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Abstract

Enriching early life experiences (e.g., sport, art, music, volunteering, language learning) during a 

critical period of brain development may promote structural and functional brain changes that are 

still present decades later (>60 years). We assessed whether a greater variety of enriching early life 

activities (EELA) before age 13 years were associated with individual differences in cortical and 

subcortical (hippocampus and amygdala) structure and function later in life (older adults aged 60 

to 80 years). Results indicated no association between EELA and amygdala and hippocampus 
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volumes, but higher functional connectivity between the amygdala and the insula was associated 

with more variety of EELA. EELA was not associated with cortical thickness controlling for sex, 

but sex-specific associations with the right pars opercularis were found. EELA was further 

associated with variations in functional connectivity patterns of the orbitofrontal cortex with 

regions within the visual, somatosensory and limbic networks. Early life enriching activities 

appear to contribute to potential mechanisms of cognitive reserve (functional processes) more so 

than brain reserve (structure) later in life.
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1. Introduction

Engagement in cognitively and socially enriching lifestyle behaviors is associated with 

better cognitive and brain health (Johansen-Berg & Duzel, 2016; May, 2011). Numerous 

studies have demonstrated that certain activities such as socialization (Kok et al., 2018; 

Kotwal et al., 2016), bilingualism (Bak et al., 2014; Calabria et al., 2020), musical 

instrument learning (Mansens et al., 2018; Seinfeld et al., 2013) and physical activity 

(Erickson et al., 2011, 2019; Kramer & Erickson, 2007) have beneficial effects on brain 

structure and function. Evidence suggests this to be the case in children (Donnelly et al., 

2009; Hillman et al., 2011; Kok et al., 2018; Schlaug et al., 2005), middle-aged adults 

(Chang et al., 2010; Gärtner et al., 2013; Morris et al., 2019) and older adults (Erickson et 

al., 2011; Kotwal et al., 2016; Mansky et al., 2020; Voss et al., 2010). Few studies however 

have taken an across the lifespan approach, to assess how early engagement (in childhood) 

in enriching activities can benefit later-life brain health. This may be highly important as 

engagement in enriching activities during brain development may lead to the augmentation 

of mechanisms of cognitive reserve and brain resilience (Richards & Deary, 2005), key to 

the maintenance and promotion of brain health with age (Barulli & Stern, 2013; Scarmeas & 

Stern, 2003). That is, during childhood, the brain may be particularly sensitive to 

environmental and psychosocial processes that can beneficially affect the development of 

neural mechanisms of plasticity (Richards & Deary, 2005).

Previous research on early life factors, such as enriching lifestyle activities (Chan et al., 

2019; Moored et al., 2018; Schreiber et al., 2016), education and socioeconomic status (Staff 

et al., 2012) as well as childhood deprivation (Mackes et al., 2020) have demonstrated 

associations with later life cognitive health and brain structure, specifically, hippocampal 

and amygdala volumes. Suggesting that later life brain structure and function is susceptible 

to early life experiences. A study by Schreiber and colleagues (Schreiber et al., 2016) found 

that lifetime physical and cognitive activity was associated with lower cardiovascular risk 

and better episodic memory later in life, and education attainment was associated with 

greater hippocampal volume. Another study by Moored and colleagues (Moored et al., 

2018), demonstrated that a greater variety of enriching early life activities (EELA) before 

age 13 was associated with greater hippocampal and amygdala volume in a sample of older 

(>60 years) African Americans, where sex-specific effects were demonstrated. Specifically, 
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EELA was only associated with greater hippocampal volume in males. Indeed, sex 

differences in mechanisms of cognitive and brain reserve may be highly important for risk 

reduction of brain-related pathology (Subramaniapillai et al., 2021). Consequently, 

childhood engagement in certain enriching lifestyle behaviors may impact structural 

development during a critical period, and where such engagement is reflected in brain 

reserve mechanisms decades later, with sex-specific effects.

Sensory, visual and motor regions and networks may be particularly sensitive to early 

experience-dependent plasticity. Neuronal maturation and brain development occur rapidly 

in early childhood (Johnson, 1990), suggesting the brain is likely most sensitive to the 

effects of sensory experiences during this period. Whilst evidence shows that the brain 

retains the capacity for plasticity throughout life (Pascual-Leone et al., 2005), early 

enrichment may promote the maturation and development of neural networks (Hensch, 

2005). For example, in musicians, evidence suggests that motor circuits are better structured 

than non-musicians and that there is perhaps a critical period for training influence of brain 

morphology, with different effects seen after age seven (Habib & Besson, 2009). In bilingual 

brains, early enriched bilingual environments result in larger language areas and stronger 

connectivity between distributed regions within the language network (Berken et al., 2017). 

Beyond single experiences, early environmental enrichment, where one is exposed to greater 

multisensory stimulation, physical activity and social interactions, is thought to exert 

profound effects on the maturation of the visual system (in rodents) (Baroncelli et al., 2010) 

and plasticity of hippocampal neurogenesis (Clemenson et al., 2015). This experience 

dependent plasticity of brain networks related to early enriched sensory inputs may be 

highly important in the development of complex behavioral and affective functioning across 

the lifespan (Richards & Deary, 2005).

Studying whether early enriched activities lead to long lasting differences in structure (brain 

reserve) and function (cognitive reserve) decades later will advance our understanding of 

how enriching lifestyle behaviors benefit brain health with advancing age. Distinguishing 

between brain reserve (passive structural characteristics) and cognitive reserve (active and 

dynamic functional processes) operationally in this research is important as they account for 

different variance in clinical and cognitive status (Stern et al., 2020). Further, calls to study 

sex-differences in cognitive and brain reserve research have been made (Subramaniapillai et 

al., 2021) given sex-difference are notable in the risk of age-related brain pathology (Irvine 

et al., 2012; Laws et al., 2018) and in their contributions to reserve mechanisms 

(Subramaniapillai et al., 2021).

We build upon the prior literature on childhood enrichment and later life brain health by 

asking whether the results from a previous study in a sample of African American older 

adults (Moored et al., 2018), generalize to other older populations. We hypothesized that 

more EELA would be associated with larger hippocampal and amygdala volume in our 

sample of older adults. We significantly extended these prior analyses through a 

comprehensive assessment of both sub-cortical (hippocampus and amygdala) and cortical 

(whole brain approach) structure and function, considering sex differences in each analysis.
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2. Methods

2.1 Participants and study design

Participants in the study are a sub-sample of low-active (< 3 days of physical activity per 

week) but healthy older adults aged between 60–80 years who participated in a randomized 

controlled trial of exercise (NCT01472744). All outcome data are taken from baseline pre-

intervention measurements. All participants provided informed consent and the University of 

Illinois Institutional Review Board approved all procedures used in the study. Inclusion 

criteria for the original study consisted of 1) >75% right- handed on the Edinburgh 

Handedness Questionnaire; (2) normal or corrected-to-normal vision of at least 20/40; (3) no 

color- blindness; (4) no history of stroke, transient ischemic attack, or head trauma; (5) >23 

score on Mini-Mental State Examination (MMSE); (6) >21 score on Telephone Interview of 

Cognitive Status (TICS); (7) <10 score on Geriatric Depression Scale (GDS; (8) no 

contraindications to MRI. 202 of the original study participants (out of 247) who agreed to 

be recontacted were sent a letter gauging their interest in completing a short questionnaire 

about their early life experiences. Those interested were mailed a short, 10-item paper and 

pencil questionnaire (supplementary table 1), which were completed and returned via US 

postal service. Participants read and signed a new informed consent document pertaining to 

these new measures. Full demographic information about the included participants (N=88) 

are detailed in Table 1.

2.2 Enriching early life activities

EELA were assessed through a retrospective questionnaire. The questionnaire asked for a 

“yes” or “no” answer to whether they participated in the following seven activities before the 

age of 13 years: Did you play a musical instrument? Did you take art, dance or musical 

lessons? Did you play team sports? Did you study a foreign language? Did you volunteer at 

a place of worship? Did you participate in scouting? Did you take family vacations? The 

main measure was comprised of the sum total of all “yes” answers with a resultant score 

ranging from 0-to-10, where a higher score meant more engagement in early life activities 

(Chan et al., 2019; Moored et al., 2018).

2.3 Covariates

Covariates included current age (in years), biological sex, the subjective socioeconomic 

status of the participants’ mother, education in number of years and engagement in current 

lifestyle activities. The mothers’ subjective socioeconomic status was measured using a 

ladder ranging from 1-to-10 asking “what did you consider the socioeconomic status of your 

mother?”, with 1 being ‘worst off’ and 10 being ‘best off’. This was measured in accordance 

with previous publications (Chan et al., 2019). Current engagement in lifestyle activities was 

measured as the number of later life activities via a 23-item questionnaire that probed 

participants engagement in a variety of activities ranging from volunteer work, gardening 

and cooking to crosswords, drawing and socialization. A detailed description of the 

questionnaire development can be found in a previous publication ((Carlson et al., 2012). We 

used the sum of “yes” answers as our covariate.
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2.4 MRI acquisition

Participants undertook an MRI scanning session in a 3 Tesla Siemens Trio Tim system with 

a 12-channel head coil. High-resolution structural MRI scans were acquired using 3D 

MPRAGE T1-wighted sequences (TR = 1900 ms; TE = 2.32 ms; TI: 900 ms; flip angle = 9°; 

matrix = 256 × 256; FOV = 230 mm; 192 slices; resolution = 0.9 × 0.9 × 0.9 mm; GRAPPA 

acceleration factor 2). T2*-weighted resting state echoplanar imaging (EPI) data was 

obtained with the following parameters: (6min,TR=2s,TE=25ms,flipangle=80°, 3.4 × 3.4 

mm2 in-plane resolution, 35 4 mm-thick slices acquired in ascending order, Grappa 

acceleration factor = 2, 64 × 64 matrix).

2.5. Preprocessing of structural MRI

Cortical reconstruction and Image segmentation and estimation of the subcortical volumes 

was performed using the freely available FreeSurfer software v.5.3 (http://surfer-

nmr.mgh.harvard.edu/). A detailed description of the volume-based stream can be found in 

Fischl et al., 2002. Briefly, the automated pipeline removes nonbrain tissue (skullstripping), 

subcortical segmentation and estimation of total intracranial volume, whole brain volume 

and subcortical brain region volumes. Via this volume-based (subcortical) pipeline, 

FreeSurfer automatically labels subcortical structures via a final segmentation based on a 

subject-independent probabilistic atlas and subject-specific measured values (Fischl et al., 

2002). From this we obtained the volumes of the left and right amygdala and hippocampus. 

Volumes are reported in mm3 and intracranial volume is included as a covariate in all sub-

cortical structural analyses. For preprocessing of the cortex a 3-dimensional surface model 

was created using the “recon-all” surface-based stream. Automated Talairach transformation 

and intensity normalization were followed by nonbrain tissue removal, tessellation of the 

gray and white matter boundary and automated topology correction. Finally, surface 

deformation enabled the detection of tissue boundaries; grey–white and grey–CSF borders. 

The cortical surfaces were then inflated and registered to a spherical atlas that used 

individual cortical folding patterns to match cortical geometry across participants.

2.6 Volumetric and cortical thickness statistical analyses

To assess the independent associations between EELA and hippocampal and amygdala 

volumes multiple linear regression controlling for later life activities, age, biological sex, 

education and Mother’s SES, as well as estimated total intracranial volume (to account for 

individual differences in head size), were performed in R Version 3.6.3 (R Foundation for 

Statistical Computing, Vienna, Austria). Model assumptions were checked using Q-Q and 

fitted vs residual plots and the normality of the residuals was formally checked using 

Shapiro-Wilk tests of normality. The significant influence of outliers was checked using 

Cooke’s distance with a cut off of 0.5 (no outliers removed). We present standardized beta 

coefficients (β) as the strength of the relationship between X and Y (that is, for every 1 unit 

(1 activity) increase in EELA there is a × standard deviation increase in our outcome). 

Model fitness is presented as adjusted R2 values and significance is considered at the p< .05 

level. To assess differential effect in males and females associated with a unit increase in 

EELA (controlling for all covariates) we included an EELA by sex interaction term into the 

models.
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To assess the effects of EELA on brain structure in cortical regions, cortical thickness was 

calculated at each vertex in the cortex as a measure of the distance between the white and 

pial surfaces. A Gaussian smoothing kernel of 10 mm full-width at half-maximum was 

applied. Vertex-wise General Linear Models (GLMs) were run for each hemisphere with 

cortical thickness as the dependant variable and EELA as the independent variable, 

controlling for all covariates. All results were corrected for multiple comparisons using a 

precached Monte-Carlo null-Z Simulation (10,000 repetitions) with a cluster-wise corrected 

p-value (CWP) of <0.05 for statistical significance. To assess differential effect in males and 

females associated with a unit increase in EELA (controlling for all covariates) we ran 

separate model contrasts of an interaction between EELA and sex.

2.7 Preprocessing of functional MRI

Preprocessing of the functional resting state data was performed using the CONN-toolbox 

v.19c (Whitfield-Gabrieli & Nieto-Castanon, 2012a), relying upon SPM v.12 (Wellcome 

Department of Imaging Neuroscience, UCL, London, UK) in MATLAB R2019a (The 

MathWorks Inc, Natick, MA, USA). The default preprocessing pipeline implemented in 

Conn was performed which consists of the following steps: functional realignment and 

unwarping, slice timing correction, outlier identification, segmentation (into grey matter, 

white matter and cerebrospinal fluid tissue) and normalization into standard Montreal 

Neurologic Institute (MNI) space with 2mm isotropic voxels for functional data and 1mm 

for anatomical data, using 4th order spline interpolation. Finally, functional scans were 

spatially smoothed using a 6mm Gaussian kernel. During the outlier detection step, 

acquisitions with framewise displacement above 0.9mm or global BOLD signal changes 

above 5 standard deviations were flagged as potential outliers using the Artefact Detection 

Tools (www.nitrc.org/projects/artifact_detect). We repeated our preprocessing with a more 

conservative 0.5mm scan-to-scan framewise displacement to ensure our results effectivity 

replicate (supplementary material). Two participants were removed from the final FC 

analyses for having >40 scans flagged. This cut off was determined based on preserving at 

least 5 minutes of scanning time (Van Dijk et al., 2009). Additionally, mean framewise 

displacement was calculated via the Jenkinson method (Jenkinson et al., 2002) and used as a 

covariate of no interest in all second level analyses. This was done to be over conservative 

given previous studies have shown high degree of motion-behavior correlations (Siegel et 

al., 2017), despite the fact that no motion variable was significantly correlated with EELA in 

our study (all p > 0.1). Denoising of the functional data was performed using a component-

based correction method, CompCor (Behzadi et al., 2007) and temporal band-pass filtering 

(0.01–0.1Hz) to remove physiological, subject-motion and outlier artefacts. Linear 

regression was used to remove the effects of these artifacts on the BOLD time series for each 

voxel and each subject taking into account noise components from cerebral white matter and 

cerebrospinal areas, estimated subject-motion parameters (3 rotation and 3 translation 

parameters and 6 other parameters representing their first order time derivatives), scrubbing 

and constant and first-order linear session effects. Quality assurance plots of the 

preprocessing steps are illustrated in supplementary material (figures S1 to S4).
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2.8 Seed-based correlations

The average time series from the left and the right amygdala and hippocampus (defined 

using the anatomical Harvard-Oxford atlas) were extracted. Then, Pearson’s correlation 

coefficients were computed between the time series in each ROI and the time series of all 

other voxels in the brain and converted to normally distributed z-scores using Fisher 

transformation prior to performing the second-level general linear model. Effect of EELA 

was entered as a covariate of interest in the second-level F-test (any effect of left or right 

structure) controlling for nuisance variables, age, sex, education, Mother’s SES, later life 

activities and mean framewise displacement, in separate general linear models for each 

structure. Result from these seed-based correlations are interpreted as an increase in Fischer 

transformed correlations associated with a 1 unit (activity) increase in EELA. A height-level 

statistical threshold of p<0.001, cluster threshold of p<0.05 family-wise error (FWE)-

corrected, and k > 50 were used to determine significant clusters. An EELA by sex 

interaction contrast was also performed to assess the differential effect in males and females.

2.9 Multivoxel pattern analysis.

Multivoxel pattern analysis (MVPA) is data-driven connectivity approach to conduct whole-

brain voxel-wise resting state functional connectivity analysis. MVPA was performed as 

implemented in the Conn toolbox (Whitfield-Gabrieli & Nieto-Castanon, 2012), per a 

number of previous publications (Anteraper et al., 2020; Arnold Anteraper et al., 2019; 

Guell et al., 2020; Muehlhan et al., 2020; Takamiya et al., 2020; Whitfield-Gabrieli et al., 

2016). A detailed description of the methodology is provided in a previous publication 

(Arnold Anteraper et al., 2019). Our choice to implement MVPA was informed by the value 

of MVPA to detect discrete individual differences in distributed patterns of neural activation 

in older adults (Carp et al., 2011). MVPA creates pairwise connectivity patterns for each 

voxel and all other voxels in the brain resulting in multiple multivariate correlation spatial 

maps via principal component analysis (PCA). These spatial maps are used as a low-

dimensional proxy for the entire pattern of connectivity between each voxel and the rest of 

the brain (Whitfield-Gabrieli et al., 2016). In this case, MVPA was done with 64 PCA 

components (representing the number of participant specific PCAs retained to characterize 

each participants’ voxel-to-voxel correlation structure) and 8 factors. This decision was 

based on a trade-off between the subject-to-component ratio (10:1) and the individual and 

cumulative explained variance for each N component (see supplementary material, figure 5). 

To ensure our results were not a function of the subject-to-component ratio we repeated our 

analysis over multiple MVPA factor numbers (supplementary figure 7). Second level MVPA 

analyses yield multivariate patterns of voxel clusters showing connectivity changes 

associated with EELA. A height-level statistical threshold of p<0.001, cluster threshold of 

p<0.05 family-wise error (FWE)-corrected, and k > 50 were used to determine significant 

clusters. Because MVPA is an omnibus test (Arnold Anteraper et al., 2019), post-hoc 
analyses were conducted to further investigate the connectivity patterns of the brain regions 

associated with EELA, identified by MVPA. Here, the MVPA clusters were taken as seeds in 

a seed-to-voxel analysis (voxel p<0.001 and FWE cluster-level p<0.05 correction, k > 50). 

Pearson’s correlation coefficients were computed for the MVPA time series and the time 

series of all other voxels in the brain and were converted to normally distributed z-scores 

using Fisher transformation prior to performing the second-level general linear model. For 
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all functional connectivity analyses, current age, sex, education, Mother’s SES, mean 

framewise displacement and variety of later life lifestyle activities were included as 

covariates.

3. Results

3.1 Participant characteristics

Table 1 presents the participant characteristics. Our sample was majority female. At the 

group level participants engaged in multiple early life activities, where a majority of 

participants learned to play a musical instrument, took extracurricular lessons, volunteered at 

a place of worship, engaged in the scouts and went on family vacations. Regarding the 

subjective socioeconomic status of the mother, the group-level mean score lay around 

halfway between “worst off” to “best off”.

3.2 EELA and hippocampal and amygdala volume

Mean hippocampal volume for males was 8,434 mm3 ± 837sd and 8,153 mm3 ± 751sd in 

females. For amygdala volume, the mean in males was 3,133 mm3 ± 323sd and 2,856 mm3 

± 311 in females.

No significant relationship was found between EELA and hippocampal volume (β = −.02, 

SE = 4.77, p = .853, R2 = .154), either when controlling for or not later life experiences, 

total intracranial volume, age and sex. When we added a sex by EELA interaction term into 

the model, no significant interaction between males and females in the relationship between 

EELA and hippocampal volume was found (β = .045, SE = 2.101, p = .826, R2 = .108). 

Similarly, for amygdala volume, no significant effect of EELA (β = −.03, SE = 1.001, p 
= .843, R2 = .143) nor an EELA by sex interaction was found (β = .075, SE = 4.428, p = 

<.001, R2 = .097).

3.3 EELA and cortical thickness

EELA was not associated with cortical thickness when controlling for or not controlling for 

all covariates. There was a significant cluster in the right pars opercular region of the frontal 

gyrus that showed differential effects in males and females associated with a unit increase in 

EELA, controlling for all covariates (cluster-wise corrected p<0.05 and vertex-wise 

threshold p<0.01) (Figure 1).

3.4 EELA and amygdala and hippocampal functional connectivity

Seed-based correlations between the left or right hippocampus and the rest of the brain did 

not reveal any significant clusters significantly associated with EELA. Conversely, EELA 

was significantly associated with FC between bilateral amygdala and the left insular cortex 

(F(2,142) = 7.25, pfwe = <0.001, k = 225, peak MNI = −36 +00 −12; Figure 2A). A cluster 

in the homologous right insula cortex was also apparent at a less stringent cluster-threshold 

(supplementary material figure 6). Further, a significant cluster in the middle frontal gyrus 

showed differential connectivity with the amygdala in males compared to females associated 

with EELA (Figure 2B).
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3.5 Multivoxel pattern analysis

Our MPVA analysis (Figure 3) revealed significant differences in functional connectivity 

with one cluster in the right orbitofrontal cortex (peak MNI coordinates = +18 +12 −28, k = 

64, F max = 4.64) associated with EELA (voxel p<0.001 and FWE cluster-level p<0.05 

correction).

Post hoc characterization was performed by taking the time series from the MVPA cluster as 

an ROI in a seed-to-voxel analysis. The right orbitofrontal seed was anticorrelated with a 

cluster spanning occipital and lingual regions, a cluster in the subcallosal cortex and a 

cluster in the left precentral gyrus, as a function of EELA (voxel p<0.001 and FWE cluster-

level p<0.05 correction; Figure 4). Table 2 outlines the overlap of the number of voxels per 

cluster that fall within canonical functional networks. A significant cluster in the brain stem 

showed differential connectivity with the orbitofrontal seed in males compared to females 

associated with a unit increase in EELA (peak MNI coordinates = +02 −36 −42, k = 116, F 

max = 3.44) where in males this relationship was negative and females positive.

4. Discussion

In this study we did not find that more variety of EELA before age 13 was associated with 

larger hippocampal or amygdala volumes later in life (60–80 years). Conversely, more 

variety of EELA was associated with differences in the functional connectivity between the 

amygdala and the insula. We further demonstrated, using a whole brain data driven 

approach, that more variety of EELA was associated with variations in functional 

connectivity patterns of the orbitofrontal cortex. Post hoc analysis with this MVPA cluster 

showed that the variations in connectivity associated with EELA were being driven by 

functional connectivity with somatosensory regions. Importantly, sex-specific differences in 

the association between EELA and brain structure and function were seen.

A major finding in our study was the result that we did not replicate previous research 

(Moored et al., 2018), using an identical questionnaire, of an association between EELA and 

amygdala and hippocampal volumes. The discrepancies between our study and Moored et 

al., may lie with differences in the sample population, where our study consisted of mostly 

White healthy older adults, and the Moored et al., study consisted of predominantly African 

American or Black participants who were deemed to be at greater risk for cognitive decline 

(Mayeda et al., 2016). The discrepancies may be driven by differences in the mean number 

or distribution of EELA in each sample (Moored sample = 3.02, our sample = 4.12), as well 

as the frequency of EELA (something neither study assessed and a major limitation). 

Additionally, developmental differences between samples may have driven the 

discrepancies, where our sample had larger mean amygdala volumes (Moored male = 2,907 

mm3, our sample male = 3,133 mm3; Moored female = 2,884 mm3, our sample female = 

2,856 mm3) and hippocampal volumes (Moored male = 6,721mm3, our sample male = 

8,434mm3; Moored female = 6,770mm3, our sample female = 8,153 mm3). These 

differences in EELA engagement and/or developmental differences may be reflective of 

disparities and differences in health and health behaviors, early socioeconomic and parental 

environments, and other contributors to reserve across the lifespan, such as opportunities for 
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educational attainment and occupational complexity, which differ between racial and ethnic 

groups (Glymour & Manly, 2008; Pavalko & Caputo, 2013; Zhang et al., 2016).

We did not find any associations between EELA and cortical thickness at the whole group 

level controlling for sex. Yet we did find differential effects of EELA on cortical thickness in 

males compared to females in the pars opercularis, a node of the ventral attention network 

(Bernard et al., 2020), involved in response inhibition (Aron et al., 2014), and a region 

which has previously shown sex-specific differences in age-related pathology (Malpetti et 

al., 2017; Perneczky et al., 2007). While sex disparities in reserve contributing factors such 

as educational and occupational opportunities have improved over the last few decades, 

reports of differential effects of reserve contributors between men and women exist (Kok et 

al., 2018; Koran et al., 2017; Malpetti et al., 2017; Subramaniapillai et al., 2021). Further, 

gray and white matter volume in the inferior frontal gyrus has previously been associated 

with lifelong cognitive activity (education and occupational complexity) (Arenaza-Urquijo 

et al., 2013; Foubert-Samier et al., 2012). Consequently, our results extend previous research 

on enriching experiences and frontal lobe structural associations by showing a sex-specific 

relationship between a variety of EELA and later life brain structure in this region. Indeed, 

our results of functional connectivity also found sex-specific results, where differential 

functional connectivity between the amygdala and the right superior frontal gyrus and 

between the orbitofrontal gyrus and the brainstem was seen between males and females, 

further supporting sex-specific contributions of EELA to potential reserve mechanisms later 

in life.

While we did not see associations between EELA and hippocampal and amygdala volumes, 

we did find differences in the functional connectivity of the amygdala associated with 

EELA. The insula is implicated in wide-ranging functions from sensorimotor integration and 

olfacto-gustatory to socio-emotional and cognitive (Kurth et al., 2010). Connectivity 

between the amygdala and the insula has been consistently associated with emotion 

regulation (Jenkins et al., 2017; Ramasubbu et al., 2014; J. L. Stein et al., 2007; M. B. Stein 

et al., 2007; Tahmasian et al., 2013). Experience dependent plasticity of brain networks 

related to early enriched environments may be highly important in the development of 

complex behavioral and affective functioning across the lifespan (Richards & Deary, 2005). 

Consequently, our result is one potential mechanistic correlate of how EELA can contribute 

to mechanisms of cognitive reserve later in life.

At the whole brain functional connectivity level, our data-driven MVPA analysis showed one 

cluster in the orbitofrontal cortex whose connectivity patterns covaried with EELA. The 

orbitofrontal cortex is part of the ventral portion of the prefrontal cortex and its functions 

extend to motivational, emotional and social behaviors (Rolls, 2004). In adults, the 

orbitofrontal cortex is sensitive to experience dependent plasticity where cognitive training 

can increase orbitofrontal cortical thickness (Engvig et al., 2010). Our post hoc seed-to-

voxel analysis revealed that the variations in orbitofrontal cortex connectivity patterns 

associated with EELA were being driven by functional connectivity with primary visual and 

somatosensory regions as well as a cluster in the limbic network (subcallosal). Previous 

studies have demonstrated consistent associations between long term (>6 weeks) activity-

driven (motor training, musical training) changes in somatosensory and visual networks (Lee 
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& Noppeney, 2011; Taubert et al., 2011). The connectivity between orbitofrontal cortex and 

visual/somatosensory areas associated with EELA were anticorrelated, where higher EELA 

was associated with higher anticorrelations between these regions. The EELA inventory 

assessed early activities that are highly somatosensory and visual in nature (musical 

instrument, sport, dance) and so the anticorrelations between the orbitofrontal cortex and 

visual regions are perhaps reflective of efficient multisensory processing in these networks 

(James et al., 2014; Rolls, 2004).

Beyond genetics, early social and maternal environments, education attainment, 

socioeconomic status and degree of lifestyle activities determine brain structure and function 

(Richards & Deary, 2005). It is possible therefore that greater engagement in EELA during a 

critical period of brain development (before 13 years) may lead to enhanced mechanisms of 

plasticity relevant for cognitive and brain reserve later in life. Controlling for sex in our 

study, EELA appears to be related to potential mechanisms of cognitive reserve (underlying 

functional brain processes that actively adapt to brain changes with age (Stern et al., 2020)) 

rather than brain reserve (passive concept related to momentary structural characteristics that 

buffer against brain aging (Stern et al., 2020)). Whether EELA acts upon mechanisms of 

plasticity during development that have durable lifespan effects or whether EELA promotes 

engagement in similar lifestyle activities across the lifespan, leading to a consistent upkeep 

of mechanisms of cognitive reserve (Richards & Deary, 2005; Schreiber et al., 2016), or a 

combination of both is unclear. Yet in our study we did not find a correlation between EELA 

and later life activity engagement and our results were not attenuated when controlling for 

later life activities, perhaps suggesting the former.

A number of limitations must be taken into account when interpreting our results. The 

questionnaire we deployed to measure EELA, while identical to that of previous studies 

(Chan et al., 2019; Moored et al., 2018) relied upon retrospective recall. Studies have shown 

though that free from emotion and retrospective impact bias, such questionnaires report low 

recall bias through asking simply whether one engaged or not in these actives, and has been 

shown to be very accurate, even after 50+ years (Berney & Blane, 1997). Additionally, a 

sample selection bias exists in our study as our included participants were initially recruited 

as part of a randomized control trial of exercise for cognitive and brain health, whose 

inclusion criteria required them to be sedentary (spent less than 3 days per week performing 

any time of physical activity). Whilst a limitation, this characterization may be reflective of 

the national US population at large (over a 3rd (34.8%) lead sedentary lifestyle (Du et al., 

2019). Further, both MVPA clusters were relatively small in size, possibly reflective of our 

primary cluster threshold of p < 0.001. Nevertheless, this is in accordance with current 

recommendations on cluster-based thresholding in fMRI analyses (Woo et al., 2014). In 

addition, our resting state analyses were based on 6 minutes of scan time. While this has 

been suggested to be the minimum scan time necessary for resting state analyses (Van Dijk 

et al., 2009), it may be considered a short per more recent MRI protocols. Furthermore, we 

replicated our orbitofrontal finding when using different MVPA parameters (8 over 4 

factors) which suggests our finding is not a function of this intermediate analysis choice. 

Further, our structural analysis looked at the gross hippocampal and amygdala regions as a 

whole. Future studies may find more sensitivity in analyzing the sub-regions of these two 

structures (Zheng et al., 2019). Lastly, our results are taken from a cross-sectional analysis 
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and so we were unable to assess the longitudinal changes in functional connectivity and 

brain structure with advancing age. This also limits our interpretations of causal associations 

between EELA and later life functional connectivity. Whilst we did control for current 

engagement in a variety of lifestyle activities, future studies on longitudinal changes 

associated with EELA will gain stronger insights into how such modifiable lifestyle 

behaviors affect brain health with advancing age.

5. Conclusions

Together our results demonstrate that EELA before age 13 are associated more with 

potential mechanisms of cognitive reserve (function) than brain reserve (structure), decades 

later (60–80 years). However, potential sex-specific mechanisms of brain reserve were seen. 

Whilst longitudinal studies are required to fully assess the effect of enriching and modifiable 

lifestyle behaviors on brain health across the lifespan and with advancing age, our results 

suggest that strategies to increase the diversity of childhood activities will have long lasting 

effects on older adult’s brain health.
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Highlights

• EELA is associated with amygdala function but not structure.

• EELA affords primarily active (function) contributions to reserve later in life

• Sex-specific differences in the EELA-structure/function relationships exist
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Figure 1. 
Vertex-wise general linear model with an EELA by sex interaction, controlling for all 

covariates revealed a significant cluster in the right pars opercularis differentially associated 

with EELA in males comparted to females.
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Figure 2. 
A. Seed-based correlations revealed connectivity between the amygdala and the left insula 

associated with EELA (voxel p<0.001 and FEW cluster-level p<0.05 correction). This 

connectivity was strongest between the left amygdala and the left insula. At a less stringent 

threshold (voxel p <0.005) connectivity with bilateral insula was associated with EELA 

(supplementary figure 6). B. Results from a seed-based correlation analysis (seeding the left 

and right amygdala in an F-test) looking at the expected differential effect in males and 

females associated with a unit increase in EELA (controlling for all covariates). A 

Significant cluster (voxel p<0.001 and FDR cluster-level p<0.05 correction) in the right 

middle frontal gyrus (MNI: +30 +20 +38, k voxels = 92) showed differential connectivity 

with the left and right amygdala in males compared to females.
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Figure 3. 
Multivoxel pattern analysis revealed variations in functional connectivity with the 

orbitofrontal cortex associated with EELA (voxel p<0.001 and FWE cluster-level p<0.05 

correction).
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Figure 4. 
Post hoc seed-to-voxel analysis taking the orbitofrontal MVPA cluster as a seed, revealed 

that the variations in functional connectivity and EELA revealed by MVPA are driven by 

anticorrelations between the orbitofrontal cortex and distal visual and somatosensory regions 

as well as with a cluster in the subcallosal cortex (voxel p<0.001 and FEW cluster-level 

p<0.05 correction).
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Table 1.

Participant Characteristics

Overall

N 88

Current age (mean (SD) 65.81 (4.72)

Sex: Female (%) 63 (71.6)

Race (%)

Caucasian 79 (89.7)

African American 7 (8)

Asian/Pacific Island 2 (2.3)

Years of education (mean (SD) 15.89 (2.66)

Mother’s SES (mean (SD) 5.93 (2.01)

Mini mental status exam (mean (SD) 28.65 (1.36)

EELA composite score (mean (SD) 4.16 (1.78)

EELA specific

Musical instrument (%) 58 (65.9)

Extracurricular lessons (%) 62 (70.5)

Team sports (%) 30 (34.1)

Foreign language (%) 20 (22.7)

Volunteer at place of worship (%) 72 (82.8)

Scouts (%) 65 (73.9)

Family vacations (%) 59 (67.0)

Current lifestyle activities (mean (SD) 16.25 (3.58)
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Table 2.

Overlap of MVPA posthoc results with functional networks

Voxels per cluster (k) per 7 networks

Peak coordinates (MNI) Peak brain region Visual Somatomotor DAN VAN Limbic FPCN DMN Total K

OFG mvpa cluster

+28 −90 +14 Bilateral lingual/occ 3834 60 55 53 4817

−02 +08 −10 Subcallosal 53 110

−30 −20 +68 L precentral 60 70

L = left, occ = occipital. Note, a number of gray matter voxels per cluster lacked an a priori network label.
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