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15School of Education and Social Policy, Merrimack College, North Andover, MA, USA

Abstract

Because longitudinal studies of aging typically lack cognitive data from earlier ages, it is unclear 

how general cognitive ability (GCA) changes throughout the life course. In 1,173 Vietnam Era 

Twin Study of Aging (VETSA) participants, we assessed young adult GCA at average age 20 and 

current GCA at three VETSA assessments beginning at average age 56. The same GCA index 

was used throughout. Higher young adult GCA and better GCA maintenance were associated with 

stronger specific cognitive abilities from age 51-73. Given equivalent GCA at age 56, individuals 

who had higher age 20 GCA outperformed those whose GCA remained stable in terms of memory, 

executive function, and working memory abilities from age 51-73. Thus, paradoxically, despite 

poorer maintenance of GCA, high young adult GCA still conferred benefits. Advanced predicted 

brain age and the combination of elevated vascular burden and APOE-ε4 status were associated 

with poorer maintenance of GCA. These findings highlight the importance of distinguishing 

between peak and current GCA for greater understanding of cognitive aging.
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general cognitive ability; cognitive aging; dementia; longitudinal studies; neuropsychology

1. Introduction

Late life cognitive decline and dementia is a major public health concern, with nearly 

50 million people affected by dementia worldwide and prevalence projected to reach 130 

million by 2050 (Alzheimer’s Disease International (ADI ) et al., 2015). Longitudinal 

studies of aging have been central to identifying early predictors of, and mechanisms 

underlying, late life cognitive decline (Erten-Lyons et al., 2012). However, these studies 

typically focus exclusively on cognitive change in older adulthood and lack objective 

cognitive data from earlier ages. It is therefore unclear how and to what extent cognitive 

change from earlier life is important for predicting later life cognitive performance. While 

most lifespan research indicates that general cognitive ability (GCA) peaks in young 

adulthood (Kremen et al., 2019; Salthouse, 2009), there may be substantial variability in 

maintenance of peak GCA into later life. However, even for studies that begin in midlife, 

it is exceedingly rare that anything is known about the degree of cognitive change that 

may have already taken place. This is important, as failure to examine such prior cognitive 

change could result in mischaracterization of later life cognitive outcomes and overlook the 

timing of important contributors to cognitive aging. To most accurately assess maintenance 

of GCA, it is important to have the same measure on every occasion.

Given limited research on maintenance of GCA, contributors to GCA maintenance in 

midlife are at present unclear. Previous studies exploring midlife change in specific 

cognitive abilities have identified vascular factors (Anstey et al., 2014; Richards et al., 

2003; Tuligenga et al., 2014) and heavy alcohol consumption (Richards et al., 2005; Sabia 

et al., 2014) as predictors of cognitive decline during this period. In contrast, while the 

APOE-ε4 allele, the largest genetic risk factor for Alzheimer’s disease, has been shown to 
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predict cognitive change in late midlife to older adulthood (Albert et al., 2014; Blair et al., 

2005; Bunce et al., 2014; Caselli et al., 2010; Knopman et al., 2009; Zhao et al., 2005), 

it appears to be less predictive of cognitive change in earlier midlife periods (Deary et al., 

2003; Jochemsen et al., 2012). Notably, in some studies, APOE-ε4 allele has been shown 

to moderate the effects of vascular burden, with the greatest degree of midlife cognitive 

decline observed among APOE-ε4 carriers with elevated vascular burden (Bangen et al., 

2013; Blair et al., 2005), although these studies have been limited to the transition from 

late midlife to older adulthood. The absence of an APOE-ε4 effect is consistent with early 

midlife cognitive change representing a decline in cognitive ability rather than reflecting 

the nascent stages of a neurodegenerative process. However, to our knowledge, no study 

has explored whether prior cognitive change from young adulthood to midlife predicts 

subsequent acceleration in cognitive decline.

In the Vietnam Era Twin Study of Aging (VETSA), participants were administered the 

Armed Forces Qualification Test (AFQT; Bayroff and Anderson, 1963), a measure of GCA, 

at average age 20 and at all VETSA assessments beginning in midlife (Lyons et al., 2017). 

For purposes of this article, AFQT and GCA are interchangeable. Consequently, the VETSA 

is well positioned to evaluate how young adult GCA (indexed by young adult AFQT) 

and maintenance of GCA (indexed by change in AFQT from young adulthood), predict 

specific cognitive abilities in later life. In a previous study, we showed that GCA remained 

largely stable from age 20 to average age 56 (r = .73), although there was a moderate 

amount of variability in the entire sample, with 45% of participants exhibiting at least a 

half standard deviation change in GCA over time (Lyons et al., 2009). Therefore, in the 

present study, we were interested in evaluating (1) how young adult GCA and maintenance 

of GCA from young adulthood predicts one’s level of specific cognitive abilities and one’s 

rate of age-related specific cognitive ability change over the course of three assessments, 

each approximately 6 years apart, and (2) the extent to which one’s young adult GCA 

is associated with one’s level and rate of change in specific cognitive abilities over-and-

above one’s current level of GCA. To further understand change in GCA from young 

adulthood, we also explored vascular burden, alcohol consumption, and APOE genotype as 

risk correlates of poor midlife GCA maintenance. Finally, to validate our GCA maintenance 

measure and to explore its relationship with brain maintenance, we evaluated the association 

of GCA maintenance as well as young adult GCA with predicted brain age difference 

(PBAD) score, a commonly used MRI-based measure of advanced brain aging (Franke et al., 

2010).

2. Methodology

2.1 Study participants

Participants were men participating in the VETSA, an ongoing longitudinal behavioral 

genetic study focused on cognitive and brain aging (Kremen, Franz, and Lyons, 2019; 

Kremen et al., 2013, 2006). The VETSA sample consists of male twin pairs who served 

in the military sometime between 1965 and 1975. VETSA participants were randomly 

recruited from a previous study using the Vietnam Era Twin Registry (Tsuang et al., 2001). 

The VETSA sample is generally representative of American men in their age cohort in terms 
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health and lifestyle characteristics based on Center for Disease Control and Prevention data 

(Schoenborn and Heyman, 2009). The sample of the current study consisted of individuals 

who completed their baseline VETSA assessment between 51 and 61 years of age and 

who had available data on young adult AFQT and VETSA baseline AFQT (n = 1308). 

Young adult AFQT was administered at average age 20 (range = 17-26). Participants were 

excluded from the current study if they reported a history of stroke, multiple sclerosis, HIV, 

AIDS, seizures, drug dependence, or schizophrenia at any VETSA assessment. The final 

sample consisted of 1,173 participants (mean VETSA baseline age = 56.02, SD = 2.46). The 

research protocol was approved by all participating institutions and all participants provided 

written informed consent at each assessment. Table 1 presents characteristics of the study 

sample.

Of the 1,173 included participants, 176 participants completed a single VETSA assessment, 

292 completed two VETSA assessments, and 705 completed three VETSA assessments. 

Seventy-two participants were newly recruited and participated in their VETSA baseline 

assessment at the second wave of VETSA recruitment but were age-matched to the 1,101 

other participants recruited at the first VETSA wave. As such, 72 participants underwent up 

to only two possible VETSA assessments and 1,101 underwent up to three possible VETSA 

assessments (see Supplementary Figure 1 for a flowchart of participation through VETSA 

assessments in the sample of this study). The average interval between assessments was 

5.7 years for VETSA baseline to follow-up 1 and 6.1 years for follow-up 1 to follow-up 2. 

Relative to those who completed all possible assessments, those who did not had fewer years 

of education (13.56 vs. 14.00; t = −3.83, p < .001), but did not differ in VETSA baseline age 

(55.95 vs. 56.15; t = 1.83, p = .07), VETSA baseline GCA (t = −1.88, p = .06), age 20 GCA 

(t = −0.76, p = .45), or race/ethnicity (Z = 0.17, p = .87).

2.2 Measurements

2.2.1 AFQT—The AFQT is a 100-multiple choice item pencil-and-paper test 

administered to service members prior to military induction (Bayroff and Anderson, 1963). 

The AFQT correlates highly with measures of GCA, with documented correlations of 

.84 between the AFQT and Wechsler Adult Intelligence Scale full scale IQ (Wechsler, 

1955) in early adulthood and late midlife (Lyons et al., 2017, 2009; McGrevy et al., 

1974). The AFQT consists of items across domains of vocabulary, arithmetic word 

problems, knowledge and reasoning about tools and mechanical relations, and visual-spatial 

organization. The average AFQT score in this sample was equivalent to an approximate 

IQ of 105 in young adulthood and 106 at baseline VETSA assessment. AFQT scores were 

recorded as percentiles based on military norms and subsequently transformed to standard 

normal deviates.

To evaluate change in GCA from age 20 to VETSA baseline assessment, VETSA baseline 

assessment AFQT scores were regressed on age 20 AFQT. Owing to variability in age of 

VETSA baseline assessment, VETSA baseline assessment age was included as a covariate 

in this model. Standardized residuals from this regression equation were retained. Use of 

a regression-based approach was intended to mitigate effects of regression to the mean in 

calculating change scores (Barnett et al., 2005). Positive residuals thus reflect better than 
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expected GCA at VETSA baseline assessment based on age 20 GCA and negative residuals 

reflect worse than expected VETSA baseline GCA.

Age 20 GCA was used as a measure of young adult GCA, VETSA baseline assessment 

GCA indexed current level of GCA at VETSA baseline assessment, and GCA residuals 

indexed maintenance of GCA from young adulthood to VETSA baseline assessment. Figure 

1 presents the regression of VETSA baseline GCA on age 20 GCA used to derive GCA 

maintenance scores.

2.2.2 Specific cognitive abilities—In prior work from our group, factor scores were 

created based on loadings derived from three to seven neuropsychological test scores within 

six cognitive domains: episodic memory (Kremen et al., 2014); general verbal fluency and 

semantic fluency (Gustavson et al., 2018a); processing speed (Sanderson-Cimino et al., 

2019); and executive function and working memory (Gustavson et al., 2018b). Factor scores 

were standardized in relation to baseline VETSA assessment and were adjusted for practice 

effects due to repeat testing at subsequent assessments (Elman et al., 2018).

2.2.3. Vascular burden, alcohol consumption, and APOE genotype—Measures 

of vascular burden and alcohol consumption were collected at participants’ VETSA 

baseline assessment. Total vascular burden was based on an aggregate score comprising 

the following: presence of hypertension, angina, diabetes, history of heart attack, history of 

heart failure, history of heart surgery, current smoking, and erectile dysfunction. Erectile 

dysfunction was included as an additional vascular factor given its known relationship to 

microvascular disease (Kendirci et al., 2005) and previous VETSA findings demonstrating 

its association with cognitive performance independent of other vascular factors (Moore et 

al., 2014). Presence of hypertension was based on self-reported diagnosis of hypertension 

by a doctor, mean systolic blood pressure > 140 mm/Hg, or mean diastolic blood pressure 

> 90 mm/Hg across four measurements. Presence of angina was based on a positive Rose 

Angina score and/or use of nitroglycerin medications (Lampe et al., 1999). Presence of 

erectile dysfunction was based on a score of ≤ 25 on the International Index of Erectile 

Function-6 (Moore et al., 2014; Rosen et al., 1997). Diabetes, heart attack, heart failure, 

heart surgery, and current smoker status were determined through self-report of doctor 

diagnosis. Participants with two or more vascular risk factors were designated as having 

an elevated vascular risk burden. This threshold was chosen based on previous findings 

showing that two or more vascular risk factors are associated with cerebrovascular pathology 

at autopsy whereas the presence of any single vascular risk factor is not (Bangen et al., 2015; 

Nation et al., 2012).

Alcohol consumption groups were defined in accordance with recommendations for alcohol 

consumption for men (U.S. Department of Health and Human Services and U.S. Department 

of Agriculture, 2015). At their baseline VETSA assessment, participants who consumed 

1-14 alcoholic beverages in the past two weeks were classified as light drinkers, between 

15 and 28 drinks as moderate drinkers, and greater than 28 drinks as heavy drinkers. We 

consulted data previously collected on these participants at average age 44 as part of the 

Harvard Drug Study (HDS; Tsuang et al., 2001) to distinguish between never drinkers and 

former drinkers (Slayday et al., 2020). Participants were classified as never drinkers if they 
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reported during the HDS that there was no period in which they consumed at least one drink 

per month for 6 or more months, reported consuming less than 20 drinks lifetime at their 

VETSA baseline assessment, and reported no alcohol consumption for the last two weeks. 

Participants were classified as former drinkers if they consumed greater than 20 drinks in 

their lifetime but did not consume any alcoholic beverages in the past two weeks.

APOE genotype was used as a measure of AD genetic risk. APOE was directly genotyped as 

described previously (Lyons et al., 2013; Schultz et al., 2008). Participants were classified as 

APOE-ε4 positive or negative.

2.2.4. Predicted brain age difference—A subset of the current sample participated 

in the MRI arm of the VETSA study at VETSA baseline assessment (n = 451). T1 images 

were acquired on Siemens 1.5 Tesla scanners at one of two sites: University of California, 

San Diego (UCSD) or Massachusetts General Hospital (MGH). Sagittal T1-weighted 

magnetization-prepared rapid gradient echo (MPRAGE) sequences were employed with a 

T1=1000ms, TE= 3.31ms, TR=2730ms, flip angle=7 degrees, slice thickness =1.33mm, 

voxel size 1.33x1.0x1.33mm. FreeSurfer version 5.3 was used for subcortical segmentation 

and surface-based cortical parcellation (Fischl, 2012). All raw and processed images were 

visually inspected for quality and accuracy. White matter and brain masks were manually 

edited as necessary, in alignment with standard, objective editing rules.

Predicted brain age was calculated using the stacked-anatomy model in BARACUS v0.9.4 

(Liem et al., 2017). BARACUS stacked-anatomy uses linear support vector regression 

models on an individual’s FreeSurfer-derived measures of cortical thickness, surface area, 

and subcortical volume to predict their brain age. A predicted brain age difference (PBAD) 

score was calculated by subtracting predicted brain age from chronological age. Therefore, 

a negative PBAD score suggests advanced brain aging (older brain age given chronological 

age). See Figure 2 for a timeline of analyzed measures in this study.

2.3 Statistical analysis

Using the lme4 package (Bates et al., 2015) in R version 4.0.0 (R Core Team, 2020), linear 

mixed effects models were fit for each specific cognitive ability factor score to evaluate 

change in specific cognitive ability performance from baseline to second follow-up VETSA 

assessment. Age was used as the time metric, which ranged from 51 (youngest age at 

VETSA baseline) to 73 (oldest age at VETSA follow-up 2) and was centered at the mean of 

VETSA baseline assessment (age 56). Random intercepts and slopes for age were included, 

which were nested within family pairs to account for repeated observations within individual 

and the correlated nature of the twin data.

We fit four sets of models. The first set (Model 1) was aimed at determining how young 

adult GCA (indexed by age 20 GCA) and maintenance of GCA (indexed by residual GCA) 

contributed to levels of specific cognitive ability performance across age and thus included 

fixed effects of young adult GCA, GCA maintenance, and age. The second set (Model 

2) aimed to determine whether young adult GCA or GCA maintenance was associated 

with rate of age-related specific cognitive ability change. Therefore, this set of models 

included fixed effects of young adult GCA, GCA maintenance, age, and the interactions of 
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young adult GCA x age and GCA maintenance x age. The third set (Model 3) sought to 

determine if, given similar levels of GCA at the baseline VETSA assessment (i.e., current 

GCA), earlier young adult GCA contributed anything additional to specific cognitive ability 

performance. These models were adjusted for current GCA and thus included fixed effects 

of current GCA, young adult GCA, and age. Finally, the fourth set (Model 4) evaluated 

whether peak GCA was associated with rate of specific cognitive ability change from age 

51-73 among individuals with similar levels of GCA, and thus included fixed effects of 

current GCA, young adult GCA, age, current GCA x age, and young adult GCA x age.

Subsequent analyses explored correlates of GCA maintenance that were collected at 

participants’ baseline VETSA assessment. Linear mixed effects models with random effects 

accounting for twin pair clustering were conducted with GCA maintenance as the outcome. 

Separate models evaluated the association of GCA maintenance with vascular burden, 

alcohol consumption groups (with never drinkers treated as the reference category), APOE 
genotype as well as the interaction between APOE genotype and vascular burden. Each of 

these models was adjusted for race/ethnicity, which, given the small number of non-white 

participants in the VETSA sample, was classified as non-Hispanic white versus other. Only 

participants with complete vascular burden, APOE genotype, and alcohol consumption data 

were included in these analyses (n = 1090).

To further characterize and validate our GCA maintenance score, we explored associations 

of GCA maintenance as well as young adult GCA with PBAD scores using linear mixed 

effects models with random effects for twin pair clustering in the subset of the sample 

with available brain imaging data (n = 451). Recognizing that PBAD scores may not be 

independent of chronological age (Le et al., 2018; Smith et al., 2019), chronological age was 

included as a covariate in this model, as was scanner.

Alpha level was set at p < .05, two-tailed for all analyses. To correct for false discovery rate 

inflation due to multiple comparisons, false discovery rate correction was applied to Models 

1, 2, 3 and 4 described above.

3. Results

3.1 Specific cognitive abilities

Fixed effect parameter estimates from mixed effects models for each specific cognitive 

ability are presented in Table 2 and random effect estimates are presented in Supplementary 

Table 1. All specific cognitive abilities declined with age (all ps < .001), with the estimated 

rate of decline ranging from a .03 standard deviation decline per year for general fluency 

ability to a .10 standard deviation decline per year for processing speed. Young adult GCA 

was related to all specific cognitive abilities, with higher young adult GCA associated with 

better episodic memory (t = 15.351, p < .001, R2 = .221), semantic fluency (t = 8.693, p 
< .001, R2 = .095), general fluency (t = 9.551, p < .001, R2 = .091), processing speed (t 
= 9.164, p < .001, R2 = .093), working memory (t = 15.356, p < .001, R2 = .202), and 

executive function (t = 17.117, p < .001, R2 = .256) from age 51-73. Similarly, better GCA 

maintenance predicted stronger episodic memory (t = 10.115, p < .001, R2 = .100), semantic 

fluency (t = 6.826, p < .001, R2 = .056), general fluency (t = 6.868, p < .001, R2 = .045), 
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processing speed (t = 8.585, p < .001, R2 = .076), working memory (t = 10.609, p < .001, 

R2 = .088), and executive function (t = 11.685, p < .001, R2 = .112). All effects remained 

significant after false discovery rate correction. In models incorporating interaction terms of 

young adult GCA x age and GCA maintenance x age (Model 2), after false discovery rate 

correction, young adult GCA was not associated with rate of age-related decline in any other 

specific cognitive ability, nor was GCA maintenance.

Young adult GCA continued to be associated with levels of several specific cognitive 

abilities in models even after adjusting for current GCA at VETSA baseline (Model 3). After 

adjusting for current GCA, higher young adult GCA was associated with better episodic 

memory (t = 3.800, p < .001, R2 = .013), working memory (t = 3.941, p < .001, R2 = .016), 

and executive function (t = 4.059, p < .001, R2 = .023) from age 51-73, but not with general 

fluency, semantic fluency, or processing speed (all ps > .05). However, after adjusting for 

current GCA, young adult GCA was not associated with rate of age-related cognitive decline 

from age 51-73 for any specific cognitive ability (all ps > .07).

3.2 Correlates of GCA residuals

Maintenance of GCA was significantly associated with elevated vascular burden (b = −.14, t 
= −2.268, p = .024), but not with APOE genotype (b = −.07, t = −0.976, p = .329). However, 

this was qualified by a vascular risk burden x APOE genotype interaction (b = −.27, t = 

−2.071, p = .030). As shown in Figure 3, elevated vascular burden was associated with 

poorer GCA maintenance among ε4 carriers (b = −.32, t = −2.972, p = .003), but not among 

ε4 non-carriers (b = −.05, t = −0.725, p = .468). There was no association between GCA 

maintenance and any alcohol consumption group (all ps > .06).

GCA maintenance and young adult GCA were also associated with PBAD scores. An older 

brain relative to chronological age at VETSA baseline assessment (a more negative PBAD 

score) was associated both with both lower young adult GCA (b = .63, t = 2.606, p = .009, r 

= .08) and worse GCA maintenance (b = .66, t = 2.904, p = .004, r = .14).

4. Discussion

We examined the association of young adult GCA and change in GCA from young 

adulthood with one’s level and rate of change in specific cognitive abilities over the course 

of 12 years on average. Change in, or maintenance of, GCA is almost never even considered, 

most likely because education is by far the most common index of young adult GCA. The 

fact that formal educational attainment almost never continues beyond young adulthood 

precludes any examination of change in that index of GCA. In our study, both higher young 

adult GCA and stronger maintenance of young adult GCA were related to higher levels 

of specific cognitive abilities between ages 51 and 73 but were not associated with rate of 

age-related specific cognitive ability decline during this period. Thus, all else being equal, 

individuals with better young adult GCA and those with better maintenance of GCA from 

young adulthood to later life exhibit stronger specific cognitive abilities in later life.

Importantly, even after controlling for level of current GCA, stronger young adult GCA 

remained associated with higher levels of memory, working memory, and executive function 
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from age 51 to 73. This is notable because individuals matched on current GCA who 

exhibited a higher GCA at age 20 must by necessity have experienced a greater decline in 

GCA from age 20 to VETSA baseline than those who started from a lower age 20 GCA. 

Thus, despite experiencing a relative decline from average ages 20 to 56, some element 

of young adult GCA still contributed to their specific cognitive ability performance later 

in life. This represents a paradoxical phenomenon in which, among individuals who are 

effectively matched for current GCA, those who have experienced an apparent depletion of 

GCA still outperformed those with a stable but lower level of young adult GCA. Moreover, 

this benefit of early adult GCA was maintained from age 51 to73 despite their prior GCA 

decline. Overall, these findings highlight the importance of distinguishing between young 

adult (often peak) GCA, maintenance of GCA, and current levels of GCA in explaining 

individual differences in aging-related cognitive performance. Furthermore, they show that 

without knowledge of earlier GCA, the assumption that older adults equated for current 

GCA are well matched could be somewhat misleading. Put another way, where you are at 

now, but also how you got there, is important.

We refer to this phenomenon as paradoxical because experiencing declines is generally 

associated with poorer functioning. The mechanisms underlying this paradoxical 

phenomenon are at present unclear. One possibility is that higher peak GCA may be 

accompanied by stronger metacognitive abilities (e.g., mnemonic strategy knowledge and 

use), enabling greater compensation capacity when reserve is diminished (Barulli et al., 

2013; Frankenmolen et al., 2018). Relatedly, it has been hypothesized that individuals 

with higher peak GCA may be able to compensate for more recent brain or cognitive 

change through increased functional brain activation or through activation of alternative 

brain networks (Cabeza et al., 2018; Steffener et al., 2011). Alternatively, measures of GCA, 

including the AFQT, have limited coverage of memory and executive function domains. 

As such, participants who declined in GCA may not have experienced a similar degree of 

decline in memory, executive function, or working memory abilities. However, half of the 

AFQT consists of vocabulary and arithmetic, and it seems likely that these abilities would 

decline less, not more, than memory and executive function (Salthouse, 2009).

These results also have implications for traditional accounts of cognitive reserve. Cognitive 

reserve is typically invoked to explain the discrepancy between an individual’s level of 

cognitive performance relative to their brain age or degree of brain pathology. A seminal 

finding in this literature is that individuals with higher premorbid ability (generally based 

on educational attainment) exhibit greater Alzheimer’s disease (AD) pathology at equivalent 

levels of cognitive function relative to those with lower premorbid ability (Stern et al., 

1999, 1995). This has been taken as evidence that higher premorbid ability may enable 

stronger maintenance of cognitive function in the presence of neuropathology (Stern, 2009). 

Our finding that higher young adult GCA was not associated with an attenuated rate of 

age-related cognitive decline is partly at variance with this account. For this reason, we 

believe it is important to distinguish between cognitive reserve, cognitive maintenance, 

and cognitive resilience. Cognitive reserve may be understood as the total amount of an 

individual’s cognitive resources at a given time, which appears largely to peak in young 

adulthood (Kremen et al., 2019; Salthouse, 2009), cognitive maintenance as the degree 

of preservation of cognitive abilities over time, and cognitive resilience as better than 
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expected cognitive performance in the face of adverse effects on the brain. Introduced by 

Nyberg and colleagues (2012), brain maintenance is an important construct that has received 

considerable attention in the context of studies of cognitive reserve. Our use of cognitive 

maintenance—or the maintenance of cognitive reserve—may be thought of as directly 

analogous to brain maintenance.

In this framework, the approach to cognitive reserve may be recast as a question of whether 

peak cognitive reserve (young adult GCA) supports cognitive resilience, which is manifested 

by cognitive maintenance in the presence of some adverse factor (e.g., biomarker positivity, 

genetic risk, etc.). The current results may be understood as failing to provide support for the 

position that higher cognitive reserve promotes stronger later life cognitive maintenance. We 

did not incorporate a measure of adversity into our analyses and so were unable to directly 

examine the relationship between cognitive reserve and cognitive resilience. In other studies, 

however, we have shown that age 20 GCA moderates the association between hippocampal 

volume and episodic memory (smaller hippocampal volume was associated with worse 

episodic memory performance among those with lower age 20 GCA but not among those 

with higher age 20 GCA) and between lifetime exposure to unhealthy lifestyle factors and 

advanced brain age (greater exposure to unhealthy lifestyle factors was associated with 

advanced brain age among those low, but not high, age 20 GCA) (Franz et al., in press; 

Vuoksimaa et al., 2013). Age 20 GCA then appears to promote resilience, further supporting 

its use as an index of cognitive reserve. These results might also suggest brain maintenance, 

but that could not be determined because brain measures in these studies were only at a 

single point in time.

Similarly, we also observed that both young adult GCA and GCA maintenance were 

associated with the PBAD score, consistent with previous research positing that PBAD 

reflects both early life central nervous system integrity and age-related brain deterioration 

(Elliott et al., 2019). In contrast to specific cognitive ability performance, effect sizes for the 

association of GCA maintenance with PBAD score were slightly larger than those for young 

adult GCA. This is likely due to the inclusion of an explicit contrast with chronological 

age in PBAD calculation, thereby rendering PBAD scores more reflective of accelerated 

(i.e., greater than expected) brain aging as opposed to a static measure of brain structure. 

Ultimately, these results suggest that poor cognitive and brain maintenance likely coincide to 

some degree.

Of note, we did not find that young adult GCA or GCA maintenance was associated with 

rate of age-related specific cognitive ability change. This is consistent with the bulk of 

research on this topic, which has similarly shown that early adult GCA influences later 

life cognitive outcomes not through attenuation of age-related cognitive declines but rather 

through the higher level of cognitive resources available earlier in life, which is at least 

partly preserved into older adulthood (Lövdén et al., 2020). The current findings extend this 

literature in two ways. First, they show that early adult GCA continues to contribute to later 

life cognitive outcomes by somehow helping to maintain one’s level of ability in specific 

cognitive domains even among individuals who have experienced a relative decline from 

their early adult GCA. Second, they show that midlife declines in GCA do not necessarily 

herald accelerated cognitive decline in early older adulthood.
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These results also have implications for traditional accounts of cognitive reserve. Cognitive 

reserve is typically invoked to explain the discrepancy between an individual’s level of 

cognitive performance relative to their brain age or degree of brain pathology. A seminal 

finding in this literature is that individuals with higher premorbid ability (generally based 

on educational attainment) exhibit greater Alzheimer’s disease (AD) pathology at equivalent 

levels of cognitive function relative to those with lower premorbid ability (Stern et al., 

1999, 1995). This has been taken as evidence that higher premorbid ability may enable 

stronger maintenance of cognitive function in the presence of neuropathology (Stern, 2009). 

Our finding that higher young adult GCA was not associated with an attenuated rate of age-

related cognitive decline is partly at variance with this traditional account. For this reason, 

we believe it is important to distinguish between cognitive reserve, cognitive maintenance, 

and cognitive resilience. Cognitive reserve may be understood as the total amount of an 

individual’s cognitive resources at a given time, which appears largely to peak in young 

adulthood (Kremen et al., 2019; Salthouse, 2009), cognitive maintenance as the degree of 

preservation of cognitive abilities over time, and cognitive resilience as better than expected 

cognitive performance in the face of adverse effects on the brain.

In this framework, the traditional approach to cognitive reserve may be recast as a question 

of whether peak cognitive reserve (young adult GCA) supports cognitive resilience, which 

is manifested by cognitive maintenance in the presence of some adverse factor (e.g., 

biomarker positivity, genetic risk, etc.). The current results may be understood as failing 

to provide support for the position that higher cognitive reserve promotes stronger later life 

cognitive maintenance. We did not incorporate a measure of adversity into our analyses 

and so were unable to directly examine the relationship between cognitive reserve and 

cognitive resilience. In other studies, however, we have shown that age 20 GCA moderates 

the association between hippocampal volume and episodic memory (smaller hippocampal 

volume was associated with worse episodic memory performance among those with lower 

age 20 GCA but not among those with higher age 20 GCA) and between lifetime exposure 

to unhealthy lifestyle factors and advanced brain age (greater exposure to unhealthy lifestyle 

factors was associated with advanced brain age among those low, but not high, age 20 

GCA) (Franz et al., in press; Vuoksimaa et al., 2013). Age 20 GCA then appears to promote 

resilience, further supporting its use as an index of cognitive reserve.

Among examined correlates, elevated vascular burden was associated with poor GCA 

maintenance, but only for APOE-ε4 carriers. This finding is consistent with several 

previous studies, which have also shown a moderating effect of APOE genotype on the 

relationship between vascular burden and cognitive decline, albeit in later periods of life 

than observed in this study (Bangen et al., 2013; Blair et al., 2005). In addition to its known 

association with Alzheimer’s disease, APOE plays a central role in cholesterol metabolism, 

with the ε4 allele contributing to elevated low density lipoprotein levels (Mahley, 2016), 

and it is associated with vascular disease including myocardial infarction (Anand et al., 

2009), carotid atherosclerosis (Elosua et al., 2004), hypertension (Niu et al., 2009), and 

stroke (McCarron et al., 1999). This raises the possibility that vascular contributors to 

cognitive decline in midlife may be most pronounced among those with elevated genetic 

risk for cardiovascular disease. As mentioned above, we did not observe subsequent 

acceleration of cognitive decline as a function of prior change in GCA. Taken together, 
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these finding suggest that vascular burden accrued up to late midlife may only contribute 

to a discrete decline in cognitive function in midlife rather than herald the early stages of a 

neurodegenerative process characterized by progressive cognitive deterioration.

Here we consider the fact that repeated measurements may be subject to regression to 

the mean in which individuals who score at the extremes of the distribution at baseline 

are more likely to score closer to the mean at follow-up. Our use of a regression-based 

approach in calculating GCA residuals adjusts for this tendency, as can be seen in Figure 

1b, and thus mitigates against this potential bias (Barnett et al., 2005). For example, high 

scorers are expected to decline more, but the residual scores indicate change beyond the 

amount of expected change. Furthermore, residualized GCA scores were associated with all 

specific cognitive abilities, with an index of advanced brain age, and with vascular burden, 

particularly in combination with APOE-ε4 carrier status. These associations support the 

interpretation that the residualized scores are reflective of true change in level of GCA and 

not simply regression to the mean.

The results of this study should be understood in the context of its limitations. Vascular 

data from participants’ baseline VETSA assessment (at mean age of 56) were examined 

in relation to GCA maintenance from age 20 to 56, and therefore were not evaluated as 

prospective predictors of change from young adulthood. Similarly, inferences regarding 

advanced brain aging were based on a cross-sectional measure of predicted brain age. 

Although this measure is well-validated and widely used as an index of advanced brain 

aging (Elliott et al., 2019), measures of brain structure at two or more timepoints are 

necessary to directly measure accelerated brain aging/brain maintenance. Our measure of 

PBAD in the baseline VETSA assessment was derived from 1.5T MRI scanners whereas 

the original BARACUS used 3T MRI. Our data (unpublished) shows that PBAD scores 

based on 1.5T and 3T MRI had nearly identical heritability estimates and PBAD scores 

increased linearly in each study wave despite change from 1.5T to 3T scanners. This 

supports the validity of the PBAD scores in the present study. Finally, the sample was all 

male and mostly non-Hispanic white. Therefore, generalizability of the current findings to 

other demographic groups is not clear. Nonetheless, the current study consisted of a large, 

well-characterized sample with the same test of GCA in both young and middle adulthood. 

It therefore represents a unique contribution to the literature on peak GCA and the impact of 

prior cognitive change on subsequent cognitive aging.

Future research should explore the role of peak level and maintenance of GCA in the context 

of brain pathology. A key question is whether these different aspects of GCA independently 

contribute to cognitive and brain outcomes in the context of elevated biomarkers of disease 

(e.g., beta-amyloid or tau). Relatedly, extension of the current analyses to older ages when 

neurodegenerative pathologies are more prevalent may provide additional insight into the 

contribution of peak level versus maintenance of GCA during a crucial inflection point for 

cognitive aging.
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Highlights

• Individuals vary in general cognitive ability (GCA) maintenance through 

adulthood

• Poor GCA maintenance coincides with advanced brain age

• Even among those with similar current GCA, age 20 GCA confers benefit

• Cognitive aging is affected by both young adult GCA and maintenance of 

GCA
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Figure 1. Derivation of general cognitive ability residual scores
Notes. a) Scatterplot with regression line predicting VETSA baseline general cognitive 

ability from age 20 general cognitive ability; b) random sample of 100 participants depicting 

change in general cognitive ability from age 20 to VETSA baseline assessment in the 

context of derived GCA residual scores. Arrows point to cases with similar change scores, 

but different residual scores, demonstrating adjustment for regression to the mean; Age 20 

GCA and age 56 GCA were correlated .73, p < .001. GCA = General Cognitive Ability.
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Figure 2. Timeline of analyzed measures
Notes. Points represent age at assessment for each participant and text boxes describe 

analyzed measures from each assessment. VETSA = Vietnam Era Twin Study of Aging; 

PBAD = Predicted brain age difference; AFQT = Armed Forces Qualification Test

Eglit et al. Page 19

Neurobiol Aging. Author manuscript; available in PMC 2023 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. General cognitive ability maintenance score by APOE genotype and elevated vascular 
risk burden
Notes. APOE-ε4 genotype significantly moderated the association between vascular burden 

and general cognitive ability maintenance (b = −.27, t = −2.071, p = .030). There was a 

significant effect of vascular burden among ε4 carriers (b = −.32, t = −2.972, p = .003), but 

not among ε4 non-carriers (b = −.05, t = −0.725, p = .468). All models adjusted for white 

race/ethnicity. Error bars reflect 95% confidence intervals.
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Table 1.

Sample Characteristics

Mean or N SD or %

Demographics

 Age at military enlistment (years) 19.68 1.24

 Age at baseline VETSA assessment (years) 55.91 2.43

 Education (years) 13.83 2.10

 Race/Ethnicity (non-Hispanic white) 1144 91.8

AFQT Performance

 Military Induction AFQT (percentile) 63.57 22.12

 First VETSA Assessment AFQT (percentile) 66.69 20.98

Vascular Risk Factors

 Hypertension 488 39.2

 Diabetes 142 11.4

 Current Smoker 299 24.0

 Erectile Dysfunction 543 43.6

 Heart Attack 74 5.9

 Congestive Heart Failure 11 0.9

 Angina 62 5.3

 Elevated Vascular Risk Burden 432 40.0

Alcohol Consumption

 Never Drinkers 94 8.2

 Former Drinkers 288 25.1

 Light Drinkers 479 41.8

 Moderate Drinkers 117 10.2

 Heavy Drinkers 169 14.7

Alzheimer’s Disease Genetic Risk

 APOE-ε4 Positive 344 29.3

Notes. Elevated Vascular Risk Burden was defined as ≥ 2 vascular risk factors.
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