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Background: Alzheimer’s disease and related dementia (ADRD) is a costly disease that 

is sensitive to avoidable risk factors. Fundamental cause theory (FCT) argues that individuals 

utilize resources in order to avoid disease. This study examined whether socioeconomic status 

(SES) was associated with incidence of ADRD-related cognitive declines.  

Methods: The outcome was patterns of accelerated declines identified using repeated 

measures of episodic memory, a critical diagnostic outcome used in ADRD research. 

Occupational SES was determined using occupational codes from the U.S. census. Analyses 

used data from a nationally-representative prospective cohort study of U.S. older adults. 

Respondents were included if they had valid occupational codes, no history of stroke, and valid 

information on key variables of interest (N=28,417). Longitudinal layered Cox proportional 

hazards models were used to jointly model cognitive aging and incidence of ADRD-pattern 

declines in episodic memory. Life-expectancy ratios (LER) and 95% confidence intervals were 

reported.  

Results:  The dataset contained 152,523 observations made among 28,417 eligible 

respondents, 5.80 observations over an average of 8.56 years for a total of 243,240.96 person-

years of information. The survival model indicated that that the incidence rate of ADRD-pattern 

declines was 7.3% per year in this sample. Analyses uniquely revealed that the life expectancy 

without ADRD-pattern declines was longer for individuals with higher SES (LER=1.043, 95% 

C.I. = [1.042-1.044]) than among those with lower SES.    

Conclusions: This study uniquely examined the association between SES and onset of 

ADRD using a novel and objective indicator of the incidence of ADRD-related cognitive 

declines. This is the first study to separately examine SES in relation to healthy cognitive aging 



 3 

and ADRD-pattern cognitive declines. Analyses supported FCT, but also suggested a key role 

for theories about preserved differentiation.  
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Alzheimer’s disease and related dementias (ADRD) affect 5.4 million people in the 

United States and burdens millions of caretakers (Alzheimer's Association 2016). ADRD was 

recorded as the underlying cause of death in as many as 110,000 deaths in 2017, making it the 

fifth most common cause of death (Alzheimer's Association 2016). ADRD is a subtype of 

dementia that accounts for approximately 60-80% of all cases (Alzheimer's Association 2016), 

the remaining cases are made up of minor to major strokes and other cerebral ischemic attacks 

(Gorelick et al. 2011). These two disease processes are clinically differentiable by the speed with 

which declines occurred prior to diagnosis; in contrast to stroke, which results in a rapid and 

potentially drastic decline over a period of minutes or hours affecting only one or two domains of 

cognition (Levine et al. 2015), ADRD is usually presaged by years of "accelerated” cognitive 

declines in episodic memory, working memory, and processing speed that progress more rapidly 

than normal aging and transition through milder forms of cognitive impairment to clinical levels 

of dementia (Bruscoli and Lovestone 2004). ADRD-related accelerated cognitive declines are 

believed to directly relate to increasing presence of neural pathologies including, for example, 

increasing burden of β-amyloid and tauopathy (Jack et al. 2010). Common risk factors for 

ADRD include cardiovascular disease, depression, repeated head trauma, and low education 

though recently, research has begun to identify a number of other risk factors including air 

pollution, physical activity, and posttraumatic stress disorder among others.  

Fundamental Cause theory (FCT), a critical sociomedical theory that is commonly used 

by social theorists to understand the role of social factors such as education, highlights this 

schism as a theoretical problem for ADRD research as a whole. FCT, which was developed to 

help clarify reasons and mechanisms linking social inequalities with disease outcomes (Phelan, 

Link and Tehranifar 2010), specifies that socioeconomic resources, including knowledge, 
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money, power, prestige, and beneficial social connections are actively employed by social actors 

to learn about, and gain timely access to, effective medical preventive and curative technologies 

(Link et al. 2008). Specifically, these resources are conceptualized as providing protection 

against the “risk of risks”: in a context of unequal access to socioeconomic resources, some 

individuals are able to effectively avoid risk factors for disease while others are not (Phelan and 

Link 2005; Phelan et al. 2004).  

To date, little is known about how FCT applies to diseases that lack a clear medical or 

behavioral prevention. Yet, as noted by FCT, resources are often implicated even in diseases 

without interventions because there are a broad range of mechanisms linking SES to outcomes 

such as ADRD. Indeed, research thus far has noted that domains of socioeconomic status (SES), 

including for example access to educational opportunities (Clouston et al. 2012; Mirowsky and 

Ross 2003), increased investment in cognitive reserve (Stern 2012), and cognitively-demanding 

occupations (Fisher et al. 2014), have long been considered central to understanding the 

processes involved in developing ADRD. Yet, the reasons that for associations between SES and 

ADRD remain unclear. 

Suggesting a causal effect, some theorists have proposed that education changes the 

brain’s functioning resulting in what is often termed “cognitive reserve” (Stern 2002), a form of 

functional resilience resulting in improved cognitive health (Glymour et al. 2008; Stern 2009). 

Critically, cognitive reserve theory posits that cognitively-demanding experiences and exposures 

impart different brain capabilities (Clouston et al. 2012; Glymour et al. 2008) and increased 

functional efficiency (Stern 2012). Together, this change in functioning is believed to improve 

the brain’s ability to reduce brain pathology (Richards and Deary 2014) and maintain healthy 

functioning despite such pathology (Stern 2012).  
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In the context of ADRD, FCT additionally suggests that SES impacts the “risk of risks”. 

Thus, SES should be a risk factor for ADRD irrespective of its effect on cognitive reserve 

because it has been shown to be a robust predictor of a broad range of health indicators 

(Mirowsky and Ross 2003) that are associated with risk of AD pathology and these inequalities 

have grown over time (Mackenbach et al. 2015). Mechanisms linking education to health are 

broad, but education is one of the largest predictors of access to higher status and lower-risk 

occupations throughout life (Becker 1980; Keeley 2007) which have lasting independent 

implications for health (Marmot 2004). Education helps to determine the neighborhoods in 

which individuals reside (Boone-Heinonen et al. 2011; Murray and Stafford 2014), and thus any 

environmental risk factors including to airborne pollutants (Block and Calderón-Garcidueñas 

2009). Additionally, SES inequalities have been shown to be historically and geographically 

persistent: for example, cardiovascular disease, depression, and physical activity are all known to 

affect the rate of cognitive decline (Havranek et al. 2015; Huisman et al. 2013; Link and Phelan 

1995; Mackenbach et al. 2004; Masters, Hummer and Powers 2012; Mirowsky and Ross 2003). 

Education also influences the ability to interpret and comply with health recommendations and to 

manage health outside of the clinic (Weaver et al. 2014) and, when active medical treatments are 

not available, education promotes healthier lifestyles in general (Christakis and Fowler 2007; 

Christakis and Fowler 2008; Willems et al. 2005).  

Problem Statement  

While FCT is critical within the ADRD field, research has been hampered by a 

disconnect about its impact on cognitive aging more generally. Indeed, a number of studies of 

cognitive aging have noted that longitudinal associations between education and the rate of 

cognitive aging are inconsistent or often null (Clouston 2014; Glymour, Tzourio and Dufouil 
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2012; Gottesman et al. 2014; Muñiz-Terrera et al. 2014; Zahodne, Stern and Manly 2015). Thus, 

while cognitive aging and ADRD research overlap, the impact of SES appears to differ quite 

markedly between them. This may be due, in part, to the fact that cognitive aging research 

emerges from a separate paradigm.  

Impact of Cognitive Aging 

Cognitive aging is conceptualized as indicating the everyday loss of functioning that is 

believed to occur at a relatively steady rate over the life span (Salthouse 2009) and affect most 

domains of “fluid cognition” including episodic and working memory as well as spatio-visual 

and executive functioning. Such declines are believed to occur relatively consistently with time, 

at a rate of -3% of a standard deviation per year of life starting as early as age 20 (Salthouse 

2004), and are believed to be unavoidable. In this line of research, the impact of SES is often 

ascribed to a selection effect that may emerge early in life and during educational exposures 

(Ceci 1996; Manly et al. 2002), or due to genetic effects (Deary 2012; Deary, Johnson and 

Houlihan 2009). Irrespective of the outcome, aging researchers argue that the impact of early life 

SES on cognitive aging is mediated by “preserved differentiation” (Bielak et al. 2014). 

Specifically, cognitive function is defined early in life, in part due to a process of differentiation 

and contextual exposure to cognitively enhancing factors (De Graaf, De Graaf and Kraaykamp 

2000; 2010; Deary et al. 2007; Feinstein 2003; Hatch et al. 2007; 2011; Tucker-Drob et al. 

2011). This definition then results in an aging-related degradation that is mirrored later in life 

(Deary et al. 2007; Deary et al. 2004; Richards and Deary 2014).  

Fundamental cause theory, therefore, highlights a core tension in this literature. On the 

one hand, domains of SES should not be associated with unavoidable and interminable aging 

processes, outside of an important influence on cognitive development. On the other hand, SES 
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should be highly active in older age as individuals seek to avoid known risk factors for the 

disease.  

Objective  

We propose that in order to understand the difference in role of SES on both cognitive 

aging and the risk of ADRD, we need to differentiate aging from ADRD-pattern declines. In this 

study, we propose to utilize layered acceleration modeling in order to examine whether SES is 

differently associated with onset of ADRD-pattern cognitive declines (Bruscoli and Lovestone 

2004).  

Hypotheses 

Differentiating healthy cognitive aging from ADRD-pattern declines provide us with 

hypotheses (graphical representations in Figure 1) about the influence of education: 

1) Higher SES will be associated with improved cognitive performance.  

2) Higher SES will be associated with a later onset of AD pathology.  

[Figure 1] 

Data 

For this study, we utilized data from the Health and Retirement Study (Sonnega et al. 

2014), which has been prospectively collecting cognitive information on a nationally 

representative sample of older U.S. non-institutionalized residents since inception in 1992 

(response rate = 81.6%).  (Ofstedal, Fisher and Herzog 2005). Participants were excluded if they 

had never completed cognitive assessments, did not report a main occupation, or were missing 

education and household income information. Because the first two waves used a different 

version of the cognitive tests with different score ranges, and because this choice affected the 

estimated means, data from waves 1 and 2 were excluded. Additionally, since longitudinal 
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evidence for cognitive aging has been observed only as early as midlife, we excluded individuals 

younger than 50 years old (Singh-Manoux et al. 2012). In the most recent wave, data were 

collected on more than 35,000 individuals aged from 50-110. Descriptive analyses were 

weighted to the U.S. population to maintain representativeness.  

Outcome 

Episodic memory (/20 points) is a key measure of cognitive functioning that is both 

sensitive to cognitive aging and AD (Baddeley 1992). To measure episodic memory, respondents 

were first provided with a list of ten words and asked to correctly recall as many as possible to 

the interviewer with each correct word scoring one point. After intermediate distraction 

questions, lasting 10-15 minutes, respondents were again asked to correctly repeat all ten words 

back to the interviewer with each correct answer being scored as one. Because the first two 

waves utilized a 20-item word list, total scores for the two waves were divided by two to match 

later assessment procedures.  

Modeling Time 

Learning between an individual’s first and second cognitive assessment have been 

reliably detailed (Goldberg et al. 2015), and thus a dichotomous flag was introduced for each 

individual’s first cognitive test. While surveys were planned to occur ever 2-3 years, there can be 

substantial variability around the date of survey. Therefore, years since the first cognitive 

assessment was used in random slopes analyses to model change over time. Consistent with 

aging research (Salthouse), linear trends over time were assumed to occur in pre-accelerated 

declines. Consistent with demographic research and on research promoting the role of cohort in 

improving cognitive function over time (Lee et al. 2008), year of birth was incorporated as a 

covariate. Age in years, centered at age 50, was included to model the rate of aging. Statistical 
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modeling further incorporated an accelerated slope measure that enumerated the number of years 

since an inferentially determined node, as noted below in the statistical methods section.  

Social and demographic variables 

Socioeconomic status (SES) was measured using a class occupational SES ranking tool . 

Specifically, our measure of SES sought to rank occupations based on the level of education 

required, and income associated with, that occupation. In this calculation, individuals’ education, 

income, and occupation were necessary. Occupation was gathered and census categories from 

1980, the most encompassing and comparable year available for the HRS, was used. Educational 

attainment was measured at baseline assessment as years of formal schooling. Household income 

was measured using the income from all potential sources and the natural log-transformed 

version was used to account for skewed income data. Occupational SES was then scored as the 

standardized average of both education and income within each occupation and was standardized 

so that a one-unit increase in SES referred to an increase of one standard deviation (SD).  

Respondent sex and date of birth were recorded. Since respondents with cognitive issues 

sometimes misreport current age, age in years was calculated using date of interview and date of 

birth. Self-reported stroke was recorded to be used as a confounder. Reported strokes agree with 

medical records strokes most (AUC=0.99) of the time (Okura et al. 2004).  

Method 

Base “Random Slopes” Model 

Prior methods remark upon the linear acceleration of rates of cognitive decline occurring 

5-10 years prior to clinical diagnosis. Longitudinal multilevel modeling (Rabe-Hesketh and 

Skrondal 2008) was used to first fit a standard random slopes model following equation 1: 
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𝑌𝑖𝑡 = 𝛽0 + 𝛽1𝐶 + 𝛽2𝐿𝑡 + 𝛽3𝐴𝑡 + 𝛽4𝑅 + 𝛿2𝑆𝑡 + 𝛾0𝑖 + 𝛾1𝑖𝑡𝑖𝑡 + 𝜀𝑖𝑡    (1) 

where Y is the outcome, which in this case is objectively-measured indicators of episodic 

memory. Y varies between individuals (i) over time (t). Age (A) updates each observation and 

thus changes over time (t). Models further adjust for year of birth (C), race/ethnicity (R), and for 

learning (L). Individuals with a history of stroke were excluded; therefore, in analyses examining 

stroke, (𝛿2𝑆𝑡) was added to model incident stroke. Models incorporated random intercepts (𝛾0𝑖) 

to model individual capability and random slopes (𝛾1𝑖) to account for heteroskedasticity common 

in growth models (Rabe-Hesketh and Skrondal 2008). An unstructured covariance matrix was 

used to adjust for correlations between 𝛾0𝑖 and 𝛾1𝑖 that, when negative, might indicate regression 

to the mean (Liu et al. 2009). 

Second Layer Model 

As noted above, diagnoses of neurodegenerative diseases including Alzheimer’s disease 

tend to be unobserved. This study therefore utilized a proportional hazards modeling 

specifications to identify a latent survival curve under the assumption that we were only 

interested in ADRD-pattern cognitive declines (Cox and Oakes 1984). Specifically, a random 

continuous variable (T), with a cumulative density function F(t), where 𝐹(𝑡) ≔ Pr(𝑇 < 𝑡), was 

defined as indicating a moment where life expectancy (ex) could be calculated. The survival 

curve was then inferentially derived from the latent cognitive trend and incidence rates were 

estimated following equation 2: 

𝑌𝑖𝑡 = 𝛽0 + 𝛽1𝐶 + 𝛽2𝐿 + 𝛿2𝑆𝑡 + 𝛾0𝑖 + 𝜗𝐴𝑡 + 𝛾1𝑖𝑡𝑖𝑡 + 𝜌 ∗ 𝑚𝑎𝑥 (𝑡𝑖𝑡 −
𝑒−𝑟𝑡𝑒𝑿𝑩

𝑟
, 0) + 𝜀𝑖𝑡    

(2) 
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Maximum likelihood estimation was used to fit the second-layer model. Variance 

estimates were derived from Fisher’s information matrix (Pawitan 2001). Incidence rates and 

exponentiated beta-coefficients entitled life expectancy ratios (LER) were reported. Analyses 

were completed in Stata 15/SE [StataCorp].  

Results 

The dataset contained 152,523 observations made among 28,417 eligible respondents, 

5.80 observations over an average of 8.56 years. The analytic dataset included a total of 

243,240.96 person-years of information. 

At baseline when weighted to the U.S. population (Table 1), the sample was in their late-

fifties when first examined and the population was gender-balanced. A majority of respondents 

were white, with sizable minorities being Black or Hispanic.  

[Table 1] 

Multivariable modeling examining cognitive decline were able to identify negative age-

related changes in cognition (Model 1). In these models, higher socioeconomic status was 

associated with better cognitive performance at baseline (ASES≠0). Analyses also found that 

incident strokes were attributable with relatively large changes to cognitive functioning. Women 

outperformed men in these analyses, but individuals from minority backgrounds had lower 

episodic memory at baseline.  

Incorporating analyses of within-person rates of change (Model 2) improved model fit, as 

evidenced by large negative changes to both AIC and BIC statistics indicating that individual-

level random intercepts and slopes were important additions to the model. The random-effects 

correlation was negative, indicating a potential for regression to the mean over time in these data. 
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However, the addition of random effects did not change substantive interpretations found in 

Model 1.  

Incorporating the survival layer (Model 3) also improved model fit. Additionally, 

analyses found that incorporating the survival layer provided a highly significant variable 

showing an average rate of decline of -0.142 words/year after the onset of expected declines. 

Accounting for ADRD-pattern declines reduced the effect of age by, on average, 43.85% in this 

population. The impact of SES actually increased after the integration of the survival model. 

Finally, the impact of birth cohort inverted suggesting that later-born cohorts have improved 

episodic memory. 

The survival model (Model 3, survival layer) indicated that that the incidence rate of 

ADRD-pattern declines was 7.3% per year in this sample. These analyses uniquely revealed that 

the life expectancy without ADRD-pattern declines was longer for individuals with higher SES 

(LER=1.043, 95% C.I. = [1.042-1.044]) than among those with lower SES.    

Discussion 

This study sought to examine whether SES was associated with later onset of ADRD-

pattern cognitive declines. Layered survival regression was used to determine life expectancy 

prior to onset of ADRD-pattern declines. These models improved model fit over other methods 

including random slopes methods. Findings suggested that higher SES was associated with both 

higher baseline functioning, indicative of preserved differentiation, and later onset of ADRD-

pattern cognitive declines indicative of possible latent ADRD neuropathology. On average, these 

analyses revealed that each SD increase in SES was attributable with a 4.3% increase in healthy 

life expectancy free of cognitive pathology.  
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Results from this study showed that models that consider “healthy” aging as occurring 

separately from ADRD-related pathological aging, which effectively fits both the clinical and 

psychological theories, as well as the HRS data, better. If healthy aging occurs more slowly for 

most of life but then accelerates nearer to ADRD onset, then efforts to stem the onset of 

acceleration would result in substantial improvements to quality of life. In these results, we 

found that education had a significant influence on delaying onset of ADRD-related accelerated 

declines and estimated that the effect was 4.3% per SD of SES. Nevertheless, these results point 

to the possibility that increased SES might return as much as two years in improved life 

expectancy without pathological declines in memory. Future work is needed that seeks to 

improve our understanding of this effect and its generalizability in other datasets as well as 

internationally in countries such as the United Kingdom or the Netherlands that have 

fundamentally different educational systems from the U.S.   

In this paper, we have closed the theoretical gap identified by Richards and Deary (2014) 

by providing a method for usefully differentiating and predicting ADRD-pattern cognitive 

declines. As noted above, we proposed a shift in our definition of cognitive aging in order to 

define pathological cognitive as a change in the underlying force of aging. Future theoretical 

work should seek to determine the extent to which other types of declines might be usefully 

identified and differentiated from those proposed here.  

The proposed definition of ADRD-related pathological declines is not, however, 

particularly useful without a methodological option with which to validate the utility of such a 

theory. As such, this paper also provided a novel manner through which to interrogate this 

question. The method proposed is a first step in what we hope is a fruitful line of research. 

Follow-up steps include methodological validations of the parameters, novel measures for 



 15 

determining analytic power. A particularly important follow-up analysis includes the 

determination of the best functional forms on which to base survival analyses; these analyses 

relied on well-known parameter-free Cox proportional hazards regression as a first step. 

However, future work is needed that identifies whether parametric or non-parametric models 

reflect substantial improvements over the models presented here.  

Limitations and Strengths 

While exciting, results should be interpreted in light of a number of key limitations. The 

first is the potential for bias due to missing data. Data that are missing at random (MAR) do not 

bias results when predictors are included in the model (Rubin 1976) and EM maximization 

algorithms model missing data under the MAR assumption (Graham 2009). Adjustments 

potentially accounting for such missingness included random intercepts are incorporated as an 

individual-specific covariate that models time-invariant individual-level baseline capability, 

while random slopes model individual rates of change over time. Under the MAR assumption, 

attrition is problematic only when linear “random slopes” do not accurately capture post-attrition 

rates of decline (a situation called missing not at random (MNAR)). This study additionally 

modeled acceleration in individual rates of decline, suggesting that when properly specified, 

layered survival models account for a larger range of missing data than previously examined.  

Results do not rely on diagnoses of ADRD. As a result, it is unclear whether 1) 

respondents have neuropathology needed for to meet diagnostic criteria in research situations 

(Knopman et al. 2018), or 2) whether they experience significant limitations needed to meet 

clinical diagnostic criteria for dementia (McKhann et al. 2011). However, while this is a 

significant limitation, it may also be a critical strength since more than 50% of all dementias 

remain undiagnosed upon death. It is likely that those dementias that go undiagnosed are 
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different in a key way than those that are diagnosed. Furthermore, despite the fact that evidence 

of decline is a core indicator for diagnosis of mild cognitive impairment and dementia, diagnoses 

rely on static cutoffs rather than dynamic vectors of change thereby increasing the chance for 

bias. Since accelerated declines predict incident dementia diagnoses (Clouston, Glymour and 

Terrera 2015), we are optimistic that the characterization highlighted in this model is an 

objective, but as of yet unobserved, marker of Alzheimer’s disease and related dementias.  

In this study we did not seek to differentiate subtypes of ADRD, in part because relevant 

criteria for longitudinal models do not exist for doing so. Also, these models are targeted at 

improving detection of early declines rather than identification of ADRD-related impairments 

per se.  

The current models were not used to distinguish levels of severity of cognitive 

impairment. Yet, research in Alzheimer’s disease is increasingly utilizing common cut-offs on 

screening exams (such as the Mini Mental State Examination or the Montreal Cognitive 

Assessment) in multistate modeling framework (Jackson et al. 2003). These methods rely on 

cutoffs to determine cognitive impairment, potentially conflating cognitive capability with 

cognitive decline and impairment. As such, inequalities under that rubric may be attributable to 

differences in capability rather than mechanisms relating to social inequality, limiting their 

applicability and biasing interpretation. Research into the distribution of B-amyloid have found 

that upon the intrusion of the molecule into the brain, perfusion throughout the brain occurs at a 

consistent pace – mirroring the results found in this study. If so, then the results in this study may 

provide more generalizable results than those focusing instead on cutoff-related gradations in 

severity.  

Conclusions 
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Diagnosing dementia in a consistent and reliable way is expensive and difficult. The 

result is underdiagnosis at the population level (Connolly et al. 2011; Douzenis et al. 2010), with 

estimates of missed diagnoses exceeding 50-80% of cases (Prince, Bryce and Ferri 2011). Noting 

that research is primarily interested in incidence of ADRD, this study sought to determine 

whether SES was associated with incidence of ADRD-pattern cognitive declines. This analysis 

was, therefore, more closely aligned with longitudinal and clinical theories about the shape of 

cognitive decline, and also provided results that are consistent with work examining cognitive 

reserve in the clinic. More work is warranted utilizing this model to replicate known predictors 

of Alzheimer’s disease including, for example, apolipoprotein allele possession. Given the 

potential importance of understanding timing of accelerated declines, future research is 

warranted to understand both healthy and pathological forms of cognitive aging. 
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Figure 1. Graphical hypotheses linking higher socioeconomic status with later onset of 

accelerated declines in episodic memory indicative of latent Alzheimer’s disease or related 

dementia  

  

Note: Graphs show expected trajectories for low, middle, and high SES subgroups. Individuals 

with higher socioeconomic status should experience delayed onset of ADRD-related declines, as 

indicated by a later estimated accelerated decline.  
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Table 1. Sample characteristics weighted to the U.S. population, Health & Retirement Study 

1996-2014 

Characteristic Mean 

Standard 

Deviation 

Episodic memory, words 10.39 3.47 

Year of birth 1941.21 13.22 

Age, years 57.06 9.26 

Socioeconomic status, standard 

deviations 0.25 1.05 

   
  %   

Female 50.57  
White 77.01  
Black 11.15  
Hispanic 8.57  
Other 3.27   

 

Note: Socioeconomic status indicates the average education and household income of people in 

the same jobs. Episodic memory ranges from 0-20. All measures are estimated at baseline.
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Table 2. Beta coefficients and standard errors jointly estimating cognitive capability, rate of 

cognitive decline, and onset of accelerated cognitive pathology, Health and Retirement Study 

1996-2014 

 Model 1  Model 2  Model 3 

Characteristics B SE P  B SE P  B SE P 

Year of birth -0.008 0.002 <1E-06  -0.010 0.002 <1E-06  0.013 0.002 <1E-06 

Age in years -0.157 0.001 <1E-06  -0.160 0.002 <1E-06  -0.106 0.002 <1E-06 

Incident stroke -0.896 0.042 <1E-06  -0.876 0.044 <1E-06  -0.766 0.044 <1E-06 

Unfamiliarity -0.562 0.026 <1E-06  -0.535 0.025 <1E-06  -0.370 0.026 <1E-06 

Socioeconomic status 0.169 0.010 <1E-06  0.195 0.011 <1E-06  0.230 0.011 <1E-06 

Female sex 1.000 0.029 <1E-06  1.009 0.030 <1E-06  1.026 0.030 <1E-06 

White Reference  Reference  Reference 

Black -1.862 0.040 <1E-06  -1.855 0.040 <1E-06  -1.850 0.040 <1E-06 

Hispanic -1.177 0.093 <1E-06  -1.178 0.094 <1E-06  -1.197 0.094 <1E-06 

Other -1.860 0.048 <1E-06  -1.856 0.049 <1E-06  -1.823 0.049 <1E-06 

Accelerated Decline         -0.142 0.004 <1E-06 

Intercept 9.541 0.026   9.544 0.026  
 9.567 0.026  

                        

Random Effects         ES SE     ES SE   

Individual Slopes     0.119 0.002 <1E-06  0.109 0.002 <1E-06 

Individual Capability     2.383 0.017 <1E-06  2.359 0.017 <1E-06 

Correlation (I, S)     -0.471    -0.452   

            

Incidence Layer                 ES SE P 

Socioeconomic status         0.043 0.000 <1E-06 

Incidence rate        
 0.073 0.002 <1E-06 

                        

Model Fit                       

AIC 744813    743274    742077   
∆AIC     -1539    -1197   
BIC 744879    743350    742164   
∆BIC     -1529    -1186   
Note: All estimates were significant at the P<1E-06 level, so significance was not marked. 

Model 1 includes fixed effects predictors and random intercepts; Model 2 incorporated random 
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intercepts, slopes, and correlations between intercepts and slopes; Model 3 added the layered 

survival model. 



 22 

References 

Alzheimer's Association. 2016. "2016 Alzheimer's disease facts and figures." Alzheimer's & 
Dementia 12(4):459-509. 

Baddeley, Alan. 1992. "Working memory." Science 255(5044):556. 
Becker, Gary. 1980. Human Capital. Chicago: University of Chicago Press. 
Bielak, Allison AM, Nicolas Cherbuin, David Bunce, and Kaarin J Anstey. 2014. "Preserved 

differentiation between physical activity and cognitive performance across young, 
middle, and older adulthood over 8 years." Journals of Gerontology Series B: 
Psychological Sciences and Social Sciences 69(4):523-32. 

Block, Michelle L, and Lilian Calderón-Garcidueñas. 2009. "Air pollution: mechanisms of 
neuroinflammation and CNS disease." Trends in neurosciences 32(9):506-16. 

Boone-Heinonen, Janne, Ana V Diez Roux, Catarina I Kiefe, Cora E Lewis, David K Guilkey, 
and Penny Gordon-Larsen. 2011. "Neighborhood socioeconomic status predictors of 
physical activity through young to middle adulthood: The CARDIA study." Social 
Science and Medicine 72(5):641-49. 

Bruscoli, Maddalena, and Simon Lovestone. 2004. "Is MCI really just early dementia? A 
systematic review of conversion studies." International Psychogeriatrics 16(02):129-
40. 

Ceci, S.J. 1996. On intelligence: A bioecological treatise on intellectual development: Harvard 
Univ Pr. 

Christakis, Nicholas A., and James H. Fowler. 2007. "The spread of obesity in a large social 
network over 32 years." New England Journal of Medicine 357(4):370. 

—. 2008. "The Collective Dynamics of Smoking in a Large Social Network." New England 
Journal of Medicine 358(21):2249-58. 

Clouston, Sean. 2014. "Propensity score matching and longitudinal research designs: 
Counterfactual analysis using longitudinal data." in A Life Course Approach to 
Healthy Ageing, edited by Diana Kuh, Rachel Cooper, Rebecca Hardy, Marcus 
Richards, and Yoav Ben Shlomo. London: Oxford Univeresity Press. 

Clouston, Sean AP, and Nicole Denier. 2017. "Mental retirement and health selection: 
Analyses from the US Health and Retirement Study." Social Science and Medicine 
178:78-86. 

Clouston, Sean AP, M Maria Glymour, and Graciela Muñiz Terrera. 2015. "Educational 
inequalities in aging-related declines in fluid cognition and the onset of cognitive 
pathology." Alzheimer's & Dementia: Diagnosis, Assessment & Disease Monitoring 
1(3):303-10. 

Clouston, Sean, Maria Glymour, and Graciela Muñiz-Terrera. 2015. "Educational 
inequalities in aging-related declines in fluid cognition and the onset of cognitive 
pathology." Alzheimer's & Dementia: Diagnosis, Assessment, and Disease Monitoring 
1(3):303-10. 

Clouston, Sean, Diana Kuh, Pamela Herd, Jane Elliott, Marcus Richards, and Scott M. Hofer. 
2012. "Benefits of educational attainment on adult fluid cognition: International 
evidence from three birth cohorts." International Journal of Epidemiology 
41(6):1729-36. 



 23 

Connolly, Amanda, Ella Gaehl, Helen Martin, Julie Morris, and Nitin Purandare. 2011. 
"Underdiagnosis of dementia in primary care: variations in the observed prevalence 
and comparisons to the expected prevalence." Aging Ment Health 15(8):978-84. 

Cox, David Roxbee, and David Oakes. 1984. Analysis of survival data: CRC Press. 
De Graaf, ND, PM De Graaf, and G Kraaykamp. 2000. "Parental cultural capital and 

educational attainment in the Netherlands: A refinement of the cultural capital 
perspective." Sociology of Education 73(2):92-111. 

Deary, I. J. 2012. "Looking for 'system integrity' in cognitive epidemiology." Gerontology 
58(6):545-53. 

Deary, I. J., W. Johnson, and L. M. Houlihan. 2009. "Genetic foundations of human 
intelligence." Hum Genet 126(1):215-32. 

Deary, Ian, and Wendy Johnson. 2010. "Intelligence and education: causal perceptions drive 
analytic processes and therefore conclusions." International Journal of Epidemiology 
39(5):1362-69. 

Deary, Ian, Steve Strand, Pauline Smith, and Cres Fernandes. 2007. "Intelligence and 
educational achievement." Intelligence 35(1):13-21. 

Deary, Ian, M.C. Whiteman, J.M. Starr, L.J. Whalley, and H.C. Fox. 2004. "The impact of 
childhood intelligence on later life: following up the Scottish mental surveys of 1932 
and 1947." Journal of Personality and Social Psychology 86(1):130. 

Douzenis, Athanasios, Ioannis Michopoulos, Rossetos Gournellis, Christos Christodoulou, 
Christina Kalkavoura, Panayiota G Michalopoulou, Katerina Fineti, Paulos Patapis, 
Konstantinos Protopapas, and Lefteris Lykouras. 2010. "Cognitive decline and 
dementia in elderly medical inpatients remain underestimated and underdiagnosed 
in a recently established university general hospital in Greece." Archives of 
Gerontology and Geriatrics 50(2):147-50. 

Feinstein, Leon. 2003. "Inequality in the Early Cognitive Development of British Children in 
the 1970 Cohort." Economica 70(277):73-97. 

Fisher, Gwenith G, Alicia Stachowski, Frank J Infurna, Jessica D Faul, James Grosch, and Lois 
E Tetrick. 2014. "Mental work demands, retirement, and longitudinal trajectories of 
cognitive functioning." Journal of Occupational Health Psychology 19(2):231. 

Glymour, M. Maria, I Kawachi, C S Jencks, and L F Berkman. 2008. "Does childhood 
schooling affect old age memory or mental status? Using state schooling laws as 
natural experiments." Journal of Epidemiology and Community Health 62(6):532-37. 

Glymour, M. Maria, Christophe Tzourio, and Carole Dufouil. 2012. "Is Cognitive Aging 
Predicted by One’s Own or One’s Parents’ Educational Level? Results From the 
Three-City Study." American Journal of Epidemiology 175(8):750-59. 

Goldberg, Terry E, Philip D Harvey, Keith A Wesnes, Peter J Snyder, and Lon S Schneider. 
2015. "Practice effects due to serial cognitive assessment: Implications for 
preclinical Alzheimer's disease randomized controlled trials." Alzheimer's & 
Dementia: Diagnosis, Assessment & Disease Monitoring 1(1):103-11. 

Gorelick, Philip B., Angelo Scuteri, Sandra E. Black, Charles DeCarli, Steven M. Greenberg, 
Costantino Iadecola, Lenore J. Launer, Stephane Laurent, Oscar L. Lopez, David 
Nyenhuis, Ronald C. Petersen, Julie A. Schneider, Christophe Tzourio, Donna K. 
Arnett, David A. Bennett, Helena C. Chui, Randall T. Higashida, Ruth Lindquist, Peter 
M. Nilsson, Gustavo C. Roman, Frank W. Sellke, and Sudha Seshadri. 2011. "Vascular 
Contributions to Cognitive Impairment and Dementia: A Statement for Healthcare 



 24 

Professionals From the American Heart Association/American Stroke Association." 
Stroke 42(9):2672-713. 

Gottesman, Rebecca F., Andreea M. Rawlings, A. Richey Sharrett, Marilyn Albert, Alvaro 
Alonso, Karen Bandeen-Roche, Laura H. Coker, Josef Coresh, David J. Couper, 
Michael E. Griswold, Gerardo Heiss, David S. Knopman, Mehul D. Patel, Alan D. 
Penman, Melinda C. Power, Ola A. Selnes, Andrea L. C. Schneider, Lynne E. 
Wagenknecht, B. Gwen Windham, Lisa M. Wruck, and Thomas H. Mosley. 2014. 
"Impact of Differential Attrition on the Association of Education With Cognitive 
Change Over 20 Years of Follow-up: The ARIC Neurocognitive Study." American 
Journal of Epidemiology 179(8):956-66. 

Graham, John W. 2009. "Missing Data Analysis: Making It Work in the Real World." Annual 
Review of Psychology 60(1):549-76. 

Hatch, Stephani L., Leon Feinstein, Bruce G. Link, Michael E. J. Wadsworth, and Marcus 
Richards. 2007. "The Continuing Benefits of Education: Adult Education and Midlife 
Cognitive Ability in the British 1946 Birth Cohort." The Journals of Gerontology Series 
B: Psychological Sciences and Social Sciences 62(6):S404-S14. 

Havranek, Edward P, Mahasin S Mujahid, Donald A Barr, Irene V Blair, Meryl S Cohen, 
Salvador Cruz-Flores, George Davey-Smith, Cheryl R Dennison-Himmelfarb, Michael 
S Lauer, and Debra W Lockwood. 2015. "Social Determinants of Risk and Outcomes 
for Cardiovascular Disease." Circulation 132(9):873-98. 

Huisman, Martijn, Sanna Read, Catriona A. Towriss, Dorly J. H. Deeg, and Emily Grundy. 
2013. "Socioeconomic Inequalities in Mortality Rates in Old Age in the World Health 
Organization Europe Region." Epidemiologic Reviews 35(1):84-97. 

Ichise, Masanori, Yian Gu, Qolamreza Razlighi, Sarah Janicki, Laura Zahodne, Adam 
Brickman, Nicole Schupf, Devangere Devanand, Richard Mayeux, and Yaakov Stern. 
2014. "The presence of brain amyloid is preceded by accelerated cognitive decline in 
non-demented older adults: Results from a multi-ethnic population." Journal of 
Nuclear Medicine 55(supplement 1):189-89. 

Insel, Philip S, Niklas Mattsson, R Scott Mackin, Michael Schöll, Rachel L Nosheny, Duygu 
Tosun, Michael C Donohue, Paul S Aisen, William J Jagust, and Michael W Weiner. 
2016. "Accelerating rates of cognitive decline and imaging markers associated with 
β-amyloid pathology." Neurology 86(20):1887-96. 

Jack, Clifford R., David S Knopman, William J Jagust, Leslie M Shaw, Paul S Aisen, Michael W 
Weiner, Ronald C Petersen, and John Q Trojanowski. 2010. "Hypothetical model of 
dynamic biomarkers of the Alzheimer's pathological cascade." The Lancet Neurology 
9(1):119-28. 

Jackson, Christopher H, Linda D Sharples, Simon G Thompson, Stephen W Duffy, and 
Elisabeth Couto. 2003. "Multistate Markov models for disease progression with 
classification error." Journal of the Royal Statistical Society: Series D (The Statistician) 
52(2):193-209. 

Keeley, B. 2007. Human Capital: How what you know shapes your life: OECD Publishing. 
Knopman, D. S., S. B. Haeberlein, M. C. Carrillo, J. A. Hendrix, G. Kerchner, R. Margolin, P. 

Maruff, D. S. Miller, G. Tong, M. B. Tome, M. E. Murray, P. T. Nelson, M. Sano, N. 
Mattsson, D. L. Sultzer, T. J. Montine, C. R. Jack, Jr., H. Kolb, R. C. Petersen, P. Vemuri, 
M. Z. Canniere, J. A. Schneider, S. M. Resnick, G. Romano, A. C. van Harten, D. A. Wolk, 
L. J. Bain, and E. Siemers. 2018. "The National Institute on Aging and the Alzheimer's 



 25 

Association Research Framework for Alzheimer's disease: Perspectives from the 
Research Roundtable." Alzheimers Dement 14(4):563-75. 

Lee, H.F., R.L. Gorsuch, D.H. Saklofske, and C.A. Patterson. 2008. "Cognitive Differences for 
Ages 16 to 89 Years (Canadian WAIS-III): Curvilinear With Flynn and Processing 
Speed Corrections." Journal of Psychoeducational Assessment 26(4):382. 

Levine, Deborah A, Andrzej T Galecki, Kenneth M Langa, Frederick W Unverzagt, 
Mohammed U Kabeto, Bruno Giordani, and Virginia G Wadley. 2015. "Trajectory of 
cognitive decline after incident stroke." JAMA 314(1):41-51. 

Link, Bruce G., and Jo C. Phelan. 1995. "Social conditions as fundamental causes of disease." 
Journal of Health and Social Behavior 35(Extra Issue):80-94. 

Link, Bruce G., Jo C. Phelan, Richard Miech, and Emily Leckman Westin. 2008. "The 
Resources That Matter: Fundamental Social Causes of Health Disparities and the 
Challenge of Intelligence." Journal of Health and Social Behavior 49:72-91. 

Liu, G. H. F., K. F. Lu, R. Mogg, M. Mallick, and D. V. Mehrotra. 2009. "Should baseline be a 
covariate or dependent variable in analyses of change from baseline in clinical 
trials?" Statistics in Medicine 28(20):2509-30. 

Mackenbach, Johan P, Martijn Huisman, Otto Andersen, Matthias Bopp, Jens-Kristian 
Borgan, Carme Borrell, Giuseppe Costa, Patrick Deboosere, Angela Donkin, and 
Sylvie Gadeyne. 2004. "Inequalities in lung cancer mortality by the educational level 
in 10 European populations." European Journal of Cancer 40(1):126-35. 

Mackenbach, Johan P, Ivana Kulhánová, Gwenn Menvielle, Matthias Bopp, Carme Borrell, 
Giuseppe Costa, Patrick Deboosere, Santiago Esnaola, Ramune Kalediene, and 
Katalin Kovacs. 2015. "Trends in inequalities in premature mortality: a study of 3.2 
million deaths in 13 European countries." Journal of Epidemiology and Community 
Health 69(3):207-17. 

Manly, Jennifer J, Diane M Jacobs, Pegah Touradji, Scott A Small, and Yaakov Stern. 2002. 
"Reading level attenuates differences in neuropsychological test performance 
between African American and White elders." Journal of the International 
Neuropsychological Society 8(03):341-48. 

Marmot, Michael. 2004. The Status Syndrome: How Social Standing affects our Health and 
Longevity. New York: Times Books. 

Masters, Ryan K., Robert A. Hummer, and Daniel A. Powers. 2012. "Educational Differences 
in U.S. Adult Mortality." American Sociological Review 77(4):548-72. 

McKhann, G. M., D. S. Knopman, H. Chertkow, B. T. Hyman, C. R. Jack, C. H. Kawas, W. E. 
Klunk, W. J. Koroshetz, J. J. Manly, R. Mayeux, R. C. Mohs, J. C. Morris, M. N. Rossor, P. 
Scheltens, M. C. Carrillo, B. Thies, S. Weintraub, and C. H. Phelps. 2011. "The 
diagnosis of dementia due to Alzheimer's disease: Recommendations from the 
National Institute on Aging-Alzheimer's Association workgroups on diagnostic 
guidelines for Alzheimer's disease." Alzheimers & Dementia 7(3):263-69. 

Mirowsky, J., and C. E. Ross. 2003. Education, Social Status, and Health: Aldine. 
Muñiz-Terrera, Graciela, Thais Minett, Carol Brayne, and Fiona E. Matthews. 2014. 

"Education associated with a delayed onset of terminal decline." Age and Ageing 
43(1):26-31. 

Murray, Emily T., and Mai Stafford. 2014. "Lifetime lifestyles III: where we live, the life 
course and ageing." Pp. 246-60 in A Life Course Approach to Healthy Ageing, edited 



 26 

by Diana Kuh, Rachel Cooper, Rebecca Hardy, Marcus Richards, and Yoav Ben 
Shlomo. London: Oxford University Press. 

Ofstedal, Mary Beth, Gwenith G. Fisher, and A. Regula Herzog. 2005. "Documentation of 
cognitive functioning measures in the Health and Retirement Study." in HRS Health 
Working Group. Ann Arbor, MI: University of Michigan. 

Okura, Yuji, Lynn H Urban, Douglas W Mahoney, Steven J Jacobsen, and Richard J 
Rodeheffer. 2004. "Agreement between self-report questionnaires and medical 
record data was substantial for diabetes, hypertension, myocardial infarction and 
stroke but not for heart failure." Journal of Clinical Epidemiology 57(10):1096-103. 

Pawitan, Yudi. 2001. In all likelihood: statistical modelling and inference using likelihood: 
Oxford University Press. 

Phelan, Jo C., and Bruce G. Link. 2005. "Controlling disease and creating disparities: a 
fundamental cause perspective." The Journals of Gerontology: Series B 60(Special 
Issue 2):S27-S33. 

Phelan, Jo C., Bruce G. Link, Ana V Diez-Roux, Ichiro Kawachi, and Bruce Levin. 2004. 
""Fundamental Causes" of Social Inequalities in Mortality: A Test of the Theory." 
Journal of Health and Social Behavior 45(3):265-85. 

Phelan, Jo C., Bruce G. Link, and Parisa Tehranifar. 2010. "Social Conditions as Fundamental 
Causes of Health Inequalities: Theory, Evidence, and Policy Implications." Journal of 
Health and Social Behavior 51(1 suppl):S28-S40. 

Prince, Martin, Renata Bryce, and Cleusa Ferri. 2011. World Alzheimer Report 2011: The 
benefits of early diagnosis and intervention: Alzheimer's Disease International. 

Rabe-Hesketh, Sophia, and Anders Skrondal. 2008. Multilevel and longitudinal modeling 
using Stata: STATA press. 

Richards, Marcus, and Ian J Deary. 2014. "A life course approach to cognitive capability." 
Pp. 32-45 in A Life Course Approach to Healthy Ageing, edited by D Kuh, R. Cooper, R 
Hardy, M Richards, and Yoav Ben-Shlomo. Oxford: Oxford University Press. 

Richards, Marcus, and Amanda Sacker. 2011. "Is education causal? Yes." International 
Journal of Epidemiology 40(2):516-18. 

Rubin, Donald B. 1976. "Inference and missing data." Biometrika 63(3):581-92. 
Salthouse, Timothy A. 2004. "What and when of cognitive aging." Current Directions in 

Psychological Science 13(4):140-44. 
Salthouse, Timothy A. 2009. "When does age-related cognitive decline begin?" Neurobiology 

of Aging 30(4):507-14. 
—. 2016. "Contributions of the Individual Differences Approach to Cognitive Aging." The 

Journals of Gerontology Series B: Psychological Sciences and Social Sciences:gbw069. 
Singh-Manoux, Archana, Mika Kivimaki, M Maria Glymour, Alexis Elbaz, Claudine Berr, 

Klaus P Ebmeier, Jane E Ferrie, and Aline Dugravot. 2012. "Timing of onset of 
cognitive decline: results from Whitehall II prospective cohort study." BMJ: British 
Medical Journal 344. 

Sonnega, Amanda, Jessica D Faul, Mary Beth Ofstedal, Kenneth M Langa, John WR Phillips, 
and David R Weir. 2014. "Cohort profile: the health and retirement study (HRS)." 
International Journal of Epidemiology 43(2):576-85. 

Stern, Yaakov. 2002. "What is cognitive reserve? Theory and research application of the 
reserve concept." Journal of the International Neuropsychological Society 8:448-60. 

—. 2009. "Cognitive reserve." Neuropsychologia 47(10):2015-28. 



 27 

—. 2012. "Cognitive reserve in ageing and Alzheimer's disease." The Lancet Neurology 
11(11):1006-12. 

Tucker-Drob, Elliot M., Mijke Rhemtulla, K. Paige Harden, Eric Turkheimer, and David Fask. 
2011. "Emergence of a Gene x Socioeconomic Status Interaction on Infant Mental 
Ability Between 10 Months and 2 Years." Psychological Science 22(1):125-33. 

Weaver, Robert R, Manon Lemonde, Naghmeh Payman, and William M Goodman. 2014. 
"Health capabilities and diabetes self-management: The impact of economic, social, 
and cultural resources." Social Science and Medicine 102:58-68. 

Willems, Sara, Stéphanie De Maesschalck, Myriam Deveugele, Anselme Derese, and Jan De 
Maeseneer. 2005. "Socio-economic status of the patient and doctor–patient 
communication: does it make a difference?" Patient Education and Counseling 
56(2):139-46. 

Zahodne, Laura B, Yaakov Stern, and Jennifer J Manly. 2015. "Differing effects of education 
on cognitive decline in diverse elders with low versus high educational attainment." 
Neuropsychology 29(4):649. 

 


