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Abstract

Background: Few cohort studies have examined longitudinal associations between age-related changes in cognition and physical performance. 
Further, whether these associations differ for men versus women or can be attributed to differences in physical activity (PA) is unknown.
Methods: Participants were 2,876 initially well-functioning community-dwelling older adults (aged 70–79 years at baseline; 52% female; 
39% black) studied over a 9-year period. Usual gait speed, self-reported PA, and two cognitive measures—Digit Symbol Substitution Test 
(DSST) and Mini-Modified Mental State examination (3MS)—were assessed years 0 (ie, baseline), 4, and 9.
Results: Early decline between years 0 and 4 in gait speed predicted later decline between years 4 and 9 in performance on the 3MS (β = 0.10, 
p = .004) and on the DSST (β = 0.16, p < .001). In contrast, the associations between early decline in cognition and later decline in gait speed 
were weaker and were non-significant after correcting for multiple comparisons (β = 0.08, p = .019 for 3MS and β = .06, p = .051 for DSST). 
All associations were similar for women and men and were unaltered when accounting for PA levels.
Conclusions: The results indicate declining gait speed as a precursor to declining cognitive functioning, and suggest a weaker reciprocal 
process among older women and men.

Keywords: Cognition—Gait—Physical activity—Physical function.

Aging is frequently accompanied by decline in aspects of cognitive 
functioning (1) and physical performance (2). Although age-related 
decline in these domains is related (3), the degree to which decline 
in one domain predicts decline in the other remains unclear. Several 
cohort studies have shown that better baseline cognitive perfor-
mance predicts slower rate of decline in physical functioning (4–10) 

and others have shown that better baseline physical performance 
predicts slower rate of decline in cognition (11,12). Still others have 
shown that decline in cognition and physical performance are cor-
related over time (9,13).

However, none of these previous studies directly examined 
whether decline in one domain predicts decline in the other. Poor 
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baseline performance is an imperfect proxy for age-related decline, 
as poor performance might reflect long-standing suboptimal func-
tioning that predates older age. Furthermore, correlated change over 
time does not inform the directionality of the relationship. Ideally, 
physical performance and cognition should be assessed over several 
time points and then early change in one domain can be used to pre-
dict later change in the other using cross-lagged longitudinal models, 
as concluded in a review of the literature (3). Although these types 
of studies are rare, one notable example (14) found bidirectional 
influences between physical performance and cognition over time 
in a relatively small cohort of older women. Whether these findings 
replicate in a larger cohort or whether these associations are similar 
for men and women is unknown. Another important consideration 
is the role of physical activity (PA) as a possible behavioral mecha-
nism linking physical performance to cognition among older adults 
(9,13). Given that regular PA improves cognitive and brain health 
(15), decline in physical performance might lead to decreases in regu-
lar PA, and in turn, exacerbate cognitive decline.

This study aimed to address these outstanding issues using data 
from a large cohort of initially well-functioning older women and 
men followed over 9 years. Cognition (both general cognition and 
the specific domain of psychomotor/executive functioning), physical 
performance (specifically, gait speed), and PA (as indexed by self-
reported time spent walking) were assessed at years 0 (ie, baseline), 
4, and 9.  We utilized cross-lagged longitudinal models, similar to 
those employed by Krall and colleagues (14), to test the hypothesis 
that changes in gait speed and cognition would be related to one 
another over time and to explore whether early change in gait speed 
was a stronger predictor of later change in cognition, or vice versa. 
By including two measures of cognitive performance, we investi-
gated whether the nature of the cognition-physical performance 
association might differ across cognitive domain (14). We then 
examined whether longitudinal changes in PA might account for the 
association between gait speed and cognitive decline. Finally, in light 
of potential sex differences in aging (16), we determined whether 
these associations varied as a function of participant sex.

Methods

Study Design and Participants
Participants were from the Health, Aging, and Body Composition 
study, a prospective cohort study of adults aged 70–79  years at 
baseline. Participants were community dwelling, and living in 
Pittsburgh or Memphis. A random sampling of eligible white adults 
was recruited and every eligible black adult was recruited. The base-
line assessment occurred between May 1997 and June 1998. Of 
the 3,075 total participants, 2,876 (94%) had complete baseline 
data on the main measures of interest (ie, gait speed, cognition, and 
self-reported time spent walking) and were included in this study. 
The study was approved by the institutional review boards at the 
University of Pittsburgh, the University of Tennessee Memphis, and 
the University of California San Francisco. All participants gave 
written informed consent.

Measures

Repeatedly Measured Variables
Executive functioning and information processing were measured 
using the Digit Symbol Substitution Test (DSST), which consists of a 
series of numbers (1–9) and corresponding symbols. Participants are 
requested to draw the correct symbols for given digits during a 90-s 

time period (17). General cognitive functioning was measured using 
the modified mini-mental status examination (3MS). The 3MS is a 
comprehensive test of orientation, attention, calculation, language, and 
short-term memory (18). Self-reported time spent walking (min/week) 
was based on the previous week using a standardized questionnaire 
(19). Gait speed (m/s) at usual pace is a valid and reliable marker of 
physical performance in older adults (20) and was assessed over a 6-m 
walkway (years 0 and 9) and over a 20-m walkway (year 4). Similar to 
previous research (21,22), 20-m gait speed was converted to 6-m gait 
speed using a conversion formula derived using data from 1,342 indi-
viduals who completed both gait speed assessments at year 9:

 Estimated m gait speed   m gait speed6 0 171 0 834 20= + ( ). . *

Covariates
Potential confounding variables were assessed at baseline and 
included demographics, body mass index (kg/m2), self-reported 
chronic disease conditions and health behavior, and study site. 
Demographics included age, sex, race, and educational attainment. 
Health behavior included smoking status (current, former, or never) 
and frequency of alcohol consumption. Self-reported chronic disease 
conditions included cerebrovascular disease, diabetes, and coronary 
heart disease. Diabetes was confirmed by medication use.

Statistical Analyses
Data distributions were visually screened, and 3MS and self-
reported walking were log10 transformed to normalize their distri-
butions. Next, the longitudinal relationships between cognition and 
gait speed were analyzed using structural equation modeling (SEM) 
in the statistical package Mplus 7.3 (23). All models employed maxi-
mum likelihood estimation with robust standard errors, thus includ-
ing all individuals with baseline data (n = 2,876). Acceptable fit was 
obtained in the final models based on comparative fit index ≥.95 and 
root mean square estimate of approximation ≤.05 (24). The primary 
analyses involved cross-lagged latent change models to determine 
whether early change in gait speed (ie, between years 0 and 4) pre-
dicted later change in cognition (ie, between years 4 and 9), and/or 
vice versa. This modeling framework is useful in examining change 
over time in two concurrently measured variables because the inclu-
sion of autoregressive effects (eg, the regression of later change in 
gait on early change in gait) allows the researcher to rule out the 
possibility that the cross-lagged effect (eg, the predictive association 
between early change in cognition and later change in gait speed) 
is due to a cross-sectional correlation (25). See the Supplementary 
Material for additional information on this statistical approach. 
Models were adjusted for the following: study site, education, race, 
baseline age, BMI, sex, baseline smoking and drinking status, and 
prevalent diabetes, cardiovascular disease, and cerebrovascular 
disease. Both the baseline and change scores were adjusted for the 
covariates. For the primary analyses, standardized estimates (β) are 
reported with significance based on a Bonferroni-corrected p < .0056 
(α/n = .05/9 = .0056) to adjust for the nine cross-domain estimates 
within each model. 

To determine whether any associations between gait speed and 
cognition could be explained by PA, we added years 0, 4, and 9 self-
reported walking as an additional covariate to control for baseline 
PA and changes in PA over time. We also stratified the sample by 
sex and used the model test feature in Mplus to determine whether 
the size of the physical performance-cognition associations differed 
between men and women. Finally, five sets of follow-up sensitivity 
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Table 1. Baseline Characteristics of the Study Sample.

Mean (SD) or n (%)

Demographics
 Age, years 73.6 (2.9)
 Sex, female 1,499 (52%)
 Race, black 1,134 (39%)
 Education, > high school 1,247 (44%)
Body mass index (kg/m2) 27.4 (4.8)
Chronic disease conditions
 Coronary heart disease 482 (17%)
 Cerebrovascular disease 208 (7%)
 Diabetes 426 (15%)
Health behavior
 Current or former smoker 1,619 (56%)
 Alcohol consumption, ≥ once per week 854 (30%)
Study site, Pittsburgh 1,467 (51%)

analyses were conducted. Because individuals who completed the 
year 9 assessment were younger, healthier, and had higher cogni-
tive scores at baseline compared to those who did not complete the 
year 9 assessment (see Supplementary Table 1 in the Supplement for 
a detailed comparison), the first three sensitivity analyses handled 
follow-up missing data in different ways. First, multiple imputation 
using Bayesian analysis (26,27) was employed to impute missing fol-
low-up data and to determine whether the pattern of findings using 
non-imputed data was consistent with the findings using imputed 
data. The imputation process included only those individuals known 
to be alive at year 9 (n  = 2,084) and used all study variables and 
covariates to create 40 imputed data sets; parameter estimates and 
standard errors were pooled across the 40 data sets. Second and 
third, we limited the sample to individuals with gait speed data from 
at least two time points and from all three time points, respectively. 
Fourth and fifth, we determined whether the pattern of findings were 
similar when excluding individuals with baseline 3MS scores lower 
than 80 (n = 222) or when excluding individuals with baseline gait 
speed lower than 1.0 m/s (n = 586), which is associated with cognitive 
impairment (18) and physiological impairment (28,29), respectively.

Results

Baseline characteristics of the sample are summarized in Table  1. 
Descriptive statistics and the number of observations at each time 
point for the repeatedly measured variables are provided in the top 
portion of Table 2. The estimated change over time using maximum 
likelihood estimation is provided in the bottom portion of Table 2. 
There was significant group-level decline between years 0–4 and 
years 4–9 (p < .001) with the exception that 3MS performance did 
not change significantly between years 0 and 4 (p = .88). Statistical 
comparison using the model test feature in Mplus showed that the 
amount of group-level change was greater from years 4–9 than from 
years 0–4 for all variables (p < .05) except DSST (p = .83). Lastly, 
there was significant individual-level variance in change in each vari-
able during each segment of time (p < .001), which indicates that 
some individuals showed much faster rates of decline whereas others 
showed slower rates of decline than the average.

Longitudinal Associations between Gait Speed and 
Cognition
Figure 1A provides the standardized estimates for the cross-lagged 
longitudinal model using 3MS as the cognitive outcome. We 

observed that baseline gait speed was a significant predictor of early 
and late changes in 3MS (β = .09 and β = .21, respectively, p < .001). 
Baseline 3MS predicted early change in gait speed (β = .07, p < .001) 
but not late change in gait speed (β = .08, p = .03). Early change in 
gait speed predicted late change in 3MS (β = .10, p = .004), but early 
change in 3MS did not significantly predict late change in gait speed 
(β = .08, p = .019).

Similar results were obtained when using DSST as the cognitive 
outcome (Figure 1B). Specifically, baseline gait speed was a signifi-
cant predictor of early and late changes in DSST (β = .06 and β = .20, 
respectively, p < .005). Baseline DSST predicted early change in gait 
speed (β = .09, p < .001) but not late change in gait speed (β =.08, 
p = .04). Early change in gait speed was a significant predictor of late 
change in DSST (β = .16, p < .001), but early change in DSST did not 
significantly predict late change in gait speed (β = .06, p = .05). In 
both models (ie, 3MS and DSST), the residual correlations between 
change scores were highly significant (p < .001). This indicates that 
even after accounting for the predictive paths (as well as covariates), 
change in gait speed correlated with change in cognition during both 
the early and late phase of the study.

The above estimates were unaltered when further controlling for 
changes in PA with no standardized estimate changing by more than 
0.01 units (Table 3). In sex-stratified models, we found no evidence 
that the associations between gait speed and cognition differed sig-
nificantly between men and women (Table 4). The various ways of 
dealing with missing data replicated the findings described above 
(Supplementary Tables 2–4), as did excluding individuals with base-
line 3MS < 80 (Supplementary Table 5) or with baseline gait speed < 
1.0 m/s (Supplementary Table 6).

Discussion

Among older community-dwelling men and women, individuals 
who showed faster rates of gait speed decline over the first 4 years 
of the study had faster rates of cognitive decline during the follow-
ing 5 years of the study. In contrast, early cognitive decline did not 
significantly predict later gait speed decline. Contrary to expecta-
tions, these predictive associations could not be accounted for by 
changes in PA. Thus, while PA can be an important contributor to 
maintaining cognition in older age (30), it does not appear to explain 
the link between gait speed decline and cognitive decline. Instead, 
these findings support a global age-related biologic degeneration 
that affects physical performance and cognition (3). Interestingly, 
our findings also suggest that this degeneration may manifest as a 
deficit primarily in physical performance early on, and then later, 
cognitive performance.

An important contribution of the current work is the compari-
son of two distinct cognitive measures—a general cognitive assess-
ment used to screen for dementia (3MS) and a specific measure of 
executive functioning and psychomotor processing (DSST). Several 
findings were consistent for both tasks. Using either measure, early 
change in gait speed predicted later change in cognition and the cor-
related change in gait speed and cognition could not be accounted 
for by PA decline. However, there were also noteworthy differences. 
Foremost, gait speed decline was more strongly related to decline 
in DSST than to decline in 3MS performance, with standardized 
coefficients roughly 50–75% larger for the former than the latter. 
This finding supports the conclusions of a 2013 meta-analysis (3), 
and might provide insight into the nature of age-related degenera-
tion that afflicts gait speed and cognition. Previously, it had been 
suggested that degeneration in regions of the brain important for 
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Figure 1. Depiction of the main findings of the study when using modified mini-mental state examination (A) or digit symbol substitution test (B). Standardized 
estimates (and standard errors) are provided for cross-domain associations. Gray lines are within-domain associations and are not of interest in this study. To 
simplify the model, covariates are not shown but included clinical site, education, age, race, baseline BMI, gender, baseline smoking and drinking status, and 
prevalent diabetes, cardiovascular disease, and cerebrovascular disease. 3MS = Modified mini-mental state examination. DSST = Digit symbol substation test. 
Gait = gait speed. ε = Residual change in the latent variable not accounted for covariates or previous assessments. Solid lines with bolded estimates indicate 
associations that are significant based on Bonferroni correction (p < .0056). 

motor control, executive functioning, and attention could negatively 
impact gait speed because gait relies on both motor and cognitive 
processes, including executive function and attention (31). Our find-
ings support this proposition given that the DSST assesses these cog-
nitive and motor control processes more so than the 3MS, a more 
generalized cognitive assessment of orientation, language, and mem-
ory performance. Recent studies demonstrated that macro-structural 
disruptions in white matter were associated with poorer DSST per-
formance and impaired gait (32,33). This included lesions in fiber 
tracts related to motor control, processing speed and executive func-
tioning, including the frontal portion of the corpus callosum and the 
anterior thalamic radiation (32). A more recent study extended this 
finding by suggesting that white matter lesions can especially impact 
gait speed when paired with decreased microstructural integrity of 
normal-appearing white matter (34). White matter lesions are com-
mon in older adults (33), and conceivably, their accumulation over 
time might partly underlie the directional associations between age-
related decline in gait speed and cognition observed herein. In light of 
these associations, interventions that slow the progression of white 
matter damage—eg, by addressing the underlying cardio-metabolic 

risk factors for such damage (35)—might have downstream benefits 
to mobility and to cognition.

A second important contribution is the formal testing of whether 
observed associations differed between women and men, which we 
found did not. This is informative because previous studies either 
examined women and men together or included only men or women 
in the cohort (eg, the Honolulu Heart Program or the Women’s 
Health Initiative Memory Study).

Although we observed that early change in gait speed was a 
stronger predict of later change in cognition, rather than vice versa, 
our findings do not suggest that the association is strictly unidirec-
tional in this population or that early examination of cognition is 
unimportant. Both baseline measures of cognition predicted early 
changes in gait speed. Moreover, the residuals between gait speed and 
cognition were consistently correlated with one another during each 
phase of the study. Thus, in line with a previous study using a similar 
analytic framework in a smaller female cohort, there appears to be 
some degree of bidirectionality in these associations between cogni-
tion and physical performance (14). Furthermore, when assessing an 
older adult’s risk for dementia, it may be important to consider gait 

Table 3. Effects of Physical Activity on the Associations Between Gait Speed and Cognition.

Cognition Measured by 3MS Cognition Measured by DSST

Adjusted for Covariates*
Adjusted for Covariates* 
and ΔPA Adjusted for Covariates*

Adjusted for Covariates* 
and ΔPA

Predictive associations
 BL Gait→ Early Cognition .09 (.02) .09 (.02) .06 (.02) .06 (.02)
 BL Cognition → Early ΔGait .07 (.02) .06 (.02) .09 (.02) .09 (.02)
 BL Gait→ Later Cognition .21 (.04) .21 (.04) .20 (.04) .19 (.04)
 BL Cognition → Later ΔGait .08 (.04) .08 (.04) .08 (.04) .08 (.04)
 Early ΔGait→ Later Cognition .10 (.03) .10 (.04) .16 (.04) .16 (.04)
 Early Cognition → Later ΔGait .08 (.03) .07 (.03) .06 (.03) .06 (.03)
Residual correlations
 Early ΔGait ←→ Early ΔCognition .13 (.02) .13 (.02) .19 (.02) .19 (.02)
 Late ΔGait ←→ Late ΔCognition .17 (.03) .17 (.03) .23 (.03) .23 (.03)

Notes: Standardized estimates (and standard errors) are shown. BL = baseline; 3MS = Modified Mini-Mental State Examination; DSST = digit symbol substitu-
tion test; PA = physical activity as indexed by self-reported walking (min/week).

*Covariates include clinical site, education, age, race, baseline BMI, gender, baseline smoking and drinking status, and prevalent diabetes, cardiovascular 
disease, and cerebrovascular disease.
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speed along with cognitive functioning, as suggested by the notion of 
a motoric cognitive risk syndrome (36,37).

The SEM approach used herein has advantages over more com-
monly used linear mixed modeling (LMM) of longitudinal data (eg, 
9,12). As noted by Krall and colleagues (14), SEM better captures 
the dynamic, bidirectional associations between cognition and 
physical performance over time. In contrast, in LMM one of the 
time-varying variables must be specified as the dependent variable 
and the other as a time-varying predictor variable. Presupposing a 
specific directionality may not be warranted and this does not allow 
for the simultaneous modeling of bidirectional relations. However, 
there are instances in which LMM would be preferred, eg, to exam-
ine the shape of group-level change over time (25) or to determine 
individual-level points of acceleration in decline, as has been done to 
identify the onset of terminal decline (38). In another recent exam-
ple, LMM was used to show that cognitive decline accelerated after, 
rather than before, the onset of functional limitations in strength and 
basic mobility (39). These findings are consistent with the findings 
herein as they suggest that decline in physical performance might 
precede cognitive decline. Thus, SEM and LMM should be consid-
ered complementary approaches to examine longitudinal associa-
tions between cognition and physical performance.

This study has limitations. One limitation is that PA was meas-
ured via a self-report measure of time spent walking. This intro-
duces issues such as inaccurate recall due to cognitive limitations 
and social desirability, as well as does not capture the full range 
of activities that older adults might engage in. However, walking 
is the most common PA (40) and was the one form of PA assessed 
repeatedly over time in this cohort, which was required for the 
analyses conducted for this study. It is possible that the use of objec-
tive PA measurement might lead to different conclusions than those 
herein. Beyond the PA assessment, there might be measurement 
error associated with the other assessments—especially the cogni-
tive assessments—that might influence the nature of these results. 
The availability of only three time points during which all primary 
measures were collected prohibits us from determining whether 
changes in gait speed continue to predict subsequent changes in 

cognition over longer periods of time. Another consideration is 
that the standardized coefficients, though highly significant in most 
instances and independent of various covariates, represent small 
effects based on the convention that standardized estimates of .10 
are small and .30 are moderate in size (41). Thus, although we dem-
onstrated an independent relationship between gait speed decline 
and subsequent cognitive decline, our results suggest that the con-
tribution is small, which implies that there are likely various other 
contributors to cognitive decline worthy of study. A final limitation 
is that study sample was quite healthy at study entry. This raises 
questions regarding the generalizability of our findings; eg, it should 
not be assumed that the directionality we observed would also be 
evident among older adults who have significant physical and cog-
nitive impairment at study entry.

Conclusions

The major strength of this study is the use of multivariate longitu-
dinal modeling to examine the course of changes in gait speed and 
cognition. We found consistent evidence that gait speed decline pre-
dicts future cognitive decline, independent of PA and several demo-
graphic variables, health behaviors, and chronic disease conditions. 
This predictive effect was evident for both general cognitive decline 
and specific psychomotor/executive functioning decline, but was 
stronger for the latter. The reciprocal association—that cognitive 
decline predicts future gait speed decline—was consistently weaker 
and non-significant. We also found that the longitudinal associa-
tions between cognition and gait speed were similar in older women 
and men. Thus, routine measurement of usual gait speed appears to 
be an important—and simple—clinical tool to be used along with 
measures of cognition to identify heightened risk for future cognitive 

decline among initially healthy older women and men.
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Table 4. Comparison of Predictive Associations Between Women and Men.

Path
Standardized Estimate for 
Men (n = 1,377)

Standardized Estimate for Women 
(n = 1,499)

p Value for Comparison of Men 
Versus Women

Cognition measured by 3MS
 BL Gait→ Early Δ3MS .09 (.03) .08 (.03) .838
 BL 3MS→ Early ΔGait .08 (.03) .05 (.03) .283
 BL Gait→ Later Δ3MS .25 (.06) .17 (.05) .476
 BL 3MS→ Later ΔGait .10 (.05) .07 (.05) .617
 Early ΔGait→ Later Δ3MS .12 (.05) .09 (.05) .838
 Early Δ3MS→ Later ΔGait .13 (.05) .03 (.04) .099
 Early ΔGait ←→ Early Δ3MS .14 (.03) .11 (.03) .728
 Late ΔGait ←→ Late Δ3MS .18 (.04) .17 (.04) .773
Cognition measured by DSST
 BL Gait→ Early ΔDSST .07 (.03) .05 (.03) .774
 BL DSST→ Early ΔGait .07 (.03) .10 (.03) .790
 BL Gait→ Later ΔDSST .21 (.06) .19 (.05) .836
 BL DSST→ Later ΔGait .06 (.05) .10 (.05) .667
 Early ΔGait→ Later ΔDSST .17 (.05) .15 (.05) .917
 Early ΔDSST→ Later ΔGait .11 (.05) .04 (.05) .229
 Early ΔGait ←→ Early ΔDSST .16 (.03) .21 (.03) .283
 Late ΔGait ←→ Late ΔDSST .24 (.04) .24 (.05) .917

Notes: Standardized beta values (and standard errors) are presented. BL = baseline; 3MS = Modified Mini-Mental State Examination; DSST = digit symbol 
substitution test.
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