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Abstract

This study examined competing substantive hypotheses about dynamic (i.e., time-ordered) links
between memory and functional limitations in old age. We applied the Bivariate Dual Change
Score Model to 13-year longitudinal data from the Asset and Health Dynamics Among the Oldest
Old Study (AHEAD; N =6,990; ages 70 — 95). Results revealed that better memory predicted
shallower increases in functional limitations. Little evidence was found for the opposite direction
that functional limitations predict ensuing changes in memory. Spline models indicated that
dynamic associations between memory and functional limitations were substantively similar
between participants aged 70-79 and those aged 80-95. Potential covariates (gender, education,
health conditions, and depressive symptoms) did not account for these differential lead—lag
associations. Applying a multivariate approach, our results suggest that late-life developments in
two key components of successful aging are intrinsically interrelated. Our discussion focuses on
possible mechanisms why cognitive functioning may serve as a source of age-related changes in
health both among the young-old and the old-old.
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Lifespan psychological research has long been interested in examining intraindividual
changes within and structural relations between domains of functioning (Baltes &
Nesselroade, 1979; Brandtstadter & Lerner, 1999; Magnusson & Cairns, 1996). Following
this tenet, the current study explores dynamic (i.e., time-ordered) links between age-related
changes in two key domains of functioning in old age, namely cognition and health. Several
conceptual accounts outline the importance of across-domain associations between cognition
and health for development in old age (Backman, Small, & Wahlin, 2001; Hertzog, Kramer,
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Wilson, & Lindenberger, 2009; Rowe & Kahn, 1987; Schaie, 2005; Willis et al., 2006).
However, it is an open question whether level and change in cognitive functioning precedes
and predicts subsequent changes in the health domain (Gottfredson, 2004; Stuck et al., 1999)
or whether vice versa health represents a risk factor for or a protective factor against
cognitive decline (Anstey & Christensen, 2000). Our study examines unidirectional,
bidirectional, and third-variable accounts of across-domain associations between cognition
and health in old age. To do so, we apply the Bivariate Dual Change Score Model (BDCSM,;
McArdle & Hamagami, 2001) to longitudinal age-based data from the Asset and Health
Dynamics Among the Oldest Old Study (AHEAD) and examine dynamic links between
memory and functional limitations in old age. Furthermore, we explore whether such time-
ordered associations differ between the young-old and old-old and are independent of
possible confounds, including gender, education, health conditions, and depressive
symptoms.

Dynamics of Cognition and Health in Old Age

Cogpnitive abilities and health constitute integral components of the functional systems in old
and very old age. We view cognitive functioning as a general-purpose mechanism for
adaptation and a resource to draw upon in the face of obstacles (Baltes, Lindenberger, &
Staudinger, 2006). Health comprises physical functioning and the incidence of diseases that
may undermine one’s ability to complete activities of daily living (Steinhagen-Thiessen &
Borchelt, 1999; Verbrugge & Jette, 1994). Our objective in this study is to investigate the
time-ordered dynamics between indicators of these two key components. Earlier empirical
reports provide initial evidence that these domains may indeed shape one another
reciprocally. For example, several epidemiological studies have shown that cognitive
impairment, as measured by global indicators of cognition (e.g., MMSE), is associated with
an increased risk for reporting functional limitations in everyday activities (Liang et al.,
2003; Moritz, Kasl, & Berkman, 1995; Seeman et al., 1994). Reports from the Framingham
Heart Study and Whitehall Il Study suggest that individuals with cognitive impairment were
more likely to experience disability and accrue functional limitations over time (Elovainio et
al., 2009; Kelly-Hayes, Jette, Wolf, D’Agostino, & Odell, 1992). Similar findings have also
been reported from a more psychological perspective, focusing on specific cognitive facets
such as memory and processing speed. For example, previous work using the AHEAD study
suggests that participants with poorer performance on tests of episodic memory, working
memory, and mental processing had a greater risk of functional decline over a period of two
years (Mehta, Yaffe, & Covinsky, 2002). Similarly, Wahl and colleagues (2010) found that
slower processing speed was a risk factor for declines in functional ability.

Previous research shows that health is a leading indicator of changes in cognition,
particularly when the focus is on health conditions. For example, individuals suffering from
cardiovascular disease, diabetes, hypertension, or stroke have all been reported to show
lower performance and experience steeper declines in both global and specific facets of
cognitive functioning (Anstey & Christensen, 2000; Backman, Jones, Small, Aguero-Torres,
& Fratiglioni, 2003; Hertzog, Schaie, & Gribbin, 1978; Verhaeghen, Borchelt, & Smith,
2003). In the present study, we instead focus on functional limitations, for which similar
associations with cognitive abilities have been reported. Specifically, fewer difficulties with
activities of daily living were associated with better performance on multiple measures of
fluid intelligence (e.g., the Digit Symbol Substitution test: Christensen et al., 1994).
Participants with more daily physical activities performed better on various cognitive tests
such as semantic memory, episodic memory, or working memory (Buchman, Wilson, &
Bennett, 2008). Similarly, participants who reported more frequent physical and strenuous
activities around the house showed shallower cognitive declines and reduced odds ratios for
developing dementia over time (Albert et al., 1995; Andel et al., 2008).
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Cognition and health are also involved in bidirectional, possibly reciprocal associations. For
example, the cognition and health domains can be conceptualized as inter-related constituent
areas of successful aging that both show substantial age-related changes and are intrinsically
linked with one another (Rowe & Kahn, 1987; Ryff & Singer, 1998; Small, Dixon, &
McArdle, in press; Zarit et al., 1995). Empirically, initial evidence suggests that global
cognitive impairments may serve as a risk for substantial functional declines, and at the
same time disability may increase the risks for subsequent cognitive declines (Black &
Rush, 2002).

Finally, an underlying third-variable or common cause may contribute to cognition-health
associations in old age. Potential candidate factors that are known to relate to either of the
two domains include gender, education, health conditions, and depressive symptoms. To
begin with, gender-linked inequalities in both cognitive abilities and health have long been
acknowledged in the lifespan and gerontological literature (see Moen, 1996; Smith & Baltes,
1998). It is well documented, for example, that women typically experience more functional
limitations than do men (Crimmins, 2001). Similarly, more years of education are often
associated with resources and strategies that individuals can utilize to buffer normative age-
related declines in cognition and health (Adler et al., 1994; Rénnlund, Nyberg, B4&ckman, &
Nilsson, 2005). Furthermore, health conditions may undermine both one’s cognitive
functioning and the ability to successfully perform tasks of everyday living (Wahlin,
MacDonald, deFrias, Nilsson, & Dixon, 2006). Finally, research suggests that compromised
well-being may be a risk factor for lower levels or steeper declines of cognitive abilities and
health (Gerstorf, Lovdén, Rdcke, Smith, & Lindenberger, 2007; Kiecolt-Glaser, McGuire,
Robles, & Glaser, 2002). Taken together, cognition and health have several common
correlates that need to be taken into account when examining how facets of cognition and
health are interrelated in old age.

of Cognition and Health Among the Young-Old vs. Old-Old

Conceptual and empirical work alike suggest that dynamic links between indicators of
cognition and health may differ between the young-old and old-old (Baltes & Smith, 2003;
Suzman, Manton, & Willis, 1992). Specifically, it has been argued that the young-old are
often characterized by relative cognitive and physical fitness, social embeddedness, and
comparatively few severe illnesses (Smith & Baltes, 1997). It also appears as if the young-
old typically have the adaptive capacities and resources necessary to adjust to losses
occurring in circumscribed domains (Jopp & Smith, 2006). In contrast, old-old individuals
are frequently confronted with more severe and distinctive challenges, including broad-
based dysfunctions and losses in many key domains such as cognitive, physical, and social
functions (Gerstorf, Smith, & Baltes, 2006; Jopp & Rott, 2006).

Following this general line of reasoning, we argue that differences between the young-old
and old-old may also have bearings on the nature of cognition—health dynamics. We expect
that associations between cognition and health are stronger in the old-old, because of
increases in the frequency and severity of decline in either domain as well as diminished
resources and adaptive capacities to adjust to those challenges (Baltes & Smith, 2003). In a
similar vein, notable age-related changes in physiological functioning (e.g., immune system;
Kiecolt-Glaser & Glaser, 2001) may make individuals more vulnerable to diseases and
health risks, thereby increasing interdependencies amongst domains to sustain overall
functioning. Also, we note that determining cut-offs for age groups is an arbitrary endeavor.
Due to continuous demographic shifts in average life expectancies, it is often difficult to
maintain a steady criterion for distinguishing the young-old from the old-old. In our
analyses, we follow conceptual work that defines the shift from young-old to old-old to be
around age 80, which approximates current life expectancies in developed countries (see
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Baltes & Smith, 2003; Vaupel et al., 1998). Methodologically, this approach allowed the
added benefit of having relatively similar frequencies of observations in the two age groups
to ensure enough statistical power in our age-differential analyses.

The Present Study

Method

In our study, we examine dynamic links between specific facets of cognition and health in
old age, operationally defined by memory and functional limitations. We selected these two
domains to represent major components of individuals’ daily functioning in old age.
Specifically, remembering events, places, people, and procedures is a cornerstone of being
able to plan, execute, and complete important tasks of everyday life. Similarly, functional
limitations involve basic tasks of daily functioning relevant for maintaining independent
living. These refer to limitations in performing instrumental everyday activities such as
cooking, taking medications, using the phone, managing money, and walking flights of
stairs. Examining whether dynamic links exist between these important domains of everyday
functioning thus carries the potential to inform cognitive and health interventions.

To determine the existence, direction, and nature of time-ordered associations between
memory and functional limitations, we utilize the BDCSM (McArdle & Hamagami, 2001).
The BDCSM is a statistical method of analysis that has successfully been applied to test
competing substantive hypotheses regarding dynamic associations both within and between
domains of functioning (Ferrer & McArdle, 2004; Finkel, Reynolds, McArdle, & Pedersen,
2007; Gerstorf et al., 2007; Gerstorf, Hoppmann, Anstey, & Luszcz, 2009; Ghisletta &
Lindenberger, 2003; Ghisletta, Bickel, & Lovdén, 2006; Lévdén et al., 2005; McArdle et al.,
2004; Small, Dixon, McArdle, & Grimm, 2008). Limitations in statistical power and
substantial sample attrition over time often required these studies to model dynamic
associations over a time-in-study metric (for notable exceptions, see Ferrer & McArdle,
2004; Ghisletta & Lindenberger, 2003; Grimm, An, McArdle, Zonderman, & Resnick, 2011,
McArdle et al., 2004). Using data from the large-scale long-term longitudinal AHEAD
study, in contrast, allowed us to apply the BDCSM over chronological age and directly
model the age-based structural dynamics between memory and functional limitations we are
interested in.

Taken together, conceptual and empirical work both suggest that across-domain associations
exist between facets of cognition and health. Our objective is to expand upon those insights
by targeting questions about their developmental ordering in old age and possible underlying
variables. First, we apply the BDCSM to longitudinal age-based data from the AHEAD
study and examine dynamic links between memory and functional limitations in old age.
Second, we explore whether dynamic links differ between the young-old and old-old. Third,
we examine the role of between-person differences in gender, education, health conditions,
and depressive symptoms for associations between memory and functional limitations in old
age.

In the present study, we applied the BDCSM to seven waves (covering 13 years) of
longitudinal data from the national AHEAD study. Descriptions of the larger AHEAD study,
its design, participants, variables, and assessment procedures are published elsewhere
(McArdle, Fisher, & Kadlec, 2007; Soldo, Hurd, Rodgers, & Wallace, 1997). Select details
relevant to our report are given below.
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Participants and Procedure

Measures

The AHEAD study is a nationally representative probability sample of households in the
contiguous United States of non-institutionalized adults aged 70 years and older (7= 8,222).
The measures assessed cover a wide range of economic, sociological, psychological, and
physical health information. If more than one member of a sample household was born
pre-1924, one of them was randomly selected; if that individual was married or living with a
partner, the spouse or partner was also selected regardless of the age of that person.
Participants in the AHEAD study were visited biennially, and beginning in 1998 data
collection was conducted at the same time as the Health and Retirement Study.

In our report, we utilized data from seven waves (1993, 1995, 1998, 2000, 2002, 2004, and
2006) and selected those participants who (1) provided valid data on both memory and
functional limitations in 1993, and (2) provided valid data on our covariates for one
measurement occasion or more (/7= 6,990). Relative to those participants not included
because of missing data, our subsample was younger in 1993 (M= 76.17, SD=6.44 vs. M=
79.55, SD=17.69; F[1, 7,984] = 227.54, p< .01), received more years of education (M=
11.04, SD=3.62 vs. M=9.07, SD=4.08; F[1, 7,984] = 251.12, p< .01), and included
more women (65% vs. 53%; XZ [1,7,984] = 52.69, p< .01).

Data were collected via face-to-face and telephone interviewing. Interviews for participants
aged 70 — 79 were primarily conducted via telephone, whereas those aged 80 and older were
generally interviewed in person. Comparing telephone and face-to-face interview
approaches have found very few systematic differences between modes of assessment
(Herzog & Rodgers, 1988).

Episodic memory was measured using a unit-weight composite of performances on the
immediate and delayed free-recall tests. The immediate recall test was typically given during
the first interview quarter and asked participants to recall as many nouns as possible from a
list of 10 nouns selected from four lists. For the delayed recall test, interviewers asked
participants after a period of about 5 minutes again to recall as many nouns as possible out
of the original word list. We used the number of words correctly remembered from both
tests, ranging from 0 to 20, with higher scores representing more words remembered or
better memory. On average, participants contributed 4.09 (SD = 2.22) episodic memory
observations, with 17=5,849 or 74% providing two or more repeated measures. Details of
the cognitive measures in the AHEAD study and their measurement properties are published
in Ofstedal, Fisher, and Herzog (2005).

Functional limitations were measured with a composite sum across items that asked
participants if they have any difficulty carrying out each of 10 instrumental activities of
daily living (coded as 1) or not (coded as 0). Activities included using the phone, managing
money, taking medications, shopping groceries, preparing hot meals, walking several
blocks, climbing one flight of stairs, lifting or carrying 10 Ib (4.53 kg) of weight, picking up
a dime, and pushing or pulling large objects. Higher scores indicate poorer levels of physical
functioning or a greater number of functional limitations. On average, participants
contributed 4.53 (SD = 2.16) functional limitations observations, with 7= 6,242 or 89%
providing two or more repeated measures. Details of the functional limitations measures in
the AHEAD study and their measurement properties are published in Rodgers and Miller
(1997).

Covariates—To control for potential confounds, we included gender, education, health
conditions, and depressive symptoms as covariates into our models. 65% of our sample or
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4,531 participants were women. Educationwas measured as the number of years in school
(M=11.04, SD = 3.62). Health conditions were assessed with a sum index of the number
self-reported physician-diagnosed medical conditions, including high blood pressure,
diabetes, cancer, lung disease, heart condition, stroke, psychiatric problems, and arthritis. To
use participants’ poorest level of health (i.e., highest number of health conditions) recorded
throughout the course of the study, we computed a composite sum index for each of the
seven waves and included in our analyses the highest total for each participant (M= 3.15,
SD=1.59). Depressive symptoms were assessed with eight items selected from the CES-D
scale (Radloff, 1977). Items asked participants whether they had experienced the following
symptoms “much of the time during the past week” (coded as 1) or not (coded as 0): feeling
depressed, everything was an effort, restless sleep, was (not) happy, felt lonely, (did not)
enjoy life, felt sad, and could not get going. Positively valenced items were reverse coded
and higher scores indicated more depressive symptoms. Again, to use participants’ highest
number of depressive symptoms recorded throughout the course of the study, we computed
a composite sum index at each wave and included the respondent’s highest total into our
analyses (M =2.94, SD = 2.25).

Data preparation—To facilitate interpretation and to ensure a common metric across
measures, scores for memory and functional limitations were standardized to the 7 metric
(M =50, SD = 10) using the TL AHEAD sample as a reference group (7= 6,990). To model
associations between memory and functional limitations over chronological age (ages 70 —
95), we created age-based memory and functional limitations variables based on the age of
the participants at each of the seven waves. This procedure allowed us to model across-
domain associations between memory and functional limitations over a span of 25 years,
equivalent to 26 possible ages. Table 1 shows the means, standard deviations, and number of
observations for memory and functional limitations by age of assessment. It can be seen that
most observations are available from ages 70 to 90. We note that although the starting T1
sample included a few participants younger than age 70, we only included observations
beginning at age 70. This procedure ensured more observations at the beginning of the time
series, thereby facilitating model convergence and trustworthiness of the parameter
estimates. Descriptively, Table 1 shows that with advancing age, memory declines and
functional limitations increase.

Statistical Analyses

To examine our research questions, we use the BDCSM that combines aspects of the latent
growth curve model (Meredith & Tisak, 1990) and the cross-lagged regression approach
(Rogosa, 1980) to examine whether time-ordered associations exist between the variables of
interest. The model is presented in Figure 1 (for extensive discussions, see Ferrer &
McArdle, 2004, 2010; McArdle & Hamagami, 2001). The diagram shows manifest variables
as squares, unobserved (latent) variables as circles, fixed model parameters as one-headed
arrows, and random parameters as two-headed arrows; the triangle is used to allow the
inclusion of means and intercepts. Unlabeled paths are fixed to 1. The X[70], X[71] and
X[94], X[95] and Y[70], Y[71] and Y[94] and Y[95] represent the various measurements of
Xand Yover chronological age, respectively. The Ax[71] thru Ax[95] and Ay[71] thru
Ay[95] represent the reliable change score of X'and Yat each age between 70 and 95 years,
respectively. The intercept (xp, Jp) and slope factors (xs, J5) are supposed to account for the
time series of both variables X'and Y. Intercepts denote scores for memory and functional
limitations at age 70, and the slope factors relate to the change scores Ax[age] and Ay[age]
with a constant loading of 1, thus denoting linear one-year age-related changes in the present
setup. Intercepts and slopes are estimated at the population level (ixo, Kxs; Hyo, Hys); they are

allowed to vary (oxo, oxs; oyo, Oys) and covary (pxoxs, Pyoys Px0yS: PxSyS: Px0ySs Py0xs)-
The separately estimated error terms (éy, €,) are assumed to be normally distributed with a
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mean of zero and allowed to covary between memory and functional limitations within each
chronological age, but not across age (pex,ey)- For our analyses, we estimate separate error
terms for the young-old (aged 70 — 79) and old-old (aged 80 — 95)1.

Of particular interest are the latent change scores, Ax[age] and Ay[age], which represent the
reliable change between adjacent ages. These change scores are affected by three sets of
influence: (i) the linear component of change within a given variable; (ii) the auto-
proportion parameter B indicating the effect that level of functioning on variable Y'at [age]
has on subsequent change at [age + 1] of this same variable Y; and (iii) the inter-variable,
cross-lagged coupling y representing the effect of the other variable Xat [age] on
subsequent change in the focus variable Yat [age + 1]. Both p’s and y’s are assumed age-
invariant, except in our spline model that explored age differences in these parameters. With
B and -y parameters set to zero, the BDCSM is equivalent to a (bivariate) linear latent growth
curve model. The major focus of this study is on the inter-variable, coupling parameters -y
that allows for direct empirical testing of competing substantive hypotheses regarding
dynamic links between memory and functional limitations in old age.

Models for examining differences between the young-old vs. old-old—To
examine whether associations of memory and functional limitations differ between the
young-old and old-old, we followed procedures applied in research on developmental
dynamics in childhood and adolescence (Ferrer & McArdle, 2004; Ferrer et al., 2007) and
modeled a BDCSM with “splines”. This model permitted modeling age trajectories
continuously over chronological age, but allowed the auto-proportion § and coupling y
parameters to be estimated differently across specified age periods: Young-old (aged 70 —
79) and old-old (aged 80 — 95). This model will yield, as before, one intercept and one slope
for each variable, but different dynamic parameters across the two age segments. Analyses
were conducted using MPlus (Muthén & Muthén, 1998-2007). We applied full information
maximum likelihood estimation to all data points available, which allowed treating
incomplete data as missing at random (Little & Rubin, 1987) and adjusting for unbalanced
data structures (Singer, 1998).

Our results are organized in three sections. First, we report results from nested model
comparisons examining competing hypotheses about time-ordered links between memory
and functional limitations. Second, we explored whether these developmental dynamics
differed between the young-old and old-old. Third, we included possible confounds (gender,
education, health conditions, and depressive symptoms) as covariates into our models to
determine whether the observed dynamics were independent of between-person differences
in these constructs.

Dynamics of Cognition and Health in Old Age

Results of a series of nested model comparisons are shown in Table 2. It can be seen that a
Full Coupling model, which allowed both the ymemory — Functional limitations @nd

Y Functional limitations — Memory COUPling parameters to be freely estimated, provided a
reasonably good fit to our data (e.g., CFI larger than .900 and RMSEA below .050). This
model was the most complex model tested and served as reference by which to judge all
other models that estimated fewer parameters. We first estimated two models that

1\We ran a series of nested models to estimate the best fitting error structure for our analyses. Results indicate that estimating the
variance and residual errors for memory and functional limitations separately for the young-old (aged 70 — 79) and old-old (aged 80 —
95) revealed a significantly better description of the structure of our data than a model that set these to be invariant across ages 70 to
95, A %2 = 558.50 df=3, p< .0L.
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constrained the two coupling parameters to be of the same size (Equal Coupling) or to be
zero (No Coupling). Both models resulted in significant losses in model fit (e.g., Mo
Coupling model: A;(Z: 880.24, df=1, p<.01), suggesting that we can reject the
hypotheses that lead-lag associations between memory and functional limitations were of
equal size or would not exist. We then proceeded to estimate unidirectional models that
fixed either of the two coupling parameters to zero. Specifically, not allowing for memory to
predict changes in functional limitations (Coupling yMemory — FL = 0), resulted in a
significant loss in model fit (A XZ =879.82 df=1, p<.01), suggesting that we cannot reject
the unidirectional account that memory precedes subsequent changes in functional
limitations. Similarly, not allowing for functional limitations to predict changes in memory
(Coupling yFL — memory = 0), resulted in a significant loss in model fit (A X2 =212.87,
df=1, p<.01), suggesting that functional limitations may also predict changes in memory.
Taken together, results from our nested model comparisons revealed that the Full Coupling
model is the most parsimonious model that provided the best description to the AHEAD
data. It thus appears as if memory and functional limitations are bi-directionally linked in
old age.

To provide the background for understanding how the cross-lagged dynamics parameters are
embedded in other components of change, we first plotted the model-implied means from
the Full Coupling model (parameter estimates are reported in Table 3). Model-implied
means are a conjoint product of the various components of change modeled by the BDCSM
(i.e., linear change, auto-proportion parameter, and coupling parameter) and were produced
by the formulas, x[age] = 1 * X + (1 + By) * x[age — 1]+ yyx * y[age — 1] and )fage] =1 *
Ys+ (1 +By) * y[age - 1] + yxy * x[age - 1]. Corroborating the general pattern seen in
Table 1, Figure 2 shows that model-implied means for memory decline with advancing age,
whereas functional limitations increase.

To illustrate the magnitude and direction of the observed dynamics between memory and
functional limitations, we followed earlier applications of dynamic models (see Boker &
McArdle, 1995; Ferrer & McArdle, 2004; McArdle et al., 2004) and used a vector field that
visualizes the dynamic relationship between memory and functional limitations. In Figure 3,
the vector field represents the expected yearly changes in the two variables as a function of
current states. For a given pair of memory and functional limitations scores, the arrow
indicates the size and direction in which these variables are expected to change at the next
occasion (i.e., next age). The figure illustrates that memory predicts changes in functional
limitation ("ymemory — Functional limitations = — 0.46, SE=0.02, p < .01), whereas the effect in
the opposite direction is only marginal ('yrunctional limitations — Memory = 0.09, SE=0.01, p
<.01): The direction and size of arrows (i.e., predictive effects) differ within each row (i.e.,
exerted by memaory), but not within each column (i.e., exerted by limitations). For example,
the plot shows that functional limitations tend to decline at higher memory scores, whereas
functional limitations tend to increase at lower memory scores. The ellipsoid encompasses
the location of 95% of the data.

Dynamics of Cognition and Health among the Young-Old vs. Old-Old

Our second research question was whether the dynamic links between memory and
functional limitations presented above differed between the young-old and old-old. To
examine this question, we estimated a Full Coupling model that allowed the auto-proportion
B and coupling -y parameters to be different across the young-old (aged 70 — 79) and old-old
(aged 80 — 95; see Ferrer & McArdle, 2004; Ferrer et al., 2007).

Table 4 shows the parameter estimates from such a spline model. We first note that the
spline model provides a better fit to the data than the previously examined models with
constant coupling parameters over chronological age (A X2 =262.93, df=4, p< .01).

Psychol Aging. Author manuscript; available in PMC 2013 February 18.
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Importantly, the two coupling parameters estimated separately for the young-old and old-old
were reliably different from zero and showed only slight nominal differences between the
two age groups. For example, the ymemory — Functional limitations COUPling parameter is
slightly larger for the old-old compared to the young-old (-0.68, SE=0.04, p< .01 vs.
—0.66, SE=0.03, p<.01). In contrast, the yFunctional limitations — Memory COUpling parameter
is slightly larger in the young-old compared to the old-old (0.12, S£=0.01, p< .01 vs. 0.11,
SE=0.01, p<.01). Our results from the spline model suggest that dynamic links between
memory and functional limitations are substantively similar in size for both the young-old
and old-old.

The Role of Covariates

We finally included gender, education, health conditions, and depressive symptoms as
covariates into our models to residualize the coupling parameters (and all other model
parameters) for individual differences in each of these possible confounds.

Most important for the question under study, including the covariates did not alter the
dynamic associations reported above. As the bottom portion of Table 2 indicates, the Fu//
Coupling model again provided the most parsimonious fit to the data, suggesting that
dynamic links exist between memory and functional limitations in both directions. As
before, both the ymemory — Functional limitations (=0.48, SE=0.03, p<.01) and

Y Functional limitations — Memory (0-09, SE=0.01, p < .01) coupling parameters were reliably
different from zero, suggesting that the observed dynamics cannot be reduced to between-
person differences in the covariates examined.

Discussion

Our objective in this study was to examine the direction, nature, and correlates of time-
ordered links between age-related changes in memory and functional limitations in old age.
Applying a BDCSM to seven occasions of longitudinal age-based data from the AHEAD
study, our analyses first revealed that better memory predicted shallower age-related
increases in functional limitations. Little evidence was found that functional limitations were
predictive of ensuing changes in memory. Second, applying spline-model extensions of the
BDCSM indicated that dynamic links between memory and functional limitations were
substantively similar between the young-old and old-old. Third, potential confounds and
third-variable factors included in our models (gender, education, health conditions, and
depressive symptoms) did not account for the differential lead—lag associations observed.
These results suggest that late-life developments in two key components of successful aging
are intrinsically interrelated. We discuss possible mechanisms why cognitive functioning
may serve as a source for aging-related changes in health both among the young-old and the
old-old and consider further steps to substantiate our findings.

Dynamics of Cognition and Health in Old Age

Addressing our first research question, we found that memory precedes and predicts
subsequent changes in functional limitations, whereas little evidence emerged for the
reversed direction. Our results corroborate and extend previous work from epidemiologic
and psychological perspectives reporting that individuals performing better on tests of global
cognitive functioning and specific abilities such as memory and processing speed were more
likely to report better physical functioning and to remain disability-free (Black & Rush,
2002; Elovainio et al., 2009; Kelly-Hayes et al., 1992; Moritz et al., 1995; Mehta et al.,
2002; Wahl et al., 2010). Our results add to those reports by utilizing longitudinal data from
a national study in the US and applying contemporary methods of analysis to simultaneously
test competing substantive hypotheses regarding the time-ordered nature of late-life
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developments in these domains. Our results are relatively clear-cut in suggesting that
memory is a leading indicator of changes in functional limitations. It remains an open
question, however, if memory serves as a risk factor for or a protective factor against
subsequent increases in functional limitations or whether both mechanisms are operating at
the same time. Individuals with superior memory may be better able to remember, plan, and
execute everyday activities such as taking medications, managing finances, and cooking.
Alternatively, poor memory may leave individuals with fewer mental resources for
remembering ways to execute or plan actions needed to perform everyday activities. For
example, declines in cognitive function may play an integral role in the execution of most
physical tasks and the maintenance of physical functioning and health (Tabbarah, Crimmins,
& Seeman, 2002; Vaughan & Giovanello, 2010).

Our findings are consistent with notions suggesting that cognitive functioning serves as a
general-purpose mechanism for adaptation and a resource that people can draw upon in the
face of obstacles (Baltes et al., 2006). As a corollary, our findings provide impetus for the
utility of cognitive interventions aimed at alleviating age-related cognitive declines through
numerous training exercises and strategies (Ball et al., 2002; Schaie & Willis, 1986; for
discussion, see Hertzog et al., 2009; Salthouse, 2006). Recent work has shown that the
positive effects of interventions in the cognitive domain may indeed transfer to the health
domain. For example, the ACTIVE Study found that individuals in various training groups
reported more favorable five-year changes in physical functioning (Willis et al., 2006). Our
findings, together with cognitive intervention studies, corroborate that cognitive functioning
has pivotal implications for changes in the health domain. More work exploring links
between other cognitive abilities (e.g., executive functioning, processing speed, and
vocabulary) and health is of course warranted before more definitive inferences can be
drawn.

We found very little evidence that functional limitations predict subsequent changes in
memory in old age. This pattern is somewhat at odds with previous reports that more
functional limitations were associated with poorer cognitive functioning (Christensen et al.,
1994) or that a related construct, social participation, was associated with subsequent
changes in perceptual speed (Lévdén et al., 2005). We note that social participation can be
construed as a more complex, higher-order construct that is built on and necessitates that
functional limitations, as measured here, do not exist or are of minor severity. In contrast, if
(severe) functional limitations exist, predictive effects of activities for cognitive change may
be weaker because individuals may not be able anymore to be actively engaged or involved
in social network opportunities and cognitively stimulating activities. It is also possible that
functional limitations do not necessarily shape cognitive functioning and change directly,
but represent a proxy variable that reflects the operation of other factors, including chronic
illnesses and physical activities (Spiro & Brady, 2008; Verbrugge & Jette, 1994;
Verhaeghen et al., 2003). To begin with, chronic illnesses such as cardiovascular disease,
diabetes, stroke, and hypertension are known risk factors for cognitive impairments and
decline. In a similar vein, chronic illnesses and physiological declines often restrict one’s
ability to successfully complete everyday tasks both at the instrumental level (e.g., managing
one’s bank account, shopping grocery) and more basic levels (e.g., bathing, dressing).
Although we covaried for some of those variables in our models (chronic illness), we note
that the gamma parameters of functional limitations onto memory in our BDCSM analyses
may indeed only be small, indirect, and not entirely comparable to the opposite direction of
memory predicting functional limitations. Detailed future studies are thus needed to pinpoint
the time-ordered associations of cognitive trajectories with those of specific diseases and
physical activities.
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Dynamics of Cognition and Health among the Young-Old vs. Old-Old

Our second research question revolved around the potentially age-differential nature of
structural dynamics between memory and functional limitations. We had argued that
increased risks for more frequent and severe constraints in either of these domains along
with diminished resources and adaptive capacities should make the old-old more vulnerable
for cognition—health associations. Our analyses, however, revealed that such dynamics were
substantively similar for both the young-old and old-old. One interpretation is that these
associations prevail independent of considerable differences in level of overall functioning.

For both the young-old and old-old, cognitive functioning is a vital domain that serves as a
resource to buffer against accruing functional limitations that may limit one’s ability to carry
out everyday tasks. It is conceivable that cognition-health dynamics may differ when
change is considered along a different time metric, for example, how secondary or tertiary
aging processes accumulate and unfold over time (e.g., Birren & Cunningham, 1985; Ram,
Gerstorf, Fauth, Zarit, & Malmberg, 2010). To illustrate, if change in either or both physical
and cognitive functioning is tied to the accumulation of pathology (i.e., secondary aging),
stronger overall declines and accompanying across-domain dynamics may emerge. For
example, suffering from chronic illnesses such as heart disease or arthritis may reduce one’s
ability to perform everyday tasks, which in turn limit opportunities for cognitively
stimulating activities. Similarly, increasing pathology is treated with medication, which in
turn often causes side effects that undermine physical and cognitive functioning. If the
young-old indeed have more self-regulatory and adaptive resources available to buffer
further health declines, such associations may then be less pronounced relative to the old-
old.

The Role of Covariates

In our third research question, we examined the role of gender and education as well as the
highest recorded frequency of health conditions and depressive symptoms in cognition-
health links. None of these common correlates of memory and functional limitations
accounted for the differential lead—lag associations observed. It is unclear then, what
mechanisms may underlie associations between memory and functional limitations.
Conceptual notions often highlight the role of health behaviors, compensatory strategies, and
stressor reactivity in cognition-health associations. As a first pathway, individuals with
better cognitive functioning may be more likely to perform health-promoting and health-
sustaining behaviors. For example, cognitive fitness may aid in understanding the
importance of performing health behaviors such as eating a balanced diet, exercising
regularly, avoiding drug abuse, and keeping up with continually changing health behavior
recommendations (Singh-Manoux et al., 2009). In a similar vein, older adults with better
memory may have greater health literacy and be better able to adhere to medical regimens
such as complex medication schedules (Gottfredson & Deary, 2004; Insel, Morrow, Brewer,
& Figueredo, 2006; Reyna, Nelson, Han, & Dieckmann, 2009).

As a second pathway, older adults with higher levels of cognitive functioning may be more
effective at using adaptive and compensatory strategies for dealing with the challenges of
old age. As a result, health conditions and other ailments may not necessarily result in
physical limitations or functional decline (Stuck et al., 1999; Willis et al., 2006). As a third
pathway, better cognitive functioning has also been associated with resiliency to stressors.
For example, despite reporting greater exposure to stressors, individuals with higher levels
of fluid cognitive abilities are suggested to experience smaller emotional reactivity to
reported daily stressors (Stawski, Almeida, Lachman, Tun, & Rosnick, 2010). Preserved
cognitive fitness may be related to increased mental resiliency for coping with stressors and
exhibiting a less severe emotional and physiological response. It was beyond the scope and
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possibilities of the present study to address such speculations. More mechanism-oriented
research is certainly needed to specifically pinpoint these and other etiological questions (for
discussion, see Spiro & Brady, 2008).

Rather than reflecting the operation of specific mechanisms, it is possible that more broad-
based changes associated with old age act as an underlying third variable for cognition—
health associations. One candidate factor may be wide-ranging declines over age in the
structure and synaptic plasticity of the brain (Bdckman et al., 2000; Li, Lindenberger, &
Sikstrém, 2001; Raz, Ghisletta, Rodrigue, Kennedy, & Lindenberger, 2010). Such changes
may alter the strength and fidelity of neurological connections between brain areas
associated with cognitive and physical functioning. Empirically, there is evidence to suggest
that text and spatial abilities show moderate associations with sensorimotor functioning (Li,
Aggen, Nesselroade, & Baltes, 2001). A second set of candidate factors encompasses social
relationships and participation. For example, social networks characterized by intellectual
engagement, support, and leisure pursuits often relate to higher levels of and more favorable
changes in cognitive abilities (Hertzog et al., 2009; Hultsch, Hertzog, Small, & Dixon, 1999;
Kramer, Bherer, Colcombe, Dong, & Greenough, 2004). Similarly, social support and
integration are known protective factors against disability and functional limitations
(Berkman, Glass, Brissette, & Seeman, 2000; House, Landis, & Umberson, 1988; Uchino,
2006).

Methodological Considerations

To thoroughly test our research questions, we have applied dynamic models that overcome
major limitations of related techniques typically used to examine competing substantive
hypotheses about lead-lag associations between two sets of variables (e.g., cross-lagged
regressions; Rogosa, 1980). For example, the BDCSM accounts for differential reliabilities
and stabilities of the variables examined and also separates intra-variable from inter-variable
dynamics (cf., Ghisletta & Lindenberger, 2003; Lovdén et al., 2005). In the context of these
strengths, we highlight several methodological caveats.

First, as is true in many other studies, our findings are contingent upon a number of untested
statistical assumptions, including sample homogeneity (e.g., regarding the dynamics
parameters) and data missing at random (cf., Lévdén, Li, Shing, & Lindenberger, 2007). To
aid model convergence, for example, we had to estimate the coupling parameters as fixed-
effects population parameters with no variance, reflecting the strong assumption that
couplings are invariant across participants. Furthermore, by estimating the BDCSM over
chronological age, participants have only contributed segmented data portions to the overall
time-series. Specifically, our time-series covered 25 years of chronological ages, whereas
we utilized data from seven waves covering a total of 13 years of time. We also note that the
estimation algorithm gives implicitly more weight to information obtained from those
participants who provided the most change (i.e., most occasions) information.

Second, the BDCSM allows for testing across-domain associations at the between-person
level of analysis, but inferences cannot be made regarding within-person relations.
Specifically, we have examined how between-person differences in one construct (memory)
were related to between-person differences in a second construct of interest (functional
limitations). It is upon future research to examine ergodicity questions about the equivalence
of structural relations based on between-person and within-person variation (for discussion,
see Molenaar et al., 2003; Sliwinski & Mogle, 2008). At the within-person level, it is
conceivable that different dynamics emerge with functional limitations predicting ensuing
changes in memory. For example, Li and colleagues (2001) reported that within-person
fluctuation in walking steps uniquely predicted text and spatial memory, over and above
level of performance.
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Finally, we note that despite the capabilities of the BDCSM, our sample size and large
number of observations may have contributed to non-substantial effects attaining statistical
significance (e.g., more functional limitations were associated with shallower declines in
memory). More generally, targeted simulation studies are needed that focus on the validity
of (dynamic) models under varying conditions, including density and completeness of data
and measurement properties of the variables under scrutiny (Ferrer & McArdle, 2010;
Hertzog, Lindenberger, Ghisletta, & von Oertzen, 2006).

Limitations and Outlook

In closing, we note several limitations in our study. As a first limitation, cognition and
health are multidimensional constructs, whereas we focused on memory and functional
limitations only. For example, if data for crystallized abilities rather than memory had been
available, different associations with functional limitations may have emerged because such
limitations often implicate constraints onto active engagement with one’s network and allow
for fewer opportunities to practice and maintain one’s knowledge and word vocabulary. In a
similar vein, the overlap among objective, subjective, and functional measures of health is
typically only of moderate size (Steinhagen-Thiessen & Borchelt, 1999). It would thus be
informative to thoroughly test bi-directional associations using other health indicators (e.qg.,
gait variability, self-rated health, or health conditions), some of which have already been
reported to predict subsequent changes in memory (Anstey & Christensen, 2000; Backman
et al., 2003; Hertzog et al., 1978; Verhaeghen et al., 2003).

As a second limitation, we acknowledge that measuring cognitive abilities with only one
task and real-life competencies with only self-reports are both not optimal. The direction and
size of time-ordered associations found for memory may not necessarily generalize to other
cognitive abilities. In a similar vein, it is possible that self-reports of everyday activities may
not map onto observed competencies for everyday problem solving (Diehl, Willis, & Schaie,
1995; Owsley, Sloane, McGwin, & Ball, 2002). As a consequence, associations revealed by
self-reports of functional limitations may differ from those revealed by observed
competencies (Vaughan & Giovanello, 2010). As a third limitation, we note that our study
solely focused on old age. It is an open question whether or not our findings generalize to
earlier phases of life. For example, midlife is characterized by relatively stable levels of
memory and people typically maintain reasonably good health (Spiro, 2001). It is well
possible then that cognition-health links do not exist in midlife or are restricted to highly
change-sensitive measures such as processing speed or particular physical health symptoms.
Finally, we note that our models describe and examine time-ordered associations and cannot
be used to draw causal inferences.

In sum, our results highlight the importance of cognitive functioning as it relates to health in
old age. Our findings are in line with conceptual notions highlighting that cognitive abilities
serve as a resource for both the young-old and old-old to buffer age-related declines in
everyday functioning. More broadly, our study adds to theoretical and empirical work
highlighting the importance of cognition-health associations for adult development and
aging (Anstey & Christensen, 2000; Backman et al., 2001; Hertzog et al., 2009; Rowe &
Kahn, 1987; Ryan & Smith, 2009; Schaie, 2005; Willis et al., 2006). We take our results to
provide further impetus to thoroughly examine the developmental ordering between aspects
of cognition and health in old age and the underlying mechanisms linking these key
components of old age.
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Figure 1.

Graphical representation of the Bivariate Dual Change Score model as applied in the current
study. Observed variables are represented by squares, latent variables by circles, regression
weights by one-headed arrows, and variances and covariance by two-headed arrows. The
triangle represents a constant indicating means and intercepts. Unlabeled paths are set to 1.
Residual variances are estimated separately for the young-old and old-old.
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Figure 2.
Model-implied means for memory and functional limitations over chronological age.
Parameter estimates taken from the Full Coupling model at the zero-order level.
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Figure 3.
Vector field illustrating the magnitude and direction of the observed dynamics between

memory and functional limitations by showing the expected yearly changes as a function of
current states. For a given pair of memory and functional limitations scores, the arrow
indicates the size and direction in which these variables are expected to change at the next
occasion (i.e., next age). The figure illustrates that memory predicts changes in functional
limitation, whereas the effect in the opposite direction is only marginal: The direction and
size of arrows (i.e., predictive effects) differ within each row (i.e., exerted by memory), but
not within each column (i.e., exerted by limitations). For example, the plot shows that
functional limitations tend to decline at higher memory scores, whereas functional
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limitations tend to increase at lower memory scores. The ellipsoid encompasses the location
of 95% of the data.
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Table 3

Bivariate Dual Change Score Model of Memory and Functional Limitations over Chronological Age in the
AHEAD Study: Parameter Estimates from a Zero-Order Model

Memory Functional Limitations

Parameter Estimate  SE Estimate SE
Fixed effects

Initial mean o 53.76 % 0.15 47.85% 0.19

Slope mean pg -15.14% 1.09 3088~ 1.84

Proportion 020% 0.02 -013% 0.01

Coupling y —0.46~% 002 0.09% 0.01
Random effects

Initial variance 0% a61% 129 50.59 2.58

Slope variance 0% 163% 023 7.48% 0.83

Residual variance Young-old o2, 43.91* 0.66 36.717F 0.63

Residual variance Old-old o2, 3406% 052 59.48 0.91
Covariance

Memory initial <> slope —731% 048

Memory initial <> initial ~11.96% 1.33

Memory initial <> slope 1587~ 0.88

Memory slope <> initial —141% 0.36

Memory slope <> slope —347% 0.42

Functional Limitations initial <> slope 201% 0.69

Note. Memory and functional limitations were standardized to a T metric (M =50, SD = 10) using the T1 AHEAD sample as the reference (V=
6,990). V= 6,990. Model Fit Statistics: XZ =2,401.01, df=1,100, CFI = .947, RMSEA = .013.

*
p<.01
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Table 4

Bivariate Dual Change Score Model of Memory and Functional Limitations over Chronological Age in the
AHEAD Study: Parameter Estimates from a Spline Model for Young-old and Old-old Participants

Memory Functional Limitations

Par ameter Estimate  SE Estimate SE
Fixed effects

Initial mean o 53.68% 014 47.85% 0.19

Slope mean pg —17.73* 138 44.46 2.66

Proportion B Young-old 0.22% 0.02 —020% 0.02

Proportion  Old-old 0.22% 0.02 019" 0.02

Coupling y Young-old 066" 003 012% 0.01

Coupling vy Old-old —0.68* 0.04 011% 0.01
Random effects

Initial variance 0%, 4135% 1.27 48.42% 2.32

Slope variance o%g 210% 0.33 15.38 % 1.73

Residual variance Young-old o2 4375* 0.66 34.89% 0.61

Residual variance Old-old o2, 33.79% 051 56.78 0.90
Covariance

Memory initial <> slope —739% 062

Memory initial <> initial 892" 127

Memory initial <> slope 272" 127

Memory slope <> initial 372% 0.50

Memory slope <> slope 546" 0.74

Functional Limitations initial <> slope 461" 1.06

Note. Memory and functional limitations were standardized to a T metric (M =50, SD = 10) using the T1 AHEAD sample as the reference (V=
6,990). Young-old (aged 70 — 79); Old-old (aged 80 — 95). /= 6,990. Model Fit Statistics: XZ =2,138.08, df=1,096, CFI = .957, RMSEA = .012.

*
p<.01
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