square

error of approximation (RMSEA; Brosseau‐Liard et al., 2012), com-

parative fit index (CFI; Brosseau‐Liard & Savalei, 2014), and the

standardised root mean square residual (SRMR). Model fits were

considered acceptable if they conformed to the following guidelines:

χ2 p > 0.05, RMSEA < 0.08, CFI > 0.90, and SRMR < 0.08 (Hooper

et al., 2008). The path models showed a good fit for both left hip-

pocampus (χ2(3) = 3.50, p = 0.321; RMSEA = 0.036; CFI = 0.996; and

SRMR = 0.013) and right hippocampus (χ2(3) = 2.65, p = 0.448;

RMSEA < 0.001; CFI = 1.00; and SRMR = 0.013). The α value that was

used to determine statistical significance was 0.05.

3 | RESULTS

3.1 | Descriptive

An overview of the associations between model covariates and pri-

mary outcomes of interest is presented with a full report of the de-

scriptive, statistical, and post‐hoc tests in the Supporting Information.

Exclusive breastfeeding duration did not differ by any covariates in-

cluded in the model (p's > 0.078). While satiety responsiveness was

positively associated with yearly family income (p = 0.038), it was not

associated with age, TIV, sex, maternal education, or prematurity

(p's > 0.254). Left and right hippocampal grey matter volume were

smaller in younger children (left: p = 0.009, right: p = 0.040), in chil-

dren with smaller TIV (left: p < 0.001; right: p < 0.001), in females

compared with males (left: p = 0.001; right: p = 0.003), and in children

whose parents reported that they were born prematurely compared

with those who were not (left: p = 0.036; right: p = 0.020; see

Supporting Information). While both left and right hippocampal grey

matter volume were positively associated with income (left:

p = 0.008; right: p = 0.003), neither were associated with maternal

education (left: p = 0.643; right: p = 0.349). %BMIp85 was negatively

associated with maternal education (p = 0.013; see Supporting In-

formation for post‐hoc comparisons). There were no other differ-

ences in model covariates by %BMIp85 (p's > 0.124).

3.2 | Path analyses

3.2.1 | Path model for left hippocampus (Figure 1b)

Unstandardised coefficients and standard errors are presented in

Figure 1b for primary outcomes of interest with full model statistics in

Table S2. Length of exclusive breastfeeding was not significantly as-

sociated with satiety responsiveness (p = 0.863) but was positively

associated with left hippocampal grey matter volume (p = 0.046). Post‐

hoc comparison indicated that children who were exclusively breastfed

for 4–6 months had larger left hippocampal grey matter volume (mean

[SD] = 2.98 [0.24]mm3) than those exclusively breastfed for 0–3

months (mean [SD] = 2.87 [0.26]mm3; t(82) = −2.25, p = 0.027). Left

hippocampal grey matter volume did not differ between children who

were exclusively breastfed for greater than 6 months (mean [SD] =

2.93 [0.24]mm3) and those exclusively breastfed for 4–6 months

(t[104] = −1.09, p = 0.277) or 0–3 months (t[81] = 1.29, p = 0.202). Left

hippocampal grey matter volume was not significantly associated with

satiety responsiveness (p = 0.557) and there was no evidence for an

indirect effect of breastfeeding duration on satiety responsiveness

through left hippocampal grey matter volume (indirect effect: −0.006

[0.01], p = 0.573).

Left hippocampal grey matter volume was negatively associated

with %BMIp85 (Figure 1b) such that children who had greater grey

matter volume had lower BMI relative to their age‐ and sex‐specific

overweight cutoff (p = 0.046). For example, using the sample's average

(a)

(b)

(c)

F IGURE 1 Exclusive breastfeeding model for
childhood obesity development. (a) Path model; (b)
exclusive breastfeeding model for left hippocampal
grey matter volume; and (c) exclusive
breastfeeding model for right hippocampal grey
matter volume. Path unstandardised model
coefficients and standard errors are listed. 85th
Percentile BMI cutoff% (BMIp85): ratio of child's
body mass index (BMI, kg/m2) to child's age‐ and
sex‐specific BMI cutoff for overweight (i.e.,
Centres for Disease Control growth chart 85th
percentile). Dashed grey line: indicates
nonsignificant association, *solid black line:
indicates significant association (p < 0.05)
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age‐ and sex‐specific overweight cutoff (mean 85th percentile cut-

off = 19 kg/m2), for each 1mm3 more grey matter volume, children

would be expected to have 2.7 fewer BMI units (i.e., 14.4% of

19 kg/m2 = 2.7 kg/m2). Additionally, satiety responsiveness was nega-

tively associated with %BMIp85 such that children with better satiety

responsiveness score had lower BMI relative to their age‐ and sex‐

specific overweight cutoff (p = 0.034). For example, for each 1‐point

increase in satiety responsiveness score, a child at the sample's aver-

age age‐ and sex‐specific overweight cutoff (19 kg/m2) would be ex-

pected to have 0.88 fewer BMI units (i.e., 4.7% of the average 85th

percentile cutoff). However, there was no evidence for an indirect

effect of left hippocampal grey matter volume on %BMIp85 through

satiety responsiveness (indirect effect: 0.008 [0.01], p = 0.571).

3.2.2 | Sensitivity tests for left hippocampus

As none of the hypothesised indirect effects were significant, we

conducted a sensitivity analysis to determine the direct effect of

exclusive breastfeeding duration on %BMIp85. Exclusive breastfeed-

ing duration was not associated with %BMIp85 (p = 0.337; Table S3).

While the association between left hippocampal grey matter volume

and %BMIp85 weakened when adjusting for exclusive breastfeeding

duration (p = 0.068), the overall pattern of results for the did not

change (Table S3).

Given the association between left hippocampal grey matter

volume and income, we conducted a separate sensitivity analysis.

Income was not associated with left hippocampal volume (p = 0.465)

after adjusting for other independent variables in the model. While

the association between breastfeeding duration and left hippocampal

grey matter weakened after adjusting for income (p = 0.060), the

overall pattern of the results did not change (see Table S4).

3.2.3 | Path model for right hippocampus (Figure 1c)

Primary path coefficients and standard errors are presented in Figure 1c

with full model statistics in Table S5. Length of exclusive breastfeeding

was not associated with satiety responsiveness (p= 0.850) but was

positively associated with right hippocampal grey matter volume

(p =0.016). Post‐hoc tests indicated that children who were exclusively

breastfed for 4–6 months had larger right hippocampal grey matter

volume (mean [SD] = 3.31 [0.29]mm3) than those exclusively breastfed

for 0–3 months (mean [SD] = 3.18 [0.29]; t[84] = −2.17, p = 0.033).

However, right hippocampal grey matter volume did not differ between

children who were exclusively breastfed for greater than 6 months

(mean [SD] = 3.29 [0.27]mm3) and those exclusively breastfed for

4–6 months (t[104] = −0.42, p = 0.673) or 0–3 months (t[81] = 1.84,

p = 0.069). Right hippocampal grey matter volume was not associated

with satiety responsiveness (p = 0.576) and there was no evidence for

an indirect effect of breastfeeding duration on satiety responsiveness

through right hippocampal grey matter volume (indirect effect: −0.007

[0.01], p= 0.586).

Right hippocampal grey matter volume was not associated with

%BMIp85 (p = 0.374). However, satiety responsiveness was negatively

associated with %BMIp85 such that for every 1‐point increase in the

CEBQ satiety responsiveness, BMI decreased by 4.5% of the BMI at

the overweight cutoff (p = 0.041). Therefore, a 1‐point increase in

satiety responsiveness was associated with a 0.86 kg/m2 decrease in

BMI from the average cutoff for overweight (i.e., mean 85th per-

centile cutoff = 19 kg/m2). However, there was no evidence for an

indirect effect of right hippocampal grey matter volume on %BMIp85

through satiety responsiveness (indirect effect: 0.006 [0.01],

p = 0.590).

3.2.4 | Sensitivity tests for right hippocampus

As none of the hypothesised indirect effects were significant, we

conducted a sensitivity analysis to determine the direct effect of

exclusive breastfeeding duration on %BMIp85. Exclusive breastfeed-

ing duration was not associated with %BMIp85 (p = 0.227; Table S6)

and the overall pattern of results for the did not change (Table S6).

Given the association with right hippocampal grey matter volume

and income, we conducted a separate sensitivity analysis to de-

termine if it was affecting the relationships of interest. Income was

not associated with right hippocampal volume after adjusting for

other independent variables (p = 0.275). The association between

breastfeeding duration and the right hippocampal grey matter re-

mained significant after adjusting for income (p = 0.025) and the

pattern of the results did not change (see Table S7).

4 | DISCUSSION

The current study proposed a model for the role of breastfeeding in

susceptibility to childhood obesity through its influence on satiety

responsiveness and hippocampal structure. We hypothesised that

longer breastfeeding duration would be associated with better satiety

responsiveness due to greater hippocampal grey matter volume,

which would in turn be associated with lower weight status. We

showed longer exclusive breastfeeding duration was associated with

greater bilateral hippocampal grey matter volume but was not di-

rectly associated with satiety responsiveness or weight status.

However, both greater left hippocampal grey matter and better sa-

tiety responsiveness were independently associated with lower

weight status. These results partially support our model and suggest

that exclusive breastfeeding may impact hippocampal structure in

middle childhood and that hippocampal structure and satiety re-

sponsiveness can both independently influence child weight status.

Extending previous findings, longer exclusive breastfeeding

duration was associated with greater bilateral hippocampal grey

matter volume in childhood. This differs from previous work showing

that 7–8‐year‐old children who were breastfed had greater inferior

temporal lobe grey matter volume relative to those who were not,

but the groups did not differ in hippocampal grey matter volume
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(Ou et al., 2016). As the age of children in that study were compar-

able to the current study, the discrepancy in these findings suggests

that the duration of exclusive breastfeeding may be more sensitive to

individual differences in hippocampal structure than the dichotomous

distinction of having been breastfed or not. Indeed, longer breast-

feeding duration in infants born premature was predictive of larger

hippocampal volume at age 7 years (Belfort et al., 2016). However,

this association did not remain significant after accounting for mar-

kers of socioeconomic status (Belfort et al., 2016). Indeed, socio-

economic factors such as parental education have been shown

to be independently associated with hippocampal volume (Noble

et al., 2015). While the current study adjusted for maternal education

and family income, we did not control for other social risk factors

included in Belfort et al. (2016) such as maternal age, marital and

employment status, and native language (Belfort et al., 2016).

Therefore, these findings highlight the need to delineate social fac-

tors that may influence the impact of breastfeeding on hippocampal

grey matter volume.

The association between larger left hippocampal grey matter

volume and lower adjusted BMI replicates findings showing an as-

sociation between left hippocampal structure and weight status

(Bauer et al., 2015; Lynch et al., 2020; Z. L. Mestre et al., 2017).

However, previous studies also contradict this finding by showing

either no association (Adise et al., 2021; Perlaki et al., 2018) or a

positive association between weight status and right hippocampal

volume (Masterson, Bobak et al., 2019; Moreno‐Lopez et al., 2012).

The inconsistent pattern of results across the literature may be re-

lated to distinct cognitive processes subserved by left and right

hippocampus. Left hippocampus is important for episodic and

context‐dependent memory while right hippocampus is thought to be

more important for memory processes that support navigation (Iglói

et al., 2010). Episodic memory processes are important for the reg-

ulation of eating behaviour (Higgs & Spetter, 2018) with previous

findings indicating better memory for recent eating episodes was

associated with greater avoidance of fatty foods and less un-

controlled eating (Martin et al., 2018). Therefore, left hippocampus

may be more consistently associated with weight status due to the

importance of episodic memory processes in the regulation of food

intake.

Although greater left hippocampal grey matter volume and bet-

ter satiety responsiveness were both associated with lower adjusted

BMI, there was no association between hippocampal volume and

satiety responsiveness. Due to the role of hippocampus in integrating

information related to physiological energy needs (e.g., leptin, hy-

pothalamic signalling; Kanoski & Grill, 2017) with higher‐order cog-

nitive signals (e.g., reward, inhibitory control; Kanoski & Grill, 2017;

Stevenson & Francis, 2017), we hypothesised hippocampal structure

would be related to satiety responsiveness. However, while satiety

responsiveness is often thought of as a physiological process

(Blundell et al., 2010) it is also influenced by social and cognitive

factors (Burgess & Faith, 2018; Higgs & Spetter, 2018; Martin

et al., 2018). For example, children's satiety responsiveness improved

after interventions focused on eating in response to internal hunger

and fullness cues (Johnson, 2000; Reigh et al., 2020). Future studies

are needed to clarify the influences of hippocampal structure and

satiety responsiveness on weight status.

Lastly, there was no association between breastfeeding duration

and satiety responsiveness, which contradicts past studies showing

longer breastfeeding duration was associated with better satiety re-

sponsiveness in toddlers (Brown & Lee, 2012) and adolescents (Reyes

et al., 2014). Similar to the current study, Brown and Lee (2012)

examined this relationship in toddlers by measuring maternally re-

ported exclusive breastfeeding duration, which suggests that exclusive

breastfeeding duration may be more closely associated with satiety

responsiveness during toddlerhood than middle childhood as

examined in this study. The effect of infant feeding practices on

satiety responsiveness may be mitigated as children age due, in part,

to the influence of parent feeding practices, such as restrictive or

controlling parental feeding styles, on child satiety responsiveness

(Johnson & Birch, 1994). In contrast, the discrepancy between the

current study and Reyes et al. (2014) may be related to the mea-

surement of breastfeeding duration. While Reyes et al. (2014) re-

quired that no other source of milk was used in feeding, they

recognised their measure did not assess exclusive breastfeed duration

as it likely included periods of complementary feeding. Therefore,

total breastfeeding duration, including periods of complementary

feeding, may be more strongly associated with satiety responsiveness

later in childhood and adolescence as compared with exclusive

breastfeeding duration as measured in the current study. This may be

due to the continued protective influence of breastfeeding during

complementary feeding since breastfed babies have been shown to

decrease milk intake (i.e., compensate) with the introduction of solid

foods whereas babies fed formula did not (Bartok & Ventura, 2009;

Heinig et al., 1993). Together, this highlights the need to better un-

derstand how periods of complementary feeding interact with ex-

clusive breastfeeding to influence satiety responsiveness across

development.

The current results should be considered in light of limitations

that are common to cross‐sectional studies. While sample demo-

graphic characteristics reflect that of central Pennsylvania, the lack of

racial and ethnic diversity impacts the extent to which our results can

be generalised to more diverse populations. Additionally, while the

ratio of child BMI to their age‐ and sex‐specific overweight cutoff is

more strongly associated with adiposity than BMIz (Freedman

et al., 2017), it is still an indirect measure of adiposity and has lim-

itations similar to BMI and BMIz (Palmer et al., 2021). These results

need to be replicated using more accurate measures of adiposity such

as dual‐energy X‐ray absorptiometry (Adab et al., 2018). Similarly,

while retrospectively reported exclusive breastfeeding duration was

categorised by intervals (i.e., 0–3, 4–6, and >6 months) chosen based

on Center for Disease Control and Prevention recommendations

(Eidelman et al., 2012), future studies using a continuous measure of

breastfeeding duration are needed. Additional work is also needed to

clarify the role of other early feeding practices such as mixed breast‐

and formula feeding, breastfeeding via pumping versus direct feeding

from breast, introduction of solid foods, and total length of
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breastfeeding (i.e., including periods of complementary feeding).

Lastly, our study did not account for maternal factors that have been

shown to affect the ability to breastfeed (i.e., gestational diabetes

[Eidelman et al., 2012; Hummel et al., 2008] or the nutritional com-

position of breast milk and, maternal diet; Kent, 2007). Therefore, we

acknowledge our study's generalisability is limited and requires re-

plication in a more heterogeneous sample.

This study extended our understanding of the influence of breast-

feeding on hippocampal structure by showing that longer exclusive

breastfeeding duration was related to larger hippocampal grey matter

volume, which in turn, was associated with lower weight status. Overall,

this study highlights the potential influence of breastfeeding on hippo-

campal structure and sheds light on a possible novel mechanism through

which breastfeeding's impact on grey matter volume may, in turn, in-

fluence risk for excess weight gain. However, future studies are needed

to expand upon these findings by examining other brain structures that

may be associated with exclusive breastfeeding and weight status while

also accounting for a more diverse array of socioeconomic factors that

could affect both cortical and subcortical grey matter volume. These

findings are in line with clinical guidance, which continues to re-

commend at least 6 months of exclusive breastfeeding for optimal

neural development in childhood.
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