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The delineation of the interrelationships between cognitive and physical functioning in older adults is critical to
determining pathways to disability. By using longitudinal data from 395 initially high-functioning, communitydwelling older women in Baltimore, Maryland, from the Women’s Health and Aging Study II (from 1994 to 2006),
we simultaneously assessed associations of cognition with later physical functioning and associations of physical
functioning with later cognition. The analysis included measures of global cognition and 2 cognitive domains
(executive functioning and memory), as well as 2 measures of physical functioning (a Short Physical Performance
Battery and a 4-meter test of usual walking speed). We found the strongest bidirectional associations of memory
with physical functioning and less evidence of associations of physical functioning with executive functioning and
global cognition. For a 1–standard deviation increase in walking speed, subsequent memory increased by 0.08
standard deviations (95% confidence interval: (0.03, 0.13)). For a 1–standard deviation increase in memory, subsequent walking speed increased by 0.07 standard deviations (95% confidence interval: 0.03, 0.10). Associations
were similar in magnitude for models using a Short Physical Performance Battery. We did not find evidence that
associations between cognitive and physical functioning varied over time. Our results suggest that cognition,
and particularly memory, is associated with subsequent physical functioning and vice versa.
aging; cognition; memory; physical functioning; structural equation models

Abbreviations: CI, confidence interval; GDS, Geriatric Depression Scale; HVLT-DR, Hopkins Verbal Learning Test–delayed recall;
HVLT-IR, Hopkins Verbal Learning Test–immediate recall; MMSE, Mini–Mental State Examination; SD, standard deviation; SPPB,
Short Physical Performance Battery; TMT-A, Trail Making Test–Part A; TMT-B, Trail Making Test–Part B; WHAS II, Women’s
Health and Aging Study II.

some scientists have found that cognition is a predictor of
physical functioning (8, 9, 14), and some have found that
physical functioning is a predictor of cognition (15–18).
Questions of interest are whether cognitive decline leads to
subsequent physical decline, whether physical decline leads
to subsequent cognitive decline, or whether the declines in
function mutually inﬂuence one another. These pathways
are driven by different underlying biological hypotheses that
describe how cognition and physical functioning are interrelated. One hypothesis suggests that declines in physical activity lead to depleted cognitive reserves (19). Other researchers
have found that frailty, which correlates with physical functioning, is related to subsequent cognitive decline (20).

In older adults, poor physical functioning and poor cognition are both associated with higher rates of disability and
death (1–5). To fully examine pathways from physical and
cognitive declines to disability and death, it is important to
understand the interrelationships between cognitive and physical functioning. Epidemiologic studies have found that physical functioning is associated with cognition in older adults
(6–13); however, current research has not conclusively determined the nature of the associations between physical and
cognitive functioning.
Many epidemiologic studies have examined associations
between cognitive and physical functioning on the basis of
a priori hypothesized biological relationships. For example,
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METHODS
Study population

The WHAS II was a prospective study of 436 wellfunctioning, English-speaking, community-dwelling women
in eastern Baltimore, Maryland. At baseline, this cohort was
70–79 years of age, had a mean Mini–Mental State Examination (MMSE) score above 23 points, and had difﬁculty in no
more than 1 functional domain, including upper extremity
function, mobility and exercise tolerance, higher-functioning
tasks (a subset of instrumental activities of daily living, not
including heavy housework), and basic self-care tasks (a subset of non–mobility-dependent activities of daily living) (12,
25, 26). Further details about the study population have been
previously published (12, 25, 26).
We used observations at baseline (visit 1) and at 5 followup visits (visits 2–6) from the WHAS II for a total observation
period of approximately 9 years. Study visits generally occurred at 1.5-year intervals, though visits 3 and 4 were separated by 3 years. We excluded participants who did not have
at least 1 cognitive examination score across 6 visits, reducing our sample to 395 women (25).
Study outcomes

We modeled associations between physical functioning
and 2 domains of cognition: executive functioning, measured
by the Trail Making Test–Part B (TMT-B), and memory,
Am J Epidemiol. 2014;180(8):838–846

measured by the Hopkins Verbal Learning Test–immediate
recall (HVLT-IR) and the Hopkins Verbal Learning Test–
delayed recall (HVLT-DR). The TMT-B is a timed test in
which participants connect numbers and letters in ascending
alphanumeric sequence (27). For the HVLT-IR and HVLTDR tasks, participants must correctly recall lists of words
(36 and 12 words, respectively) (28, 29). The HVLT-DR includes a delay of approximately 20 minutes before recall,
which is ﬁlled with tasks unrelated to the HVLT-DR. We
used the MMSE as a measure of global cognition (30). One
limitation of using the HVLT-IR, HVLT-DR, and MMSE in
a well-functioning cohort at baseline is that many study participants score close to the maximum, whereas the TMT-B
may better discriminate between 2 participants who have
high, but different, cognitive functioning.
To assess physical functioning, we used 2 measures: usual
4-meter walking speed (in meters per second) and the SPPB
(31). For the SPPB, each participant scores from 0 to 4 points
on 3 tasks (walking speed, chair stands, and balance) for a
composite score ranging from 0 to 12 points, with a higher
score indicating better functioning. The SPPB includes a
wider range of physical tasks compared with the measure
of walking speed.
Data analysis

We estimated the dynamic, bidirectional associations between cognition and physical functioning by using structural
equation models. Compared with traditional modeling techniques, they can model the short-term, possibly dynamic, associations between 2 longitudinal outcomes. Structural equation
models estimate hypothesized causal associations between
observed variables. These causal associations are separate
from causal inference, which is not addressed in this study
but is an important area for future research. Figure 1 shows
4 possible true causal associations between physical functioning (xt) and cognitive functioning (yt): bidirectional effects of cognition on physical functioning and vice versa
(Figure 1A); bidirectional effects, but with a stronger effect of
cognition on physical functioning (Figure 1B); only an effect
of cognition on physical functioning (Figure 1C); and only
an effect of cognition on physical functioning with changing
effect magnitudes to allow for possible time-varying effects
(Figure 1D).
We ﬁt the following 8 models: 1) TMT-B score and walking speed, 2) TMT-B score and SPPB score, 3) HVLT-IR
score and walking speed, 4) HVLT-IR score and SPPB score,
5) HVLT-DR score and walking speed, 6) HVLT-DR score
and SPPB score, 7) MMSE score and walking speed, and
8) MMSE score and SPPB score. We modeled autoregressive
associations (e.g., the association between previous-visit
cognition (y2) and current-visit cognition (y3)), controlling
for covariates (Figure 1A). We also modeled cross-lagged
associations (e.g., the association between previous-visit
cognition (y1) and current-visit physical functioning (x2)),
controlling for covariates. We included all associations at a
lag of 1 visit on the basis of exploratory data analysis. Because life events that cannot be predicted by previous measures of functioning (e.g., fall-related injuries), but that may
affect measures of current functioning may occur between
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In older adults, cognitive monitoring (speciﬁcally, the ability
to self-assess and attain feedback about one’s physical performance) may be important for physical functioning, and declines in cognition may therefore lead to declines in physical
functioning (14). The associations may be driven by central
nervous system changes that ﬁrst manifest in a decline of
physical functioning and later manifest in cognitive decline
(18, 21–24). Chronic inﬂammation, mental illness, or underlying pathology may also drive both cognitive and physical
declines simultaneously (20).
No longitudinal studies have been conducted to determine
conclusively whether the associations between cognitive and
physical functioning are equally strong in both directions.
Understanding the relationship between cognitive and physical functioning will improve our understanding of disability
pathways, inform prediction of functional difﬁculty and disability, and possibly contribute to the development of targeted interventions to prevent or delay the progression to
disability. We hypothesized that associations between cognitive and physical functioning are bidirectional, that they
change over time, and that they vary by cognitive domain. To
assess bidirectional associations between cognitive and physical functioning, we used data from the Women’s Health and
Aging Study II (WHAS II), a prospective study of communitydwelling women in Baltimore, Maryland. We estimated associations for global cognition and 2 domains important to
functional independence and dementia: executive functioning and memory. We used a Short Physical Performance Battery (SPPB) and a test of usual walking speed to measure
physical functioning.
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Figure 1. Four examples of cross-lagged associations. Arrows between physical functioning (xt) and cognitive functioning (yt) represent
causal effects. A) Equal effects of physical functioning (xt) on cognitive
functioning (yt) and vice versa, over time. B) Stronger effects from yt to
xt, as depicted by heavier lines. C) Only effects from yt to xt and no effects from xt to yt. D) Only effects from yt to xt with effects increasing in
magnitude over time. The autoregressive effects of xt−1 on xt and yt−1
on yt are also shown as dashed lines.

To distinguish between pathological versus nonpathological aging or death-related characteristics of aging, we compared our results with those of models excluding persons
diagnosed with dementia and excluding visits of persons
who died within 6 months of a visit. We reﬁt models using
persons with complete data for all visits to assess the impact
on our results of those lost to follow-up. We also reﬁt models
with SPPB, TMT-B, or MMSE score using censored Tobit
regression (38) to account for “ceiling” and “ﬂoor” effects,
because many participants scored the maximum on the SPPB
or MMSE (12 or 30 points, respectively), and some participants did not complete the TMT-B within the allotted 420
seconds. We also compared cross-lagged associations between our models with autoregressive associations with models allowing residual correlations across time (36).
RESULTS
Summary statistics

visits, we allowed the residuals for cognitive and physical
functioning to be correlated at each visit. Similar models
have been applied in other ﬁelds to assess bidirectional, longitudinal associations (32, 33).
We included the covariates of age, race (white vs. nonwhite), years of education, score on the 30-item Geriatric Depression Scale (GDS) (34), visual impairment, and number of
chronic diseases. We also incorporated a measure of psychomotor speed (i.e., the Trail Making Test–Part A (TMT-A)) as
a time-varying covariate in models with the TMT-B to adjust
for speed on the executive functioning component of the
TMT-B (35). Additionally, we controlled for years since

We analyzed 395 (90.6%) of 436 women from the WHAS
II who had cognitive measurements at baseline (visit 1) and at
least 1 follow-up visit (visits 2–6) (25). Compared with our
sample, the 41 women excluded from this analysis were more
likely to be nonwhite (P < 0.01) and less educated (P = 0.03).
On average, our sample was 73.9 (standard deviation (SD),
2.8) years of age, had 12.6 (SD, 3.3) years of education, and
scored 4.02 (SD, 3.84) points on the GDS at baseline. The
sample was primarily white (n = 327, 82.8%); 44.1% (n =
174) had more than 1 chronic disease; and 81.3% (n = 321)
had been told by doctors that they had vision problems. We
imputed the GDS score for 1 person who was missing GDS
Am J Epidemiol. 2014;180(8):838–846
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baseline measurement at each visit to adjust for the impact
of aging (36).
For models with TMT-B score, both TMT-A score and
TMT-B score were rescaled from “seconds to complete the examination” to “number of lines connected per minute,” so that
higher scores on all longitudinal measures represented better
performance. The distributions of HVLT-DR scores at each
visit were left-skewed, so models were ﬁt using the square of
HVLT-DR score. Each functional measurement at each visit
was standardized using baseline means and standard deviations
to facilitate comparisons between visits and across measures.
To reduce the amount of missing data, we imputed missing
values for the TMT-A using the MI procedure in SAS, version 9.0, software (SAS Institute, Inc., Cary, North Carolina).
In the multiple imputation model for TMT-A, we included
baseline covariates of years of education, age, race, GDS
score, visual impairment, and number of chronic diseases.
The structural equation models were ﬁt with Mplus software
(37), which computes the maximum likelihood estimates for
all parameters. For the imputed data sets with TMT-A score,
MPlus computes the maximum likelihood estimates for each
imputed data set and then combines results across data sets.
We used likelihood ratio tests to assess whether cross-lagged
and autoregressive associations were the same across time to
determine whether associations were dynamic.
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Table 1. Summary Statistics for Longitudinal Functional Measures
From the Women’s Health and Aging Study II, Baltimore, Maryland,
1994–2006a
Visit No., by
Measure

No. of
Measurements

Mean (SD)

Range

HVLT–delayed
recall, no. of
wordsb
1

371

8.20 (2.64)

0–12

373

8.02 (2.72)

0–12

372

8.06 (2.91)

0–12

4

300

7.35 (3.04)

0–12

5

271

7.30 (3.19)

0–12

6

239

7.10 (3.46)

0–12

HVLT–immediate
recall, no. of
wordsc
1

381

22.84 (5.02)

7–35

2

373

22.52 (5.17)

7–34

3

371

23.04 (5.83)

7–34

4

301

21.53 (5.86)

2–35

Visit No., by
Measure

No. of
Measurements

Mean (SD)

Range

1

366

45.95 (19.25)

17.0–153.2

2

370

48.02 (22.33)

20.9–240

3

371

52.62 (31.91)

18.8–240

TMT–Part A,
seconds to
complete

4

300

56.14 (32.50)

19.0–240

5

270

58.80 (38.53)

15.9–240

6

239

60.23 (35.38)

18.1–240

TMT–Part B,
seconds to
complete
1

364

127.53 (70.42)

44.0–420

2

367

138.67 (87.64)

35.5–420

3

371

165.46 (104.17) 33.6–420

4

293

177.69 (104.62) 43.7–420

5

269

192.47 (115.11) 50.6–420

6

238

194.84 (112.42) 52.0–420

5

271

21.20 (5.62)

6–36

6

241

21.85 (6.60)

5–34

1

387

28.24 (1.73)

22–30

2

371

0.93 (0.19)

0.36–2.00

2

372

28.18 (1.98)

21–30

3

373

0.90 (0.22)

0.06–1.67

MMSE score

Walking speed,
m/second
1

391

1.01 (0.27)

0.42–2.11

3

382

27.41 (2.56)

17–30

4

300

0.85 (0.24)

0.07–1.90

4

319

27.75 (2.67)

9–30

5

270

0.83 (0.23)

0.18–1.54

5

285

27.44 (2.81)

17–30

6

239

0.80 (0.24)

0.11–1.48

6

272

27.08 (3.34)

5–30

SPPB score
1

395

9.81 (1.71)

2–12

2

376

9.74 (2.13)

0–12
2–12

3

374

9.18 (2.23)

5

273

8.27 (2.82)

1–12

6

242

7.12 (2.84)

1–12

Abbreviations: HVLT, Hopkins Verbal Learning Test; MMSE, Mini–
Mental State Examination; SPPB, Short Physical Performance
Battery; TMT, Trail Making Test.
a
Adapted from the work of Carlson et al. (25).
b
Out of a total of 12 words.
c
Out of a total of 36 words.

Table continues

data at baseline. Table 1 shows the data summary of the longitudinal study outcomes at each visit. SPPB scores could not
be computed for visit 4 because chair stands were not performed. In this sample, average functioning in each longitudinal measure declined over the course of the study.
Structural equation models

The coefﬁcients and standard errors for the cross-lagged associations are shown in Tables 2 and 3. Because we did not
ﬁnd evidence that cross-lagged associations varied by visit,
we restricted these associations to be the same across visits.
Results from the unrestricted models can be found in Web
Tables 1 and 2, available at http://aje.oxfordjournals.org/.
Table 2 shows the estimated associations between physical functioning and subsequent cognition for all 8 models.
Am J Epidemiol. 2014;180(8):838–846

Standardized coefﬁcients represent the expected change in
baseline standard deviation of current-visit cognition for a
1–baseline standard deviation increase in previous-visit physical functioning. We found some evidence of associations of
physical functioning at visit t − 1 with memory at visit t. For a
1–standard deviation increase in walking speed, subsequent
HVLT-IR score increased by 0.08 standard deviations (95%
conﬁdence interval (CI): 0.03, 0.13) and subsequent (HVLTDR)2 increased by 0.03 standard deviations (95% CI: −0.01,
0.08). The associations for executive functioning and global
cognition were similar in magnitude but were not statistically
signiﬁcant. The estimated associations using previous-visit
SPPB scores were similar to those using previous-visit walking speeds.
The estimated associations between previous-visit cognition and current-visit physical functioning are shown in
Table 3. Models using memory as the cognitive functioning
measure had the strongest associations with subsequent physical functioning. Walking speed at visit t increased by 0.07
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Table 2. Cross-Lagged Associations for Cognitive Functioning From the Women’s Health and Aging Study II, Baltimore, Maryland, 1994–2006
Model

Outcome at Visit t

Covariate at Visit t − 1

Standard Deviationsa
Estimate

Units of Measurement

95% CI

Estimate

95% CI

Units

TMT-B score

Walking speed

0.03

−0.02, 0.07

0.16

−0.11, 0.43

Line connections

TMT-B score

SPPB score

0.02

−0.01, 0.05

0.11

−0.08, 0.30

Line connections

3

HVLT-IR score

Walking speed

0.08

0.03, 0.13

0.40

0.13, 0.67

Words

4

HVLT-IR score

SPPB score

0.07

0.03, 0.11

0.35

0.15, 0.55

Words

5

HVLT-DR score squared

Walking speed

0.03

−0.01, 0.08

1.24

−0.54, 3.01

Words squared

6

HVLT-DR score squared

SPPB score

0.04

0.00, 0.07

1.39

0.08, 2.70

Words squared

7

MMSE score

Walking speed

0.06

−0.03, 0.15

0.11

−0.05, 0.27

Questions answered correctly

8

MMSE score

SPPB score

0.05

−0.01, 0.12

0.09

−0.02, 0.20

Questions answered correctly

Abbreviations: CI, confidence interval; HVLT-DR, Hopkins Verbal Learning Test–delayed recall; HVLT-IR, Hopkins Verbal Learning Test–
immediate recall; MMSE, Mini–Mental State Examination; SPPB, Short Physical Performance Battery; TMT-B, Trail Making Test–Part B.
a
Results are standardized as the increase in baseline standard deviations of cognitive functioning at visit t for a 1–baseline standard deviation
increase in physical functioning at visit t − 1.

measure at visit t for an increase in the same functional measure at visit t − 1, where the units are baseline standard deviations. Because all models include time since baseline visit,
these autoregressive associations can be interpreted as the latent propensity for having higher or lower functioning after
the impact of aging has been removed. Across all models,
autoregressive associations were positive and larger in magnitude than cross-lagged associations and were statistically
signiﬁcantly different from 0.
Trends in autoregressive associations across visits indicate
whether the inﬂuence of each function on itself varies over
time. Decreasing autoregressive associations might indicate
that functioning becomes more inﬂuenced by other factors,
such as poorer overall health. Using likelihood ratio tests,
we found that autoregressive associations for TMT-B score
decreased across visits in both models with walking speed
(P < 0.01) and SPPB score (P < 0.01). Autoregressive associations for HVLT-IR score were larger at visit 6 (for walking

standard deviations (95% CI: 0.03, 0.10) for a 1–standard
deviation increase in HVLT-IR score at visit t − 1 and 0.06
standard deviations (95% CI: 0.02, 0.09) for a 1–standard
deviation increase in (HVLT-DR)2 at visit t − 1. Global cognition was also associated with walking speed, which increased
by 0.05 standard deviations (95% CI: 0.02, 0.08) for a
1–standard deviation increase in MMSE score. We did not
ﬁnd that TMT-B score was associated with subsequent walking speed. Models with SPPB scores had cross-lagged associations similar to those of models with walking speeds. Using
likelihood ratio tests, we did not ﬁnd that standardized crosslagged associations for cognition (Table 2) were signiﬁcantly
different from those for physical functioning (Table 3). We did
not ﬁnd that concurrent cognitive and physical functioning
were correlated given covariates and previous functioning.
Figures 2 and 3 depict the autoregressive associations for
cognition and physical functioning, respectively. These associations are interpreted as the increase in each functional

Table 3. Cross-Lagged Associations for Physical Functioning From the Women’s Health and Aging Study II, Baltimore, Maryland, 1994–2006
Covariate at Visit t − 1

Standard Deviationsa

Units of Measurement

Model

Outcome at Visit t

Estimate

95% CI

Estimate

95% CI

Units

1

Walking speed

TMT-B score

0.02

−0.02, 0.07

0.01

−0.01, 0.02

M/second

3

Walking speed

HVLT-IR score

0.07

0.03, 0.10

0.02

0.01, 0.03

M/second

5

Walking speed

HVLT-DR score squared

0.06

0.02, 0.09

0.02

0.01, 0.03

M/second

7

Walking speed

MMSE score

0.05

0.02, 0.08

0.01

0.01, 0.02

2

SPPB score

TMT-B score

0.02

−0.05, 0.10

0.04

−0.09, 0.16

Points

4

SPPB score

HVLT-IR score

0.12

0.06, 0.18

0.20

0.10, 0.31

Points

6

SPPB score

HVLT-DR score squared

0.06

0.00, 0.13

0.11

0.00, 0.22

Points

8

SPPB score

MMSE score

0.06

0.00, 0.12

0.10

0.00, 0.20

Points

M/second

Abbreviations: CI, confidence interval; HVLT-DR, Hopkins Verbal Learning Test–delayed recall; HVLT-IR, Hopkins Verbal Learning Test–
immediate recall; MMSE, Mini–Mental State Examination; SPPB, Short Physical Performance Battery; TMT-B, Trail Making Test–Part B.
a
Results are standardized as the increase in baseline standard deviations of physical functioning at visit t for a 1–baseline standard deviation
increase in cognitive functioning at visit t − 1.
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Figure 2. Autoregressive associations for cognitive functioning from the Women’s Health and Aging Study II, Baltimore, Maryland, 1994–2006, for
A) the Trail Making Test–Part B (TMT-B) (i.e., the change in TMT-B score at visit t corresponding to an increase in TMT-B score at visit t – 1); B) the
Hopkins Verbal Learning Test–immediate recall (HVLT-IR); C) the Hopkins Verbal Learning Test–delayed recall squared (HVLT-DR)2; and D) the
Mini–Mental State Examination (MMSE). Results are shown for models adjusting for walking speed (WS) and a Short Physical Performance Battery (SPPB). The units for each plot are standard deviations at baseline. Bars, 95% confidence intervals.

speed, P < 0.01; for SPPB score, P = 0.01). For models with
HVLT-DR score, autoregressive associations were also larger
at visit 6, but the associations across visits were not statistically different. Autoregressive associations for MMSE score
increased over time (for walking speed, P = 0.02; for SPPB
score, P = 0.01). The autoregressive associations for walking
speed increased across visits (all P < 0.01). For SPPB score,
autoregressive associations did not differ signiﬁcantly across
visits. Comparisons between autoregressive associations for
each outcome should be made with caution because the time
separating visits 3 and 4 (or visits 3 and 5 for SPPB score) is
greater than the time separating other visits.
Sensitivity analysis

We found that our results were qualitatively unchanged
when excluding persons with any missing visits (n = 203),
those later diagnosed with dementia (n = 102), or those who
died within 6 months of the visit (n = 14). Accounting for
censoring in the SPPB, TMT-B, and MMSE using censored
Tobit regression did not substantially change our results. We
did not ﬁnd evidence that cross-lagged associations differed
between models with autoregressive associations and models
with residual correlations over time.
Am J Epidemiol. 2014;180(8):838–846

DISCUSSION

We found that short-term associations between physical
functioning and subsequent cognition were similar in magnitude to associations between cognition and subsequent
physical functioning. These associations did not differ substantially by physical functioning measure and were strongest
for memory and weaker for executive functioning and global
cognition. Our ﬁndings suggest that declines in memory may
be lessened by efforts to preserve physical functioning and
vice versa. We found that the associations between cognitive
and physical functioning were stable over a fairly long, 9-year
interval. To our knowledge, this is the ﬁrst study to simultaneously estimate the longitudinal bidirectional associations
between cognitive and physical functioning.
Previous studies have used regression modeling to estimate
associations between cognitive and physical functioning assuming 1 of 2 hypotheses: 1) physical functioning predicts
cognition, or 2) cognition predicts physical functioning.
Studies using cross-sectional models have found that physical functioning predicts cognition (22); others have found
that baseline physical functioning predicts cognitive change
(11, 16, 17); and others have applied mixed models to longitudinal data, which estimate long-term associations that
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Figure 3. Autoregressive associations for physical functioning from the Women’s Health and Aging Study II, Baltimore, Maryland, 1994–2006, for
A) walking speed (WS) (i.e., the change in WS at visit t corresponding to an increase in WS at visit t – 1) and B) the Short Physical Performance
Battery (SPPB). Results are shown for the Trail Making Test–Part B (TMT-B), the Hopkins Verbal Learning Test–immediate recall (HVLT-IR), the
Hopkins Verbal Learning Test–delayed recall squared (HVLT-DR)2, and the Mini–Mental State Examination (MMSE). The units for each plot are
standard deviations at baseline. Bars, 95% confidence intervals.

account for the within-person correlation over time (18).
However, similar studies have found associations between
cognitive and physical functioning in the reverse direction
(6, 8–10). One meta-analysis found that physical functioning
was a more consistent predictor of cognitive change than vice
versa (13). Mielke et al. (15) found that the association between baseline gait speed and cognitive decline was stronger
than the reverse association. In contrast, Atkinson et al. (14)
found that global cognition was related to physical decline
but not vice versa. Our results may differ from those of previous studies because we used different measures of physical
and cognitive functioning. In addition, although a mixed
modeling framework can capture how 1 function affects another, these models do not allow simultaneous modeling of
bidirectional, dynamic relationships. We modeled changes
in cognitive and physical functioning as cooccurring processes that affect each other over time and found that associations existed in both directions.
Although global cognition has been related to physical
functioning (7, 9, 10), recent studies suggest that different domains of cognition are associated with physical functioning.
Rosano et al. (22) found that gait speed and strength were
more associated with executive functioning than global cognition, and Soumaré et al. (9) found that slower walking speed
had a larger estimated association with psychomotor speed
than with verbal ﬂuency, executive functioning, visual memory,
or global cognition. Mielke et al. (15) found strong associations
of usual gait speed with declines in executive functioning,
memory, language, and visuospatial and global cognition.
In our study, we found larger associations of physical functioning with memory than with global cognition or executive
functioning.
The bidirectional associations between physical functioning and memory could be explained in part by mediation by
physical activity. Animal models have shown that physical
activity, possibly measured indirectly by walking speed, upregulates brain-derived neurotrophic factor, which leads to

stimulation of the dentate gyrus in the hippocampus, which
is the region important to memory (39, 40). In humans, recent
data have shown that physical activity inﬂuences hippocampal volume, which is associated with changes in memory (41,
42). Physical activity may affect cognition in other ways,
including shifts in the cardiovascular proﬁle, cardiovascular
ﬁtness, and cerebral blood ﬂow and through environmental
enrichment and spatial navigation (43). Decreased physical
activity may lead to physical deconditioning and poorer
physical functioning. We found stronger evidence of an association between physical functioning and memory compared
with executive functioning. However, physical activity also
affects the prefrontal cortex, an area of the brain connected
to executive functioning (43), which supports an association
between executive functioning and physical functioning.
The estimated autoregressive associations were positive
and larger in magnitude than cross-lagged associations. For
walking speed, the autoregressive associations increased
across visits, indicating a possible ﬂoor effect, whereas for the
SPPB, autoregressive associations were fairly constant across
visits. Because the SPPB incorporates walking speed along
with other measures of physical functioning, it may capture
a greater range of functioning than walking speed. The autoregressive trends across visits in the HVLT-IR, HVLT-DR, and
MMSE may reﬂect individual-level ﬂoor effects in memory
and global cognition in the oldest adults. Increasing inﬂuence
from other age-associated conditions, such as sensory impairments and multiple morbidities, may contribute to the decrease in autoregressive associations for the TMT-B over
time. Therefore, the clinical utility of individual-level tracking
of changes in physical and cognitive functioning over time is
likely to vary by measures and/or domains of functioning, as
well as by the stage of the disablement process.
The WHAS II is a study of the initially most high-functioning
two-thirds of women, and our results may not be generalizable
to other populations. However, starting with an impairment-free
cohort allowed us to better capture natural, dynamic declines
Am J Epidemiol. 2014;180(8):838–846
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1. Mrs. X has been experiencing difﬁculties with her memory
and moves in with her daughter. She becomes physically
sedentary, which leads to her becoming physically frail.
2. Mrs. X is physically active until she slips on ice during her
daily walk and breaks her hip. Afterward, she reports feeling less steady on her feet and says that she no longer
walks daily. At her next visit, her physician reports that
she is cognitively impaired.
3. Mrs. X is hospitalized after a cerebral infarction. After discharge, she experiences difﬁculty walking half a mile.
Later, her physician reports that she is cognitively impaired.
These examples demonstrate hypotheses supported by the academic literature that 1) declines in cognitive or mental health
lead to physical frailty (20, 44), which is a geriatric syndrome
that encompasses walking speed and physical strength (45);
2) physical activity increases cognitive reserves (19); and
3) brain infarcts lead to declines in both cognition (46) and
gait speed (23) or, more generally, shared processes in the
brain drive physical and cognitive declines (9, 47, 48). Future
work can investigate whether subgroups of persons can be
identiﬁed according to these different mechanistic pathways,
each of which offers different strategies for intervention.
Strengths of our analysis include a novel modeling approach
that allowed us to model the bidirectional, possibly dynamic,
associations between cognitive and physical functioning. We
used a longitudinal data set to model within-person changes
in functioning over time. We were able to assess the associations between cognitive and physical functioning using 2 measures of physical functioning and 3 measures of cognition,
allowing us to better determine the nature and speciﬁcity of
these associations.
Conclusion

We found that the associations between cognition and
physical functioning were bidirectional and similar in magnitude. The association between physical functioning and
memory was stronger than associations with executive functioning or global cognition; however, we did not ﬁnd that the
associations between cognitive and physical functioning
Am J Epidemiol. 2014;180(8):838–846

varied by physical functioning measure. Interdisciplinary
collaborations between scientists studying cognition and
those studying physical functioning will be critical to determining the mechanism that underlies the bidirectional associations between cognitive and physical functioning.
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