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ABSTRACT

Individual health characteristics, namely, physical activity, smoking, and weight status, 
have a positive effect on cognitive function, especially during the aging process. However, 
fewer studies have evaluated the combined associations of these health characteristics 
on cognitive function among older adults, which was this study’s purpose. Data from 
the 1999–2002 National Health and Nutrition Examination Survey were used (N = 2,370 
adults 60+ years). Clinical measures were assessed using the Digit Symbol Substitution 
Test (DSST), self-reported physical activity, and smoking status. Weight status was evalu-
ated based on measured body mass index. Being a non-smoker [β = 2.44; 95% confidence 
interval (CI): −0.03–4.92; P = 0.05] and meeting the physical activity guidelines (β = 5.73; 
95% CI: 4.34–7.12; P < 0.001) were independently associated with DSST. There was also 
an evidence of an additive association of these three health characteristics on cognitive 
function. The highest area under the receiver operating characteristic curve [area under 
the curve (AUC)] was observed among those who met physical activity guidelines (AUC = 
0.59; 95% CI: 0.57–0.61) compared to smoking status (receiver operator characteristic = 
0.51; 95% CI: 0.49–0.52) or weight status (AUC = 0.49; 95% CI: 0.47–0.51). Weight status 
and smoking are independently associated with cognitive function, and individuals with 
all three evaluated health characteristics (non-smoking, normal weight, and active) had 
the highest cognitive function.
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Introduction

Cognitive function is inversely associated with age 
[1], with some degree of cognitive decline being 
considered as a normal outcome associated with 
aging [2,3]. However, particularly in the older adult 
years, reduced cognitive function is also linked 
with various neurodegenerative diseases, such as 
dementia [4]. Therefore, maintenance of cognitive 
function is important, and efforts should be made to 
attenuate rates of cognitive decline that occur with 
increasing age. Cognitive function may be partially 
modifiable via lifestyle behaviors. For instance, cer-
tain health characteristics, such as physical activity 
[5–7], smoking [8], and weight status [9], have all 
been shown to be individually associated with cog-
nitive function.

Specifically, physical activity has been shown to 
be positively associated with cognitive function, 

with copious evidence supporting both acute and 
chronic influences of physical activity on cognition 
[10–18]. Physical activity is believed to enhance con-
structs such as information processing, attention, 
and memory [19–23], all of which are important 
for optimal cognitive functioning. Improvements 
in these processes may partially result from exer-
cise-induced increases in molecules such as 
brain-derived neurotrophin factor and insulin-like 
growth factor-1 [24–26], which ultimately may 
promote neurogenesis, angiogenesis, and synaptic 
plasticity [19–23]. Recent animal research on this 
topic has also identified a new potential mediator 
of the physical activity-cognitive function relation-
ship, catethepsin B [27].

Previous research investigating the association 
between smoking status and cognitive function has 
yielded somewhat mixed findings, though there is 
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plentiful evidence to suggest that smoking plays a 
detrimental role on one’s cognitive health. For exam-
ple, a meta-analysis evaluating smoking status and 
risk for dementia and cognitive decline [28] found 
that current smokers (compared to never smokers 
or individuals who had smoked at one point in time 
but quit) had an increased risk of cognitive decline 
or dementia. One proposed mechanism to support 
this association is that smoking is a risk factor for 
vascular diseases and therefore could influence cog-
nition (e.g., vascular dementia) via vascular path-
ways [29]. Additionally, smoking has been shown 
to be associated with periventricular and subcor-
tical white matter lesion progression, which have 
been linked with greater cognitive decline [30]. The 
findings of a review paper [28] also seem to sup-
port the notion that smoking cessation may lead to 
cognitive improvements. For instance, there were 
no observable differences in the risk of Alzheimer’s 
disease when comparing never-smokers to current 
non-smokers who had previously smoked. It seems 
plausible that quitting smoking may reverse some 
of the potential cognitive damage originally elicited 
from smoking, considering that smoking cessation 
has been shown to be associated with a reduction 
in inflammatory markers, such as C-reactive pro-
tein (CRP) [31]. Notably, systemic inflammation 
may lead to neuro-inflammation in certain areas 
of the brain (e.g., hypothalamus), promoting hypo-
thalamic neurodegeneration and reduced cognitive 
function [32].

Similar mechanisms have been proposed to 
explain the relationship between weight status 
and cognitive function [9]. For example, the vascu-
lar effects of obesity (e.g., increased risk for cere-
brovascular diseases) are suggested to influence 
the development of vascular cognitive impairment 
among older persons [33], possibly via enhanced 
atherosclerosis in large cerebral arteries as well 
as alterations in cerebral microcirculation [34]. 
Being overweight or obese may also contribute to 
dysfunction of the blood brain barrier, which has 
been shown to be associated with both Alzheimer’s 
disease and vascular dementia [9]. With regards to 
systemic inflammation, overweight and obese indi-
viduals have been demonstrated to have higher lev-
els of circulating pro-inflammatory cytokines (e.g., 
CRP and interleukins 1 and 6) [35], which have 
been shown to be associated with dementia [36], 
as well as impaired processing speed and executive 
function [37].

Importantly, emerging work has begun to inves-
tigate the potential combined effects of health 

characteristics on various health outcomes [38–40], 
in addition to their individual effects. Such investi-
gations are noteworthy as they may shed light on 
potential additive effects of having multiple positive 
health characteristics and may assist in the devel-
opment, implementation and evaluation of a preci-
sion prevention framework to facilitate and target 
behavior and health outcome change. Presently, 
there is limited research evaluating the potential 
additive effects of multiple health characteristics on 
cognitive function. Thus, the purpose of this short 
communication study was to evaluate the individ-
ual and combined associations of several health 
characteristics (namely, physical activity, smoking, 
and weight status) on cognitive function among 
older adults.

Methods

Design and participants

Data from the 1999–2002 National Health and 
Nutrition Examination Survey (NHANES) were 
used. Study procedures were approved by the 
National Center for Health Statistics ethics review 
board, with informed consent obtained prior to data 
collection. 2,370 adult (60–85 years) participants 
provided data on the study variables. Participants 
in this age range were evaluated as this was the age 
range eligible for the NHANES cognitive testing.

The NHANES is an ongoing survey conducted 
by the Centers for Disease Control and Prevention 
that uses a representative sample of non-insti-
tutionalized United States civilians selected by a 
complex, multistage, stratified, and clustered prob-
ability design. The multistage design consists of 
four stages, including the identification of counties, 
segments (city blocks), random selection of house-
holds within the segments, and random selection of 
individuals within the households. Further infor-
mation on NHANES methodology and data collec-
tion is available on the NHANES website (http://
www.cdc.gov/nchs/nhanes.htm).

Measurement of cognitive function

Demonstrating evidence of construct validity [41], 
the Digit Symbol Substitution Test (DSST) was used 
to assess cognitive function. The DSST, a compo-
nent of the Wechsler Adult Intelligence Test [42] 
and a test of visuospatial and motor speed-of-pro-
cessing, has a considerable executive function com-
ponent and is frequently used as a sensitive mea-
sure of frontal lobe executive functions [43,44]. 
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Participants were asked to copy symbols that were 
paired with numbers within 2 minutes. Following 
the standard scoring method, one point is given for 
each correctly drawn symbol.

Physical activity

Participants were asked open-ended questions 
about participation in leisure-time physical activity 
over the past 30 days. Data was coded into 48 activ-
ities, including 16 sports-related activities, 14 exer-
cise-related activities, and 18 recreational-related 
activities [13,45].

For each of the 48 activities where participants 
reported moderate or vigorous-intensity for the 
respective activity, they were asked to report the 
number of times they engaged in that activity over 
the past 30 days and the average duration they 
engaged in that activity.

For each of activity, metabolic equivalent of task 
(MET)-min-month was calculated by multiplying 
the number of days, by the mean duration, by the 
respective MET level (MET-min-month = days · 
duration · MET level) [46]. For example, the MET 
level for moderate-intensity walking is 3.5 and 5.0 
for vigorous-intensity walking; for swimming, the 
MET level for moderate and vigorous intensity is 
6.0 and 8.0, respectively.

Weight status

Measured height and weight were used to calculate 
body mass index (BMI; kg/m2), with normal weight 
defined as 18.5–24.9 kg/m2.

Smoking

Participants were classified as smokers if they 
self-reported smoking every day or some days; oth-
erwise, classified as non-smoker. Previous research 
demonstrates evidence of validity for self-reported 
smoking assessment [47].

Measurement of covariates

Covariates included: age, gender, race-ethnicity 
(Mexican American, other Hispanic, non-His-
panic white, non-Hispanic black, and others), CRP 
(mg/dL [48]); energy intake (kcals, continuous), 
and comorbid illness (ordinal variable: range, 0–9 
chronic diseases) based on physician-diagno-
sis of arthritis, coronary artery disease, stroke, 
congestive heart failure, heart attack, emphy-
sema, chronic bronchitis, diabetes, and hyper-
tension. Energy intake (kcal) was assessed from 
the mobile examination center (MEC) interview 

and the follow-up telephone interview, with the 
average of these values used; if data was missing 
from the telephone interview, only energy intake 
obtained from the MEC interview was used. These 
covariates were included in all analyses.

Analyses

All statistical tests (significance set at P < 0.05) 
were performed using Stata (version 12.0), with all 
analyses accounting for the complex survey design 
employed in NHANES. Specifically, the NHANES 
sampling weights were applied to render nation-
ally representative estimates. Multivariable linear 
regression was performed to examine the associa-
tion between the health characteristics and cogni-
tive function (outcome variable). Two multivariable 
models were computed:

1. � A model evaluating the independent associa-
tions of the three evaluated health character-
istics on cognitive function. The independent 
variables in this model included the afore-
mentioned covariates along with the three 
health characteristics. Smoking was catego-
rized as non-smoker vs. smoker (referent); 
physical activity was categorized as meeting 
physical activity guidelines vs. not (refer-
ent), with ≥ 2000 MET-min-month defined 
as meeting physical activity guidelines; and 
weight status was defined as normal BMI vs. 
not (referent).

2. � An additive multivariable regression model 
was evaluated by creating a 3-level health 
characteristic variable, ranging from 0–3. For 
example, those who were a non-smoker, nor-
mal weight, and met physical activity guide-
lines received a score of “3.” In this model, 
this health characteristic index variable was 
regressed on cognitive function, while adjust-
ing for the covariates.

Additionally, receiver operator characteristic 
(ROC) analysis was used to examine how well the 
test separates the sample into those with and with-
out “adequate” cognition. Here, participants were 
stratified as above (DSST = 42) and below the sam-
ple DSST median.

Results

Characteristics of the analyzed sample are shown in 
Table 1. Participants, on average, were 69.9 years, 
with 55.1% being female.

In the multivariable regression model (Table 2), 
normal BMI was not significantly associated with 
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the DSST score [β = 0.43; 95% confidence interval 
(Ci): −1.59–2.45; P = 0.66], but non-smoker (β = 
2.44; 95% CI: −0.03–4.92; P = 0.05) and meeting 
physical activity guidelines (β = 5.73; 95% CI: 4.34–
7.12; P < 0.001) were independently associated 
with DSST. In the additive multivariable regression 
model, and compared to those with a healthy life-
style index score of 0, those with an index score 
of 1 (β = 2.57; 95% CI: −1.18–6.33; P = 0.17),  
2 (β = 6.58; 95% CI: 2.58–10.59; P = 0.002), and 
3 (β = 8.66; 95% CI: 4.29–13.04; P < 0.001) had a 
higher DSST score.

As summarized in Figure 1, the highest 
area under the receiver operating character-
istic curve [area under the curve (AUC)] was 
observed among those who met physical activ-
ity guidelines (AUC = 0.59; 95% CI: 0.57–0.61) 
compared to smoking status (ROC = 0.51; 95%  

CI: 0.49–0.52) or weight status (AUC = 0.49; 95% 
CI: 0.47–0.51).

Discussion

Previous research has demonstrated that individ-
ual health characteristics, such as smoking, weight 
status, and physical activity, are associated with 
cognition function. The main findings of the present 
study were 1) that smoking and physical activity 
were independently associated with the DSST and 
2) there was a significant correlation between high-
est DSST score and those with three health charac-
teristics (non-smoker, normal BMI, and active). The 
ROC findings suggest that physical activity status is 
the best predictor of cognitive function.

With regard to the individual health character-
istics, emerging work suggests that smoking may 
have neurocognitive impairments [49]. Briefly, 
smoking may negatively influence cognition via 
alterations in brain structure, connectivity, receptor 
binding, through hypoxic events, and/or alterations 
in biochemistry and neurotransmission [50,51]. In 
alignment with the present study, physical activ-
ity has been shown to induce positive cognitive 
benefits [5–7]. Briefly, physical activity may help 
to increase cortical plasticity [52], in part, by pro-
moting angiogenesis and increasing levels of brain 
neurotrophic factors [7]. We did not observe an 

Table 1.  Characteristics of the analyzed sample,  
1999–2002 NHANES (N = 2370).

Variable Point  
estimate

95% CI

Cognitive function, mean DSST 47.7 46.4–49.1
Age, mean years 69.9 69.3–70.4
Gender, % female 55.1
Race-ethnicity, % white 83.7
CRP, mean mg/dL 0.51 0.47–0.55
Comorbidities, mean # 1.53 1.45–1.61
Energy intake, mean kcals 1796.2 1752.2–1840.2
BMI, mean kg/m2 28.1 27.8–28.4
Normal BMI, % 28.1
MVPA, mean MET-min-month 3593.2 2994.8–4191.6
Meets guidelines, % 37.2
Non-smoker, % 87.5

BMI = body mass index, CRP = C-reactive protein, DSST = Digit 
Symbol Substitution Test, MET = metabolic equivalent of task, 
MVPA = moderate-to-vigorous physical activity.

Table 2.  Multivariable regression results examining the 
association between the individual health characteristics 
and cognition.

β 95% CI P-value
Model 1
  Normal BMI vs. not 0.43 –1.59–2.45 0.66
  Non-smoker vs. smoker 2.44 –0.03–4.92 0.05
 � Meeting exercise guidelines 

vs. not
5.73 4.34–7.12 <0.001

Model 2
  1 vs. 0 health characteristics 2.57 –1.18–6.33 0.17
  2 vs. 0 health characteristics 6.58 2.58–10.59 0.002
  3 vs. 0 health characteristics 8.66 4.29–13.04 <0.001

In both models, covariates included age, gender, race-ethnicity, 
C-reactive protein, energy intake, and comorbid illness. BMI = 
body mass index.

Figure 1. Receiver operator characteristic curve 
analysis.
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independent association of weight status on cogni-
tion, which is in contrast to other studies [9]. Other 
work [9] suggests that overweight/obese individ-
uals who are otherwise healthy have alterations 
in brain pathology, including reduced volume of a 
number of brain regions (post-central gyrus, frontal 
lobe, putamen, and middle frontal gyrus), impaired 
hippocampal long-term potentiation, decreased 
hippocampal neurogenesis, decreased levels of 
dopamine and acetylcholine, increased markers of 
oxidative stress, and increased central inflamma-
tion (stimulated by peripheral cytokines).

In this present study, smoking and physical 
activity were associated with cognitive function, 
but weight status was not. Although speculative, 
the null findings for weight status may be a result 
of using a proxy measure (BMI) of adiposity, as 
opposed to a direct assessment of body fat percent-
age. Interestingly, we observed evidence of an addi-
tive association of the three health characteristics 
on cognitive function, with those having all three 
(non-smoker, normal BMI, and active) having the 
best cognitive function.

This study extends the existing literature, but 
several limitations should be considered. The phys-
ical activity assessment was subjective and may 
be susceptible to recall bias. However, there is evi-
dence of convergent validity for the particular sub-
jective physical activity measure utilized in this 
study [45]. Given that subjective measures often 
attenuate results toward the null, it is likely that 
our physical activity-DSST results are an underesti-
mation of their true effect [53]. Another limitation 
is using measured BMI as a proxy for weight status 
as well as only utilizing one measure of cognition. 
Given that the data was collected from an NHANES 
sample, a strength of the study is the potential to 
generalize to United States civilians. Future stud-
ies should extend these results longitudinally and 
experimentally to better inform the temporal rela-
tionship between the evaluated parameters.

In conclusion, findings of this study suggest an 
independent association between smoking, phys-
ical activity, and cognitive function. Given these 
associations, older adults should be informed of 
the adverse health effects that low physical activity 
and smoking, in particular, might have a negative 
impact on cognition. Further, methods of smok-
ing cessation and exercise plans should be avail-
able for older adults when addressing these health 
behaviors. For future research, when assessing the 
individual health characteristics (namely, physical 
activity, smoking, and weight status) on cognitive 

function among older adults, it would be beneficial 
to explore further environmental factors (social 
and built environment) as potential antecedents 
to these health behaviors. These potential anteced-
ents may have an impact over one’s lifetime and 
may play an important role on the individual and 
additive effects of multiple negative health charac-
teristics on cognition. Furthermore, future studies 
should also evaluate other combinations of health 
characteristics on cognition, such as dietary behav-
ior and sleep.
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