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Abstract

Background The independent and additive associations of walking pace and grip strength on dementia risk and
the potential modifying effects of age, APOE phenotypes, and other dementia risk factors on the walking pace and
dementia relationships demand further clarification. We aimed to investigate the independent and additive relation-
ships of walking pace and handgrip strength on the risk of new-onset dementia and examine the potentially modify-
ing effects of age, APOE phenotypes, lifestyle factors, and family history of dementia in the relationships.

Methods A total of 495,700 participants from the UK Biobank, who were free of dementia at baseline, were included
in this study. Walking pace was self-defined as slow, average, or brisk. Handgrip strength was assessed by dynamom-
eter and was divided into sex-specific quartiles. The APOE genotypes were determined by a combination variant of
rs429358 and rs7412. Other dementia risk factors, including education, physical activity, hypertension, depression, dia-
betes, and family history of dementia, were also collected. The primary outcome was new-onset all-cause dementia.

Results Over a median follow-up duration of 12.0 years, 3986 (0.8%) participants developed new-onset all-cause
dementia. Compared with those with slow walking pace, participants with average (HR, 0.61; 95%Cl: 0.55-0.68) or
brisk (HR, 0.59; 95%Cl: 0.52-0.67) walking pace had a significantly lower risk of new-onset all-cause dementia. Moreo-
ver, compared with those with both slow walking pace and lower handgrip strength (the first quartile), the lowest
risk of new-onset all-cause dementia was observed in participants with both average or brisk walking pace and
higher handgrip strength (the 2—4 quartiles) (HR, 0.45; 95%Cl: 0.40-0.52). Notably, the negative relationship between
walking pace and the risk of new-onset all-cause dementia was significantly reduced as APOE €4 dosage increased
(APOE €4 dosages=0 or 1: brisk vs. slow: HR, 0.55; 95%Cl: 0.48-0.63; vs. APOE €4 dosages = 2: brisk vs. slow: HR, 1.14;
95%Cl: 0.77-1.68; P for interaction =0.001) or age increased (< 58 [median]: brisk vs. slow: HR, 0.27; 95%Cl: 0.18-0.41;
vs. > 58 years: brisk vs. slow: HR, 0.55; 95%Cl: 0.48-0.63; P for interaction = 0.007).

Conclusions Walking pace was inversely associated with new-onset dementia in the general population, especially
in younger participants and those with lower APOE €4 dosage. Participants with both faster walking pace and higher
handgrip strength had the lowest risk of dementia, suggesting that maintaining both high handgrip strength and fast
walking pace may be a more comprehensive strategy for preventing dementia risk.
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Introduction

Dementia is a major public health concern, posing a sub-
stantial burden on patients, their carers, and national
healthcare systems [1, 2]. Around 50 million people
worldwide suffer from dementia, and this number is
projected to increase to 152 million by 2050 [1]. There
is currently no complete cure for dementia, so identify-
ing potential risk factors may reveal opportunities for
primary prevention. One area of interest is whether the
physical function is related to dementia onset, as both of
them involve the central nervous system and share some
common age-related mechanisms [3, 4].

Walking pace has been recognized as a reliable, valid,
and sensitive measure to screen older adults for sub-
clinical pathogenetic processes that may impair overall
health and function [5]. Several studies have shown that
a brisk walking pace was associated with a lower risk of
dementia [3, 5-14], while some studies have reported
no significant association [15, 16]. Another measure of
physical function is grip strength as it measures muscular
strength and biological validity, and poorer grip strength
has been reported to be associated with mortality, and
other negative health outcomes [17]. Recently, some
studies [14, 17-19] reported that lower grip strength was
associated with a higher risk of all-cause dementia. How-
ever, from a physiological point of view, walking pace and
grip strength may reflect different underlying physiologi-
cal processes. Grip strength is more likely a measure of
contraction strength whereas walking pace integrates
strength with other processes, such as balance and coor-
dination. As such, the combination of both may result in
a stronger association with health outcomes than individ-
ually [20]. Previous studies have evaluated the combina-
tion of walking pace and grip strength on cardiovascular
disease (CVD) [21, 22] and type 2 diabetes [20] and sug-
gested that the combination of walking pace and grip
strength was more strongly associated with health out-
comes than in isolation. In addition, previous studies on
the associations of walking pace and handgrip strength
on cognitive decline [23, 24] have reported that when
grip strength and walking pace were included in a regres-
sion model simultaneously, only walking pace was asso-
ciated with cognitive decline. Meanwhile, none of the
studies [23, 24] have examined the combined association
of walking pace and grip strength on cognitive decline.
More importantly, to the best of our knowledge, the com-
bined association of walking pace and grip strength with
the risk of dementia has not previously been investigated.

Furthermore, age; modifiable risk factors like obesity,
physical activity, hypertension, depression, and diabetes;
family history of dementia; and genetic factors like the
carriage of the apolipoprotein E (APOE) &4 allele have
been associated with an elevated risk of overall dementia
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or Alzheimer’s disease (AD) [25, 26]. These factors, espe-
cially age and APOE, have also been associated with
walking speed and handgrip [27, 28]. Therefore, they may
represent important confounders or modifying factors of
the relationships between walking pace or grip strength
and new-onset dementia. It is of great importance to
clinical and public health relevance to examine whether
the association with dementia varies across those poten-
tial effect modifiers.

In this study, we took advantage of the large sample size
of UK Biobank to (1) evaluate the individual and joint
associations of walking pace and handgrip strength with
the risk of new-onset dementia, and the major subtypes
of dementia (AD and vascular dementia), and (2) to fur-
ther examine the possible modifying effects of age, APOE
€4 dosage, family history of dementia, and dementia
modifiable risk factors including obesity, physical activity,
hypertension, depression, and diabetes on the walking
pace and dementia associations.

Methods

Population and study design

The UK Biobank is a population-based cohort of more
than 500,000 participants who attended 1 of 22 assess-
ment centers across the UK between 2006 and 2010. At
enrollment, participants completed a touch-screen ques-
tionnaire, had physical measurements taken, and pro-
vided biological samples, as described in detail elsewhere
[29, 30].

The current analyses were restricted to participants
who had self-reported measures of walking pace and grip
strength measures and without self-reported or prevalent
dementia at baseline. A total of 495,700 participants were
included in the final analysis (eFigure 1).

This study is based on data from the UK Biobank
study that received approval from the National Informa-
tion Governance Board for Health and Social Care and
the National Health Service North West Multicentre
Research Ethics Committee. All participants gave written
informed consent before enrollment in the study, which
was conducted in accord with the principles of the Decla-
ration of Helsinki.

Exposure and covariates

The walking pace was self-reported via a touchscreen-
based questionnaire by answering the question “How
would you describe your usual walking pace? (i) Slow
pace, (ii) Steady/average pace, and (iii) Brisk pace” Hand-
grip strength was measured by using a Jamar J00105
hydraulic hand dynamometer while sitting. Isometric
grip force was assessed from a single 3-s maximal grip
effort of the right- and left-side arms with participants
seated upright with their elbow by their side and flexed at
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90° so that their forearm was facing forward and resting
on an armrest. Both left and right hands strengths were
measured. The mean of the right- and left-side values,
expressed as kg, was used in the analysis. The measured
handgrip strength was further divided into sex-spe-
cific quartiles as follows: Q1 (F:<19.5 kg; M:<34.0 kg),
Q2 (F: 19.5 t0<23.0 kg; M: 34.0 to<39.5 kg), Q3 (F:
23.0 to<27.5 kg; M: 39.5 to<45.0 kg), Q4 (F:>27.5 kg;
M:>45.0 kg).

Blood collection sampling procedures for the study
have previously been described and validated [30]. Bio-
chemical assays were performed at a dedicated central
laboratory. Multiple immunoassays and clinical chem-
istry analyzers were used to measure the biochemistry
markers, details of which are provided in online compan-
ion documents (https://biobank.ndph.ox.ac.uk/ukb/ukb/
docs/serum_biochemistry.pdf). Of which, C-reactive
protein (CRP) levels were measured by immuno-turbidi-
metric method on a Beckman Coulter AU5800. Albumin
levels were measured by colorimetric method on a Beck-
man Coulter AU5800. Body mass index (BMI) was calcu-
lated as weight (kg) by height squared (m?). Area-based
socioeconomic status was derived from the postal code
of residence by using the Townsend deprivation score.
Smoking (never, former, current) and drinking (never or
special occasions, 1-3 times/month, 1-2 times/week,
3—4 times/week, daily or almost daily) status, education
levels (college or university degree, A levels/AS levels or
equivalent, O levels/General Certificate of Secondary
Education [GCSEs] or equivalent, Certificate of Second-
ary Education [CSEs] or equivalent, National Vocational
Qualification [NVQ] or Higher National Diploma [NHD]
or Higher National Certificates [HNC] or equivalent,
other professional qualifications), and depression (yes
or no) were self-reported at baseline. Family history
of dementia (yes or no) was collected by answering the
question “Has/did your mother/ father/ any of your
brothers or sisters ever suffer from dementia?”. High edu-
cation levels include college or university degrees and
NVQ or NHD or HNC or equivalent. Optimal physi-
cal activity was defined as more than 4 days of vigor-
ous/moderate physical activity in a typical week [31]. A
healthy diet score [32, 33] was calculated based on the
adequate intake of the following diet factors: increased
consumption of fruits (> 3 servings/day), vegetables (>3
servings/day), whole grains (>3 servings/day), (shell)fish
(>2 servings/week), dairy products (>2 servings/day),
and vegetable oils (> 2 servings/day), and reduced or no
consumption of refined grains (<2 servings/day), pro-
cessed meats (<1 serving/week), unprocessed meats (<2
servings/week), and sugar-sweetened beverages (do not
drink). Each point was given for each favorable diet fac-
tor, and the healthy diet score ranged from 0 to 10. Seated
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blood pressure was measured twice manually (manual
sphygmometer) or automatically (Omron HEM-7015IT
digital blood pressure monitor), and the mean value of
the two measurements was used to minimize measure-
ment error. Hypertension was defined as systolic blood
pressure (SBP)>140 mmHg, diastolic blood pressure
(DBP) > 90 mmHg, self-reported antihypertensive treat-
ment or self-reported hypertension history, or Interna-
tional Classification of Diseases (ICD)-9 (401) or ICD-10
(I10). Prevalent diabetes (yes or no) at baseline was iden-
tified through multiple procedures considering the type
of diabetes and sources of the diagnosis [34]. CVD (yes
or no) at baseline was identified as a composite of pre-
existing coronary heart disease, myocardial infarction,
ischemic heart disease, stroke, heart failure, and atrial
fibrillation.

Genetic risks of dementia
The APOE genotypes were determined by a combination
variant of rs429358 and rs7412. Based on the number of
APOE &4 alleles, participants were divided into high-risk
group (APOE e4 dosage=2, e4/e4), normal-risk group
(APOE €4 dosage=1, €3/e4), and low-risk group (APOE
€4 dosage =0, €2/€2, €2/€3, €3/€3) in this analysis [26, 35].
Dementia genetic risk scores (without the AOPE geno-
type) were calculated by 25 single nucleotide polymor-
phisms (SNPs), which passed quality control, based on
the previous study [36]. A weighted method was used to
calculate the PRS [37]; higher scores indicated a higher
genetic predisposition to AD and cognitive disorder. Fur-
ther detailed information on genotyping, imputation,
and quality control in the UK Biobank study has been
described previously [38].

Study outcomes

The primary outcome was new-onset all-cause demen-
tia. The secondary outcomes included AD and vascular
dementia. Diagnoses were recorded using the Interna-
tional Classification of Diseases (ICD9 and ICD10) cod-
ing system (eTable 1). The accuracy of dementia
ascertainment has been validated previously [39].

Each participant’s person-years were calculated from
the date of attending the assessment center to the date
reported for diagnosis of new-onset dementia events,
death, loss to follow-up, or end of the follow-up, which-
ever occurred first.

Statistical analysis

Baseline characteristics were presented as mean (SD)
for continuous variables or proportions for categori-
cal variables by walking pace and sex-specific quar-
tiles of handgrip strength. Differences in characteristics
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were compared using ANOVA tests or chi-square tests
accordingly.

Basic demographic variables and variables known as
traditional or suspected risk factors for dementia were
selected as covariates. The relations of walking pace,
handgrip strength with all-cause dementia, and the major
subtypes of dementia (AD and vascular dementia) were
estimated using Cox proportional hazards models (haz-
ards ratio [HR] and 95% confidence interval [CI]) without
(the crude model) and with adjustments for a series of
covariates, including age, sex, ethnicities, Townsend dep-
rivation score, BMI, smoking and alcohol drinking status,
education levels, physical activity, healthy diet scores,
CRP, albumin, CVD, hypertension, depression, diabetes,
and family history of dementia in model 1. Moreover,
APOE €4 dosage and dementia genetic risk scores were
further adjusted in model 2 and model 3, respectively. In
model 4, walking pace and handgrip strength were fur-
ther mutually adjusted.

We combined walking pace and handgrip strength into
a category variable: group 1, slow walking pace and grip
strength in the first quartile; group 2, slow walking pace
and grip strength in the 2—4 quartiles; group 3, average or
brisk walking pace and grip strength in the first quartile;
group 4, average or brisk walking pace and grip strength
in the 2—4 quartiles. Similar Cox proportional hazards
models were used to examine the association of com-
bined walking speed and handgrip strength with risk of
all-cause dementia with group 1 as reference.

To evaluate the interactions between walking pace
and age, APOE €4 dosage, handgrip strength, or other
confounding factors (BMI, education, physical activity,
hypertension, depression, diabetes, and family history of
dementia), multiplicative interactions were assessed by
adding an interaction term to the Cox proportional haz-
ards model.

A two-tailed P<0.05 was considered to be statisti-
cally significant in all analyses. R software (version 4.1.3,
http://www.R-project.org) was used for all statistical
analyses.

Results

Baseline characteristics of participants

A total of 495,700 participants were included in the cur-
rent study. The average age of the study population was
56.5 (SD, 8.1) years. 225,861 (45.6%) of the participants
were male. 40,464 (8.2%), 261,751 (52.8%), and 193,485
(39.0%) participants reported slow, average, and brisk
walking pace, respectively.

The baseline characteristics of study participants are
presented by walking pace in Table 1. Participants who
reported slow walking pace were older, more likely to
be female, non-white, and smokers; had lower physical
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activity and education levels; less likely to drink and to
have healthy diet scores, more likely to have CVD, hyper-
tension, depression, and diabetes, and had higher dep-
rivation index, BMI, CRP, APOE &4 dosage, and lower
albumin levels (all P values <0.001).

Moreover, participants in lower quartiles of grip
strength were younger; less likely to be white and current
smokers; more likely to be alcohol drinkers; more likely
to have hypertension, depression, diabetes, CVD, and
dementia family history; had higher deprivation index,
BMI, Cystatin C, and CRP levels and lower education,
physical activity, and albumin levels (all P values<0.001)
(eTable 2).

Associations of walking pace, handgrip strength,

and combined walking pace and handgrip strength

with new-onset dementia

During a median follow-up of 12.0 years (interquartile
range, 11.2-12.7 years), a total of 3986 (0.8%) new-onset
cases of dementia were documented, including 2638
cases of AD and 1404 cases of vascular dementia.

In the crude model, compared to slow walking pace, the
HRs (95%CI) were 0.41 (0.37-0.44) and 0.28 (0.26-0.31)
for average and brisk walking pace (P for trend <0.001),
respectively. After multivariate adjustments (model 1),
the inverse association was attenuated but remained
significant. Compared to those with slow walking pace,
participants with average (HR, 0.61; 95%CI: 0.55-0.68)
or brisk (HR, 0.59; 95%CI: 0.52-0.67) walking pace had
a significantly lower risk of new-onset all-cause demen-
tia (P for trend < 0.001). Similarly, compared to those with
slow walking pace, participants with average or brisk
walking pace had a significantly lower risk of new-onset
AD (average vs. slow walking pace: HR, 0.64; 95%CI:
0.55-0.73; brisk vs. slow walking pace: HR, 0.64; 95%Cl:
0.55-0.75; P for trend<0.001) and vascular demen-
tia (average vs. slow walking pace: HR, 0.54; 95%CI:
0.45-0.64; brisk vs. slow walking pace: HR, 0.47; 95%Cl:
0.38-0.58; P for trend < 0.001) in model 1 (Table 2). There
was no obvious change in the strength of the relationship
between walking pace and new-onset dementia after fur-
ther adjustments for APOE &4 dosage in model 2 (aver-
age vs. slow walking pace: HR, 0.60; 95%CI: 0.54—0.67;
brisk vs. slow walking pace: HR, 0.59; 95%CI: 0.52-0.67;
P for trend<0.001) and dementia genetic risk scores in
model 3 (average vs. slow walking pace: HR, 0.61; 95%Cl:
0.54—0.68; brisk vs. slow walking pace: HR, 0.59; 95%Cl:
0.52-0.67; P for trend < 0.001) (Table 2).

Moreover, when handgrip strength was assessed as sex-
specific quartiles, in the crude model, compared to the
first quartile, the HRs (95%CI) were 0.59 (0.55-0.64), 0.36
(0.33—-0.40), and 0.20 (0.18-0.22) for the second, third,
and fourth quartile (P for trend<0.001), respectively.
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Table 1 Population characteristics by walking pace categories
Characteristics Walking pace Pvalue
Slow Average Brisk
N 40,464 261,751 193,485
Age, year 58.8(7.5) .1(8.0) 55.2(8.1) <0.001
Female, n (%) 22,378 (55.3) 143,128 (54.7) 104,333 (53.9) <0.001
White, n (%) 36,154 (89.9) 245,483 (94.1) 186,472 (96.7) <0.001
Deprivation index 0.0 (3.5) —1.3(3.1) —1.6(29) <0.001
Higher education, n (%) 9814 (25.0) 88,644 (34.5) 88,644 (34.5) <0.001
BMI, kg/m2 31.2(6.5) 28.0(4.7) 25.8(3.8) <0.001
Optimal physical activity, n (%) 10,523 (30.6) 100,287 (41.2) 83,025 (44.4) <0.001
Healthy diet score 2901.4) 3.001.4) 32(1.4) <0.001
Smoking, n (%) <0.001
Never 17,807 (44.4) 140,676 (54.0) 112,149 (58.1)
Former 15,272 (38.0) 91,877 (35.2) 64,081 (33.2)
Current 7069 (17.6) 28,158 (10.8) 16,772 (8.7)
Alcohol drinking, n (%) <0.001
Never or special occasions 15,393 (38.1) 53,066 (20.3) 27,706 (14.3)
1-3 times/month 4690 (11.6) 30,588 (11.7) 20,006 (10.3)
1-2 times/week 8900 (22.1) 69,318 (26.5) 49,920 (25.8)
3-4 times/week 5660 (14.0) 57,622 (22.0) 51,402 (26.6)
Daily or almost daily 5713 (14.2) 50,916 (19.5) 44,351 (22.9)
Prevalent health conditions, n (%)
CVvD 9187 (22.8) 20,887 (8.0) 8793 (4.5) <0.001
Hypertension 29,114 (73.0) 153,871 (59.3) 92,856 (48.3) <0.001
Depression 4604 (11.4) 14,269 (5.5) 8771 (4.5) <0.001
Diabetes 6154 (15.2) 14,549 (5.6) 4963 (2.6) <0.001
Dementia family history 4670 (11.5) 30,531 (11.7) 22,668 (11.7) 0.594
CRP, mg/L 4.7 (6.5) 2.7 (4.3) 1.93.5) <0.001
Albumin, g/L 445 (2.8) 45.1 (2.6) 45.5(2.6) <0.001
APOE €4 dosage <0.001
0 28,129 (74.0) 182,341 (73.6) 134,373 (73.1)
1 9045 (23.8) 59,474 (24.0) 44,861 (24.4)
2 817 (2.2) 6045 (2.4) 4591 (2.5)

Abbreviations: BMI body mass index, CVD cardiovascular disease, CRP C-reactive protein. Variables are presented as mean (SD) or n (%)

After multivariate adjustments (model 1), the inverse
association was attenuated but remained significant.
Compared to those in the first quartile, significantly
lower risks of new-onset dementia were found in partici-
pants in the second (HR, 0.77; 95%CI: 0.71-0.85), third
(HR, 0.67; 95%CI: 0.60-0.74), and fourth quartiles (HR,
0.58; 95%CI: 0.51-0.66), respectively, after multivariate
adjustments (model 1) (eTable 3). As such, participants
in the first quartile of handgrip strength were defined
as having lower handgrip strength. Similar results were
found when the walking pace and handgrip strength were
further mutually adjusted in model 4 (Table 2, eTable S3).

Although there was no statistically significant inter-
action between walking pace and handgrip strength on

new-onset dementia (P for interaction=0.739) (Fig. 1),
compared to those with both lower handgrip strength
(the first quartile) and slow walking pace, the lowest risk
of new-onset dementia was observed in participants with
both higher handgrip strength (the 2—4 quartiles) and
average or brisk walking pace (adjusted HR, 0.45; 95%Cl:
0.40-0.52) (model 2) (Table 3).

Stratified analyses
Stratified analyses were performed to assess the relation-
ship between walking pace and new-onset dementia in
various subgroups.

Walking pace was differently related to risks of new-
onset dementia among participants with different
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Table 2 The association of walking pace with new-onset
dementia and its major subtypes

Walking pace P for trend
Slow Average Brisk
N=40,464 N=261,751 N=193,485
All-cause dementia
Events (%) 733 (1.8) 2093 (0.8) 1090 (0.6)
Crude Ref 041037, 0.28(0.26, <0.001
model 0.44) 0.31)
Model 1 Ref 061 (0.55, 0.59(0.52, <0.001
0.68) 0.67)
Model 2 Ref 0.60 (0.54, 0.59(0.52, <0.001
0.67) 0.67)
Model 3 Ref 061 (0.54, 0.59(0.52, <0.001
0.68) 0.67)
Model 4 Ref 0.65 (0.58, 0.64 (0.57, <0.001
0.72) 0.73)
Alzheimer’s disease
Events %) 412 (1.0) 1424 (0.5) 802 (0.4)
Crude Ref 049 (0.44, 0.37(0.33, <0.001
model 0.55) 042)
Model 1 Ref 0.64 (0.55, 0.64 (0.55, <0.001
0.73) 0.75)
Model 2 Ref 0.63 (0.54, 0.64 (0.55, 0.001
0.73) 0.76)
Model 3 Ref 0.63 (0.55, 0.64 (0.54, <0.001
0.73) 0.75)
Model 4 Ref 0.67 (0.58, 0.70 (0.60, 0.005
0.78) 0.82)
Vascular dementia
Events (%) 369 (0.9) 732(0.3) 303 (0.2)
Crude Ref 0.28 (0.25, 0.16 (0.13, <0.001
model 0.32) 0.18)
Model 1 Ref 0.54 (045, 047 (0.38, <0.001
0.64) 0.58)
Model 2 Ref 0.53 (044, 047 (0.38, <0.001
0.62) 0.58)
Model 3 Ref 0.53 (045, 047 (0.38, <0.001
0.63) 0.58)
Model 4 Ref 0.56 (048, 0.51 (041, <0.001
0.67) 0.62)

Model 1 adjusted for age, sex, ethnicities, BMI, socioeconomic deprivation,
smoking and alcohol drinking status, education levels, physical activity, healthy
diet scores, C-reactive protein (CRP), albumin, cardiovascular disease (CVD),
hypertension, depression, diabetes, and dementia family history

Model 2 adjusted for covariates in model 1 plus APOE €4 dosage
Model 3 adjusted for covariates in model 1 plus dementia genetic risk scores

Model 4 adjusted for covariates in model 1 plus grip strength

APOE €4 dosages (P for interaction=0.001). In the low
or normal risk groups (APOE &4 dosage=0 or 1), walk-
ing pace was significantly associated with a lower risk
of new-onset dementia (brisk vs. slow: HR, 0.55; 95%CI:
0.48-0.63), while in the high-risk group (APOE &4 dos-
age=2), walking pace was not significantly associated
with the risk of new-onset dementia (brisk vs. slow: HR,
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1.14; 95%CI: 0.77-1.68) after multivariate adjustments
(model 1) (Fig. 1). Moreover, a stronger inverse associa-
tion between walking pace and new-onset dementia was
found in younger participants (<58 [median]: brisk vs.
slow: adjusted HR, 0.27; 95%CI: 0.18-0.41; vs. > 58 years:
brisk vs. slow: adjusted HR, 0.55; 95%CI: 0.48-0.63; P for
interaction =0.007) (Fig. 1).

None of the other variables, including BMI, education,
physical activity, hypertension, depression, and diabetes,
significantly modified the association between walking
pace and all-cause dementia (all P for interactions >0.05)
(Fig. 1). The walking pace and all-cause dementia associa-
tion was consistent in those subgroups.

Discussion

In this large population-based prospective cohort study,
we found that self-perceived walking pace was inversely
associated with the risk of new-onset dementia. The
lowest risk of new-onset dementia was observed in par-
ticipants with both faster walking pace and higher hand-
grip strength. More importantly, the inverse association
between walking pace and new-onset dementia was sig-
nificantly attenuated as APOE €4 dosage or age increased.

Some previous studies with relatively small sample
sizes have shown that brisk walking pace was related to
lower risk dementia [3, 5, 7—12], whereas other studies
conducted in the elderly population [15, 16] found that
gait speed was not associated with dementia. Recently,
a large cohort study also demonstrated that slow walk-
ing pace was associated with higher risks of all dementia
types [14]. However, to date, the combined association of
walking pace and grip strength with the risk of dementia,
as well as the modifying effects of age, APOE phenotypes,
and other important dementia risk factors, including
obesity, physical activity, hypertension, depression, and
diabetes, on the relationship between walking pace and
new-onset dementia, have not been comprehensively
investigated. Our current study, with a magnitude larger
sample size and more extensive adjustments for con-
founding factors, including lifestyle, clinical measures,
and genetic characteristics, addresses the knowledge gap
in this field in a timely manner.

Our study showed that in the crude models, there was a
significant inverse association between walking pace and
the risk of dementia. Moreover, in the joint analysis of
walking pace and handgrip strength, those with both slow
walking pace and low handgrip strength had the highest
dementia risk. Of note, these associations were obviously
attenuated after adjustments for multiple potential con-
founders such as physical activity, healthy diet scores,
hypertension, depression, diabetes, and family history of
dementia, but remained significant, suggesting that the
associations were partly independent of these important
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Subgroups Events (%) Adjusted HR (95%Cl) Events (%) Adjusted HR (95%Cl) P for interaction
APOE 4 dosage 0.001
0and1 2

Slow 637(1.7) Ref . Slow  49(6.0) Ref .

Average 1695(0.7) 0.57(0.51,0.64) . Average247(4.1)  0.98(0.67,1.43) .

Brisk 871(0.5) 0.55(0.48,0.63) . Brisk  168(3.7)  1.14(0.77,1.68) -

Age, years 0.007
<58 [median] >58

Slow 72(0.5) Ref . Slow 661(2.6) Ref .

Average 127(0.1) 0.36(0.25,0.53) . Average 1966(1.4)  0.62(0.55,0.69) .

Brisk 81(0.1) 0.27(0.18,0.41) . Brisk  1009(1.2) 0.55(0.48,0.63) .
Sex-specific hand grip strength, kg
Q1 Q2-4 0.739

Slow 465(2.5) Ref . Slow 268(1.2)  Ref .

Average 839(1.3) 0.62(0.53,0.72) . Average 1254(0.6)  0.67(0.57,0.79) .

Brisk 343(1.1) 0.62(0.52,0.75) . Brisk  747(0.5)  0.65(0.55,0.78) .

BMI, kg/m*2 0.128
<30 >30

Slow 334(1.7) Ref . Slow  390(1.9) Ref .

Average 1485(0.8) 0.64(0.55,0.74) . Average605(0.8)  0.66(0.56,0.77) .

Brisk 973(0.6) 0.66(0.57,0.78) . Brisk  117(0.5)  0.53(0.41,0.68) .

Higher education 0.175
No Yes

Slow 587(2.0) Ref . Slow  105(1.1)  Ref .

Average 1521(0.9) 0.59(0.53,0.67) . Average 490(0.6) 0.70(0.55,0.90) .

Brisk 679(0.7) 0.55(0.48,0.64) . Brisk  375(0.4)  0.72(0.56,0.93) .

Optimal physical activity 0.134
No Yes

Slow 387(1.6) Ref . Slow 201(1.9)  Ref .

Average 954(0.7) 0.59(0.52,0.68) . Average900(0.9)  0.66(0.55,0.78) .

Brisk 436(0.4) 0.53(0.45,0.63) . Brisk 575(0.7)  0.67(0.56,0.81) .
Hypertension 0.995
No Yes

Slow 94(0.9) Ref . Slow 630(2.2) Ref .

Average 430(0.4) 0.61(0.47,0.80) . Average 1635(1.1)  0.61(0.54,0.69) .

Brisk 317(0.3) 0.60(0.45,0.79) - Brisk  759(0.8)  0.59(0.51,0.68) .

Depression 0.148
No Yes

Slow 644(1.8) Ref . Slow  89(1.9) Ref .

Average 1930(0.8) 0.59(0.53,0.66) . Average 163(1.1)  0.82(0.59,1.14) .

Brisk 1020(0.6) 0.57(0.50,0.65) . Brisk  70(0.8) 0.76(0.52,1.12) .

Diabetes 0.282
No Yes

Slow 232(3.8) Ref . Slow  501(1.5) Ref -

Average 277(1.9) 0.53(0.43,0.66) . Average 1816(0.7)  0.64(0.56,0.72) -

Brisk 84(1.7) 0.59(0.44,0.80) . Brisk  1006(0.5) 0.60(0.53,0.70) .

Dementia family history 0.097
No Yes

Slow 602(1.7) Ref . Slow 131(2.8)  Ref .

Average 1624(0.7) 0.59(0.52,0.67) . Average469(1.5)  0.71(0.56,0.89) .

Brisk 808(0.5) 0.55(0.48,0.64) - Brisk 282(1.2)  0.74(0.58,0.96) .

T T 1 —r 1T 1
01 05 08 12 02 05 08 1.2

Fig. 1 Stratified analyses by potential effect modifiers for the association between walking pace and new-onset dementia. Adjusted for age, sex,
ethnicities, BMI, socioeconomic deprivation, smoking and alcohol drinking status, education level, physical activity, healthy diet score, C-reactive
protein (CRP), albumin, cardiovascular disease (CVD), hypertension, depression, diabetes, and dementia family history

Table 3 The joint association of walking pace (slow vs. average or brisk) and handgrip strength (the first quartile vs. the 2—-4 quartiles)
with new-onset dementia

Group? N Events (%) Crude model Adjusted model

HR (95%Cl) P value HR (95%Cl) P value
1 18,722 465 (2.5) Ref Ref
2 21,742 268(1.2) 046 (0.39,0.53) <0.001 0.68(0.57,0.82) <0.001
3 94,171 1182 (1.3) 047(042,0.52) <0.001 0.62 (0.54,0.72) <0.001
4 361,065 2001 (0.6) 0.19(0.17,0.21) <0.001 045 (0.40,0.52) <0.001

Adjusted for age, sex, ethnicities, BMI, socioeconomic deprivation, smoking and alcohol drinking status, education levels, physical activity, healthy diet scores,
C-reactive protein (CRP), albumin, cardiovascular disease (CVD), hypertension, depression, diabetes, and family history of dementia

2 Group 1, slow walking pace and grip strength in the first quartile;
Group 2, slow walking pace and grip strength in the 2-4 quartiles;
Group 3, average or brisk walking pace and grip strength in the first quartile;
Group 4, average or brisk walking pace and grip strength in the 2-4 quartiles
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traditional risk factors. These results have biological
plausibility. The widespread network of brain areas that
control walking involves regions responsible for atten-
tional, executive, and visuospatial functions, as well as
regions required for performing and controlling motor
tasks, such as the cerebellum, basal ganglia, and motor
cortex [40]. Thus, there is an overlap between areas that
control walking and areas that control cognitive function,
which may explain the relationship between dementia-
related pathology and gait dysfunction.

Our findings further expand the results of previously
published studies on the walking pace and dementia asso-
ciations [14] by demonstrating that the APOE €4 dosage
significantly modified the association between walking
pace and new-onset dementia. APOE-¢4 allele, especially
participants with two alleles, has been associated with
several biochemical processes implicated in the etiology
of AD, including amyloid deposits, neurofibrillary tangles
formation, neuronal cell death, oxidative stress, neuroin-
flammation, synaptic alterations, and cholinergic signal-
ing dysfunction [41]. More importantly, the detrimental
effects of APOE &4 on the neuronal system are irrevers-
ible [42]. Therefore, the already increased dementia risk
in APOE €4 carriers may attenuate the inverse relations
between faster walking pace and the risk of dementia.

In addition, our results show that the inverse associa-
tion between walking pace and new-onset dementia was
significantly stronger in younger participants. Age is
undoubtedly an important risk factor for dementia. We
hypothesized that age may explain part of the association
between walking pace and dementia, and therefore the
relation of walking pace with new-onset dementia was
significantly attenuated among older participants who
were already at higher risk for age-related dementia. Fur-
ther mechanistic studies are required to unravel the path-
ways involved in those associations.

Several potential limitations of the current study need
to be addressed. First, the walking pace was self-reported,
so there might be bias in its measurement. However,
the self-reported walking pace item used in UK Biobank
has been shown to be associated with cardiorespira-
tory fitness [43], and self-reported walking pace has
more generally been observed to be strongly associated
with objectively assessed walking pace [44]. The use of
self-reported walking pace is a potential strength as it is
a simple-to-measure risk factor that can easily be incor-
porated into future research and clinical care pathways at
low cost. Second, though a broad range of potential con-
founding was included in the adjustments, possible effects
from other unknown or unmeasured covariates could
not be excluded. Third, participants in the UK Biobank
are primarily of White British origin. Consequently, find-
ings might not be generalizable to other ethnicities or
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populations. Fourth, UK Biobank participants are not
representative of the general population and hence can-
not be used to provide representative disease prevalence
and incidence rates. Thus, further confirmation of the
reported findings in future studies is necessary.

Conclusions

In conclusion, our findings indicate that a faster self-
perceived walking pace was inversely associated with the
risk of new-onset dementia. The lowest risk of new-onset
dementia was observed in participants with both aver-
age or brisk walking pace and higher handgrip strength.
More importantly, the inverse association between walk-
ing pace and new-onset dementia was significantly atten-
uated as APOE &4 dosage or age increased. Our findings
highlight the importance of assessing combined measures
of physical function, genetic profile, and age to improve
the stratification of individuals at risk of dementia.
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