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High-intensity walking in midlife o

is associated with improved memory
in physically capable older adults
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Abstract

Background Little is known about the associations of midlife- and late life-initiated walking with Alzheimer's disease
(AD)-related cognitive decline in humans. We aimed to investigate whether high-intensity, prolonged, midlife-initiated
walking is associated with changes in AD-related cognitive decline in physically capable older adults.

Methods We studied 188 physically capable participants aged 65-90 years without dementia who underwent com-
prehensive clinical assessment, including of their walking modality (i.e., intensity, duration, midlife- or late life-onset),
memory- or non-memory and total cognitive performance, and blood or nutritional biomarkers.

Results The walking group showed better episodic memory (B=2.852, SE=1.214, 3=0.144, p=0.020), but not non-
memory cognition, than the non-walking group. High-intensity walking starting in midlife was significantly associated
with better episodic memory (B=9.360, SE=3.314, 3=0.446, p=0.005) compared to the non-walking group. In con-
trast, there were no differences in cognition according to walking duration, regardless of the onset time. The walking
group also showed a similar association with overall cognition.

Conclusions Among physically capable older adults without dementia, walking, particularly at high intensity

and starting in midlife, is associated with improved episodic memory, an AD-related cognitive domain. Further atten-
tion should be paid to the role of walking in terms of AD prevention.
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Background

Alzheimer’s disease (AD) is the common progressive
neurodegenerative disease in old adults [1]. As cogni-
tive decline in the disease begins several years before
individuals develop dementia, progressive decline in
cognitive function is the primary clinical manifestation
of AD [2]. A plenty of studies have shown sustained
cognitive decline in episodic memory across longitu-
dinal AD trajectories that includes preclinical, pro-
dromal, and early stage of AD, indicating that episodic
memory is the first cognitive domain to show a change
in AD [3-6].

To prevent or slow down AD and related cognitive
decline, an evidence-based strategy focused on lifestyle
changes, such as physical activity, is required because
of a lack of effective drugs for AD and related cognitive
decline. Accumulating evidence suggests that physical
activity is a protective factor against AD and related
cognitive decline [7-10]. Although several studies have
evaluated the effects of global physical activity on AD
and related cognitive decline [7, 8], an increasing num-
ber of studies have found that even a single physical
activity may also have beneficial effect [9, 10].

Walking is one of the single physical activities that
may improve AD-related cognitive decline. It is the
most accessible physical activity and can be engaged in
throughout the life course. Walking can be performed
alone or in groups, without any restrictions regard-
ing the time and place, and with no additional costs or
learning requirements. A slow walking speed is a major
risk factor for the development and exacerbation of AD,
suggesting an inverse association between walking and
AD-related cognitive decline [11-15]. Therefore, it is
essential to investigate the association between walking
and AD-related cognitive decline. Several studies have
suggested that walking protects against AD and related
cognitive decline [16, 17]. A cohort study [16] showed
that older women with higher baseline levels of walk-
ing were less likely to develop cognitive decline over the
6—8-year follow-up. Another cohort study [17] showed
that physically capable elderly men who walked regu-
larly had a reduced risk of AD dementia. However, lit-
tle is known about the associations of walking intensity,
duration, and initiation time (i.e., midlife or late life)
with cognitive functions, i.e., episodic memory, non-
memory, and overall cognition in humans.

We hypothesized that high-intensity midlife-initiated
walking is associated with episodic memory, which is
the first cognitive domain to show a change in AD [3—
6], in physically capable older adults. Additionally, we
investigated the associations of walking with non-mem-
ory and overall cognition for comparative purposes.
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Methods

Participants

This study is part of the General Lifestyle and AD
(GLAD) study, an ongoing prospective cohort study that
began in 2020. As of September 2022, we enrolled 188
non-demented adults aged 65-90 years, including 107
cognitively normal (CN) adults and 81 with mild cogni-
tive impairment (MCI). Participants were recruited from
among individuals who attended a dementia screen-
ing program at the memory clinic of Hallym University
Dongtan Sacred Heart Hospital, Hwaseong, South Korea.
The volunteers were screened for their eligibility for
study participation. Additional volunteers were recruited
from the community through recommendations by par-
ticipants, family members, friends, and acquaintances.
The CN group consisted of participants with a Clinical
Dementia Rating [18] score of 0 and no MCI or dementia.
Participants with MCI fulfilled the consensus criteria for
amnestic MCI, including memory complaints confirmed
by an informant, objective memory impairment, pres-
ervation of global cognitive function, independence in
functional activities, and the absence of dementia. Objec-
tive memory impairment was indicated by an age-, edu-
cation-, and sex-adjusted z-score < — 1.0 on at least one of
the four episodic memory test components of the Korean
version of the Consortium to Establish a Registry for Alz-
heimer’s Disease (CERAD) neuropsychological battery
[19, 20]: word list memory, word list recall, word list rec-
ognition, and the constructional recall test [19-21]. On
the Clinical Dementia Rating, individuals with a score of
0.5 were classified as MCI. We excluded participants with
a major psychiatric illness, significant neurological or
medical condition, comorbidity that could affect mental
function, illiteracy, visual/hearing difficulties, or severe
communication or behavioral problems that would make
clinical examinations difficult; we also excluded those
currently using an investigational drug.

Standard protocol approvals, registrations,

and participants consent

The study protocol was approved by the Institutional
Review Board of Hallym University Dongtan Sacred
Heart Hospital and the study was conducted in accord-
ance with the Declaration of Helsinki. All participants
provided informed consent.

Clinical assessments

The participants underwent standardized clinical assess-
ments supervised by trained psychiatrists. The clinical
assessment protocol incorporated the CERAD clinical
and neuropsychological battery [19, 20] and was admin-
istered by trained neuropsychologists [21]. AD-related
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cognitive function was assessed based on episodic mem-
ory, which is the first cognitive domain to show changes
in AD [3-6], and compared with non-memory cogni-
tion. An episodic memory score was derived by sum-
ming the scores of the four episodic memory tests (word
list memory, word list recall, word list recognition, and
constructional recall) in the CERAD neuropsychological
battery. The non-memory score was calculated by sum-
ming the scores of the three non-memory tests (verbal
fluency, modified Boston naming test, and constructional
praxis) in the CERAD neuropsychological battery. We
used the Geriatric Depression Scale (GDS) [22, 23] to
measure the severity of depressive symptoms and cat-
egorize the participants into two groups (normal: GDS
score of 0-9; depressed: score > 10) [22]. The participants
were categorized into three groups based on their annual
income: below the minimum cost of living (MCL), above
the MCL but below twice the MCL, and at least twice the
MCL (http://www.law.go.kr). The MCL was determined
according to administrative data published by the Minis-
try of Health and Welfare, Republic of Korea in Novem-
ber, 2012. The MCL was 572,168 Korean Won (equivalent
to US$ 507.9) per month for a single-person household,
which increased by 286,840 Korean Won (equivalent
to US$ 254.6) per month for each additional household
member.

Alcohol intake status (never, former, or current drinker)
was determined based on interviews conducted by
trained researchers and a review of the medical records.
Vascular risk factors (hypertension, diabetes mellitus,
dyslipidemia, coronary heart disease, transient ischemic
attack, and stroke) were assessed based on data collected
by trained researchers during systematic interviews of
the participants and their families. A vascular risk score
(VRS) was calculated based on the number of vascular
risk factors present and is reported as a percentage [24].
Body mass index (BMI) was calculated as the weight in
kilograms divided by the height in meters squared. Based
on the BMI, we categorized participants as underweight
(<18.5 kg/m?), normal weight (18.5-24.9 kg/m?), or
overweight/obese (>24.9 kg/m?) according to the World
Health Organization guidelines (https://www.who.int/
europe/news-room/fact-sheets/item/a-healthy-lifestyle-
--who-recommendations). The accuracy of the informa-
tion was ensured by interviewing reliable informants.

Assessment of walking

The participants were systematically interviewed to
identify their lifetime walking activity using the format
adopted by the interviewer-administered Lifetime Total
Physical Activity Questionnaire, which has sufficient
reliability and validity [25, 26]. Walking activities were
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evaluated based on the following questions: “Have you
ever walked for exercise or sports as well as for daily life
(e.g., walking to school, work, home or bus stop, etc.)?
We only include walking activities that you have done
at least 10 times in your life. The minimum for walking
activity is 32 h per year, or 40 min per week per year, or
2 h per week for 4 months, if seasonal, “How intense
was your walking activity?”, and “Did the walking activ-
ity increase your heart rate or make you sweat?”. Addi-
tionally, the participants were asked to describe the
walking activity, i.e., age when it started and ended, fre-
quency, amount per activity, and intensity (light, mod-
erate, or vigorous).

Walking activity was defined as walking for 32 h
per year, 40 min per week per year, or 2 h per week
for 4 months, if seasonal. Based on this definition, the
participants were categorized into non-walking and
walking groups. Physical activity guidelines for older
adults recommend regular moderate-intensity walking
or vigorous-intensity activity to achieve health ben-
efits [27]. The guidelines from the Mayo Clinic were
applied to assess the intensity levels: moderate-inten-
sity level (breathing quickens, but not out of breath; a
light sweat after about 10 min of activity; can carry on
a conversation, but cannot sing) and vigorous-inten-
sity level (breathing is deep and rapid; a sweat after
only a few minutes of activity; cannot say more than a
few words without pausing for breath) (https://www.
mayoclinic.org/healthy-lifestyle/fitness/in-depth/exerc
ise-intensity/art-20046887) Based on these guidelines,
our participants were categorized into non-walking
(not meeting the minimum level of walking activity),
low-intensity walking (less than moderate-intensity
walking), and high-intensity walking (moderate-to-
vigorous-intensity walking) groups. Previous studies
of the effects of walking and physical activity showed
differences in the risk of dementia among short-dura-
tion (or distance), intermediate-duration (or distance),
and long-duration (or distance) groups.'®3*3* Based on
those findings, our participants were categorized into
non-walking (not meeting the minimum level of walk-
ing activity), short-duration (walking activity group:
walking <360 min per week), and long-duration (high
walking activity group: walking>360 min per week)
groups. We investigated the associations of midlife- and
late life-initiated walking with AD-related cognitive
decline because of possible variation in the association
of walking with AD-related cognitive decline according
to the timing of initiation of the walking activity [28,
29]. The participants were categorized into two sub-
groups according to the time of walking initiation, i.e.,
midlife-initiated (aged 40-64 years) and late life-initi-
ated (aged > 65 years).
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Assessment of overall physical activity

Physical activities were evaluated using the Korean-
version of the Physical Activity Scale for the Elderly
(PASE) [30, 31], which has sufficient reliability and
validity. Trained researchers assessed the frequency,
duration and intensity of participants’ leisure, house-
hold, and occupational activities during the previous
week. The test items were weighted and a PASE total
score was obtained by summing the PASE subscale
scores for leisure, household, and occupational activi-
ties. A higher score indicated greater physical activity.

Assessment of motor signs

The participants were interviewed, and a gait score
was derived based on the motor subscale of the Uni-
fied Parkinson’s Disease Rating Scale (UPDRS) [32] to
determine the effect of walking on AD-related cognitive
domain. Walking is a complex motor movement that
requires coordination of all body parts, as well as gait
[33]; it can be affected by pre-existing brain diseases.

Assessment of dietary patterns

Dietary patterns were also investigated in the inter-
views by the Mini Nutritional Assessment, includ-
ing food types consumed (such as proteins, fruits, and
vegetables) and nutritional status (e.g., changes in food
intake over the past 3 months because of loss of appe-
tite, digestive problems, and chewing and swallowing
difficulties [34].

Blood test and APOE4 genotyping

After an overnight fast, blood samples were obtained
by venipuncture in the morning (8—9 a.m.). The hemo-
globin level was determined using the XN-3000 auto-
mated hematologic analyzer and dedicated reagents
(Sysmex, Kobe, Japan). Albumin, glucose, and high-
density lipoprotein (HDL) and low-density lipoprotein
(LDL) cholesterol were measured using the COBAS
c702 analyzer and dedicated reagents (Roche Diagnos-
tics, Mannheim, Germany). APOE genotype was deter-
mined using the APOE ACE Genotyping Kit (Seegene,
Seoul, Korea). APOE4 positivity was defined as the
presence of at least one €4 allele.

Statistical analyses

To examine the relationship between walking activity
and cognition, multiple linear regression analyses were
performed with walking activity as the independent
variable and cognition as the dependent variable. For
these analyses, we used the “no activity” as the refer-
ence. As various factors may influence the association
between walking activity and cognition, we identified
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potential confounders, such as age, sex, APOE4, edu-
cation, clinical diagnosis, depression, annual income,
alcohol intake, vascular risk factors, BMI, dietary pat-
terns (including food and nutrient types such as pro-
tein, fruits, and vegetables), blood nutritional markers
(hemoglobin, albumin, and glucose), and overall physi-
cal activity. We tested two models adjusted for covari-
ates in a stepwise manner. The first model included age,
sex, and APOE4 as covariates, while the second model
also included education, clinical diagnosis, GDS score,
annual income, alcohol intake, VRS, BMI, dietary pat-
terns, blood nutritional markers, and the PASE total
score. The assumptions of normality and homoscedas-
ticity of the residuals and collinearity of the variables
were tested and verified to check the quality of the
regression analyses using normal predicted probability
plots, scatter plots, and variance inflation factor values,
respectively.

The moderating effect of covariates (age, sex, APOE4,
education, clinical diagnosis, GDS score, annual income,
VRS, and PASE total score), including two-way inter-
action terms, on the association between walking and
cognition was examined in multiple linear regression
analyses. Linear regression analyses were repeated in
cases of significant interaction terms. For sensitivity anal-
yses, the analyses were repeated for participants report-
ing no decrease in food intake over the past 3 months
due to loss of appetite, digestive problems, or chewing or
swallowing difficulties, to preclude any possible influence
of physical or mental conditions on walking activity and
cognition. The statistical analyses were performed using
the SPSS software (version 27.0; IBM Corp, Armonk, NY,
USA).

Results

Participant characteristics

Table 1 presents the demographic and clinical charac-
teristics of the participants according to walking status,
and Table 2 presents those data according to walking
intensity and duration. All participants were physically
capable, i.e., able to walk without assistance (UPDRS gait
score < 2). Of the 188 participants, 125 were included in
the walking group (high intensity, n=>57; low intensity,
n=68; high duration, »=>50, low duration, #="75) and 66
in the non-walking group.

Association between walking and cognition

The walking group showed better episodic memory
(B=2.852, SE=1.214, =0.144, p=0.020), but not
non-memory cognition, compared to the non-walking
group, even after controlling for the confounding fac-
tors. The walking group also showed better overall
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Table 1 Baseline participant characteristics according to walking status
Overall Non-walking Walking p
n 188 63 125
Age, years 72.01 (5.16) 72.67 (5.23) 71.67 (5.11) 0.213°
Female, no. (%) 133 (70.74) 45 (71.43) 88 (70.40) 0.884°
Education, no. (%) 0.197°
>13years 39 (20.74) 9(14.29) 30 (24.00)
10-12 years 50 (26.60) 14 (22.22) 36 (28.80)
4-9 years 82 (43.62) 33(52.38) 49 (39.20)
0-3 years 17 (9.04) 7(11.01) 10 (8.00)
MMSE 2567 (3.42) 24.76 (3.80) 26.13 (3.14) 0.009°
APOE4 positivity, no. (%) 37(19.68) 13 (20.63) 24(19.20) 0815°
Clinical diagnosis, CN, no. (%) 107 (56.91) 33(52.38) 74 (59.20) 0373
Walking intensity <0001°
None 63 (3351) 63 (100.00) 0 (0.00)
Low (less than moderate-intensity) 68 (4.93) 0 (0.00) 68 (54.40)
High (moderate to vigorous-intensity) 57(30.32) 0(0.00) 57 (45.60)
Walking duration <0001°
None 63 (33.51) 63 (100.00) 0(0.00)
Low (6 h or less per week) 75 (39.89) 0 (0.00) 75 (60.00)
High (more than 6 h per week) 50 (26.60) 0 (0.00) 50 (40.00)
Number of years of walking practice <0.0019
Midlife (40-64 years) 18.18 (13.37) 0(0.00) 18.18 (13.37)
Late life (=65 years) 4.95 (6.28) 0(0.00) 4.95 (6.28)
Overall 9.98(13.02) 0 (0.00) 1543 (13.35)
Walking onset <0001°
Midlife (40—64 years) 103 (54.79) (0.00) 103 (82.40)
Late life (=65 years) 22 (11.70) (0.00) 22 (17.60)
Annual income, no. (%)
<MCL 23(12.23) 9(14.29) 14 (11.20) 0.371°
> MCL, < 2xMCL 59(31.38) 23 (36.51) 36 (28.80)
> 2xMCL 106 (56.38) 31(49.21) 75 (60.00)
VRS, % 23.85(18.57) 2540 (17.67) 23.07 (19.02) 0418°
GDS, no. (%) 0572°
Normal (< 9) 92 (48.94) 29 (46.03) 63 (50.40)
Depressed (=10) 96 (51.06) 34 (53.97) 62 (49.60)
UPDRS, gait disturbance requiring assistance 0 (0.00) 0 (0.00) 0 (0.00)
Body mass index
Underweight (< 18.5) 4(2.13) 0(0.00) 4(3.20) 0.131°¢
Normal weight (18.5-24.9) 95 (50.53) 28 (44.44) 67 (53.60)
Overweight (> 25) 89 (47.34) 35(55.56) 54 (43.20)
Alcohol drink status, no (%) 0.846°
Never 105 (55.85) 35 (55.56) 70 (56.00)
Former 32(17.02) 12 (19.05) 20 (16.00)
Drinker 51(27.13) 16 (25.40) 35 (28.00)
PASE total score 65.56 (46.58) 70.73 954.79) 62.96 (41.84) 0.281°
Blood markers
Hemoglobin 13.33(1.52) 13.25(1.60) 13.37(1.49) 0.592°
Albumin 457 (0.26) 457 (0.26) 458 (0.26) 0.906°
Glucose, fasting 108.40 (20.31) 108.34 (17.76) 10844 (21.54) 0.976°
HDL-cholesterol 54.87 (12.90) 53.58(13.61) 55.52 (12.54) 03367
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Table 1 (continued)
Overall Non-walking Walking p
LDL-cholesterol 96.13 (33.40) 98.21 (34.64) 95.10 (32.85) 0.550°
Nutritional markers
Protein, no (%) 0.390°
High 25(13.30) 6(9.52) 19 (15.20)
Moderate 73(38.83) 23(36.51) 50 (40.00)
Low 90 (47.87) 34 (53.97) 56 (44.80)
Fruit and vegetables, no (%) 09720
High 128 (68.09) 43 (68.25) 85 (68.00)
Low 60 (31.91) 20 (31.75) 40 (32.00)
Decrease in food intake over the past 3 months, no (%) 14 (7.45) 6(9.52) 8 (6.40) 0.557¢
CERAD cognition
Total score 70.50 (15.47) 65.21 (14.48) 73.17 (15.32) <0.001°
Memory score 35.45(9.31) 32.56 (9.62) 36.91(8.83) 0.002°
Non-memory score 34.39 (6.64) 33.05 (6.56) 35.07 (6.59) 0.048°

Data are expressed as mean (standard deviation), unless otherwise indicated

MMSE mini-mental status examination, APOE4 apolipoprotein €4, CN cognitively normal, MCL minimum cost of living, VRS vascular risk score, GDS geriatric depression

scale, UPDRS Unified Parkinson’s Disease Rating Scale, PASE physical activity scale for the elderly, CERAD Consortium to Establish a Registry for Alzheimer’s Disease

@ By Student t-test
b By chi-square test
By Fisher exact test

cognition (B=5.477, SE=1.984, f=0.166, p=0.006)
compared to the non-walking group (Table 3 and
Fig. 1).

Associations of walking intensity and duration

with cognition

The high intensity group showed better episodic memory
(B=6.743, SE=2.887, $=0.334, p=0.021) and overall
cognition (B=12.729, SE=4.664, f=0.377, p=0.007),
but not non-memory cognition, compared to the non-
walking group (Table 4). By contrast, there was no differ-
ence in cognition between the walking duration groups
(Table 5).

Associations of midlife- and late life-initiated walking

with cognition

Midlife-initiated (before 65 years of age) walking as well
as walking intensity were significantly associated with
better episodic memory (B=2.936, SE=1.313, 5=0.152,
p=0.027 in the walking group; B=9.360, SE=3.314,
B=0.446, p=0.005 in the high-intensity walking group)
and overall cognition (B=5.439, SE=2.156, 5=0.164,
p=0.013 in the walking group; B=16.624, SE=5.373,
B=0.462, p=0.002 in the high-intensity walking group)
(Tables 3 and 4; Fig. 1). By contrast, there was no differ-
ence in cognition according to walking duration, regard-
less of the time of walking initiation (Table 5).

Moderation of the association between walking intensity
and cognition

The association between walking intensity and cogni-
tion was not significantly moderated by age, sex, APOE4,
education, clinical diagnosis, GDS score, annual income,
VRS, or PASE total score (Table 6).

Sensitivity analyses

The older individuals exhibiting no decrease in food
intake over the past 3 months had similar cognitive per-
formance to the entire cohort (Table 7).

Discussion

In the present study of physically capable older adults
without dementia, the walking group had better epi-
sodic memory but not non-memory cognition, compared
to the non-walking group. In particular, high-intensity
walking was associated with better episodic memory,
but not non-memory cognition. By contrast, there was
no difference in cognition according to walking duration.
The association between walking and better episodic
memory was prominent in those who started walking in
midlife (<65 years of age).

The association between walking and episodic memory,
which is the first cognitive domain to show a change in
AD [3-6], seen in this study is in line with the results of
previous studies demonstrating that walking prevents
against AD development and cognitive decline [16, 17,
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Table 2 Baseline participant characteristics according to walking intensity and duration

None Walking intensity Walking duration
Low High p Low High p
n 63 68 57 75 50
Age, years 72.67 (5.23) 72.24 (5.64) 71.00 (4.34) 0.189° 72.32(5.39) 70.70 (4.52) 0.104°
Female, no. (%) 45 (7143) 56 (82.35) 32(56.14) 0.060° 57 (76.00) 31 (62.00) 0.237°
Education, no. (%) 0.074° 0.071°
>13 years 9(14.29) 12 (17.65) 18 (31.58) 16 (21.33) 14 (28.00)
10-12 years 14 (22.22) 17 (25.00) 19 (33.33) 20 (26.67) 16 (32.00)
4-9 years 33(52.398) 33 (48.53) 16 (28.07) 29 (38.67) 20 (40.00)
0-3 years 7(11.11) 6(8.82) 4(7.02) 10(13.33) 0(0.00)
MMSE 24.76 (3.80) 2547 (3.64) 2691 (2.19) 0.002° 25.65 (3.43) 26.84 (2.50) 0.005?
APOE4 positivity, No. (%) 13 (20.63) 16 (23.53) 8(14.04) 0402° 17 (22.67) 7(14.00) 0477°
Clinical diagnosis, CN, no. (%) 33(52.38) 37 (54.41) 37 (64.91) 0.335° 43(57.33) 31(62.00) 0.588°
Walking onset <0.001° <0.001°
Midlife (40-64 years) 0(0.00) 58(85.29) 45 (78.95) 62 (82.67) 41 (82.00)
Late life (=65 years) 0(0.00) 10 (14.71) 12 (21.05) 13(17.33) 9(18.00)
Annual income, no. (%) 0.111° 0.289°
< MCL 9(14.29) 11(16.18) 3(5.26) 11 (14.67) 3(6.00)
> MCL, < 2xMCL 23(36.51) 22 (32.35) 14 (24.56) 23 (30.67) 13 (26.00)
> 2xXMCL 31(49.21) 35(51.47) 40 (70.18) 41 (54.67) 34 (68.00)
VRS, % 2540(17.67) 22.55(17.70) 23.68 (20.64) 0.681° 22.89(17.28) 23.33(21.56) 0.715°
GDS, no. (%) 0.067° 0817°
Normal (< 9) 29 (36.51) 28 (41.18) 35 (61.40) 37 (49.33) 26 (52.00)
Depressed (>10) 34(53.97) 40 (58.82) 22 (38.60) 38 (50.67) 24 (48.00)
UPDRS, gait score (>2) 0 (0.00) 0(0.00) 0 (0.00) 0 (0.00) 0(0.00)
Body mass index 0.179¢ 0.085¢
Underweight (< 18.5) 0(0.00) 3(4.41) 1(1.75) 4(5.33) 0(0.00)
Normal weight (18.5-24.9) 2 (44.44) 39(57.35) 28(49.12) 39 (52.00) 28 (56.00)
Overweight (= 25) 35(55.55) 26 (38.24) 28(49.12) 32 (42.67) 22 (44.00)
Alcohol drink status, no (%) 0.832° 0.336°
Never 35 (55.56) 41 (60.29) 29 (50.88) 46 (61.33) 24 (48.00)
Former 12 10 10 13 7
Drinker 16 17 18 16 19
PASE total score 70.73 (54.79) 61.44 (44.95) 64.76 (38.12) 0.518° 61.43 (45.67) 65.24 (35.65) 0.507°
Blood markers
Hemoglobin 13.25 (1.60) 13.10(1.58) 13.70 (1.31) 0.081° 13.38(1.53) 1337 (1.52) 0.865°
Albumin 4.57 (0.26) 457 (0.24) 4.59(0.29) 0.898° 4.56 (0.24) 4.60(0.29) 0.775°
Glucose, fasting 108.34 (17.76) 107.56 (21.24) 109.50 (22.04) 0.870° 10831 (22.37) 108.62 (20.47) 0.996°
HDL-cholesterol 53.58(13.61) 55.59 (13.61) 5543 (11.24) 0.629° 55.20 (12.40) 55.98 (12.86) 0.598°
LDL-cholesterol 98.21 (34.64) 97.50 (34.01) 92.18 (31.45) 0.568° 96.34 (33.49) 93.26 (32.13) 0.738°
Nutritional markers
Protein, no (%) 0.119° 0475°
High 6(9.52) 6(13.24) 13(22.81) 10(13.33) 9(18.00)
Moderate 23(36.51) 28(41.18) 22 (38.60) 28(37.33) 22 (44.00)
Low 34 (53.97) 34 (51.47) 22 (38.60) 37(49.33) 19 (38.00)
Fruit and Vegetables, no (%) 0.689° 0.147°
High 43 (68.25) 44 (64.71) 41(71.93) 46 (61.33) 39 (78.00)
Low 20(31.75) 24 (35.29) 16 (28.07) 29 (38.67) 11 (22.00)
Decrease in food intake 6(9.52) 4 (5.88) 4(7.02) 0.722° 5(6.67) 3 (6.00) 0.736°

over the past 3 months, No (%)
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Table 2 (continued)

None Walking intensity Walking duration
Low High p Low High p
CERAD cognition
Total score 65.21 (14.48) 68.38 (14.40) 78.88 (14.51) <0.001° 71.29(15.85) 7598 (14.17) <0.001°
Memory score 32.56 (9.62) 35.01(9.77) 39.18(7.00) <0.001° 36.20 (9.72) 37.98 (7.25) 0.005°
Non-memory score 33.05 (6.56) 33.18 (6.33) 37.33(6.22) <0.001° 34.12 (6.99) 36.50 (5.73) 0.020°

Data are expressed as mean (standard deviation), unless otherwise indicated

MMSE mini-mental status examination, APOE4 apolipoprotein €4, CN cognitively normal, MCL minimum cost of living, VRS vascular risk score, GDS geriatric depression
scale, UPDRS Unified Parkinson’s Disease Rating Scale, PASE physical activity scale for the elderly, CERAD Consortium to Establish a Registry for Alzheimer’s Disease

2 By one-way analysis of variance
b By chi-square test

By Fisher exact test

Table 3 Results of multiple linear regression analyses of the associations between walking and cognition (n=188)

Total score Memory score Non-memory score
B SE B p B SE B p B SE B p
Overall walking (n=125)
Model 1°
Walking 7.056 2223 0214 0.002 3.647 1.310 0.185 0.006 1.794 1.004 0.127 0.076
None Reference Reference Reference
Model 2°
Walking 5477 1.984 0.166 0.006 2.852 1214 0.144 0.020 0.889 0.063 0.063 0.339
None Reference Reference Reference
Midlife-initiated walking (n=103)
Model 1°
Walking 7.496 2425 0.226 0.002 4.016 1412 0.207 0.005 1.931 1.080 0.137 0.076
None Reference Reference Reference
Model 2°
Walking 5439 2.156 0.164 0.013 2936 1.313 0.152 0.027 0.848 0.990 0.060 0.393
None Reference Reference Reference

Late life-initiated walking (n=22)

Model 1°
Walking 5.541 3.255 0.177 0.093 2418 2213 0.114 0.278 1.672 1.556 0.116 0.286
None Reference Reference Reference

Model 2°
Walking 5927 3.120 0.189 0.062 3.173 2.176 0.149 0.150 1.072 1.586 0.075 0.501
None Reference Reference Reference

For these analyses, we used the no walking (n=63) as the reference
APOE4 apolipoprotein €4, GDS geriatric depression scale, VRS vascular risk score, BMI body mass index
2 Adjusted for age, sex, and APOE4

b Adjusted for covariates in model 1 plus, education, clinical diagnosis, GDS, annual income, alcohol intake, smoking, VRS, BMI, dietary pattern including food types
(such as protein and fruit or vegetables), serum nutritional markers (such as hemoglobin, albumin, glucose, and HDL-/LDL-cholesterol), and overall physical activity
score

35]. The Study of Osteoporotic Fractures [16] showed 6-8-year follow-up. The Honolulu-Asia Aging study [17]
that older women with greater baseline walking activ-  suggested that physically capable elderly men who walk
ity, measured as blocks walked or total kilocalories regularly are less likely to develop AD. In particular, the
expended per week, were less likely to show a decline risk of AD was 2.2-fold higher in men who walked <0.25
in the Mini-Mental State Examination score over the miles per day compared to those who walked >2 miles
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Fig. 1 Plots of the associations between walking and cognition (A-F): A walking vs. total score (TS), B walking vs. memory score, C walking vs.
non-memory score, D midlife-initiated walking intensity vs. TS, E midlife-initiated walking intensity vs. memory score, and F midlife-initiated walking
intensity vs. non-memory score. A-F were adjusted for potential covariates; mean cognition values are presented and error bars represent standard

error

per day. The Harvard Aging Brain Study [35] showed that
greater walking activity was associated with slower beta-
amyloid peptide (A)-related cognitive decline and neu-
rodegeneration in asymptomatic older adults. However,
that study assessed current walking activity (steps per
day) using pedometers worn for 1 week; it did not assess
lifetime walking activity (intensity, duration, and time of
initiation), overall physical activity, or nutritional profiles.
We found that high-intensity, midlife-initiated walking
was associated with episodic memory, i.e., AD-related
cognitive decline. Additionally, there were no moderating
effects on the association between walking and cognition
of potential covariates.

The mechanism underlying the protective effect of
walking against AD-related cognitive decline remains
unclear. It is difficult to clearly distinguish the mecha-
nistic differences between walking and other exercises.
Walking as physical activity regulates amyloid levels
directly or indirectly through the moderation of gene
products at the mRNA and protein levels; the associated

anatomical, neurochemical, and electrophysiologi-
cal changes promote neuronal plasticity [36]. Exercise
directly modulates amyloid precursor protein (APP)
metabolism [37] by increasing neuronal activity [38].
Exercise-induced upregulation of proteasome activity
[39] may also mediate the degradation of proteolytic frag-
ments of APP [40, 41]. In addition, cholinergic activity
increases with exercise, and regulation of the cholinergic
system has been implicated in exercise-induced plasticity
[36]. Taken together, these findings support that neuronal
activity may underlie the exercise-mediated regulation
of APP processing. Further research is required to verify
the mechanism by which walking protects against AD
pathology, i.e., AP deposition.

In addition to these mechanisms, walking has a num-
ber of advantages that are different from other forms
of exercises. Walking is the most sustainable voluntary
physical activity and has no learning requirements. As
walking accounts for a large proportion of lifetime physi-
cal activity, it may be particularly important with respect
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Table 4 Results of multiple linear regression analyses of the association between walking intensity and cognition (n=188)

Total score Memory score Non-memory score
B SE B p B SE B p B SE B p
Overall walking (n=125)
Model 1°
High 11.839 2613 0350 <0.001 5.180 1573 0256 0.001 3.650 1189 0252 0.002
Low 3.369 2441 0.105 0.169 2466 1.469 0.128 0.095 0.363 1111 0.026 0.744
None Reference Reference Reference
Model 2°
High 8.693 2.390 0.257 <0.001 3.797 0.188 0.188 0.011 2011 1.126 0.139 0.076
Low 3229 2180  0.100 0.140 2.191 1.351 0.114 0.107 0.104 1.027  0.008 0919
None Reference Reference Reference
Model 3°
High 12.729 4664 0377 0.007 6.743 2887 0334 0.021 2.054 2204 0.142 0.353
Low 6.279 3.730 0.195 0.094 4418 2.309 0.230 0.057 0.136 1.763 0.010 0.939
None Reference Reference Reference
Midlife-initiated walking (n=103)
Model 1°
High 12.960 2.901 0.360 <0.001 5675 1.729 0.271 0.001 3.863 1.308 0.253 0.004
Low 3459 2.668 0.103 0.197 2.790 1.590 0.143 0.081 0.503 1.203 0.035 0.676
None Reference Reference Reference
Model 2°
High 9390 2671 0.261 <0.001 3.949 1654 0188 0.018 1910 1243 0125 0.127
Low 2.902 2.363 0.086 0.221 2.286 1463 0117 0.120 0.166 1.100 0.012 0.880
None Reference Reference Reference
Model 3¢
High 16.624 5373 0.462 0.002 9.360 3314 0.446 0.005 2.686 2570 0.176 0.288
Low 8.175 4138 0244 0.050 6.231 2552 0318 0.016 0732 1.941 0.051 0.707
None Reference Reference Reference
Late life-initiated walking (n=22)
Model 1°
High 7.700 4.284 0.192 0.076 3.736 2915 0.137 0.204 3.244 2.036 0.176 0.115
Low 3.067 4557 0073 0.503 0.907 3.101 0.032 0.771 —0.131 2166  —0007 0952
None Reference Reference Reference
Model 2°
High 9.947 4.272 0.247 0.023 5.833 2983 0214 0.055 3.225 2167 0.175 0.142
Low 1.705 4374 0.041 0.698 0379 3.055 0.013 0.902 -1.190 2220 -0.062 0.594
None Reference Reference Reference
Model 3¢
High -4518 9567  —0112 0638 —4.244 6.681 -0.156 0528 —3.200 4880 —-0.174 0514
Low —12.085 9.255 -0.289 0.196 —9.228 6.464 -0325 0.158 —7.315 4.721 -0.382 0.126
None Reference Reference Reference

For these analyses, we used the no walking (n=63) as the reference

APOE4, apolipoprotein €4; GDS, geriatric depression scale; VRS, vascular risk score; BMI, body mass index
2 Adjusted for age, sex, and APOE4

b Adjusted for covariates in model 1 plus, education, clinical diagnosis, GDS, annual income, alcohol intake, smoking, VRS, BMI, dietary pattern including food types
(such as protein and fruit or vegetables), serum nutritional markers (such as hemoglobin, albumin, glucose, and HDL-/LDL-cholesterol), and overall physical activity

score

¢ Adjusted for covariates in model 2 plus, walking duration
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Table 5 Results of multiple linear regression analyses of the association between walking duration and cognition (n=188)

Total score Memory score Non-memory score
B SE B p B SE B p B SE B p
Overall (n=125)
Model 1°
High 8482 2.748 0.243 0.002 3816 1.623 0.183 0.020 2.734 1.238 0.182 0.028
Low 6.151 2449 0.194 0.013 3.540 1.446 0.187 0.015 1.197 1.103 0.088 0279
None Reference Reference Reference
Model 2°
High 5.495 2177 0.173 0.013 3210 1.331 0.169 0.017 0.622 1.017 0.046 0.542
Low 5447 2460 0.156 0.028 2.266 1.503 0.108 0.134 1326 1.149 0.088 0.250
None Reference Reference Reference
Model 3°
High -2676 3.851 —0.084 0.488 0.264 2.980 0.014 0912 —-1.808 1.820 -0.133 0322
Low -5.181 4815 —0.148 0.283 —1.565 2384 -0.075 0.600 —1.834 2275 -0.122 0.421
None Reference Reference Reference
Midlife-initiated walking (n=103)
Model 1°
High 6.958 2.695 0.210 0.011 4318 1.569 0.224 0.007 1429 1.198 0.102 0.235
Low 8353 3.058 0.225 0.007 3534 1.780 0.164 0.049 2.730 1.359 0.174 0.046
None Reference Reference Reference
Model 2°
High 5.768 2.371 0174 0.016 3.673 1437 0.190 0.012 0.722 1.089 0.051 0.508
Low 4877 2727 0.132 0.076 1.677 1.653 0.078 0312 1.064 1.253 0.068 0397
None Reference
Model 3¢ Reference Reference
High —4.684 4311 —0.142 0.279 -0.197 2.659 -0.010 0.941 —1.695 2022 -0121 0.403
Low -9.096 5544 —0.245 0.103 —3497 3419 -0.162 0.308 —2.168 2.601 -0.138 0406
None Reference Reference Reference
Late life-initiated walking (n=22)
Model 1°
High 9.811 4.598 0.224 0.036 5.929 3.110 0.200 0.060 3.335 2.206 0.166 0.135
Low 2.191 4.130 0.057 0.569 -0.337 2793 -0.013 0.904 0.366 1.981 0.021 0.854
None Reference Reference Reference
Model 2°
High 11.636 4460 0.265 0.011 7.139 3.110 0.240 0.025 3.636 2279 0.181 0.116
Low 1354 4018 0.035 0.737 —0.005 2.802 <0.001 0.999 —0.981 2.053 —0.055 0.634
None Reference Reference Reference
Model 3¢
High —0.084 10.234 —0.002 0.993 -0.580 7.147 —0.020 0.936 —2.738 5220 -0.136 0.602
Low —9.868 9,693 —0.255 0313 —7.396 6.769 -0.282 0.279 —7.084 4.944 -0.399 0.157
None Reference Reference Reference

For these analyses, we used the no walking (n=63) as the reference

APOE4 Apolipoprotein €4, GDS Geriatric depression scale, VRS Vascular risk score, BV Body mass index
2 Adjusted for age, sex, and APOE4

b Adjusted for covariates in model 1 plus, education, clinical diagnosis, GDS, annual income, alcohol intake, smoking, VRS, BMI, dietary pattern including food types
(such as protein and fruit or vegetables), serum nutritional markers (such as hemoglobin, albumin, glucose, and HDL-/LDL-cholesterol), and overall physical activity

score

¢ Adjusted for covariates in model 2 plus, walking intensity
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Table 6 Results of multiple linear regression analyses including walking intensity x one covariate interaction term, predicting
cognition (n=188)

Total score Memory score Non-memory score
B SE B p B SE B p B SE B p
High-intensity walking 41256 35464 1221 0246 29587 21785 1465 0.176 1844 16789 0.127 0913
Low-intensity walking 18925 29918 0588 0528 36497 18378 1897 0049 —-2501 14164 -0.181 0.860
Age -0325 0308 -0.108 0293 -0079 0189 -0044 0675 —0.152 0.146 -0.118 0.300
High-intensity walking x age -0397 0490 -0836 0419 -0314 0301 -1.105 0299 0002 0232 0012 0992
Low-intensity walking x age -0.172 0408 -0389 0673 —0440 0250 —1661 0081 0036 0193 0191 0851
High-intensity walking 13494 4910 0399 0007 7691 3042 0381 0012 1135 2309 0078 0624
Low-intensity walking 4.739 3888 0.147 0225 3822 2409 0199 0114 -0980 1.828 —0.071 0593
Sex —6.349 4105 -0.186 0.124 -2415 2544 -0.118 0344 —-3857 1931 -0263 0047
High-intensity walking x sex -1.580 4979 -0035 0751 —2572 3085 -0095 0406 3286 2342 0169 0.162
Low-intensity walking x sex 7.042 5303 0112 0186 2658 3286 0071 0420 3252 2686 0120 0228
High-intensity walking 14601 4860 0432 0003 7.501 2997 0371 0013 2572 2299 0178 0.265
Low-intensity walking 7.768 3888 0241 0047 5466 2408 0284 0024 0468 1.847 0034 0.800
APOE4 —2730 3969 -0069 0493 -2869 2457 -0.121 0245 -0.142 1885 —0.008 0.940
High-intensity walking x APOE4 -9.706 6496 —0.119 0.137 —-4329 4022 -0089 0283 —-2615 3.085 -0075 0398
Low-intensity walking x APOE4 -5650 5292 -0.102 0287 —4697 3277 -0142 0154 —1.128 2514 —-0048 0.654
High-intensity walking 10886 6236 0322 0083 8570 3856 0424 0028 0193 2931 0013 0948
Low-intensity walking 4.164 5151 0129 0420 4.065 3185 0211 0204 —-2208 2421 -0.160 0363
Education 4.509 2006 0267 0026 3377 1241 0335 0007 1.041 0943 0.144 0271
High-intensity walking x education 1.258 2584 0082 0627 —-1074 1598 -0.118 0502 1285 1215 0196 0292
Low-intensity walking x education 1.549 2519 0090 0540 0.146 1558 0014 0926 1707 1.184 0232 0.151
High-intensity walking 10830 4408 0320 0015 4375 2307 0217 0060 1723 1425 0119 0229
Low-intensity walking 4.811 3686 0149 0194  3.101 1929 0161 0110 -=0371 1395 -0027 0791
Clinical diagnosis —14080 2743 —0449 <0001 —12049 1436 -0643 <0001 —2957 1475 —0220 0.047

High-intensity walking x clinical diagnosis  1.335 4166 0027 0749  3.066 2181 0103 0162 —-0051 2238 -0.002 0982
Low-intensity walking x clinical diagnosis  1.656 3823 0040 0665 1429 2001 0058 0476 0734 2056 0041 0722

High-intensity walking 11353 5205 0336 0031 5.167 3213 0256 0110 1619 2454 0112 0510
Low-intensity walking 5.852 4522 0182 0197 3287 2792 0171 0241 0818 2132 0059 0702
GDS -5027 32117 -0162 0119 -2381 1982 -0.128 0231 -1961 1514 -0.147 0197
High-intensity walking x GDS 2954 4736 0062 0534 3258 2923 0114 0267 1.095 2233 0053 0624
Low-intensity walking x GDS 0.796 4469  0.021 0.859 2035 2759 0090 0462 -1.176 2107 -0073 0578
High-intensity walking 27.001 9966 0799 0007 13.000 6194 0644 0037 5042 4748 0348 0.290
Low-intensity walking 4310 7702 0134 0576 2589 4787 0135 0589 —0795 3669 —0058 0.829
Annual income 4410 2279 0200 0055 2528 1417 0192 0076 2225 1.086 0238  0.039
High-intensity walking x annual income ~ —5698 3634 —0461 0119 —-2470 2259 -0334 0276 —1.178 1731 —-0222 0497
Low-intensity walking x annual income 0.678 2975 0.053 0820 0717 1.849 0094 0699 0367 1417 0067  0.796
High-intensity walking 9.116 5437 0270 0095 5797 3377 0287 0088 —0234 2558 0016 0927
Low-intensity walking 4.535 4948 0141 0361 2771 3073 0144 0369 —1.004 2328 -0073 0.667
VRS -0.049 0093 -0059 0598 —0044 0.058 -0.089 0446 -0.019 0044 -0.052 0669
High-intensity walking x VRS 0.163 0121 0165 0.181 0032 0075 0054 0674 0103 0057 0244 0073
Low-intensity walking x VRS 0.074 0123  0.073 0.548  0.062 0076 0102 0415 0048 0058 0.110 0406
High-intensity walking 16931 5682 0501 0003 9787 3503 0485 0006 4966 2669 0343  0.065
Low-intensity walking 6.979 4750 0217  0.144  4.066 2929 0211 0.167 0956 2231 0069 0669
Overall physical activity 0.068 0.029 0.203 0.021 0.036 0018 0.182 0044 0.025 0014 0177  0.065
High-intensity walking x overall PA -0071 0054 -0.164 0190 -0053 0033 -0204 0114 -0018 0023 -0097 0427
Low-intensity walking x overall PA -0.015 0045 -0038 0744 0.002 0.028 0.009 0940 0007 0017 0.043 0.680

APOE4 apolipoprotein €4, GDS Geriatric depression scale, VRS Vascular risk score, BMI Body mass index, PA Physical activity
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Table 7 Results of multiple linear regression analyses of the association between walking (or walking intensity) and cognition in older
adults exhibiting no decrease in food intake over the past 3 months (n=174)

Walking Total score Memory score Non-memory score
B SE B p B SE B p B SE B p
Overall walking (n=117)
Model 1°
Walking 6.408 2276 0200 0.005 3.863 1309 0.202 0.004 1253 1.044  0.090 0.232
None Reference Reference Reference
Model 2°
Walking 5.124 2043 0.160 0.013 3133 1204 0.164 0.010 0431 0979 0031 0.661
None Reference Reference Reference
Midlife-initiated walking (n=97)
Model 1°
Walking 0.947 2484 0217 0.006 4.282 1407  0.230 0.003 1477 1.120  0.107 0.189
None Reference Reference Reference
Model 2°
Walking 5.084 2217 0158 0.023 3.180 1.295  0.171 0.015 0393 1.045  0.029 0.707
None Reference Reference Reference
Late life-initiated walking (n=20)
Model 1°
Walking 4293 3307 0.146 0.199 2212 2210 01 0.321 0.965 1557 0072 0.538
None Reference Reference Reference
Model 2°
Walking 4.956 3122 0.168 0.118 3468 2102 0173 0.105 0432 1567 0.032 0.784
None Reference Reference Reference
Walking intensity ~ Total score Memory score Non-memory score
B SE B p B SE B p B SE B p
Overall walking (n=117)
Model 1°
High 11.083 2618 0344 <0.001 4.533 1562  0.237 0.004 3222 1203 0.232 0.008
Low 2.901 2417 0.09%4 0.232 2273 1442 0125 0117 -0.020 1.111 —=0.001  0.986
None Reference Reference Reference
Model 2°
High 8.349 2400  0.260 <0.001 3.162 1454 0.165 0.031 1.755 1168 0.126 0.135
Low 3.143 2164 0102 0.148 2197 1311 0.120 0.096 -0.154 1053 -0012 0.884
None Reference Reference Reference
Model 3¢
High 12.757 4622 0397 0.006 6.587 2794 0345 0.020 1.834 2258 0132 0418
Low 6477 3689 0211 0.081 4.787 2230 0262 0.033 —-0.095 1802 —0.007 0958
None Reference Reference Reference
Midlife-initiated walking (n=97)
Model 1°
High 12.520 2892 0367 <0.001 5229 1.708  0.266 0.003 3573 1315  0.246 0.007
Low 3.093 2638 0.096 0.243 2.645 1.558  0.143 0092 0182 1.200  0.013 0.880
None Reference Reference Reference
Model 2°
High 9317 2676 0273 <0.001 3.388 1617 0172 0.038 1.751 1294 0121 0.178
Low 2.908 2332 0091 0.215 2314 1409 0125 0103  —-0.043 1128  —0.003 0970
None Reference Reference Reference
Model 3¢

High 17.505 5322 0514 0.001 9.569 3195 0486 0.003 2697 2602 0.186 0.302
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Table 7 (continued)
Walking Total score Memory score Non-memory score
B SE B p B SE B p B SE B p
Low 8.842 4065 0276 0.031 6.793 2440 0367 0.006 0.642 1.988  0.047 0.747
None Reference Reference Reference
Late life-initiated walking (n=20)
Model 1°
High 4.809 4327 0123 0.270 1.713 3.021 0064 0572 2226 2059 0125 0.283
Low 2428 4370  0.062 0.580 0.541 3051  0.020 0860  —0481 2079 0125 0.283
None Reference Reference Reference
Model 2°
High 8306 4208 0.213 0.053 5011 2968 0.186 0.097 2126 2253 0119 0.349
Low 1.771 4100 0.045 0.667 0.135 2892  0.005 0.963 -1.073 2196 —-0.060 0627
None Reference Reference Reference
Model 3¢
High —-6.584 8739 —-0.169 0454 —5.572 6.161 —0207 0370 —4.082 4741 -0229 0393
Low -13.185 8720 —-0338 0.136 -10494 6.148 —-0.389 0.093 —7.308 4731 —=0411  0.128
None Reference Reference Reference

For these analyses, we used the no walking (n=57) as the reference

APOE4 Apolipoprotein €4, GDS Geriatric depression scale, VRS Vascular risk score, BMI Body mass index

2 Adjusted for age, sex, and APOE4

b Adjusted for covariates in Model 1 plus, education, clinical diagnosis, GDS, annual income, alcohol intake, smoking, VRS, BMI, dietary pattern including food types
(such as protein and fruit or vegetables), serum nutritional markers (such as hemoglobin, albumin, glucose, and HDL-/LDL-cholesterol) and overall physical activity

score

€ Adjusted for covariates in Model 2 plus, walking duration

to the benefits of increased physical activity. For example,
both aerobic walking and social dance have been found
to improve white matter plasticity compared to active
controls [42]. Notably, aerobic walking may be more
beneficial than social dance with regard to white matter
plasticity correlated with episodic memory [42]. In that
study, dance classes included a significant amount of low-
intensity instructional time, which may explain the lower
benefits with regard to aerobic fitness [42].

In addition to walking, other physical activities may
affect AD-related cognitive decline. The Cardiovascu-
lar Risk Factors, Aging and Incidence of Dementia study
[28, 43] found that the performance of physical activity
at least twice a week was associated with reduced risks
of AD and dementia. Moreover, the Atherosclerosis Risk
in Communities study [43] found that a high level of
physical activity was associated with a lower incidence of
dementia and lower decline. However, our results did not
change after controlling for overall physical activity, indi-
cating that high levels of walking activity are associated
with cognitive performance independent of other physi-
cal activities and the overall activity level.

Unlike high-intensity walking, low-intensity walk-
ing was not associated with cognitive performance in
this study. Additionally, cognition did not differ accord-
ing to walking duration. Few studies have investigated

the associations of the intensity and duration of walk-
ing with AD-related cognitive decline. Our finding of an
association between high-intensity walking and cognitive
performance is consistent with physical activity guide-
lines for older adults that recommend regular moderate-
intensity walking or vigorous-intensity activity to achieve
health benefits [27, 44]. We did not observe any differ-
ence regarding the benefits of walking for cognitive per-
formance according to walking duration, in contrast to
previous studies [17, 45, 46] showing a clear difference in
the risk of dementia according to walking duration. The
discrepancy between the results of the present and pre-
vious studies may be explained by the fact that maximal
oxygen uptake only improves with higher-intensity physi-
cal activity [47]. Additionally, several studies have shown
that the relative intensity, rather than duration, of physi-
cal activity was most important in terms of the effects on
cardiovascular function [48] and cognition [28, 49-51].
Nevertheless, there requires a caution in interpretation of
our findings regarding walking duration. This is because
walking activity requires minimum walking frequency
and duration as requirements for walking activity regard-
less of walking intensity.

We found significant associations between walking
initiated in midlife, but not late life, and cognitive per-
formance. This is consistent with a previous study that
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found that vigorous midlife physical activity lowered the
AD risk [28] and was associated with reduced cognitive
impairment [51]. This may be because participants who
started walking in midlife had a longer duration thereof
than those who started walking in later life (Table 1:
mean [standard deviation] of number of years of walking
practice: 18.2 [13.4] years in midlife walking onset group
vs. 5.0 [6.3] years in late life onset group, p<0.001). It
may have also been due to the age of walking onset, as the
same number of years of practice has different effects in
midlife vs. late life. Therefore, we first examined any asso-
ciation between the number of years of walking practice
and cognition to determine whether there was an asso-
ciation between the two (see Additional file 1: Table S1).
Then, we examined the same model but including an
interaction between age and the number of years of walk-
ing practice to examine whether the association between
age and cognition was moderated by the number of years
of walking practice (see Additional file 1: Table S2). There
was only a slight moderation effect (see Additional file 1:
Table S2: number of years of walking practiceXxage:
B=-0.0021, SE=0.012, 5= —0.1296, p=0.086 in total
score; B=—0.015, SE=0.009, = —-0.5276, p=0.088
in memory score). However, we found no association
between the number of years of walking practice and
cognition (see Additional file 1: Table S1). Taken together,
these observations suggest that the association between
walking in midlife (but not late life) and cognition may be
due to the age of walking onset rather than the number of
years of walking practice.

In the present study, a comprehensive clinical assess-
ment of physically capable non-demented older adults
was performed covering lifetime walking activity (includ-
ing intensity, duration, and time of initiation), overall
physical activity level, laboratory blood tests, nutritional
markers, and tests of multiple cognitive domains. We
also controlled for potential confounders using statisti-
cal models investigating the association between walk-
ing and AD-related cognitive decline. However, there
were several limitations to our study. First, this is a cross-
sectional study which has limitations with respect to bi-
directionality. Inferences on the causal relationships are
constrained. There is a need for replication of the study
findings in adequately powered prospective or trial stud-
ies to make inferences on the beneficial effects of walk-
ing on AD-related cognitive function. Second, walking
may be limited by pre-existing brain diseases because it
is a complex motor function that requires coordination of
several body parts and gait [33]. To investigate the effect
of walking on AD-related cognitive decline, we enrolled
participants who were physically capable, i.e., able to
walk without assistance (UPDRS gait score<2). Third,
retrospective recall bias may have affected the association
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between lifetime walking and cognition. Approximately
40% of the participants were diagnosed with MCI, which
may have led to inaccurate self-reported walking his-
tory. However, although individuals with MCI exhibit
recent memory impairments, their remote memory is
well-preserved [52]. Therefore, it is unlikely that our
MCI participants reported inaccurate walking histories
because such self-reports rely mainly on remote memory
based on long-established lifestyle habits, rather than on
recent memory. Additionally, we obtained similar results
after controlling for clinical diagnosis (CN vs. MCI) as
an additional covariate in model 2. Finally, we did not
measure lifetime walking activity using an objective tool,
unlike a previous study that evaluated physical activity
[35] over a short period (1 week). Additionally, we did
not assess lifetime physical activity in terms of duration
or intensity. Further investigations using objective assess-
ments of walking are needed to confirm the association
between walking and cognition.

Conclusions

The present study of physically capable older adults with-
out dementia indicated that walking (particular in high-
intensity and midlife-initiated walking) is associated
with improved episodic memory, an AD-related cogni-
tive domain. In terms of AD prevention, more attention
needs to be paid to the role of walking.
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