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Abstract

We examined relationships between regional brain shrinkage and changes in cognitive 

performance, while taking into account the influence of age, vascular risk, Apolipoprotein E 

variant and socioeconomic status. Regional brain volumes and cognitive performance were 

assessed in 167 healthy adults (age 19-79 at baseline), 90 of whom returned for the follow-up after 

two years. Brain volumes were measured in six regions of interest (ROIs): lateral prefrontal cortex 

(LPFC), prefrontal white matter (PFw), hippocampus (Hc), parahippocampal gyrus (PhG), 

cerebellar hemispheres (CbH), and primary visual cortex (VC), and cognitive performance was 

evaluated in three domains: episodic memory (EM), fluid intelligence (Gf), and vocabulary (V). 

Average volume loss was observed in Hc, PhG and CbH, but reliable individual differences were 

noted in all examined ROIs. Average positive change was observed in EM and V performance but 

not in Gf scores, yet only the last evidenced individual differences in change. We observed 

reciprocal influences among neuroanatomical and cognitive variables. Larger brain volumes at 

baseline predicted greater individual gains in Gf, but differences in LPFC volume change were in 

part explained by baseline level of cognitive performance. In one region (PFw), individual change 

in volume was coupled with change in Gf. Larger initial brain volumes did not predict slower 

shrinkage. The results underscore the complex role of brain maintenance and cognitive reserve in 

adult development.
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1. Introduction

Human aging is accompanied by shrinkage of the brain parenchyma (Kemper, 1994; Raz & 

Kennedy, 2009) and declines in cognitive performance (Cattell, 1943; Salthouse, 2010). 

However the trajectories of age-related change vary among individuals (Raz, Ghisletta, 

Rodrigue, Kennedy, & Lindenberger, 2010), brain regions (Fjell et al., 2009; Persson et al., 

2014; Raz et al., 2005; Resnick, Pham, Kraut, Zonderman, & Davatzikos, 2003) and 

cognitive domains (de Frias, Lövdén, Lindenberger, & Nilsson, 2007; Ghisletta & 

Lindenberger, 2003; Rabbitt, 1993).

Although the observed pattern of age-related change may in part depend on the sample 

characteristics and the time window of longitudinal assessment, age-related changes in the 

brain and cognition follow, on average, a reasonably consistent pattern. Brain shrinkage 

appears especially significant in medial temporal lobe (MTL) structures and tertiary 

association cortices, i.e., regions that are particularly important for support of age-sensitive 

cognitive functions. In contrast, sensory cortical regions, such as the visual cortex, evidence 

lesser age-related change (see Raz & Kennedy, 2009 for a review). Aging is characterized 

by a complex pattern of cognitive stability, growth and decline, and studies conducted over 

the past eight decades suggest significant heterogeneity of age-related change across 

cognitive domains (Cattell, 1943; Ghisletta, Rabbitt, Lunn, & Lindenberger, 2012; Miles, 

1934; Rabbitt, 1993).

Cattell (1943), in refining Spearman’s (1904) concept of general intelligence, postulated the 

existence of two broad types of abilities: fluid and crystallized. Fluid abilities have been 

viewed as rapidly growing until mid-twenties, stabilizing thereafter, steadily declining into 

the seventh decade of life, and accelerating their decline into senium (Cattell, 1943). In 

contrast, crystallized abilities continue to improve throughout childhood and adulthood, with 

gradual declines becoming apparent only during the latest part of the lifespan (Cattell, 1943; 

Finkel, Reynolds, McArdle, Gatz, & Pedersen, 2003; Flicker, Ferris, & Reisberg, 1993; 

Ghisletta & Lindenberger, 2003; Horn & Cattell, 1967; McArdle, Ferrer-Caja, Hamagami, 

& Woodcock, 2002; Rabbitt, 1993; Rabbitt et al., 2004). Research conducted after Cattell’s 

initial proposal suggests a more refined structure of abilities and their response to aging, 

with the rates of change varying across cognitive domains. Working memory, episodic 

memory, processing speed and spatial reasoning exhibit particular sensitivity to aging, 

whereas vocabulary and verbal comprehension are spared until the end of life (Flicker et al., 

1993; Ghisletta et al., 2012; Hultsch, Hertzog, Small, McDonald-Miszczak, & Dixon, 1992; 

Rabbitt et al., 2004; Small et al., 2011a).

In light of the surveyed findings in the brain and cognitive aging, it is plausible that brain 

changes play an important role in cognitive declines. Indeed, devolution of cognitive 

performance into dementia appears to follow prolonged deterioration of structural and 

functional characteristics of relevant brain structures (Mortamais, Artero, & Ritchie, 2013; 
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Mungas et al., 2002; Tosto, Zimmerman, Carmichael, & Brickman, 2014). However, the 

associations between normal brain aging and cognitive development in late adulthood are 

not unequivocally established. One of the most prominent reasons for inconsistency is the 

reliance on cross-sectional design in the majority of investigations (but see Cohen, Small, 

Lalonde, Friz, & Sunderland, 2001; Kramer et al., 2007; Raz et al., 2008; Rusinek et al., 

2003). Cross-sectional methodology precludes gauging individual differences in change of 

the brain and cognition and examining the associations between the two (McArdle & 

Nesselroade, 1994). Moreover, cross-sectional design impedes evaluation of neural 

mediators of cognitive decline in age-heterogeneous samples and is ineffectual for 

generating hypotheses about brain-cognition relationships over time (Hofer & Sliwinski, 

2001; Lindenberger, von Oertzen, Ghisletta, & Hertzog, 2011; Maxwell & Cole, 2007; Raz 

et al., 2013). Longitudinal studies of non-demented adults show that global deterioration of 

the brain expressed in ventricular expansion (Grimm, An, McArdle, Zonderman, & Resnick, 

2012; McArdle et al., 2004) as well as regional changes such as shrinkage of the 

hippocampus (Kramer et al., 2007; Rusinek et al., 2003) lead to declines in episodic 

memory.

It is important to emphasize, however, that associations between brain and cognition may 

not be unidirectional (see Salthouse, 2011 for a relevant discussion). Indeed, whereas among 

older adults smaller gross brain volume has been linked to decline in fluid intelligence 

(Rabbitt et al., 2008), variations in prefrontal volume are related to age differences in fluid 

reasoning and in more specific cognitive functions such as strategic control of episodic 

memory (Euston, Gruber, & McNaughton, 2012; Kane & Engle, 2002; Rajah & D’Esposito, 

2005). Functional and structural imaging studies reveal the importance of the cerebellar 

cortices in multiple cognitive operations (Stoodley, 2012). Longitudinal evidence further 

links higher fluid intelligence and episodic memory scores to lesser shrinkage of the MTL 

(Borghesani et al., 2012; Raz et al., 2008; Rodrigue & Raz, 2004), and higher general 

cognitive ability measured in youth predicts larger brain volumes in old age (Royle et al., 

2013). Thus, assessment of bidirectional influences between the brain and cognition is 

necessary for understanding neural substrates of cognitive aging.

Chronological age is associated with multiple factors that shape individual trajectories of 

age-related change in the brain and cognition, and these factors have been hypothesized to 

distinguish between successful and typical aging (Rowe & Kahn, 1987). The concept of 

brain reserve has been advanced to explain individual differences in resilience to trauma and 

neurodegeneration by greater initial number of neurons and synapses (Katzman et al., 1988) 

as well as greater gross brain volume (Satz, 1993). Numerous cardiovascular and pro-

inflammatory risk factors have been implicated in exacerbating the neural and cognitive 

declines observed in normal aging (Anstey & Christensen, 2000; Bettcher & Kramer, 2014; 

Convit, Wolf, Tarshish, & De Leon, 2003; Ghisletta et al., 2014; Persson et al., 2014; Raz et 

al., 2005, 2010,2013; Whalley, Deary, Appleton, & Starr, 2004).

In addition, socio-economic status (SES), which reflects multiple inter-related variables such 

as individual and parental education, income, and occupational attainment, has been 

proposed as a significant mediator of individual differences in cognitive change throughout 

the lifespan (Renner, Hankonen, Ghisletta, & Absetz, 2012; Tucker & Stern, 2011; Vance, 
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2012; Whalley et al., 2004). The importance of SES-related characteristics for successful 

aging has been emphasized in developing a concept of cognitive reserve, and positing that 

higher educational and professional attainment early in life serve as a buffer against age-

related cognitive declines (Stern, 2002). Although the extant literature does not present a 

consensus on the effects of these modifiers of aging, it is important to consider them while 

studying the relationship between brain shrinkage and cognitive change in healthy adults.

Our main objective in this research was to examine the relationship between previously 

reported regional heterogeneity of brain shrinkage (Persson et al., 2014) and change in 

performance in age-sensitive cognitive domains. In this hypotheses-driven study, we 

selected brain regions of interest (ROI) based on their theoretical and empirical relevance for 

the studied cognitive domains. The selection included ROIs with known relevance to age-

sensitive cognitive functions: lateral prefrontal cortex (LPFC), prefrontal white matter 

(PFw), hippocampus (Hc), parahippocampal gyrus (PhG) and the cerebellar hemispheres 

(CbH), as well as a control region, primary visual cortex (VC), which we expected to show 

lesser age-related change and lesser relevance to age-sensitive cognitive skills (Buckner, 

2013; Cabeza & Nyberg, 2000; Small, Schobel, Buxton, Witter, & Barnes, 2011b).

We chose two age-sensitive cognitive constructs, episodic memory (EM) and fluid ability 

(Gf), and one construct, vocabulary (V), which represents a crystallized ability that is 

relatively unaffected by aging. To examine changes in regional brain volumes and cognitive 

performance, we used latent change score models to assess mean change and variance in 

change. Further, we evaluated bidirectional lags between baseline levels and subsequent 

changes in brain volumes and cognitive performance scores. Finally, we tested the role of 

putative modifiers of change in the brain and cognition by adding cardiovascular risk, 

genetic variant associated with dementia risk, and socioeconomic status in addition to 

chronological age as determinants of individual differences in neuroanatomical and 

cognitive changes.

2 Methods

2.1. Participants

The data were collected in a major metropolitan area in the Midwestern USA. Volunteer 

participants across the adult lifespan were recruited through media advertisements and 

flyers. Persons who reported a history of cardiovascular, neurological or psychiatric disease, 

head trauma with loss of consciousness in excess of five minutes, thyroid dysfunction, 

diabetes mellitus, or history of drug and alcohol abuse, were excluded from the study. 

Participants with a reported diagnosis of hypertension who were taking prescription 

medication (e.g., beta-blockers, calcium channel blockers, angiotensin-converting enzyme 

(ACE) inhibitors or potassium-sparing diuretics) were included in the study. Participants 

who reported taking anti-seizure medication, anxiolytics or antidepressants were excluded. 

Persons suffering from claustrophobia were advised not to participate in the study.

All participants were screened for dementia using the Mini-Mental State Examination 

(Folstein, Folstein, & McHugh, 1975) with a cut-off of 26 (87%) correct responses, and for 

depression using the Center for Epidemiological Studies Depression Inventory (CES-D; 
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Radloff, 1977), with a cut-off score of 15. All participants were right-hand dominant, as 

indicated by a score above 75% on the Edinburgh Handedness Questionnaire (Oldfield, 

1971). One hundred sixty-seven persons were recruited for the study and assessed at 

baseline; 90 of them returned for cognitive and MRI evaluation. The average interval 

between assessments was two years and 24 days. A detailed description of the recruitment 

and attrition can be found in Persson et al. (2014; Figure 1). Descriptive statistics for 

demographic indicators and blood markers are presented in Table 1.

2.2. MRI Protocol

All images were acquired on the same 4-Tesla MRI system (Bruker Biospin, Ettlingen, 

Germany) with an 8-channel RF coil. For volume measurements, we acquired 

magnetization-prepared rapid gradient echo (MPRAGE) T1-weighted images in the coronal 

plane. Image acquisition parameters were as follows: echo time (TE) = 4.38 ms, repetition 

time (TR) =1600 ms, inversion time (TI) = 800 ms, field of view (FOV) = 256 × 256 mm2, 

in-plane size = .67 × .67 mm2, slice thickness (ST) = 1.34 mm, matrix size = 384 × 384, flip 

angle (FA) = 8°, and GRAPPA acceleration factor = 2. In addition, fluid-attenuated 

inversion recovery (FLAIR) images were acquired in the transverse plane with the following 

parameters: TR = 8440 ms, TE = 112 ms, TI = 2200 ms, FA = 150°, FOV = 256 × 256 mm2, 

in plane resolution = 1.0 × 1.0 mm2, ST = 2 mm, matrix size = 256 × 256, number of slices 

= 50. The FLAIR images were used to assist in resolving potential incidental findings by a 

radiologist.

2.3. MRI image processing

In post-processing, we followed procedures described in our previous studies (e.g., Raz et 

al., 2004a). All image manipulations and measurements were conducted with Analyze 10.0 

software (Biomedical Imaging Resource, Mayo Clinic College of Medicine). To correct for 

asymmetrical positioning of the head in the scanner, images were rotated to adjust for 

variation in head pitch, tilt and rotation. All images were processed by the same operators (at 

least two tracers per ROI) who attained reliability of at least 0.90 as measured by the intra-

class correlation computed under an assumption of random raters through their training 

program (equation 2; Shrout & Fleiss, 1979). The images acquired on both occasions were 

coded and ordered in a randomized fashion within each individual. The tracers were blind to 

the time of acquisition of the specific images and the demographic characteristics of the 

participants.

A detailed description of segmentation rules for all structures of interest has been published 

elsewhere (Persson et al., 2014; Raz et al., 2004a, 2010). Prior to statistical analyses, all 

regional volumes were adjusted for the volume of the intracranial vault (ICV) through 

analysis of covariance (ANCOVA; Jack et al., 1989). For all ROIs, the assumptions of 

ANCOVA were tested, and if the slopes of ROI regression on ICV varied between the sexes, 

separate adjustments were performed for men and women.

2.4. Cognitive measures

2.4.1. Fluid Intelligence (Gf)—The Culture Fair Intelligence Test (CFIT; Cattell & 

Cattell, 1960) was used as a proxy for fluid ability. Although CFIT score is a single 
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indicator, it combines four subtests (10 to 14 items each) that tap into various abilities 

believed to constitute fluid reasoning, such as manipulation of symbols in short-term 

memory, derivation of rules and eduction of relationships. Besides being one of the most 

commonly used tests of fluid reasoning, CFIT is also known for its sensitivity to aging 

(Rabbitt et al., 2004). The version used here has produced reliable negative correlations with 

age and various indices of brain structural integrity as well as associations with genetic 

variants in multiple samples tested in our lab (e.g., Raz et al., 1990; 2008; 2009).

2.4.2. Vocabulary—Word knowledge was measured by vocabulary tests generated from 

the ETS Kit of factor-referenced cognitive tests (Ekström, French, Harman, & Dermen, 

1976). The items from V-1 through V-5 ETS subtests were culled for non-English and 

archaic words, and the remaining pool of items was randomly distributed among 6 lists of 26 

items, with each list divided into two parts of 13 items each. The tests assess knowledge of 

word meaning in four- and five-alternative, multiple-choice format, and have a rated 

difficulty of 7-16th grade comprehension level. For each word, the participant was instructed 

to choose the synonym. When the participant was uncertain of the correct answer, the 

instruction was to not guess and to refrain from answering the item. The index of 

performance was the number of correct responses minus a quarter of the number incorrect (a 

penalty for guessing). At baseline, both parts of the newly created lists 1 and 2 were used. At 

follow-up, both parts of list 1 were repeated, and both parts of the list 3 were administered. 

Thus, the vocabulary score at follow-up reflects performance on one repeated list and one 

parallel list. The time limit was 4 min per page. Participants were instructed to ignore the 

time limit, but separate timed and untimed scores were generated. Most participants were 

able to complete the task during timed conditions.

2.4.3. Episodic Memory—Episodic memory was assessed by tests of recognition 

(associative memory) and story recall with immediate and delayed testing.

2.4.3.1 Name-picture associative memory: Associative memory was assessed by Memory 

for Names subtest of the Woodcock-Johnson Psychoeducational Battery – Revised 

(Woodcock & Johnson, 1989). The test was presented in a booklet form and was 

administered following the standardized procedures. For each trial in the immediate testing 

phase, participants viewed a line drawing of a novel stimulus (“space creature”), were read 

the creature’s nonsense name, and were asked to point to the creature named. Immediately 

following this, participants were presented with an array of nine space creatures (one target 

and eight distracters) and instructed to point to the creature named by the examiner. During 

this phase, participants were tested first on the creature that was just learned, followed by the 

previously learned creatures, presented in a pseudo-random order. In this way, the task was a 

progressive learning task. During the immediate recall, each incorrect response was 

corrected by the examiner. After a 20-min delay, the space creatures were displayed again as 

an array of nine creatures, and participants were required to point at the creature named by 

the examiner. All creatures were tested a total of three times, and participants did not receive 

feedback on incorrect responses. Total number of correct matches at the immediate and the 

delayed recall conditions served as performance indices.
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2.4.3.2. Story recall: Free recall of a prose story was assessed by the Logical Memory (LM) 

subtest from the Wechsler Memory Scale-Revised (Wechsler, 1987). An experimenter read 

two short stories out loud to participants. Following each story, the experimenter asked the 

participant to recall the story in as much detail as possible. After a 20-min delay, participants 

were asked to repeat the stories as close to the original wording as they could. If a 

participant was unable to recall a story at all, a simple cue was provided. The maximum 

score correct was 50, following the standardized scoring protocol.

2.5. Metabolic and vascular risk biomarkers

For assessment of circulating biomarkers, blood was collected after an overnight fast. A 

nurse-phlebotomist drew 30 cm3 of venous blood from the medial cubital vein of a 

participant, who was comfortably seated in a quiet room.

2.5.1. Fasting glucose—Following a 12-h overnight fast, whole blood glucose levels 

were assessed by standard enzymatic glucose oxidase method, and persons with blood 

glucose levels above 126 mg/dl (<7.0 mmol/l), a cut-off recommended for diabetes 

diagnosis, were excluded. Due to laboratory errors, seven samples of glucose were 

discarded. Two participants evidenced extreme values of blood glucose exceeding the cut-

off, due to either failure to follow fasting instructions or possible diabetes. These 

observations were considered missing.

2.5.2 Lipid panel—A standard lipids panel used the direct cholesterol oxidase/cholesterol 

esterase method to assess triglycerides (TG), total cholesterol, as well as high- and low-

density lipoprotein (HDL and LDL) cholesterol. Due to laboratory errors, two samples were 

lost and one additional sample showed unrealistically high level of LDL. These observations 

were considered missing for further analyses.

2.5.3. Blood pressure—Blood pressure was measured on three separate days by a 

mercury sphygmomanometer (BMS 12-S25) using a standard blood pressure cuff (Omron 

Professional) on the left arm with participants seated and their forearm positioned on the 

table. The mean systolic and diastolic pressure across the measurement occasions was 

computed for each participant. Pulse pressure was calculated as the difference between 

systolic and diastolic blood pressure.

2.5.4. Body Mass Index—A trained technician measured body height and weight for 

later calculation of Body Mass Index (BMI). BMI was calculated as a ratio of weight in kg 

to squared height (m2). BMI was not obtained on one participant.

2.5.5. APOE ε variants (rs429358 and rs7412)—APOE polymorphisms (rs429358 

and rs7412) were pre-amplified with forward 5’-CAATGCTACCGAGTTTTCTTCC-3’ and 

reverse primers 5’-TTCAGATTCTTCACAGATGCGTA-3’ in a 25 μl reaction containing 

2.5 mmol MgCl2, 0.5 μmol of the primers, 1.25 U AmpliTaq Gold polymerase, and 200 

μmol dTTPs. The mixture was denatured at 95°C for 10 minutes and amplification achieved 

by 15 cycles of 94°C for 30 seconds, 58°C for 30 seconds, and 72°C for 1 minute, followed 

by a final extension at 72°C for 10 minutes. One μl of this reaction was subsequently used 
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for rs429358 and rs7412 5’-nuclease assays under standard conditions. The primers and 

probes for the rs429358 assay were 5’-GCGGGCACGGCTGT-3’, 5’-

GCTTGCGCAGGTGGGA-3’, VIC-CATGGAGGACGTGTGC-NFQ and FAM-

ATGGAGGACGTGCGC-NFQ. The primers and probes for the rs7412 assay were 5’-

TCCGCGATGCCGATGAC-3’, 5’-CCCCGGCCTGGTACAC-3’, VIC-

CAGGCGCTTCTGC-NFQ and FAM-CAGGCACTTCGC-NFQ.

Genetic samples were obtained for 145 of the 167 total participants with a separate consent 

form procedure. APOE genotyping yielded 18 APOE ε2/ε3, 5 ε2/ε4, 81 ε3/ε3, 38 ε3/ε4, 3 

ε4/ε4, and no ε2/ε2 genotypes. Because of the small number of APOE ε4 homozygotes (n = 

3), carriers of one or two copies of the APOE ε4 (n = 46) were compared with 99 persons 

who had no ε4 allele. Allelic frequency met the assumption of the Hardy-Weinberg 

equilibrium: χ2 = .01, p = .89. Frequency of APOE ε4 did not differ between Caucasian and 

African-American participants: χ2= .29, p = .59. There were no age differences between the 

allelic variant groups (t = −.85, p = .39), nor did they differ in years of education (t = −.08, p 

= .93), or MMSE (Mann-Whitney U = 2402, Z = −.93, p = .35).

2.5.6. Demographics—To capture the influence of childhood socioeconomic disparities 

that may affect brain and behavior beyond the current occupation and level of education 

(Noble et al., 2015) in a sample comprised of highly educated individuals, we used parental 

education as an indicator of SES beyond individual attainment. Self-reported years of 

maternal and paternal education were used as indicators in a common factor model to 

specify a SES latent variable. The scale refers to the number of years spent in a formal 

educational setting. Maternal education was missing for 17 persons and paternal for 23 

persons. The reasons for missingness were not stated in most cases, except in one case of 

adoption. In the other missing cases, the participant indicated lack of knowledge or left the 

answer space blank.

2.6. Statistical analyses

2.6.1. Univariate Latent Change Score Models—A series of latent change score 

models (LCSM) were fitted to the data. In the univariate specification, LCSMs describe the 

sample average trajectory of the variable of interest assessed on two occasions, as well as 

heterogeneity in this trajectory due to individual differences that deviate from the sample 

average. The trajectory is defined by the level at the first occasion and by the change 

occurring thereafter between the two occasions. Individuals can thus deviate from the 

sample average initial level and from the average amount of change. Therefore, the model 

estimates both a mean and a variance for the initial level and for the change, as well as the 

covariance level-change (McArdle & Nesselroade, 1994). If multiple indicators of a same 

underlying construct are assessed on both occasions, a latent variable (common factor) can 

be defined and the LCSM can describe the initial level and change in the factor. This assures 

that the change estimation is reliable and not contaminated by measurement error as are the 

difference scores between measured indicators (Cronbach & Furby, 1970). Change is 

modeled in the latent difference score according to the following equation:

(1)

Persson et al. Page 8

Neuroimage. Author manuscript; available in PMC 2017 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



The latent change score is described by Δy(t)n, where t denotes time point (a measurement 

occasion), and n corresponds to a participant. For instance, the latent score at time point two 

of participant n (y(2)n) is constructed as the unit weighted sum of the latent score at baseline 

(y(1)n), and a latent score (Δy(2)n), which represents change that occurred between baseline 

(time 1) and follow-up (time 2) (McArdle, 2009). The LCSM then estimates both the sample 

mean and variance of the latent change score Δy(2), defined as y(2)n - y(1)n, where the mean 

represents the sample average change between the measurement occasions, and the variance 

represents individual differences in change.

2.6.2. Bivariate LCSMs—The univariate LCSM can be expanded to study the change of 

two variables simultaneously and their reciprocal influences. In particular, cross-lag effects 

can be integrated to examine if change in one domain can be determined by initial level in 

the other domain, and vice versa. Hence, the bivariate LCSM allows estimating the 

influence of one variable on change of the other variable. The equations of the bivariate 

LCSM can be written as follows (Grimm et al., 2012):

(2a)

(2b)

In these equations, Δy(t) denotes the change for y between times (t-1) and (t) (i.e., Δy(2)n = 

y(2)n - y(1)n). Equation 2a posits that the change in y is influenced by both y and x at the 

previous time point (t-1) and a constant αy. Hence, β represents the auto-proportion (effect 

of y on its own change), and y the influence from the other variable x on change in y (the 

cross-lag effect). By comparing the strengths of γx and γy it is possible to detect whether one 

variable influences more strongly the change in the other variable, despite the control for the 

auto-proportions βx and βy. In other words, this model allows estimating whether within a 

system of two variables changing over time, one leads and the other lags. A more detailed 

description of the bivariate LCSM can be found elsewhere (e.g., Grimm et al., 2012; 

McArdle & Nesselroade, 1994).

2.6.3. Modeling procedure—The analyses of brain-cognition relations proceeded in 

three steps. Including all the effects in one multivariate model was not feasible because the 

number of parameters in such a model would have exceeded the number of participants and 

hence could not be estimated. We therefore first fitted univariate LCSMs, composed of 

measurement models to reflect longitudinal change over three cognitive domains: EM, Gf 

and V, and over six ROIs: LPFC, PFw, Hc, PhG, CbH and VC. The common factors for the 

mentioned cognitive domains were represented by manifest variables as outlined above. 

Each ROI was represented by a latent variable reflected by bi-hemispheric volume 

measurements. We analyzed the data under the assumption of measurement equivalence and 

imposed equality constraints on the factor loadings for both occasions. We tested 

measurement invariance of each ROI and in all cases it was confirmed. The models were 

specified to estimate the average amount of change of the sample and the variance in 

Persson et al. Page 9

Neuroimage. Author manuscript; available in PMC 2017 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



change. This preliminary set of analyses is particularly important to determine which 

cognitive ability or ROI evidences heterogeneity (variance) in change.

At the second step of the analyses, we evaluated a series of bivariate LCSMs, each of which 

included one of the three latent cognitive abilities and one of the six latent regional volumes. 

In these models, we assessed change in each variable of interest pertaining to the brain and 

cognition, while taking into account the influence of their baseline values, chronological 

age, SES, vascular risk (VR), and APOE ε4 variant on the bivariate relationships between 

brain and cognitive domains. All covariates were entered simultaneously. We defined both 

VR and SES by latent variables that reflected various measures of vascular health and years 

of maternal and paternal education, respectively.

For all models, we assessed statistical fit of the models with the Comparative Fit Index 

(CFI), the Standardized Root Mean Square Residual (SRMR), and the Root-Mean-Square 

Error of Approximation (RMSEA), in addition to the χ2 statistic with its degrees of freedom 

(df). We used conventional criteria to consider a model as fitting well to the data: CFI > .95, 

SRMR < .08, and RMSEA < .08 (Browne & Cudeck, 1993; Hu & Bentler, 1998; 1999).

We assumed that the data were missing at random, and parameter estimates were obtained 

using full information maximum likelihood estimation (FIML; e.g., Little, 1995; McArdle & 

Nesselroade, 1994). Under the MAR assumption, missingness depends on the variables that 

are included in the models and possible differences in change patterns between participants 

with full data and drop-outs are minimized, if not overcome. FIML is routinely used in 

longitudinal studies in cognitive aging and development including analyses of brain volume 

changes in this sample (e.g., McArdle et al., 2002; Persson et al., 2014), and is superior to 

other commonly used procedures, such as list-wise deletion. Notably, restriction of a 

longitudinal sample to repeated assessment cases results in selective and biased set of 

estimates (McArdle & Nesselroade, 1994), and this problem can be avoided with FIML.

In the previous analyses on this sample (Persson et al., 2014), we examined the variables 

typically sensitive to attrition (Lindenberger, Singer & Baltes, 2002). The potential 

confounders of attrition included age, education, MMSE scores, and diagnosis of 

hypertension. We found that only age was an important predictor of attrition (see Persson et 

al., 2014 for details), and its influence has been taken into account by introducing baseline 

age in the models (see Supplementary Figure 1 for age distribution at baseline and follow-

up). In this study, we assumed that the probability of not having data at time 2 was 

associated with participants’ cognitive scores, their brain volume, and the covariates (age, 

APOEε4 status, VR, and SES). We corrected for the False Discovery Rate (FDR) using the 

Benjamini and Hochberg (1995) method, with the critical level denoted α’ and the nominal 

significance level of α = .05. For each model, α’ depended on the number of parameters 

estimated and thus varied across models.
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3. Results

3.1. Regional Volumes and Cognitive Indicators: Descriptive Statistics and Correlations

The correlations among regional volumes ranged between r = .198, for the VC and Hc at 

baseline to r = .845 for the PFw and LPFC at follow-up. Associations among cognitive 

factors were moderate at both measurement occasions and ranged between r = .230 for V 

and EM at baseline to r = .319 for Gf and EM at follow-up. The associations between Gf and 

all regional volumes were positive and moderate at both occasions, whereas the correlations 

between EM factor and regional volumes were positive but small. No associations between 

V and regional volumes were noted at either occasion. Correlations between measurement 

occasions (stability coefficients) for regional volumes were very high (range from r = .898 

for PhG to r = .979 for PFw, with the striking exception of VC that showed poor stability of 

r = .299). For the cognitive factors, stability coefficients were uniformly high: from r = .785 

for Gf to r = 1.000 for V. The perfect stability of vocabulary scores was attained despite 

them being derived from two scores, only one of which was repeated at follow-up. 

Descriptive statistics for the ROIs and cognitive scores are presented in Supplementary 

Material, Table S1, and a full zero-order correlation matrix is presented in Table S2. One 

observation was excluded due to its excessive influence that induced nonlinearity in the 

bivariate distribution of change scores in LPFC, and PFw volumes and fluid intelligence. 

That observation was also defined as a univariate outlier according to Turkey’s outlier 

labeling rule (Hoaglin & Iglewicz, 1987), as described in previous work on this sample 

(Persson et al., 2014).

3.2. Common factor Models for Covariates

Vascular risk (VR) was modeled as a latent variable comprising four indicators measured at 

baseline: BMI, fasting glucose, pulse pressure, and LDL cholesterol, all with standardized 

loadings greater than .30. The model fit the data very well: CFI = 1.00, SRMR = .01, 

RMSEA = .00, (confidence intervals (CI) 90 %, .00 - .08), χ2(2) = 0.356, p = .83.

A common SES factor was constructed from two manifest indicators: maternal and paternal 

education, which correlated r = .69, p < .001. For identification, we kept the indicators 

parallel. The model exhibited a very good fit: CFI = 1.000, SRMR = .02, RMSEA = .00, (CI 

90%, .00 - .20), χ2 (1) = 0.73, p = .39.

3.3. Modeling Change: Univariate Latent Change Score Models

3.3.1. Regional Brain Volumes—Change in regional brain volumes was evaluated with 

the LCSM, in which each regional volume was represented by a latent factor formed by two 

manifest measures—the two hemispheric volumes adjusted for ICV. These analyses are 

identical to the ones presented in our recent report (Persson et al., 2014: Table 3), in which a 

more detailed account of the results can be found. In short, mean volumes of three ROIs 

(Hc, PhG, and CbH) changed over time and all regional volumes exhibited significant 

individual differences in change. In one region, CbH, the magnitude of change was related 

to the baseline volume: larger volume was associated with greater negative change 

(shrinkage) over time. The results are presented in Table S3.
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3.3.2. Cognitive Performance—Change in three cognitive constructs was examined in 

separate LCSMs, one of which is presented in Figure 1 for illustration of the model for EM. 

The models included cognitive constructs (latent common factors) derived via confirmatory 

factor analyses from the manifest indicators listed above. The loadings that were made equal 

across the two occasions to satisfy the assumption of measurement equivalence were 

substantial and highly significant. All models fit the data well, with indices of fit for EM: 

CFI = .99, SRMR = .033, RMSEA = .050 (90% CI, .00 - 0.09), and χ2(19) = 26.97, p = .11; 

for Gf - CFI = 1.00, SRMR =.02, RMSEA = .000 (90% CI, .000 - .189), and χ2(1) = 0.63, p 

= 0.42 and for V - CFI = 1.00, SRMR = .03, RMSEA = .03 (90% CI, .00 - .10), and χ2(7) = 

8.41, p = .29.

The results of the LCSM analyses revealed positive mean changes, but no variance in 

change in two cognitive constructs – EM and V. In contrast, Gf exhibited no average change 

but showed significant individual differences in change over time, displaying a mixture of 

gains, stability and declines. Moreover, higher Gf baseline scores were associated with 

smaller gains or greater declines over time (see Table S5). Individual factor scores obtained 

on two measurement occasions are presented in Figure 2 (a-c), with substantial individual 

differences in Gf slopes clearly visible.

3.4. Bivariate Latent Change Score Models

We evaluated 18 bivariate LCSMs, modeling the relationships between each of the six 

regional volumes and each of the three cognitive abilities. Changes in volume and in 

cognitive ability were predicted by respective baseline values (see Statistical Analyses). We 

first report the analyses of change in brain volumes and cognition and associations between 

them (Tables 2-3). In these analyses, the direction of the lags was selected based on the 

presence of significant variance in change in the univariate LCSMs described in the previous 

step (see Table S3). To examine the influence of age, SES, VR, and APOE ε4 variant we 

added these covariates simultaneously (Tables S5-S7). The goal of these analyses was to 

explain the observed individual differences in change. In the LCSMs, the covariates were 

stipulated to predict baseline levels as well as changes in brain and cognition. As we found 

no effects of sex (all p’s > .05), we excluded that covariate from further analyses for the sake 

of model parsimony.

3.4.1. Effects of Covariates on Brain Volumes and Cognitive Performance—
The analyses of cross-sectional associations (see Table S4 for details) show that at baseline, 

advanced age was associated with smaller volumes of all ROIs, independently of SES, VR, 

and APOE ε4 status. Older age was associated with lower memory, lower fluid intelligence 

scores and better vocabulary performance. SES was positively related to baseline vocabulary 

scores and fluid intelligence, but not to episodic memory. Of all ROIs measured at baseline, 

only the volume of Hc was associated with SES, and only in one of the three models that 

included this ROI. When considered with the other covariates, neither VR nor APOE ε4 

variant displayed significant independent associations with any of the baseline volumes or 

cognitive factors.
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The analyses of bivariate models for Gf and regional volumes revealed that in the model that 

included CbH, younger age and higher SES were associated with greater gains in Gf. No 

independent significant effects of age, SES, VR, or APOE ε4 variant on the rate of shrinkage 

of any ROI were observed, although trends for VR and APOE ε4 were noticed (see Tables 

S5-S7 for results). However, in at least one model (with CbH and Gf as target variables) the 

combined influence of baseline age, SES, VR, or APOE ε4 was significant: R2 = .551 (Table 

S5), with the direction of change suggesting faster shrinkage for older participants, carriers 

of the APOE ε4 allele and persons with lower SES.

3.4.2 Relationships among baseline brain volumes and cognitive variables 
and change therein in the presence of the covariates—The results pertaining to 

relationships between change in Gf and baseline brain volumes as well as associations 

between Gf and regional shrinkage are summarized in Table 2. Larger volumes of four 

regions (PFw, Hc, PhG, and CbH) measured at baseline predicted positive change in Gf. 

Only in one region (PFw) lesser shrinkage was associated with greater gains in Gf scores, r 

= .346, Table 2, Figure 3.

Baseline levels of EM predicted shrinkage of LPFC (p = .013, α’= .017), with other 

cognitive variables showing a trend (Gf p = .051) and a non-significant difference (V p = .

13) in the same direction. No other regional volume showed similar direction of prediction 

for any cognitive construct (see Table 3 and Figure 4).

To evaluate curvilinear age trends, we added baseline age squared to the models, adjusting 

for linear age and covariates effects. This addition affected none of the covariate effects (all 

p< .017), except for the association between baseline cerebellar volume and change in fluid 

intelligence scores (p = 0.053). After adding the quadratic age term to the model, we found 

that higher baseline CFIT scores predicted lesser change in LPFC volume (p = .023, up from 

p = .051 in the linear-only model). Although this effect was strengthened, it still did not 

reach the adjusted significance level of .017. Nonetheless, this marginally significant result 

suggests that the effect may be attenuated by a relatively high commonality between 

socioeconomic status and fluid intelligence resulting in suppression of the relationship 

between brain and intelligence. No other quadratic effects were noted beyond previously 

reported curvilinear effects on regional brain volumes (Persson et al., 2014).

4. Discussion

In a sample of healthy adults, we observed multiple associations between baseline values 

and change in both regional brain volumes and cognitive performance. Only one of the 

examined cognitive constructs, fluid intelligence, evidenced significant variance in change 

over time. Individual differences in change in Gf were positively associated with baseline 

volumes of several brain regions and with change in prefrontal white matter. Notably, the 

brain-cognition relationship was not unidirectional: better baseline memory performance 

predicted lesser shrinkage of the lateral prefrontal cortices, with baseline fluid intelligence 

showing a trend in the same direction.
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Prediction of change in fluid intelligence from baseline brain volumes is in accord with a 

report of a similar relationship between total brain volume at follow-up and long-term 

changes in fluid intelligence performance assessed by the same Cattell Culture Fair 

Intelligence Test as the one used in the current study (Raz et al., 2008), but not on tests of 

episodic memory (Rabbitt et al., 2008). We did not replicate, however, the associations 

between shrinkage of the MTL structures (the hippocampus and the parahippocampal gyrus, 

which includes entorhinal cortex) and fluid intelligence scores observed in one of our 

previous studies (Raz et al., 2008). Although our results agree with the reports of MTL 

shrinkage even in persons who are at very low risk for dementia (Fjell, McEvoy, Holland, 

Dale, & Walhovd, 2013), within the examined period, hippocampal shrinkage was unrelated 

to changes in cognitive performance. It must be noted, that because the identical cognitive 

tests were used at both assessment occasions, the observed change might be underestimated 

by benefit from repeated exposure.

4.1. Cross-sectional associations between regional volumes and cognitive performance

In addition to the novel longitudinal findings, we replicated cross-sectional age-related 

differences in brain structure and cognition that have been widely reported in the extant 

literature (Cattell, 1943; Horn & Cattell, 1967; Raz & Kennedy, 2009). All regional volumes 

were greater in younger participants than in their older peers, with the greatest differences 

observed in the lateral prefrontal cortex and the smallest in the primary visual cortex, as 

often reported in the literature (see Raz & Kennedy, 2009; Raz, 2000 for reviews). 

Relatively small age differences observed in the hippocampal volume may provide 

additional support for the notion of prefrontal, rather than MTL, shrinkage being a hallmark 

of healthy aging (Raz, 2000). Older adults had lower fluid intelligence and episodic memory 

scores but better vocabulary in comparison to younger counterparts, which are oft-replicated 

findings (Horn & Cattell, 1967). We observed moderate correlations between all regional 

volumes and fluid intelligence scores, in accord with the prevalent findings (McDaniel, 

2005), but found no correlations between MTL volumes and memory. The latter was 

consistent with mixed findings in the literature (van Petten, 2004). In contrast to some 

reports concerning healthy adults (Raz et al., 2013; Yates, Sweat, Yau, Turchiano, & Convit, 

2012), we observed no cross-sectional associations of brain or cognition with vascular 

factors.

4.2. Effects of Covariates on Brain Volumes and Cognitive Performance

The covariates examined in this study – age, SES, APOEε4 variant and VR – had only 

limited influence on changes in the brain and cognition. The effects of age and SES on 

regional brain volumes (hippocampus, in one instance), and cognition (fluid intelligence) 

were observed only in one or two models and we found no specific effects of vascular risk 

or APOEε4. However, in combination, risk-relevant covariates (older age, lower SES, 

APOE ε4 allele and vascular risk) were associated with significantly greater individual 

variance in change (shrinkage, stability or growth) of at least one prominent region – lateral 

prefrontal cortex. Such cumulative influence of multiple inter-related risk factors rather than 

the independent effects of the latter may be a plausible scenario in a sample selected for 

better than typical health. Genetic (APOE ε4) and physiological (e.g., hypertension or 

hyperlipidemia) vascular risk factors can act in synergy with older age (Bender and Raz, 
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2012; de Frias, Schaie, & Willis, 2014; Persson, Lavebratt, & Wahlin, 2013) but the small 

proportions of carriers of the risk-related allelic variant and persons with vascular risk in the 

current study precluded testing such moderator effects.

We observed the association between SES indexed by parental education and the baseline 

volume of the hippocampus but not with other regional volumes or volume change over 

time. This finding is in accord with a recent reports suggesting that earlier parental markers 

of socioeconomic status may influence brain morphology (Noble et al., 2015), and that 

childhood SES exerts long-term effects on hippocampal size, even after accounting for 

childhood cognitive ability, adult SES and educational attainment (Staff et al., 2012). 

Caution should be exercised, however, in interpreting the SES-related findings in this study, 

as only two valid but limited indicators of SES (parental education) were available, while 

others, such as parental income or occupation were missing. Associations of regional brain 

volumes or cognition with vascular and metabolic risk indicators may be more prominent in 

samples with manifest pathologies (e.g., Whitmer, Gunderson, Quesenberry, Zhou, & Yaffe, 

2007). Screening of the sample for multiple pathological conditions could have removed 

additional risk factors that were not explicitly considered in screening. For example, 

screening for depression could have dampened the contribution of vascular risk and SES. 

Cardiovascular risk and depression are confounded with cumulative stress experience, which 

in turn correlate with SES and have been linked to cognitive deficits and reduced 

hippocampal volume (Lupien, Fiocco, Wan, & Maheu, 2005). We observed no selective 

effects of vascular and genetic risk factors on brain shrinkage and cognition. While 

interpreting these findings in the context of the extant literature, it is important to consider 

the health characteristics of the participants employed in our study. There may be several 

reasons for not replicating previously observed associations between shrinkage of the MTL 

regions and vascular risk (Korf, White, Scheltens, & Launer, 2004; Raz et al., 2005; Yates et 

al., 2012). For example, by excluding persons with elevated depression scores, history of 

cardiovascular disease and diabetes, we might have significantly limited the range of 

vascular risk indicators, which are elevated in all of these conditions and in older adults may 

operate in synergy with depression (Rao, 2000).

Another factor commonly cited as a plausible modifier of cognitive and brain aging is 

hormonal status of pre- and post-menopausal women (Erickson et al., 2005; Raz, Rodrigue, 

Kennedy, & Acker, 2004b; Resnick & Maki, 2001). Regrettably, in this sample, due to a 

small number and substantial heterogeneity of current and previous hormone-replacement 

therapy (HRT) regimen, we were unable to evaluate the effect of HRT on brain shrinkage 

and cognition.

4.3. Reciprocal Relationship between the Brain and Cognition: Brain and Cognitive 
Reserve

The results of this study have implications for the role of cognitive and brain reserve in 

aging. The notion of larger initial capacity as a hedge against future pathology has been 

discussed since the early 1920s (Staff, 2012) and was later formulated as concepts of brain 

and cognitive reserve (Katzman et al., 1988; Satz, 1993, Stern, 2002). In discussing the 

development of the concept, Stern (2002) distinguished between passive and active reserve. 
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Passive reserve refers to the benefit of having larger brain volume, more neurons or more 

elaborate synaptic networks as protection from cognitive decline that accompanies 

neurodegeneration, trauma or space-occupying lesion (Katzman et al., 1988; Satz, 1993). 

Active reserve denotes capacity for functional adaptation and reorganization that allows 

individuals possessing a high level of ability and cognitive skill to circumvent cognitive 

consequences of brain declines. Thus, active reserve encompasses adaptability of both the 

brain and cognition that can arise from multiple sources and receive support from multiple 

processes, including compensation based on existing cognitive skills, acquisition of 

alternative coping strategies or propensity to adhere to lifestyles and practices that benefit 

maintenance of healthy neural circuits (Hertzog, Kramer, Wilson, & Lindenberger, 2008). 

The distinction between passive and active reserve has been summarized as “having more” 

versus “doing more” (Staff, 2012). Since its formal introduction, the reserve hypothesis has 

been tested almost exclusively in observational and epidemiological studies that have 

operationalized reserve through proxy variables assessed at earlier stages of life and 

presumed to be immutable and fixed by the time of measurement at later adulthood, such as 

head circumference or educational attainment (Staff, 2012; Stern, 2009). Because the core 

concept of the reserve hypothesis implies individual differences in the rate of cognitive 

change and in the relationship between neural and cognitive changes, cross-sectional studies 

via fixed proxies present a less-than-optimal way of testing it. Here we present a rare 

evaluation of brain reserve in a longitudinal framework.

First, our findings indicate, in accord with previous reports (e.g., Raz et al., 2010) that larger 

initial brain volume does not affect the rate of volume loss. In other words, at least in terms 

of gross structural integrity, the brain does not provide reserve for itself. However, the 

results of our study support, at least in part, the notion of passive brain reserve. We observe 

that even in educated persons selected for optimal health, individual differences in cognitive 

attainment predict different rates of change in a region that is particularly important for 

executive control of diverse cognitive operations, the lateral prefrontal cortex. We show that, 

on the one hand, larger brain volumes of multiple regions predict favorable changes in 

important age-sensitive cognitive skills, and, on the other hand, cognitive attainment in 

multiple domains may protect against shrinkage of an important age-sensitive brain region, 

at least in the short term. Given correction for multiple comparisons, this finding, albeit 

limited to only one of the examined regions, presents robust evidence of a combined brain-

cognition reserve phenomenon.

This result is contrary to previously reported negative findings (e.g., Raz & Lindenberger, 

2010), and is in partial agreement with arguments in favor of preservation of brain integrity 

in healthy aging (e.g., Burgmans, van Boxtel, Vuurman, Smeets, Gronenschild, Uylings, & 

Jolles, 2009), although not on a whole-brain scale. Testing both directions of influence (the 

brain on cognition and cognition on the brain) as advised in the past (e.g. Salthouse, 2011) 

revealed an interesting dissociation. The brain variables that predicted cognitive change 

included several age-sensitive regions that have been associated with multiple cognitive 

skills (MTL and cerebellum), whereas prediction of cortical shrinkage from the baseline 

levels of cognitive abilities was limited to the region consistently linked to performance on 

general intelligence tasks (Duncan, 2000; Jung & Haier, 2007; Kane & Engle, 2002), and 

executive functions that are closely related to Gf (Duncan, 2000; Yuan & Raz, 2014). Of all 
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regions examined in this study, the lateral prefrontal cortex exhibited the most inconsistent 

pattern of mean change and substantial individual differences in change across several 

samples that used the same measurement methods (Persson et al., 2014; Raz et al., 2005, 

2010).

Observing such reciprocal relationships between brain and cognition in the context of 

longitudinal follow-up is important as it allows circumventing an interpretative problem that 

may arise when measures are confined to cognition alone, or when diagnostic categorization 

rather than continuous change is emphasized. By showing that the rate of cognitive change 

may depend on initial brain volume, we avoid this ascertainment bias problem (Tuokko 

Garrett, McDowell, Silverberg, & Kristjansson, 2003). Moreover, in our sample, as in some 

of the extant studies (e.g., McArdle, 2009), persons with higher baseline fluid abilities 

actually exhibited smaller gains after the second administration of the tests. Thus, the 

advantage of higher cognitive endowment in slowing cognitive decline is likely to be a real, 

albeit complex, phenomenon, based on reciprocal influences between the brain and behavior 

which is in accord with the “brain maintenance” hypothesis that stresses the importance of 

structural integrity for preservation of high cognitive function in aging (Nyberg, Lövdén, 

Riklund, Lindenberger, & Bäckman, 2012).

4.4. Factors Mitigating Brain Changes

The mechanisms by which higher cognitive performance at baseline may mitigate individual 

prefrontal shrinkage or even promote volume growth and thus serve as a neuroprotective 

factor are unclear. People who attain high test scores may be more likely to engage in 

everyday activities that involve cognitive and physical stimulation than their lower scoring 

counterparts (Hertzog et al., 2008; Vaughan et al., 2014). However, the evidence of positive 

effects of cognitive engagement on cognitive change is inconsistent (Jak, 2012; Lövdén, Xu, 

& Wang, 2013). Greater cognitive activity and higher educational attainment, while being 

associated with better concurrent cognitive test scores, does not slow declines in cognitive 

performance (Brown et al., 2012; Vaughan et al., 2014; Zahodne et al.,2011). Moreover, the 

benefits of cognitive and social engagement may be attenuated in healthy persons with high 

education (Vemuri et al., 2014), such as the participants of our study, and are quite modest 

even in an unselected community sample (Haslam, Cruwys, & Haslam, 2014). The same 

individuals may be more physically active than their low-performing counterparts, as higher 

general intelligence and high performance on specific cognitive tests are associated with 

greater levels of physical activity in older adults (Gow, Corley, Starr, & Deary, 2012), with 

high cognitive aptitude potentially serving as a life-long “buffer” against negative changes 

in health (Johnson, Corley, Starr, & Deary, 2011). Our results indicate that the factors 

associated with high cognitive performance are linked to reduced shrinkage or absence 

thereof in at least one cognitively important brain region, lateral prefrontal cortex, but 

sorting out the factors that may underpin such association remains an important task for 

future research.

4.5. Limitations

The reported findings should be interpreted in the context of several limitations. First, we 

relied on a sample of convenience that after application of stringent screening criteria 
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included individuals that were healthier and better educated than expected for the general 

population. Notably, compared to typical North American adult samples, the participants of 

this study had lower prevalence of hypertension (20% vs. 33%) and diabetes (0% vs. 8%; 

Go et al., 2014). The average level of formal education was about 15 years, close to typical 

complete college schooling. Thus, a sampling strategy aimed at minimizing confounding 

influence of low education and age-related diseases could have introduced selection bias and 

reduced generalizability of the findings. Younger participants may harbor early precursors 

of neurological and vascular diseases but not express them at a detectable level. Thus, 

selection for good health has different effects on the younger and older segments of the age 

continuum and might reduce age differences in the variables of interest. Such trade-offs are 

inevitable and should be taken into account in interpreting the results. For example, 

participants with vascular risk factors and unfavorable genetic variants that are associated 

with poor health in the general population could have possessed favorable factors 

unaccounted for in our models. Such unknown variables could have offset the effects of risk 

factors. On the other hand, the effects observed despite potential upward selection may be 

viewed as representing the best-case scenario and may be expected to be more pronounced 

in the general population.

Second, a potential weakness of the present study is the lack of assessment of practice or 

retest effects. The single-sample study design with only two measurement occasions 

precluded estimating the effects of repeated test administration that could confound the 

pattern of change by masking declines and exaggerating gains. Because of the influence of 

prior test experience (Salthouse, 2013) and re-test effects (Salthouse, 2014; Ghisletta et al., 

2012) on subsequent cognitive performance, changes in scores on all cognitive measures 

observed in this study might be positively biased and could be viewed as underestimating 

the true change over the two-year period. Future studies with three or more occasions of 

repeated measures should address the issue of retest-effects in the context of neural 

correlates of cognitive aging. However, observed reliable differences in fluid intelligence 

scores and their associations with initial brain volumes and changes therein mitigate the 

effect of this confound of interpretation. Nonetheless, it is important to emphasize that 

observed changes in Gf do not necessarily reflect gains or declines in fluid intelligence as 

repeated testing may provide benefits in many aspects of performance, including reduction 

of test anxiety through familiarity, acquisition of new test-taking strategies and improvement 

of specific visuospatial abilities, to name a few (for an in-depth discussion of limitations in 

interpreting gain scores see te Nijenhuis, van Vianen, & van der Flier, 2007).

Third, in addition to precluding assessment of practice effects, the two-occasion longitudinal 

design employed in this study did not allow for evaluating nonlinear trends in the brain and 

cognitive aging. Moreover, a limited number of measurement occasions combined with a 

relative multitude of evaluated parameters reduced the power even in this relatively large 

sample (von Oertzen, Hertzog, Lindenberger, & Ghisletta, 2010).

Fourth, in this hypotheses-driven study, we examined only a limited number of brain regions 

that differed with respect to change and individual differences therein, as established by the 

extant literature (Raz & Kennedy, 2009) and previous work on this sample (Persson et al., 

2014). It is plausible that additional regions could exhibit significant change, individual 
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differences in change, and associations between shrinkage and cognitive performance. 

However, adding regions to this analysis in the current sample would increase the number of 

comparisons with more conservative corrections of the critical p-values. Applying semi-

automated methods and examining the data in a hypotheses-free manner would have 

sacrificed anatomically valid manual measurements (Kennedy et al., 2009) and in some 

regions, introduced age bias (Wenger et al., 2014).

4.6. Conclusions

In conclusion, our findings suggest that in healthy aging, brain structure and cognition exert 

reciprocal influence on each other: better cognitive performance predicts better maintenance 

of structural integrity in an important age-sensitive region, and larger baseline brain volumes 

predict greater repetition-related gains in fluid intelligence. Our findings contribute to better 

understanding of neural substrates of cognitive aging and shed light on the importance of 

maintaining cognitive functioning in older age. The specific mechanisms of the observed 

effects of cognitive and brain reserve remain to be elucidated.
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Highlights

1. Volume change and individual differences in change across brain regions.

2. Average change: memory & vocabulary; individual differences: fluid 

intelligence.

3. Larger baseline brain volumes predicted greater gains in Gf.

4. Prefrontal gray shrinkage was related to poorer baseline cognitive performance.

5. Shrinkage of prefrontal white matter correlated with negative change in Gf.
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Figure 1. 
A latent change score model for the assessment of two-occasion changes in episodic 

memory (EM). Squares represent observed variables, circles are latent variables. The 

triangle indicates that the model contains means. Free parameters are marked by an asterisk. 

Parameters with equal sign and the same subscript are constrained to be equal to each other. 

Change is modeled in a second order latent variable (EM), reflected by two subordinated 

latent variables: recall and recognition. Notations: δ = mean at baseline; α = variance at 

baseline; β = mean change, γ = variance in change; ε = covariance between individual 

differences in EM at baseline and individual differences in changes between baseline and 

follow-up. The model contains eight observed variables and nine free parameters, with 21 

degrees of freedom.
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Figure 2. 
Longitudinal plots showing individual changes between baseline and follow-up for all 

participants. A. Fluid intelligence scores, Gf. B. Episodic memory scores, EM. C. 

Vocabulary scores, V. The factor scores are estimated from the LCSMs (expected values).
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Figure 3. 
Coupling of changes in prefrontal subcortical white matter volume (ΔPFw) and fluid 

intelligence (ΔGf) (expected values). Dashed lines represent 95% confidence limits; solid 

lines upper and lower 95% observational prediction limits.
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Figure 4. 
Baseline cognitive performance predicts lateral prefrontal cortex shrinkage: Episodic 

memory (EM) and Fluid Ability (Gf). Latent change scores (expected values) of the lateral 

prefrontal cortex volume factor (ΔLPFC) are derived from the bivariate models for EM and 

Gf, respectively. Dashed lines represent 95% confidence limits; solid lines upper and lower 

95% observational prediction limits.
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Table 1

Descriptive Statistics for Demographic Indicators and Blood Biomarkers at Baseline.

N Minimum Maximum Mean SD

Age (years) 167 19 79 52.80 15.71

Systolic Pressure (mm Hg) 167 91.33 156.67 122.35 12.97

Diastolic Pressure (mm Hg) 167 60 106.67 75.38 7.48

Body-Mass Index (BMI), kg/m2 166 17.27 42.32 27.25 5.54

Fasting Glucose, mg/dl 158 65 115 86.75 9.03

Low Density Lipoprotein (LDL), mg/dl 164 41 214 116.24 34.43

Education (years) 167 12 20 15.41 2.30

Maternal Education (years) 150 3 21 12.47 3.22

Paternal Education (years) 144 0 21 12.28 4.20

Note. SD = standard deviation; mm Hg = millimeter of mercury; kg = kilogram; m = meter; mg/dl = milligrams per deciliter.
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