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A B S T R A C T   

Greater engagement in cognitively stimulating activities (CSA) during adulthood has been shown to protect 
against neurocognitive decline, but no studies have investigated whether CSA during childhood protects against 
effects of brain changes on cognition later in life. The current study tested the moderating role of childhood CSA 
in the relationships between brain structure and cognitive performance during adulthood. At baseline (N=250) 
and 5-year follow-up (N=204) healthy adults aged 20–80 underwent MRI to assess four structural brain measures 
and completed neuropsychological tests to measure three cognitive domains. Participants were categorized into 
low and high childhood CSA based on self-report questionnaires. Results of multivariable linear regressions 
analyzing interactions between CSA, brain structure, and cognition showed that higher childhood CSA was 
associated with a weaker relationship between cortical thickness and memory at baseline, and attenuated the 
effects of change in cortical thickness and brain volume on decline in processing speed over time. These findings 
suggest higher CSA during childhood may mitigate the effects of brain structure changes on cognitive function 
later in life.   

1. Introduction 

Past research has suggested greater levels of cognitive engagement 
have benefits for neurocognitive function across the lifespan. Greater 
educational attainment, for instance, has been associated with lower risk 
of neurodegenerative disease, as well as more intact brain structure, 
brain function, and cognitive function in both cross-sectional studies 
(Arenaza-Urquijo et al., 2013; Brickman et al., 2011; Chen et al., 2019; 
Cox et al., 2016; Foubert-Samier et al., 2012; Herrera et al., 2002; Le 
Carret et al., 2003; Mukadam et al., 2019; Stern et al., 1994; Teipel et al., 
2010) and longitudinally over time (Chodosh et al., 2002; Christensen 
et al., 1997; Kramer et al., 2004; Montemurro et al., 2023; Valenzuela 
and Sachdev, 2006). 

Furthermore, there is also a breadth of evidence suggesting educa
tion may significantly contribute to cognitive reserve, the ability to 
maintain cognitive function in the presence of age- or disease-related 

brain changes (Stern, 2009). For example, higher education has been 
associated with a weaker relationship between brain pathology and 
cognitive function (Bennett et al., 2005, 2003; Rentz et al., 2010), and 
when controlling for measures of clinical severity, higher education is 
associated with greater deficits in cerebral blood flow in patients with 
probable AD, suggesting education protects against clinical manifesta
tions of neuropathological damage (Stern et al., 1992). The mechanisms 
underlying the contribution of educational attainment to cognitive 
reserve are thought to be related to engagement in cognitively stimu
lating activities, which may increase synaptic density and plasticity, and 
promote neurogenesis that protects against and/or compensates for 
age-related changes in brain structure and function (Baldivia et al., 
2008; Sale et al., 2014). Although education is among the most 
commonly studied proxies of cognitive reserve, several studies have 
suggested educational attainment is limited in its use as a measure of 
cognitive reserve, given the influence of socioeconomic and cultural 
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factors in acquisition of formal education (Manly et al., 2003), and ev
idence that the protective role of education in cognitive reserve may be 
less consistent in highly educated samples, whereas early childhood 
education may confer greater benefits for later neurocognitive function 
(Christensen et al., 2006; Raz et al., 2010). Furthermore, cognitive 
function is significantly impacted by childhood cognitive experiences 
outside of formal education, including parental education (Kaplan et al., 
2001; Rogers et al., 2009) and childhood stimulating cognitive milieu 
(Everson-Rose et al., 2003), indicating an important role for 
non-academic childhood cognitive engagement in neurocognitive 
function during adulthood. 

Given evidence that the role of education in neurocognitive function 
may be driven by greater early engagement in cognitive activity, and the 
limitations of using education as a proxy for cognitive reserve, a measure 
of childhood cognitively stimulating activities (CSA) may serve as an 
alternative reflection of reserve acquired during early life. Cognitively 
stimulating environments have been shown to increase neurogenesis 
and factors related to neuroplasticity, which strengthen resilience 
against age- and disease-related pathological brain changes (Brown 
et al., 2003; Stern, 2009; Valenzuela and Sachdev, 2009). Several studies 
have provided evidence that greater levels of CSA during adulthood, 
such as reading books and newspapers, playing games and puzzles, or 
visiting museums, are associated with better cognitive performance 
across multiple domains (Wilson et al., 2003), as well as significantly 
reduced risk of Alzheimer’s disease, dementia, and mild cognitive 
impairment, and lesser decline in cognitive function over time (Wilson 
et al., 2007, 2002b, 2002a). Research has also shown that CSA during 
adulthood contributes to cognitive reserve over and above the effects of 
formal education: controlling for clinical severity and formal education, 
individuals who engage in more cognitive activities have a greater de
gree of cerebral blood flow deficits, suggesting cognitive stimulation 
protects against the negative effects of brain pathology (Scarmeas et al., 
2003). 

Although there is significant evidence suggesting adult engagement 
in CSA is beneficial for neural and cognitive performance and may 
protect against age- or disease-related decline, few have tested whether 
greater CSA engagement during childhood contributes to cognitive 
reserve that is protective later in life. Given that early childhood edu
cation is thought to build brain and cognitive reserve, whereas more 
advanced levels of education appear to provide less significant benefits, 
it is possible that CSA during childhood may be a more appropriate 
measure, compared to adulthood CSA or childhood education that is 
inseparable from overall education, of the effects of early cognitive 
engagement on later-life neural and cognitive functioning. 

The current study aimed to test whether CSA during childhood 
moderates the association between brain structure and cognitive per
formance cross-sectionally, and between longitudinal changes in brain 
structure and changes in cognitive performance over an average of 5 
years in healthy adults. We hypothesized that greater engagement in 
childhood CSA would attenuate the relationship between brain structure 
and cognitive function, reflecting a protective role of CSA against neu
rocognitive decline. 

2. Methods 

2.1. Participants 

The present study included adults aged 20–80 years, who completed 
both baseline and 5-year follow-up visits for two ongoing studies: the 
Reference Ability Neural Network (RANN) study (Stern et al., 2014) and 
the Cognitive Reserve study (Stern et al., 2018), both conducted at 
Columbia University Irving Medical Center with similar recruitment and 
research procedures. 

At baseline, 651 participants were enrolled across both studies. As of 
March 2023, 338 participants returned for a follow-up visit after an 
average of 5 years. For the current analyses, participants were excluded 

if they did not have Childhood Cognitively Stimulating Activities ques
tionnaire data (N=65) or baseline structural MRI data (N=8); a further 
14 participants were excluded for missing IQ data, resulting in a final 
sample size of N=250 at baseline. For longitudinal analyses, a further 41 
participants were excluded for missing follow-up structural MRI data, 
and 5 for missing follow-up cognitive function data, resulting in a 
sample size of N=204 at follow-up. 

All participants were native English speakers, right-handed, free of 
MRI contraindications, and read at a fourth-grade level or above. No 
participants had any psychological or medical conditions that could 
affect cognitive function, and no older adults met criteria for dementia 
or MCI. All participants provided informed consent, and all methods 
were approved by and performed in accordance with the relevant 
guidelines and regulations of the Institutional Review Board of the 
College of Physicians and Surgeons of Columbia University and with the 
ethical standards of the 1964 Declaration of Helsinki. 

2.2. Cognitive function 

Cognitive function was measured at both baseline and follow-up 
visits using performance on three neuropsychological tests for each of 
three reference abilities (RAs): memory (MEMORY), fluid reasoning 
(FLUID), and processing speed and attention (SPEED). MEMORY com
posite score was measured by the Selective Reminding Task subtests of 
long-term storage, continuous long-term retrieval, and words recalled 
on last trial (Buschke and Fuld, 1974). FLUID composite score was 
measured using WAISIII Block design, WAIS-III Letter–Number 
Sequencing, and WAISIII Matrix Reasoning test (Wechsler, 1997). 
SPEED score was estimated using WAIS-R Digit Symbol subtest 
(Wechsler, 1987), Trail Making test Part A (Reitan, 1971), and Stroop 
Color naming subtest (Golden et al., 2012). Performance on each task 
was z-scored relative to the mean and standard deviation in participants 
of the entire study sample. Z-scores for tests within each cognitive 
domain were then averaged to produce three reference ability z-scores 
for each participant. Longitudinal cognitive change scores were calcu
lated as follow-up scores minus baseline scores. 

2.3. Cognitively stimulating activities 

Childhood cognitively stimulating activities (CSA) were measured 
using a validated self-report questionnaire (Wilson et al., 2003) in which 
participants rated on a 5-point scale the frequency with which they 
engaged in nine cognitive activities during childhood: every day or 
about every day (5 points), several times a week (4 points), several times 
a month (3 points), several times a year (2 points), and once a year or 
less (1 point). Participants reported how frequently they had each of the 
following 9 activities: were read to, played a game, or told stories at age 
6, and visited a library, wrote a letter, played a game, or read a news
paper, magazine, or book at age 12. Responses were averaged to produce 
a composite mean Childhood CSA score, ranging from 1 to 5, with higher 
values indicating greater engagement in CSA. Childhood CSA scores 
were categorized into two groups (low; high) based on median of total 
scores. Analyses were conducted using CSA scores collected at 
follow-up, as the questionnaire was only administered to a small number 
of participants at baseline; however, for N=29 participants who had CSA 
data at both timepoints, there were no significant differences in mean 
childhood CSA scores. 

2.4. MRI procedures 

Magnetic resonance images were acquired on a 3.0 Tesla Philips 
Achieva Magnet, over two 2-h sessions. T1-weighted whole brain images 
were acquired for each participant using magnetization-prepared rapid 
gradient-echo (MPRAGE) sequence with TE/TR of 3/6.5 ms and Flip 
Angle of 8 degrees, in-plane resolution of 256×256, field of view 
55.4×25.4 cm and 165–180 slices in axial direction with slice-thickness/ 
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gap of 1/0 mm. Fluid Attenuated Inverse Recovery (FLAIR) images were 
collected with the following parameters: 11,000 ms repetition time, 
2800 ms echo time, 256×189 voxels in-plane resolution, 23.0×17.96 cm 
field of view, and 30 slices with slice-thickness/gap of 4/0.5 mm) 
(Yendiki et al., 2011). FreeSurfer software (v.5.1) was used for recon
struction of T1 scans and for calculation of mean cortical thickness based 
on 68 cortical regions of interest (Desikan et al., 2006). Two diffusion 
MRI were acquired in 56 directions using the following parameters: b =
800 s/mm2, TE = 69 ms, TR = 11,032 ms, flip angle = 90 degrees, 
in-plane resolution 112×112 voxels, acquisition time = 12 min 56 s, 
slice thickness = 2 mm (no gap), and 75 slices. Diffusion data were 
analyzed with version 3.0.1 of the software MRtrix3 (www.mrtrix.org), 
starting with a set of preprocessing steps to improve data robustness: (1) 
denoising (Veraart et al., 2016), (2) Gibbs ring correction (Kellner et al., 
2016), (3) corrections for motion and eddy currents (FSL eddy) 
(Andersson and Sotiropoulos, 2016) and (4) bias field correction (Tus
tison et al., 2010). Diffusion tensor models were estimated for the pre
processed data from which fractional anisotropy (FA) was calculated for 
each participant. To calculate the mean FA for the white matter across 
the whole brain, each participant’s T1 structural scan was registered to 
the mean of the non-diffusion weighted images, and then parcellated on 
FreeSurfer. The derived white matter mask was then used to quantify 
each participant’s mean MD across all white matter in the brain, 
resulting in one MD value per participant and used in LCSM described 
below. White matter hyperintensity (WMH) was derived from FLAIR 
imaging (Yendiki et al., 2011). Using the Lesion Segmentation Toolbox 
for Statistical Parametric Mapping, images were visually inspected and 
manually corrected for errors, and WMH volumes were log transformed 
prior to analysis. Cortical thickness values are reported in units of mil
limeters (mm), total brain volume is reported in cubic centimeters 
(cm3), white matter hyperintensity burden is reported in cubic milli
meters (mm3), and DTI FA values reflect a range from 0 to 1 with higher 
number representing more intact white matter integrity. 

2.5. Data analyses 

Descriptive statistics were used to present participant characteristics 
including age, education (number of years in school), sex, race, 
ethnicity, and IQ scores, and chi-squared tests and one-way analyses of 
variance were used to test differences between CSA groups. Multivari
able linear regression models were used to examine the interaction be
tween CSA group and brain structure on cognitive performance at 
baseline, and between CSA group and change in brain structure on 
change in cognitive performance over 5 years. Change scores were 
calculated as follow-up minus baseline values. All models were adjusted 
for age, sex, race, education, and NART IQ (Nelson, 1982). The following 
number of participants were excluded from relevant models due to 
extreme outlier longitudinal data based on Tukey’s hinges (more than 
1.5 x interquartile range beyond first and third quartiles): MEMORY: 1; 
FLUID: 1; SPEED: 3; cortical thickness: 2; WMH: 2; total brain volume: 1; 
FA: 9. All analyses were conducted in SPSS (version 28.0). Statistical 
significance was indicated by two-sided p<.05, with p<.10 considered 
trending toward significance. 

3. Results 

3.1. Descriptive analyses 

At baseline, participants were on average 56.28 (SD=15.79, range 
22–80, median=62) years old (Supplemental Fig S1), and had a mean of 
16.16 (SD=2.21, range 12–20) years of education. About 57% were 
female, and 23.3%, 68.4%, and 8.4% identified as black/African 
American, white, and other race, respectively. Mean NART IQ score was 
119.02 (SD= 7.92, range 90.32–129.76). 

The total participant sample had a mean CSA score of 3.24 (SD=
0.66, range 1.33–4.78). The low CSA group had a mean CSA score of 

2.81 (SD= 0.43, range 1.33–3.33) and the high CSA group had a mean 
score of 3.91 (SD=0.32, range 3.44–4.78). One-way analyses of variance 
showed there were no significant differences between CSA groups in 
baseline age, IQ, cognitive performance, mean cortical thickness, white 
matter hyperintensities, or FA. Education and baseline total brain vol
ume were significantly higher for the high CSA group. There were no 
significant group differences in any longitudinal measures of change in 
performance or brain structure. Chi-squared tests showed CSA groups 
did not differ by race or sex (Table 1). Pearson’s correlations showed 
that at baseline, all RAs (FLUID, MEMORY, SPEED) were significantly 
positively correlated with total brain volume, cortical thickness, and DTI 
FA, and significantly negatively correlated with mean WMH (Supple
mental Table 3). 

Over an average of 5 years from baseline to follow-up visits, mean 
cognitive performance decreased for MEMORY (M= − 0.109, SD=
0.830), FLUID (M= − 0.201, SD= 0.498), and SPEED (M= − 0.246, SD=
0.528). Mean cortical thickness, total brain volume, and FA also 
decreased, with an average change of (M= − 0.044, SD= 0.073), (M=

− 20.112, SD= 24.802), and (M= − 0.019, SD= 0.053), respectively. 
Mean WMH increased from baseline to follow-up visits (M= 0.324, SD=
0.443). 

3.2. Interaction between CSA and structural brain measures on cognitive 
performance at baseline 

We found a significant interaction between CSA group and baseline 
cortical thickness on baseline MEMORY performance (B=− 1.755 
[− 3.344, − 0.166], p<.05), wherein the high CSA group showed a 
weaker positive association between thickness and performance 
(Table 2; Figure 1). There were no other significant interactions between 

Table 1 
Participant characteristics by childhood CSA group.   

Low CSA High CSA Sig. (p) 

N BL  112  138  
Age BL (years)  56.57 (16.02)  56.05 (15.66) .796 
Education BL (years)  15.65 (2.20)  16.57 (2.14) <.001*** 
% Female  58.0  55.8 .722 
% White  62.5  73.2 .314a 

% Black / African American  26.8  20.3  
% Other race  10.7  6.5  
NART IQ BL  118.80 (7.83)  119.19 (8.02) .700 
MEMORY BL  0.01 (0.94)  0.16 (0.84) .194 
FLUID BL  0.01 (0.88)  0.15 (0.76) .177 
SPEED BL  -0.07 (0.86)  0.08 (0.80) .171 
Cortical Thickness BL (mm)  2.54 (0.12)  2.54 (0.12) .881 
WMH BL (mm3)  2.36 (0.95)  2.45 (0.96) .510 
Total Brain Volume BL 

(cm3)  
1059.52 (112.98)  1090.98 (107.18) .025* 

DTI FA BL  0.37 (0.03)  0.37 (0.03) .427 

N Longitudinal  87  117  
MEMORY Δ  0.01 (0.79)  -0.18 (0.83) .111 
FLUID Δ  -0.14 (0.45)  -0.19 (0.50) .459 
SPEED Δ  -0.24 (0.49)  -0.23 (0.51) .810 
Cortical Thickness Δ (mm)  -0.04 (0.06)  -0.05 (0.08) .216 
WMH Δ (mm3)  0.26 (0.30)  0.38 (0.45) .058 
Total Brain Volume Δ (cm3)  -18.88 (17.53)  -20.89 (29.31) .571 
DTI FA Δ  -0.01 (0.04)  -0.02 (0.05) .319 

***p<.001; *p<.05. 
ap-value reflects chi-square test of all 3 race/ethnicity categories by OPA group. 
Mean (SD) reported for continuous outcomes, percentages reported for cate
gorical outcomes. 
p-values reflect differences between CSA groups based on one-way ANOVAs and 
Pearson’s chi-square tests. 
Abbreviations: BL= baseline; Δ = change from baseline to follow-up; WMH=

white matter hyperintensities; DTI FA= fractional anisotropy; FLUID= fluid 
reasoning; MEMORY= episodic memory; SPEED= perceptual speed. 
Note: Total sample sizes for several individual measures varied due to missing 
data as follows: WMH BL: 205; DTI FA BL: 228; WMH Δ: 148; DTI FA Δ: 139. 
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CSA group and baseline structural measures on MEMORY. For FLUID, 
the interaction between CSA group and brain structure on performance 
was trending toward significance for cortical thickness (B=− 1.180 
[− 2.543, 0.183] p=.09) and for FA (B=− 5.404 [− 11.483, 0.676], 
p=0.08), with a weaker effect of brain structure on FLUID performance 
for the high CSA group relative to low CSA. For SPEED, CSA group did 
not moderate the associations between any of the structural measures 
and cognitive performance (Table 2). 

3.3. Interaction between CSA and change in brain structure on change in 
cognitive performance 

There were no significant interactions between CSA group and 
change in any of the four structural measures on change in MEMORY or 

FLUID performance (Table 3). For SPEED, CSA group significantly 
moderated the effect of change in cortical thickness on change in per
formance (B=− 3.31 [− 5.20, 1.42], p<.001); those with low CSA 
showed greater decrease in SPEED performance with greater decrease in 
cortical thickness, but this effect was not seen in the high CSA group 
(Table 3; Figure 2). CSA group also significantly moderated the effect of 
change in total brain volume on change in SPEED (B=− 0.01 [− 0.02, 
− 0.00], p<.01) with the higher CSA group showing an attenuated effect 
of decline in brain volume on decline in SPEED performance relative to 
low CSA (Table 3; Figure 3). The interaction between CSA group and FA 
on SPEED trended toward significance (B=3.31 [− 0.19, 6.81], p=.06), 
wherein there was an overall positive relationship between FA change 
and SPEED change as expected, but here the low CSA group showed a 
weaker effect of change in structure on change in performance relative 

Table 2 
Interaction between childhood CSA group and brain structure on performance for each reference ability at baseline.   

Cortical Thickness DTI FA Total Brain Volume WMH  

B [LL, UL] p B [LL, UL] p B [LL, UL] p B [LL, UL] p 

MEMORY -1.76 [− 3.34, − 0.17] .03* -3.17 [− 10.24, 3.90] .38 -0.00 [− 0.00, 0.00]  .10 -0.06 [− 0.24, 0.17]  .63 
FLUID -1.18 [− 2.54, 0.18] .09† -5.40 [− 11.48, 0.68] .08† -0.00 [− 0.00, 0.00]  .97 -0.03 [− 0.22, 0.15]  .72 
SPEED -0.03 [− 1.38, 1.31] .96 -3.29 [− 9.18, 2.73] .29 0.00 [− 0.00, 0.00]  .56 0.13 [− 0.06, 0.32]  .17 

*p<.05; †p<.10. 
B= unstandardized regression coefficient, with 95% Wald confidence intervals [LL: lower limit, UL: upper limit]. 
Abbreviations: DTI FA= diffusion tensor imaging fractional anisotropy; WMH= white matter hyperintensities; MEMORY= episodic memory; FLUID= fluid reasoning; 
SPEED= perceptual speed. 

Fig. 1. Relationship between baseline mean cortical thickness and memory performance by childhood CSA group. Results of multivariable linear regressions 
modeling interaction between childhood CSA group and baseline mean cortical thickness on baseline memory performance. Models adjusted for effects of age, 
education, gender, race, and IQ. 

Table 3 
Interaction between childhood CSA group and longitudinal change in brain structure on change in performance for each reference ability.   

Cortical Thickness Δ DTI FA Δ Total Brain Volume Δ WMH Δ  

B [LL, UL] p B [LL, UL] p B [LL, UL] p B [LL, UL] p 
MEMORY Δ -0.045 [− 3.37, 3.28] .98 -2.08 [− 8.35, 4.19] .52 0.01 [− 0.00, 0.02] .17 -0.57 [− 1.27, 0.13] .11 
FLUID Δ -0.48 [− 2.46, 1.50] .64 -0.62 [− 4.43, 3.18] .75 -0.00 [− 0.01, 0.01] .86 0.08 [− 0.36, 0.51] .73 
SPEED Δ -3.31 [− 5.20, − 1.42] <.001*** 3.31 [− 0.21, 6.83] .07† -0.01 [− 0.02, − 0.00] .01** -0.08 [− 0.49, 0.32] .70 

***p<.001; **p<.01; *p<.05; †p<.10. 
B= unstandardized regression coefficient, with 95% Wald confidence intervals [LL: lower limit, UL: upper limit]. 
Abbreviations: Δ= change from baseline to follow-up; DTI FA= diffusion tensor imaging fractional anisotropy; WMH= white matter hyperintensities; MEMORY=
episodic memory; FLUID= fluid reasoning; SPEED= perceptual speed. 
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to the high CSA group. 

3.4. Sensitivity analyses 

Sensitivity analyses were conducted on significant interactions using 
continuous childhood CSA scores rather than categorized childhood CSA 
groups. Results showed that the moderating effect of childhood CSA on 
the relationship between baseline MEMORY and baseline cortical 
thickness was marginally significant (B=− 1.21 [− 2.43, 0.015], 
p=.053). For longitudinal change, the interaction between childhood 
CSA and changes in brain structure on changes in SPEED performance 
remained statistically significant for both cortical thickness (B=− 2.66 

[− 4.22, − 1.10], p<.001) and total brain volume (B=− 0.01 [− 0.01, 
− 0.00], p<.01). 

To determine whether significant interactions between childhood 
CSA and structural change on cognitive change were driven by specific 
age groups, sensitivity analyses were conducted on significant longitu
dinal interactions stratifying by age groups defined by tertiles. Results 
showed that the interaction between childhood CSA and cortical 
thickness change on SPEED change was marginally significant in the 
young group (B=− 4.44 [− 8.93, 0.05], p=.052), and significant in the 
middle age group (B=− 3.78 [− 6.77, − 0.78], p<.05) and older group 
(B=− 3.14 [− 6.05, − 0.22], p<.05). The interaction between childhood 
CSA and total brain volume change on SPEED change was significant in 

Fig. 2. Relationship between change in mean cortical thickness and change in processing speed performance by childhood CSA group. Results of multivariable linear 
regressions modeling interaction between childhood CSA group and change in mean cortical thickness on change in processing speed performance. Models adjusted 
for effects of age, education, gender, race, and IQ. 

Fig. 3. Relationship between change in total brain volume and change in processing speed performance by childhood CSA group. Results of multivariable linear 
regressions modeling interaction between childhood CSA group and change in total brain volume on change in processing speed performance. Models adjusted for 
effects of age, education, gender, race, and IQ. 
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the young age group (B=− 0.03 [− 0.04, − 0.01], p<.01); effects in 
middle and older age groups did not reach statistical significance, but 
showed results trending in the same direction, wherein higher childhood 
CSA was associated with an attenuated effect of decline in brain volume 
on decline in SPEED, suggesting results were not driven by a specific age 
group. Descriptive statistics for change in structural measures by age 
group can be found in Supplemental Table 1. 

4. Discussion 

In the current longitudinal population-based study, we found that for 
adults aged 20–80, higher engagement in cognitively stimulating ac
tivities during childhood moderated the relationship between cortical 
thickness and episodic memory performance at baseline. In longitudinal 
analyses, higher childhood CSA also attenuated the effects of changes in 
cortical thickness and total brain volume on changes in speed perfor
mance over an average of 5 years. To our knowledge, this is the first 
study to test the relationship among childhood CSA, structural measures 
of brain health, and cognitive performance cross-sectionally and longi
tudinally, and demonstrate that childhood CSA may benefit cognition 
during adulthood by mitigating the negative effects of changes in brain 
structure on cognition. 

We found evidence that childhood CSA moderated the positive as
sociation between cortical thickness and episodic memory at baseline, 
wherein individuals with higher childhood CSA showed similar memory 
performance irrespective of cortical thickness. This is consistent with 
other cross-sectional studies reporting that cognitive lifestyle measures 
are positively associated with cortical thickness in memory-related brain 
regions (Valenzuela et al., 2012), and that cognitive reserve, indicated 
by functional connectivity patterns, moderates relationships between 
cortical thickness and memory performance (Stern et al., 2021). 
Although moderation effects on other measures of brain structure and 
cognition did not reach statistical significance, there were marginally 
significant interactions consistently in the expected direction, i.e., those 
with high childhood CSA showed a weaker relationship between both 
cortical thickness and FA on fluid reasoning performance, suggesting the 
protective effect of higher childhood CSA may be consistent across 
multiple measures of brain structure and domains of cognitive function. 

In analyses of longitudinal change in brain structure and cognitive 
abilities, childhood CSA had a significant moderating role in the effects 
of changes in mean cortical thickness and total brain volume on changes 
in processing speed performance but did not significantly moderate ef
fects of change in structure on other cognitive abilities. This is consistent 
with past research reporting an effect of cognitive activity on perceptual 
speed but not memory (Wilson et al., 2003), evidence that the moder
ating role of education on the relationship between neuritic plaques and 
performance is strongest for perceptual speed relative to other domains 
(Bennett et al., 2005), and recent longitudinal work from our group 
showing education moderates the effect of changes in diffusivity and 
cortical thickness on processing speed but not memory or fluid reasoning 
(Gazes et al., 2023). Furthermore, these results highlight the differences 
in contributions of CSA as compared to education in CR, as studies on the 
latter have reported that education may be a less sensitive predictor of 
processing speed than other domains (Christensen et al., 1997). 
Although interaction analyses for other cognitive domains did not reach 
statistical significance in the current sample, childhood CSA showed a 
similar effect on memory and fluid reasoning, wherein the majority of 
associations between brain change and decline in cognitive performance 
were mitigated by higher childhood CSA levels. A breadth of research 
has shown that cortical thickness is negatively associated with age, 
(Ecker et al., 2009; Fjell and Walhovd, 2010; Salthouse et al., 2015) and 
that greater cortical thickness is associated with better cognitive func
tion in multiple domains throughout the lifespan (Fjell and Walhovd, 
2010; Karama et al., 2009; Salthouse et al., 2015; Westlye et al., 2011). 
Given that decreases in cortical thickness likely contribute to age-related 
declines in cognitive ability, the current study offers important insight 

into potential protective factors early in life that may attenuate the 
negative sequelae of decreasing structural integrity during adulthood. 

It should be noted that we found a moderately significant interaction 
among childhood CSA group, FA change, and SPEED change, wherein 
the high CSA group showed a greater effect of FA change on decline in 
performance. We speculate that the unexpected direction of the 
moderating effect of CSA here may be due to relatively limited sample 
sizes in models evaluating FA change compared to our analyses of other 
structural measures. However, past research has shown differential ef
fects of aging on grey matter and white matter, wherein cognitive 
complaints are more strongly associated with changes in cortical 
thickness than with white matter changes (Cedres et al., 2021), and 
there is evidence that white matter changes may precede grey matter 
changes in aging (Mooij et al., 2018). Therefore, it is possible that in 
individuals with lower childhood CSA, cognition is more reliant on gray 
matter health, whereas those with higher childhood CSA are still able to 
rely on white matter health. Further research using larger sample sizes is 
warranted to better elucidate the role of childhood CSA in the rela
tionship between white matter integrity measures, grey matter changes, 
and cognitive performance. 

Whereas the majority of existing research on the effects of cognitive 
stimulation on brain and cognitive function has focused on engagement 
in cognitive activities during adulthood, the present study is the first of 
our knowledge to provide evidence of the role of childhood cognitive 
activities in moderating the relationship between brain structure and 
cognition in adulthood. Importantly, we found that engaging in CSA 
during childhood had a protective effect over and above the role of 
education, a common proxy of cognitive reserve. However, similarly to 
educational attainment, differences in childhood CSA are likely 
impacted by sociocultural factors such as parental education and so
cioeconomic status (SES). As such, increasing engagement in CSA during 
childhood may be a target for reducing disparities in cognitive reserve, 
particularly in children with less access to high quality or advanced 
levels of formal education. 

It is worth noting that in addition to childhood CSA, current 
engagement in CSA may also contribute to brain and cognitive changes 
across the lifespan. There is evidence that early life factors are critical to 
the development of cognitive reserve capacity (Chapko et al., 2018; 
Dekhtyar et al., 2015; Lesuis et al., 2018), whereas lifelong engagement 
in CSA is likely to contribute to brain maintenance (Barulli and Stern, 
2013; Nyberg et al., 2012). Therefore, the current study evaluated the 
role of childhood CSA based on the hypothesis that its moderating role in 
the relationship between brain structure and cognition reflects cognitive 
reserve. Nevertheless, it is likely that childhood and adulthood CSA 
interact in their effects on neurocognitive function in adulthood, and 
there is evidence that the effects of childhood CSA on cognition in adults 
may be reduced when controlling for effects of current CSA (Wilson 
et al., 2005). In the current sample, interactions between childhood CSA 
and structural changes on change in cognitive performance remained 
significant even when controlling for effects of current CSA, suggesting 
childhood CSA may confer protection against cognitive sequelae of brain 
changes irrespective of current engagement in CSA. 

The mechanisms by which high childhood CSA contributes to 
cognitive reserve remain unclear; however, past research has suggested 
lower levels of cognitive stimulation during childhood limit early 
learning, which may lead to excessive synaptic pruning during devel
opment. Children raised in environments lacking cognitive and social 
stimulation have also been shown to have reduced white matter integ
rity, which is correlated with increased neurocognitive deficits (Hanson 
et al., 2013; Rosen et al., 2018). Animal studies have further suggested 
that enriched and stimulating environments lead to molecular and 
anatomical changes that result in greater neuroplasticity (Hirase and 
Shinohara, 2014). It is possible that childhood CSA contributes to 
cognitive reserve by increasing capacity for neuroplasticity, which fa
cilitates the recruitment of compensatory neural structures or networks 
to maintain cognition in the face of brain changes.(Barulli and Stern, 
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2013; Becker et al., 1996; Stern et al., 1999) Higher engagement in CSA 
may also provide cognitive strategies that allow individuals to perform 
normally on cognitive tasks despite brain pathology,(Barulli et al., 2013) 
and indeed studies have shown that older adults with higher SES employ 
more mnemonic strategies during memory tasks than lower-SES adults 
(Czernochowski et al., 2008). Therefore, early life CSA may contribute 
to reserve by promoting neural changes and/or strategic skills that 
maintain cognition in the face of age-related brain changes. 

The current study is strengthened by the inclusion of adults across a 
broad age range, as well as adjusting for the potential confounding ef
fects of education and IQ on cognitive reserve, demonstrating that early 
engagement in cognitively stimulating activities confers a protective 
effect against structural brain changes over and above the contributions 
of common proxies of cognitive reserve. This study is further strength
ened by the use of a validated measure of childhood cognitively stim
ulating activities, which has been shown to predict performance in a 
breadth of cognitive domains, as well as measures of neuropathological 
burden and risk of dementia and Alzheimer’s disease (Wilson et al., 
2003, 2013, 2007, 2002b). 

Despite these strengths, the current study is subject to several limi
tations. The participant sample was drawn from the New York City 
metropolitan area, and results may be less generalizable for populations 
with significantly different socioeconomic and cultural factors that 
impact childhood environments. Childhood SES in particular has been 
shown to impact cognitive function in adulthood,(Kaplan et al., 2001) 
and there is evidence that higher family SES is associated with greater 
levels of childhood CSA (Crosnoe et al., 2010). Other research has re
ported that childhood CSA may be a mediating factor in associations 
between SES and neurocognitive function.(Rosen et al., 2020, 2018) 
Nevertheless, there is also evidence that low-SES children benefit more 
from childhood CSA than higher-SES children(Crosnoe et al., 2010), 
suggesting a more complex relationship between CSA and SES, and their 
potential effects on neurocognitive change in adulthood. Future studies 
would benefit from investigating whether childhood CSA moderates 
associations between changes in brain structure and cognitive in 
adulthood above and beyond effects of childhood SES. Furthermore, 
some analyses were limited by relatively small sample sizes, such as in 
the case of DTI measures, which may account for the unexpected finding 
that higher CSA was marginally predictive of a stronger relationship 
between FA and change in speed performance over time. As the 
follow-up visits are still ongoing for the study, we expect to revisit the 
analyses with a larger sample size in the future. It is also important to 
note that although we used a validated questionnaire to measure 
childhood CSA, self-report questionnaires are susceptible to reporter 
inaccuracy, particularly when assessing activity that occurred years 
prior to the time of assessment, and potential effects of recall bias should 
be considered in interpreting the current results. Lastly, although we 
controlled for effects of age in our analyses, the wide age range included 
in relatively small sample sizes may obscure potential smaller effects of 
childhood CSA on brain structure and cognitive performance. 

5. Conclusions 

In a cohort of healthy adults, greater engagement in cognitively 
stimulating activities during childhood predicted a weaker relationship 
between brain structure and cognitive performance at baseline. Longi
tudinally, childhood CSA attenuated effects of changes in structure on 
decline in cognitive function over an average of 5 years, suggesting 
cognitive engagement early life may confer cognitive reserve that pro
tects against the potential negative effects of brain changes on cognition 
later in life. 
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