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Abstract.
Background: Physical activity (PA) has emerged as a promising approach to delay Alzheimer’s disease and related dementias,
but the optimal intensity of PA to improve cognitive health remains unknown.
Objective: To evaluate the association between duration and intensity of PA and cognitive domains (executive function,
processing speed, and memory) in aging Americans.
Methods: Linear regressions in hierarchical blocks for variable adjustment and the size of effect (η2) were analyzed by using
the data of 2,377 adults (age = 69.3 ± 6.7 years) from the NHANES 2011–2014.
Results: Participants with 3–6 h/week of vigorous- and > 1 h/week of moderate-intensity PA scored significantly higher in
executive function and processing speed domains of cognition compared to inactive peers (η2 = 0.005 & 0.007 respectively,
p < 0.05). After adjustment, the beneficial effects of 1–3 h /week of vigorous-intensity PA became trivial for delayed recall
memory domain test scores (� = 0.33; 95%CI: –0.01,0.67;η2 = 0.002; p = 0.56). There was no linear dose-response relationship
between the cognitive test scores and weekly moderate-intensity of PA. Interestingly, higher handgrip strength and higher
late-life body mass index were associated with a higher performance across all cognitive domains.
Conclusion: Our study supports habitual PA with superior cognition health in some but not all domains among older adults.
Furthermore, increased muscle strength and higher late-life adiposity may also impact cognition.

Keywords: Alzheimer’s disease, body mass index, cognitive function, executive function, handgrip strength, physical activity

INTRODUCTION

Aging is not only related to normal decline in fluid
cognition [1, 2] and its domains (executive func-
tion, processing speed, language ability, and memory)

∗Correspondence to: Murat Karabulut, PhD, FACSM, CSCS,
CEP, Department of Health and Human Performance, BVOTS 208,
University of Texas Rio Grande Valley, Brownsville, TX 78520,
USA. Tel.: +1 956 882 7236; E-mail: Murat.karabulut@utrgv.edu.

[3], but also it increases the risk of severe cognitive
impairment like dementia and Alzheimer’s disease
(AD) [4, 5], a major cause of disability and depen-
dency among older adults [6]. More than 6 million
aging Americans are suffering from AD in 2021 and
are projected to grow 13.8 million by 2060 [6], gen-
erating more than threefold increase in government
and individual spending on healthcare and long-term
care, costing the nation 1.1 trillion US dollars [6].
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Thus, the role of non-pharmacological interventions
to maintain, enhance or reverse declines in cogni-
tive performance (CP) has attracted attention among
researchers.

Physical activity (PA) is a non-pharmacological
intervention that has documented benefits to slow
cognitive decline [7] and reduce AD-risk by exert-
ing neuroprotection and slowing neuropathological
changes [8]. Furthermore, PA modifies the lifestyle
risk factors (obesity, hypertension, diabetes, late-
life depression, social isolation, etc.) associated with
dementia and AD [9]. Although several studies linked
PA to enhanced global CP [10, 11], these findings
are not universally supported. Several studies have
only demonstrated the beneficial effect of PA on
select domains of cognition in older adults [12–14].
In addition, despite extensive research to explore
the optimal PA dosages (duration and intensity) to
improve cognitive health, the optimal intensity and
duration of PA remains elusive [15, 16]. Several stud-
ies reported a positive dose-response effect of PA on
cognition [17, 18], but others reported selective [19]
or no dose-response relationship [20]. Since these
inconsistent results may be due to several method-
ological inconsistencies and confounding factors
such as socio-demographic and individual character-
istics [15]. Previous research has documented the link
between socio-demographic characteristics (such as
age, sex, education, marital status, etc.) and individ-
ual characteristics (such as body mass index (BMI),
disease condition (hypertension, diabetes, depres-
sion), etc.) with both PA and CP [15, 21]. Therefore,
research investigating the relationship between indi-
vidual domains of fluid cognition and PA is warranted
for clarification.

Hence, the purposes of our study were three folds:
1) to examine possible associations between differ-
ent durations and intensities of PA and CP across
individual domains, 2) to investigate dose-response
association between PA and cognitive domains, and
3) to determine the association between other socio-
demographics and cognitive domains among aging
Americans by using a national database.

METHODS

Data source and analytic sample

We analyzed the publicly available data from
two cycles of the National Health and Nutri-
tion Examination Survey (NHANES) (2011–2012,

2013–2014). This survey was designed to evalu-
ate the health status of a nationally representative
sample of non-institutionalized U.S. civilians and
consisted of in-home interview and standardized
health examinations in the mobile examination cen-
ters. Among the 19,931 people enrolled in NHANES
surveys in 2011–2014, data from 2,377 adults who
were 60 years or older with complete information
for all CP tests, PA questionnaires, and covari-
ates were analyzed. Participants who answered
“Refused” or “Don’t know” to any questions or
had missing data for any of the CP tests, PA ques-
tionnaires, and covariates were excluded from the
analysis. All the data collection procedures per-
formed in NHANES were carried out in accordance
with the Health Statistics Research Ethics Review
Board. The participants provided informed writ-
ten consent in accordance with the Declaration of
Helsinki [22]. Additional details can be found online
(https://www.cdc.gov/nchs/nhanes/index.htm).

Assessment of CP

Three CP assessments were conducted by trained
interviewers. Consortium to Establish a Registry
for AD (CERAD) word learning subtest, assesses
immediate and delayed learning ability for new ver-
bal information (memory sub-domain) [23]. The
test includes three consecutive immediate recall tri-
als (CERAD.IR), and a single delayed recall trial
(CERAD.DR). The Animal Fluency Test (AFT) that
examines categorical verbal fluency (a measure of
executive function [24], and language ability [25]).
The Digit Symbol Substitution test (DSS), a com-
ponent of the Wechsler Adult Intelligence Scale III
[26], assessed processing speed, sustained attention,
and working memory.

Self-reported PA

Participants self-reported their PA pattern by
completing the Global PA Questionnaire to assess
moderate (MPA) and vigorous-intensity PA (VPA)
[27]. The frequency and duration of MPA and VPA
in a typical week was used to calculate weekly
PA. Participants were categorized based on their
total minutes of weekly activity. For VPA, less than
1 hour (VPA < 1 h), 1–3 hours (VPA 1–3 h), 3–6 hours
(VPA 3–6 h), and more than 6 hours (VPA 6 + h) per
week. MPA was categorized as no MPA (No activity),
less than 1 hour (MPA < 1 h), 1–3 hours (MPA 1–3 h),
3–6 hours (MPA 3–6 h), 6–9 hours (MPA 6–9 h),

https://www.cdc.gov/nchs/nhanes/index.htm
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9–12 hours (MPA 9–12 h), and more than 12 hours
(MPA 12 + h).

Covariates

The study takes into consideration several socio-
demographic information and physical attributes and
disease conditions: Age (years, continuous), Gender
(male or female), Self-reported race [Hispanic (Mex-
ican American and other Hispanic), Non-Hispanic
white, Non-Hispanic black, or Other (Non-Hispanic
Asian and Other race-including multi-racial)], Edu-
cation status [< 9th grade, 9–11th grade (includes
12th grade with no diploma), High school gradu-
ate/GED or equivalent, some college or AA degree,
College graduate or above], Marital status (lives
alone or living with someone). BMI (calculated
as kg/m2), physician-diagnosed hypertension (Yes
or No) and diabetes status (Yes, No, Borderline),
high-density lipoprotein (HDL), categorized depres-
sive symptoms by Patient Health Questionnaire (0–4
“none or minimum”, 5–9 “mild”, 10–14 “moderate”,
15–19 “moderately severe”, and 20–27 “severe”)
was included. As comorbid conditions can affect
the level of PA [28] and cognitive ability [29], we
included seven chronic conditions such as chronic
cardiovascular diseases (coronary artery disease,
stroke, congestive heart failure, heart attack), chronic
musculoskeletal disease (arthritis), and chronic respi-
ratory diseases (emphysema and chronic bronchitis).
The total score ranged from 0–7 (one point each
comorbid condition). As muscular strength is asso-
ciated with performing PA [30], handgrip strength in
kg, measured with a digital handgrip dynamometer
(Takei Dynamometer Model T.K.K.5401; Akiha-Ku,
Japan), was included.

Statistical analyses

Descriptive statistics and contrast between gen-
ders were computed. A t-test for continuous variables
and Fisher’s exact test for categorical variables were
performed. Hierarchical linear regression analyses
were computed to examine the associations of levels
of PA (VPA and MPA) and CP test scores. Mod-
els were computed separately for each CP test. In
each model, VPA or MPA was the main indepen-
dent variable. For all models, the most physically
inactive group was considered as the reference group
and the coefficients (95% CI), and effect size (η2)
were calculated. The unadjusted model represents the
bivariate relationship between CP test scores and PA

(VPA/ MPA) that did not control for covariates. In
the minimally adjusted models, the greatest change
in the �-coefficients was observed. The fully adjusted
model included all the covariates discussed above.
Finally, surface analysis plots were computed by the
weighted inverse of the variance of each data point to
explore the relationship between CP, education sta-
tus, and VPA. The analyses were conducted using
statistical software package R (R foundation, version
4.0.3). All analyses were two-tailed and statistical
significance was established as a nominal alpha of
0.05.

RESULTS

Descriptive characteristics

Among the analytic sample of 2,377 older adults,
1,209 (50.86%) were female. Most participants were
physically inactive, 82.71% (n = 1966) engaged in
VPA for less than an hour and 35.59% of participants
(n = 846) did not engage in any weekly MPA. Char-
acteristics of study participants are shown in Table 1.

CERAD.IR scores ranged from 0 to 30 with
mean ± SD of 19.16 ± 4.52 and CERAD.DR scores
ranged from 0 to 10 with a mean ± SD of 6.05 ± 2.25
(Right-skewed distribution, Fig. 2A, B). AFT scores
ranged from 3 to 40 with a median of 16 (Left- skewed
distribution Fig. 2C). DSS scores ranged from 0 to
105 with a mean ± SD of 47.11 ± 16.97, were nor-
mally distributed (Fig. 2D). Except for AFT, females
scored significantly higher in all the CP assessment
tests (all p < 0.01) (Table 1).

VPA and CP

CP assessment scores across different categories
of VPA is shown in Table 2.

The hierarchical regression analyses evaluated the
association between the CP assessment scores and
VPA are shown in Table 3.

After fully adjusting (socio-demographic,
lifestyle, and health characteristics), the association
between VPA and CERAD.IR scores were attenuated
(Table 3). Across all models, the most active older
adults (weekly VPA 6 + h) tend to score lower in
all the CP tests relative to the ones who performed
weekly VPA 1–3 h and VPA 3–6 h. Therefore, a
linear dose-response association was not evident.

Notably, after adjusting for socio-demographic
characteristics (age, gender, race, education sta-
tus), the greatest change in the �-coefficients was
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Table 1
Demographic, lifestyle, and health characteristics of participants included in analyses from NHANES (2011–2014), by Gender

Variable Male Female Total
(n = 1,168) (n = 1,209) (n = 2,377)

Age (mean (SD)) 69.32 (6.78) 69.28 (6.69) 69.30 (6.73)
Race (%)

Non- Hispanic White 562 (48.1) 627 (51.9) 1,189 (50.0)
Hispanic 216 (18.5) 225 (18.6) 441 (18.6)
Non- Hispanic Black 275 (23.5) 259 (21.4) 534 (22.5)
Other 115 (9.8) 98 (8.1) 213 (9.0)

Education∗∗
< 9th grade 135 (11.6) 110 (9.1) 245 (10.3)
9–11th grade 149 (12.8) 165 (13.6) 314 (13.2)
High school grad/ GED 261 (22.3) 302 (25.0) 563 (23.7)
College 301 (25.8) 383 (31.7) 684 (28.8)
College Grad and above 322 (27.6) 249 (20.6) 571 (24.0)

Marital status∗ = Live with someone (%) 838 (71.7) 561 (46.4) 1,399 (58.9)
BMI (mean (SD))∗ 28.56 (5.48) 29.58 (6.92) 29.08 (6.28)
Grip Strength (mean (SD))∗ 75.52 (16.38) 48.15 (10.32) 61.60 (19.32)
HDL (mean (SD))∗ 49.55 (14.67) 59.28 (16.5) 54.50 (16.36)
Cognitive performance assessment

CERAD.IR (mean (SD))∗ 18.30 (4.36) 19.98 (4.52) 19.16 (4.52)
CERAD.DR (mean (SD))∗ 5.65 (2.23) 6.44 (2.21) 6.05 (2.25)
AFT (mean (SD)) 17.07 (5.55) 16.84 (5.40) 16.95 (5.47)
DSS (mean (SD))∗ 44.31 (16.00) 49.82 (17.44) 47.11 (16.97)

Physical activity
Total minutes of vigorous- intensity activity/week (mean (SD))∗ 122.48 (367.60) 47.00 (217.58) 84.08 (303.09)
Vigorous- intensity activity.∗∗

< 1 h 903 (77.3) 1,063 (87.9) 1,966 (82.7)
1–3 h 86 (7.4) 73 (6.0) 159 (6.7)
3–6 h 78 (6.7) 28 (2.3) 106 (4.5)
6 + h 101 (8.6) 45 (3.7) 146 (6.1)

Total minutes of moderate- intensity activity/week (mean (SD))∗ 353.18 (578.87) 268.68 (497.11) 310.20 (540.38)
Moderate-intensity activity∗∗

No activity 379 (32.4) 467 (38.6) 846 (35.6)
< 1 h 75 (6.4) 67 (5.5) 142 (6.0)
1–3 h 207 (17.7) 241 (19.9) 448 (18.8)
3–6 h 184 (15.8) 182 (15.1) 366 (15.4)
6–9 h 84 (7.2) 81 (6.7) 165 (6.9)
9–12 h 66 (5.7) 52 (4.3) 118 (5.0)
12 + h 173 (14.8) 119 (9.8) 292 (12.3)

Depression status (%)∗∗
Minimum 949 (81.2) 832 (68.8) 1,781 (74.9)
Mild 143 (12.2) 233 (19.3) 376 (15.8)
Moderate 44 (3.8) 86 (7.1) 130 (5.5)
Moderate Severe 18 (1.5) 42 (3.5) 60 (2.5)
Severe 14 (1.2) 16 (1.3) 30 (1.3)

Physician-diagnosed Hypertension = Yes (%)∗ 682 (58.4) 770 (63.7) 1,452 (61.1)
Physician-diagnosed Diabetes

No 838 (71.7) 902 (74.6) 1,740 (73.2)
Borderline 54 (4.6) 57 (4.7) 111 (4.7)
Yes 276 (23.6) 250 (20.7) 526 (22.1)

Comorbidity score (mean (SD))∗ 0.85 (1.03) 0.95 (0.97) 0.90 (1.00)

Unweighted sample size∗ t-test, p < 0.05,∗∗Fisher’s exact test, p < 0.05. CERAD.IR, immediate recall memory test; CERAD.DR, delayed
recall memory test; AFT, animal fluency test; DSS, digit symbol substitution test.

observed, suggesting their major role in determining
CP. Indeed, education status showed highest influ-
ence on cognition (Table 3).

The surface plots demonstrating the relationship
between education status and VPA and the CP assess-
ment scores of the older adults are shown in Fig. 3.

As expected, the highest values of all the assessment
scores correspond with higher education status. Inter-
estingly, an increase in weekly VPA, from VPA < 1 h
to VPA 1–3 h, increased the AFT score, even in partic-
ipants with lower education status. Similar increase in
scores was also noticed in participants in VPA 3–6 h
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Fig. 1. Flow diagram of analytic sample selection from NHANES 2011–2014 dataset based on inclusion and exclusion criteria.

Fig. 2. Cognitive performance assessment scores. Immediate recall memory test (CERAD.IR), delayed recall memory test (CERAD.DR),
animal fluency test (AFT), digit symbol substitution test (DSS).

group. However, beyond this duration, a decrease in
the AFT score is noticed, indicating most active older
adults (weekly VPA 6 + h) scored lower compared
to the ones who performed weekly VPA 1–3 h and
VPA 3–6 h. Although not as profound as the changes
observed in the AFT scores, a similar pattern was
noticeable in other CP tests as well.

MPA and CP

Table 4 shows the mean CP test scores by category
of MPA.

The hierarchical regression analyses evaluating
the association between the CP assessments and
MPA is shown in Table 5. The fully adjusted model
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Table 2
Cognitive performance assessment scores across different categories vigorous- intensity physical

activity (n = 2,377). Mean ± SD

VPA
< 1 h (n = 1,966) 1–3 h (n = 159) 3–6 h (n = 106) 6 + h (n = 146)

Age (y) 69.8 ± 6.81 67.01 ± 5.91 67.17 ± 5.84 66.55 ± 5.53
CERAD.IR 18.95 ± 4.58 20.53 ± 3.95 20.22 ± 3.77 19.64 ± 4.45
CERAD.DR 5.96 ± 2.28 6.80 ± 2.15 6.56 ± 1.96 6.20 ± 2.08
AFT 16.51 ± 5.33 19.20 ± 5.86 19.75 ± 5.93 18.38 ± 5.26
DSS 45.79 ± 16.79 55.22 ± 16.62 55.27 ± 16.05 50.08 ± 16.03

CERAD.IR, immediate recall memory test; CERAD.DR, delayed recall memory test; AFT, animal fluency
test; DSS, digit symbol substitution test.

shows no association between MPA and CERAD.IR
and CERAD.DR scores. However, MPA was non-
linearly associated with AFT and DSS test scores.
Older adults engaging in highest weekly MPA
(MPA12 + h) showed highest association to AFT
test score (� = 1.39; 95% CI: 0.73, 2.05; η2 = 0.009;
p < 0.001), compared to their inactive peers. How-
ever, participants performing MPA 1–3 h (� = 0.90;
95% CI: 0.34, 1.46; η2 = 0.009; p < 0.01) and MPA
3–6 h (� = 0.79; 95% CI: 0.18, 1.39; η2 = 0.009;
p < 0.05) also scored significantly higher compared
to the reference group. Participants engaging in
weekly MPA < 1 h (� = 3.36; 95% CI: 1.22, 5.50;
η2 = 0.007; p < 0.01) and MPA 1–3 h (� = 2.06, 95%
CI: 0.67, 3.45; η2 = 0.007; p < 0.01) showed signifi-
cantly higher DSS score compared to those who did
not engage in any MPA. Furthermore, older adults
engaging in weekly MPA 3–6 h showed a trend to
score slightly higher in DSS test (� = 1.38; 95%
CI: –0.13, 2.88; η2 = 0.007, p = 0.73), compared to
those engaging in weekly MPA No activity. There-
fore, an inconsistent dose-response relationship was
observed between the executive function and pro-
cessing speed performance and duration of weekly
MPA.

The covariates with significant negative associ-
ations with all the cognitive test scores included
age, some racial ethnicity, education level, severity
of depression (all p < 0.05). Additionally, hyperten-
sion demonstrated significant negative association
with AFT scores (p < 0.05). Diabetes (p < 0.01)
and chronic comorbidities (p < 0.05) were nega-
tively associated with DSS test scores. Whereas,
female gender, higher educational attainment, higher
handgrip strength demonstrated significant positive
association with cognitive test scores. Interestingly,
a higher BMI and HDL level was positively associ-
ated with higher AFT score. A higher BMI was also
associated with higher CERAD.DR score.

DISCUSSION

The findings of this study provide evidence that
PA (both VPA and MPA) is associated with better
performance in measures of executive function, and
processing speed but not memory. Secondly, VPA
(not MPA) is associated with enhancing memory-
specific cognitive ability (delayed recall memory),
suggesting an intensity-specific cognitive health-
related outcome. Thirdly, PA may be effective in
promoting CP in a non-linear dose-response manner.
Fourthly, higher handgrip strength was associated
with a higher CP across all domains (memory, execu-
tive function, and processing speed). Lastly, a higher
BMI at late-life may provide protective benefits
against cognitive dysfunction.

In this cross-sectional analysis of a national sam-
ple of community-dwelling older adults in the US,
bivariate analysis suggested that CP was preserved
among older adults who engaged in regular PA com-
pared to their less-active counterparts. However, the
magnitude of the association was diminished for
delayed memory, verbal fluency, executive function,
and processing speed, and was completely absent
for immediate memory when we controlled for con-
founding factors (socio-demographic and physical
attributes).

Even though PA has been linked to improved mem-
ory performance [31, 32] and several others claimed
a global betterment in CP following PA [10, 11], the
findings from the present study indicated that PA
(both VPA and MPA) correlated with significantly
better performance on the measures of executive
function and processing speed but not memory. This
result provide support for the “selective improvement
hypothesis” introduced by Kramer and collaborators
that proposed PA induced improvement in cardiores-
piratory fitness brings about selective, rather than
generalized, improvement in CP [14]. A similar
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Table 3
Regression analyses examining the association between cognitive performance assessment scores and

vigorous-intensity physical activity (n = 2,377)

� (95% CI)

Model Unadjusted Minimally adjusted Fully adjusted
CERAD.IR

VPA< 1 h Ref Ref Ref
VPA 1–3 h 1.58 (0.86, 2.31)∗∗∗ 0.56(–0.12, 1.23)∧ 0.41 (–0.26, 1.08)
VPA 3–6 h 1.26 (0.39, 2.14)∗∗ 0.55 (–0.26, 1.36) 0.42 (–0.39, 1.23)
VPA 6 + h 0.69 (–0.06, 1.45)∧ 0.42 (–0.27, 1.12) 0.30 (–0.40, 0.99)
R-squared 0.01 0.188 0.197

Partial Eta-squared VPA 0.011 VPA
Gender
Age
Race
Education

0.002
0.041
0.068
0.009
0.066

VPA
Gender
Age
Race
Education
BMI
Handgrip

0.001
0.033
0.044
0.007
0.056
0.001
0.004

CERAD.DR
VPA< 1 h Ref Ref Ref
VPA 1–3 h 0.84 (0.48, 1.20)∗∗∗ 0.37 (0.03, 0.71)∗ 0.33 (–0.01, 0.67)∧
VPA 3–6 h 0.60 (0.16, 1.04)∗∗ 0.28 (–0.13, 0.69) 0.23 (–0.18, 0.64)
VPA 6 + h 0.24 (–0.13, 0.62) 0.07 (–0.28, 0.42) 0.04 (–0.31, 0.39)
R-squared 0.01 0.172 0.18

Partial Eta-squared VPA 0.011 VPA
Gender
Age
Race
Education

0.003
0.036
0.079
0.013
0.039

VPA
Gender
Age
Race
Education
BMI
Handgrip

0.002
0.025
0.051
0.014
0.034
0.005
0.002

AFT
VPA< 1 h Ref Ref Ref
VPA 1–3 h 2.69 (1.82, 3.56)∗∗∗ 1.01 (0.21, 1.82)∗ 0.76 (–0.04, 1.56)∧
VPA 3–6 h 3.23 (2.18, 4.28)∗∗∗ 1.57 (0.60, 2.53)∗∗ 1.27 (0.31, 2.24)∗∗
VPA 6 + h 1.86 (0.96, 2.77)∗∗∗ 1.03 (0.20, 1.86)∗ 0.83 (0.00, 1.66)∧
R-squared 0.031 0.208 0.226

Partial Eta-squared VPA 0.032 VPA
Age
Race
Education

0.008
0.067
0.070
0.074

VPA
Age
Race
Education
BMI
Handgrip

0.005
0.043
0.069
0.061
0.003
0.007

DSS
VPA< 1 h Ref Ref Ref
VPA 1–3 h 9.43(6.73,12.13)∗∗∗ 2.75 (0.72, 4.78)∗∗ 1.81 (–0.18, 3.80)∧
VPA 3–6 h 9.48(6.22,12.74)∗∗∗ 3.68 (1.22, 6.13)∗∗ 2.81 (0.41, 5.22)∗
VPA 6 + h 4.28 (1.47, 7.09)∗∗ 2.03 (–0.07, 4.13)∧ 1.16 (–0.90, 3.22)
R-squared 0.031 0.473 0.499

Partial Eta-squared VPA 0.033 VPA
Gender
Age
Race
Education

0.007
0.047
0.129
0.116
0.246

VPA
Gender
Age
Race
Education
BMI
Handgrip

0.003
0.055
0.113
0.120
0.224
0.001
0.015

Minimally adjusted model included the covariates age, gender, race, and education Fully adjusted model included
the covariates age, gender, race, education, marital status, BMI, handgrip strength, hypertension status, diabetes
status, depression status, comorbid score, and serum HDL level.∗∗∗p < 0.001,∗∗p < 0.01,∗p < 0.05. ∧p < 0.1 Ref,
reference category; CERAD.IR, immediate recall memory test; CERAD.DR, delayed recall memory test; AFT,
animal fluency test; DSS, digit symbol substitution test. Effect size is represented by Partial Eta-squared.
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Fig. 3. Relationship between education status, vigorous-intensity physical activity and cognitive performance assessment scores. A) Edu-
cation (EDU) versus vigorous physical activity (VPA) versus Immediate recall memory test (CERAD.IR), B) EDU versus VPA versus
delayed recall memory test (CERAD.DR), C) EDU versus VPA versus animal fluency test (AFT), D) EDU versus VPA versus digit symbol
substitution test (DSS).

Table 4
Cognitive performance assessment scores by moderate-intensity physical activity category (n = 2,377). Mean ± SD

MPA
No activity
(n = 846)

< 1 h
(n = 142)

1–3 h
(n = 448)

3–6 h
(n = 366)

6–9 h
(n = 165)

9–12 h
(n = 118)

12 + h
(n = 292)

Age (y) 70.02 ± 6.90 70.01 ± 6.74 69.29 ± 6.69 69.27 ± 6.90 68.84 ± 6.21 67.99 ± 6.10 67.72 ± 6.27
CERAD.IR 18.78 ± 4.72 18.92 ± 5.03 19.49 ± 4.50 19.31 ± 4.30 19.55 ± 3.82 19.27 ± 4.09 19.39 ± 4.46
CERAD.DR 5.82 ± 2.36 6.16 ± 2.21 6.23 ± 2.22 6.10 ± 2.25 6.38 ± 1.93 6.08 ± 2.32 6.16 ± 2.13
AFT 15.91 ± 5.35 16.61 ± 5.23 17.43 ± 5.45 17.47 ± 5.38 17.30 ± 5.59 17.20 ± 5.64 18.44 ± 5.45
DSS 43.89 ± 16.94 48.91 ± 16.38 49.16 ± 17.03 49.35 ± 16.37 48.62 ± 18.12 49.24 ± 16.00 47.90 ± 16.40

CERAD.IR, immediate recall memory test; CERAD.DR, delayed recall memory test; AFT, animal fluency test; DSS, digit symbol substitution
test.

finding was also observed in numerous other studies
[12, 33, 34].

The results of this study suggest that VPA (not
MPA) may provide delayed memory-enhancing ben-

efits in older adults. This is in line with a recent
meta-analysis [35] and researchers have suggested
that VPA-induced heightened physical arousal facil-
itates learning and information consolidation in
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Table 5
Regression analyses examining the association between cognitive performance assessment scores and moderate- intensity physical activity

(n = 2,377)

� (95% CI)

Model Unadjusted Minimally adjusted Fully adjusted
CERAD.IR
MPA No activity Ref Ref Ref
MPA< 1 h 0.14 (–0.66, 0.94) –0.07 (–0.80, 0.66) –0.12 (–0.85, 0.60)
MPA 1–3 h 0.71 (0.19, 1.23)∗∗ 0.34 (–0.13, 0.81) 0.23 (–0.25, 0.70)
MPA 3–6 h 0.53 (–0.03, 1.08)∧ 0.06 (–0.44, 0.57) –0.06 (–0.57, 0.45)
MPA 6–9 h 0.76 (0.01, 1.52)∗ 0.37 (–0.32, 1.05) 0.22 (–0.47, 0.90)
MPA 9–12 h 0.49 (–0.38, 1.36) 0.09 (–0.70, 0.88) –0.06 (–0.85, 0.73)
MPA 12 + h 0.61 (0.00, 1.21)∗ 0.25 (–0.30, 0.80) 0.04 (–0.51, 0.60)
R-squared 0.002 0.187 0.196
Partial Eta-squared MPA 0.005 MPA

Gender
Age
Race
Education

0.001
0.039
0.072
0.010
0.068

MPA
Gender
Age
Race
Education
Handgrip

0.001
0.032
0.046
0.007
0.058
0.004

CERAD.DR
MPA No activity Ref Ref Ref
MPA< 1 h 0.34 (–0.06, 0.74)∧ 0.28 (–0.08, 0.65) 0.25 (–0.11, 0.62)
MPA 1–3 h 0.40 (0.15, 0.66)∗∗ 0.23 (–0.01, 0.46)∗ 0.20 (–0.04, 0.44)
MPA 3–6 h 0.27 (0.00, 0.55)∧ 0.06 (–0.19, 0.31) 0.05 (–0.21, 0.30)
MPA 6–9 h 0.55 (0.18, 0.93)∗∗ 0.34 (0.00, 0.68)∗ 0.31 (–0.04, 0.66)
MPA 9–12 h 0.25 (–0.18, 0.69) 0.03 (–0.37, 0.43) 0.00 (–0.40, 0.40)
MPA 12 + h 0.33 (0.03, 0.63)∗ 0.15 (–0.12, 0.43) 0.10 (–0.18, 0.38)
R-squared 0.004 0.171 0.180
Partial Eta-squared MPA 0.007 MPA

Gender
Age
Race
Education

0.003
0.036
0.083
0.013
0.041

MPA
Gender
Age
Race
Education
BMI
Handgrip

0.003
0.023
0.054
0.014
0.034
0.005
0.003

AFT
MPA No activity Ref Ref Ref
MPA< 1 h 0.70 (–0.026, 1.66) 0.33 (–0.54, 1.19) 0.26 (–0.60, 1.12)
MPA 1–3 h 1.52 (0.90, 2.14)∗∗∗ 1.05 (0.49, 1.60)∗∗∗ 0.90 (0.34, 1.46)∗∗
MPA 3–6 h 1.56 (0.90, 2.22)∗∗∗ 0.95 (0.35, 1.55)∗∗ 0.79 (0.18, 1.39)∗
MPA 6–9 h 1.38 (0.48, 2.29)∗∗ 0.83 (0.02, 1.64)∗ 0.61 (–0.20, 1.43)
MPA 9–12 h 1.29 (0.25, 2.33)∗ 0.78 (–0.17, 1.72)∧ 0.62 (–0.32, 1.55)
MPA 12 + h 2.52 (1.80, 3.24)∗∗∗ 1.66 (1.01, 2.32)∗∗∗ 1.39 (0.73, 2.05)∗∗∗
R-squared 0.023 0.212 0.228
Partial Eta-squared MPA 0.025 MPA

Age
Race
Education

0.013
0.071
0.072
0.076

MPA
Age
Race
Education
BMI
Handgrip

0.009
0.046
0.071
0.063
0.004
0.007

DSS
MPA No activity Ref Ref Ref
MPA< 1 h 5.02 (2.03, 8.01)∗∗ 3.57 (1.37, 5.76)∗∗ 3.36 (1.22, 5.50)∗∗
MPA 1–3 h 5.27 (3.34, 7.19)∗∗∗ 2.82 (1.40, 4.23)∗∗∗ 2.06 (0.67, 3.45)∗∗
MPA 3–6 h 5.46 (3.40, 7.52)∗∗∗ 2.23 (0.71, 3.75)∗∗ 1.38 (–0.13, 2.88)∧
MPA 6–9 h 4.73 (1.92, 7.53)∗∗∗ 1.82 (–0.24, 3.88)∧ 0.74 (–1.29, 2.77)
MPA 9–12 h 5.35 (2.11, 8.59)∗∗ 2.67 (0.29, 5.06)∗ 1.83 (–0.51, 4.16)
MPA 12 + h 4.01 (1.78, 6.25)∗∗∗ 1.38 (–0.28, 3.04)∧ 0.13 (–1.51, 1.77)
R-squared 0.018 0.474 0.501

(Continued)
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Table 5
(Continued)

� (95% CI)

Partial Eta-squared MPA 0.021 MPA
Gender
Age
Race
Education

0.009
0.044
0.173
0.120
0.247

MPA
Gender
Age
Race
Education
BMI
Handgrip

0.007
0.053
0.119
0.124
0.225
0.001
0.015

Minimally adjusted model included the covariates age, gender, race, and education Fully adjusted model included the covariates age, gender,
race, education, marital status, BMI, handgrip strength, hypertension status, diabetes status, depression status, comorbid score, and serum
HDL level.∗∗∗p < 0.001,∗∗p < 0.01,∗p < 0.05, ∧p < 0.1 Ref, reference category; CERAD.IR, immediate recall memory test; CERAD.DR,
delayed recall memory test; AFT, animal fluency test; DSS, digit symbol substitution test. Effect size is represented by Partial Eta-squared.

long-term memory stores [36] perhaps explained by
post-exercise increase in catecholamines [36, 37]. PA
also increased lactate in the hippocampal region of
the brain [38] and BDNF (a key molecule related to
learning and memory) that enhances neuroplasticity
via different pathways [39].

Older adults who engaged in the highest dura-
tion weekly VPA tend to perform lower in all the
CP assessments relative to the ones who performed
moderate-duration weekly VPA. This finding is in
alignment with a meta-analysis that evaluated 18
interventional studies and reported that moderate-
duration PA sessions improved CP among older
adults more effectively than long-duration PA ses-
sions [40]. However, other studies has observed
non-linear or curvilinear duration-response [20, 41]
and also significantly positive duration-response of
PA with cognitive assessment scores [17, 18] and
a lower risk of AD and related dementias [42].
Although it is difficult to explain why lower scores
on executive function and processing speed in vari-
ous duration of MPA, it can be due to higher variance
of scores among the participants and relatively lower
number of participants among these groups. Further-
more, the difference in intensity of MPA performed
can be additional source of variance.

The findings of this study recommend a minimum
of 3 h of VPA per week is necessary to significantly
improve cognitive health in older individuals. Per-
forming more than 3 h of VPA up to 6 h per week
may result in a similar benefit. The highest gain is
noticeable in the executive function domain with sim-
ilar improvement in other domains however in a lower
magnitude. Even though performing more than 6 h of
weekly VPA seemed to have some negative impact on
cognition, various duration and intensity of PA can be
beneficial for other physiological systems.

Even though several previous studies found no
association between handgrip strength and dementia
risk [43, 44], our recent analysis showed that greater
handgrip strength was related to higher CP across all
domains in aging Americans. This result is compara-
ble to a cross-sectional study that reported increased
handgrip strength was significantly correlated with
increased CP (r = 0.42; p < 0.01) in elderly partici-
pants (n = 70) [45]. Furthermore, another large-scale
longitudinal investigation [46] reported that every
5 kg loss in handgrip strength was associated with
10% increased odds for poor CP and 18% increased
odds of severe cognitive dysfunction. Since hand-
grip strength test is a low-cost non-invasive viable
screening tool for determining sarcopenia [47], it
may be useful in detecting impaired cognition and
aid healthcare practitioners in recognizing the devel-
opment and progression of cognitive impairment in
clinical and epidemiological settings. The finding
illustrates the relationship between age-related loss
of skeletal muscle strength, motor impairment, and
cognitive decline. Previous research has identified
reduced muscle strength as a potential risk factor
for cognitive deficits [48] and linked the age-related
decrease in the motor system functioning to the onset
of cognitive impairment [49]. The finding also sheds
light on the potential aspects of muscle strengthen-
ing exercise programs in improving cognitive health-
related outcomes.

Our study shows that older participants with higher
BMI displayed higher cognitive ability. The finding
is consistent with multiple epidemiological studies
which illustrates increased adiposity (overweight and
obesity) in late life is associated with decreased
dementia risk [50, 51]. Research implies that adipos-
ity has a “bimodal” influence on CP [52]. A greater
BMI in midlife appears to enhance risk of AD and
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dementia [53–55], whereas, higher BMI in later life
have a favorable influence on retaining CP [56, 57].
Leptin has been proposed as a plausible mechanism
for the obesity-cognition protective link by modu-
lating hippocampal synaptic plasticity and amyloid
processing [58], improving neuronal survival and
proliferation [59]. We speculate that midlife adipos-
ity may result in less sensitive leptin receptors in the
brain in later life and unable to provide neuroprotec-
tion, but late-life adiposity may boost leptin signaling,
resulting in neuroprotection and better cognition.

Limitations

This study is not without limitations. Firstly, the
use of an analytic cross-sectional study can be con-
sidered as a limitation. Older adults included in the
analytic sample with various levels of existing cog-
nitive impairment may also be less likely to engage
in weekly PA. Secondly, tests administered to assess
CP were chosen for ease of administration [60], but
they may not be as sensitive to variations in PA level.
Thirdly, the subjective assessment of PA can also
be considered as a limitation as participants tend to
provide an inflated estimate of PA. Fourthly, partic-
ipants’ history of PA engagement, which alters the
level of benefits and overall health, was not known
or determined. Finally, lack of information regarding
the location of residency of the participants could be
an additional source of variation, as PA in different
environmental settings (i.e. climate, altitude) results
in different outcomes [61].

In conclusion, this study provides evidence delin-
eating positive association between PA and CP across
different domains in a national sample of aging Amer-
icans. It also indicates a non-linear dose-response
association between PA and cognition, recommend-
ing 3–6 h of weekly VPA as an optimal range of PA for
improving cognitive health. It also provides support
regarding how individual characteristics like (hand-
grip strength and late-life adiposity) may relate to
CP.
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