Original research

Frailty, lifestyle, genetics and dementia risk
David D Ward  ,1,2 Janice M Ranson  ,3 Lindsay M K Wallace,1,4
David J Llewellyn,3,5 Kenneth Rockwood  1,6,7,8
► Additional supplemental
material is published online
only. To view, please visit
the journal online (http://dx.
doi.org/10.1136/jnnp-2021-
327396).
1

Geriatric Medicine Research,
Centre for Health Care of the
Eldery, Nova Scotia Health
Authority, Halifax, Nova Scotia,
Canada
2
Department of Medicine,
Dalhousie University, Halifax,
Nova Scotia, Canada
3
College of Medicine and
Health, University of Exeter,
Exeter, UK
4
Department of Public Health
and Primary Care, Cambridge
Institute of Public Health,
University of Cambridge,
Cambridge, UK
5
The Alan Turing Institute,
London, UK
6
Division of Geriatric Medicine,
Department of Medicine,
Dalhousie University, Halifax,
Nova Scotia, Canada
7
Division of Neurology,
Department of Medicine,
Dalhousie University, Halifax,
Nova Scotia, Canada
8
Institute of Cardiovascular
Science, UCL, London, UK
Correspondence to
Professor Kenneth Rockwood,
Geriatric Medicine Research,
Nova Scotia Health Authority,
Halifax, Canada; kenneth.
rockwood@dal.ca
DJL and KR are joint senior
authors.
Received 16 June 2021
Accepted 22 November 2021
Published Online First 21
December 2021

© Author(s) (or their
employer(s)) 2022. Re-use
permitted under CC BY-NC. No
commercial re-use. See rights
and permissions. Published
by BMJ.
To cite: Ward DD, Ranson
JM, Wallace LMK, et al. J
Neurol Neurosurg Psychiatry
2022;93:343–350.

ABSTRACT
Objective To optimise dementia prevention strategies,
we must understand the complex relationships between
lifestyle behaviours, frailty and genetics.
Methods We explored relationships between frailty
index, healthy lifestyle and polygenic risk scores (all
assessed at study entry) and incident all-cause dementia
as recorded on hospital admission records and death
register data.
Results The analytical sample had a mean age of 64.1
years at baseline (SD=2.9) and 53% were women.
Incident dementia was detected in 1762 participants
(median follow-up time=8.0 years). High frailty was
associated with increased dementia risk independently
of genetic risk (HR 3.68, 95% CI 3.11 to 4.35). Frailty
mediated 44% of the relationship between healthy
lifestyle behaviours and dementia risk (indirect effect HR
0.95, 95% CI 0.95 to 0.96). Participants at high genetic
risk and with high frailty had 5.8 times greater risk of
incident dementia compared with those at low genetic
risk and with low frailty (HR 5.81, 95% CI 4.01 to 8.42).
Higher genetic risk was most influential in those with low
frailty (HR 1.31, 95% CI 1.22 to 1.40) but not influential
in those with high frailty (HR 1.09, 95% CI 0.92 to 1.28).
Conclusion Frailty is strongly associated with dementia
risk and affects the risk attributable to genetic factors.
Frailty should be considered an important modifiable risk
factor for dementia and a target for dementia prevention
strategies, even among people at high genetic risk.

INTRODUCTION

The number of people with dementia is rising as
populations age, leading to personal and socioeconomic challenges. Even so, the age-
adjusted
incidence of dementia has notably fallen in some
high-income countries,1 2 providing hope that
dementia risk may be reduced by protective lifestyle
and environmental changes. A considerable body of
recent work indicates this to be possible,1 but it is
unclear in observational data whether adherence to
a healthy lifestyle lowers risk for dementia in those
at high genetic risk.3 4 Trials of lifestyle interventions aimed at preventing cognitive decline and
dementia have shown similarly mixed results.5 6 To
propel the promising trend of decline in age-related
dementia incidence, we must better understand
the modifiable risk and protective factors, and the
mechanisms through which dementia trajectories
are altered.
Adherence to a healthy lifestyle has been related
to lower dementia risk in multiple large cohort
studies,3 4 7 but the mechanisms are poorly understood. Cardiovascular risk factors are firmly

associated with increased incident dementia,8 but
there is limited evidence to suggest that healthy
lifestyles reduced risk due to better vascular
health.3 4 7 Another possibility is that healthy lifestyles confer protection from dementia by slowing
the rate of age-related health-deficit accumulation,
otherwise known as the degree of frailty. Frailty
is a detrimental health state that exerts a broadly
based increase in risk for adverse health outcomes,
including mortality.9 For example, frailty has been
shown to be independently related to cardiovascular mortality even after adjustment for cardiovascular risk.10 Critically, people who are more
frail report more unhealthy lifestyle behaviours11 12
and have an increased risk of developing incident
dementia.13
Dementia is a multiply determined, age-related
condition. The risk of developing dementia
reflects genetic, neuropathological, lifestyle and
general health factors.1 13–15 Frailty, as an integrative measure of health, has recently been noted as
having a probable role in clinical practice to support
prognostic evaluations for patients presenting with
cognitive complaints16; it is associated with higher
dementia risk largely independently of broad
neuropathological markers17 and the APOE ε4
allele,13 and from both amnestic and non-amnestic
mild cognitive impairment.18 Frailty has recently
emerged as a factor explaining the discordance
between neuropathological burden and prevalent
dementia, influencing whether AD biomarkers—
measured in vivo19 or at autopsy20—are expressed
as clinical dementia. These neurodegenerative
processes are partly caused by complex interactions
between numerous genetic variants, but whether
frailty also moderates the dementia risk attributable
to those genetic variants is unknown. This proposition may be tested using a polygenic dementia risk
score, which captures the breadth of genetic risk for
late-life dementia.3 4 14
To support dementia prevention strategies, we
must understand the complex relationships between
lifestyle behaviours, frailty and genetics. We aimed
to address this in the UK Biobank by using established resources: a healthy lifestyle score,4 a polygenic risk score for dementia,4 and a frailty index.21
After first establishing a relationship between the
degree of frailty and dementia risk, we pursued
two primary objectives: (1) determine the extent to
which differences in the degree of frailty account
for the protective effects that a healthy lifestyle may
impart on dementia development and (2) assess
whether frailty moderates the expression of polygenic dementia risk.
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Table 1 Descriptive statistics of the analysed sample stratified by
incident dementia
Characteristic
Age, years, mean (SD)

Did not develop
Developed dementia
dementia (N=1 94 361) (N=1762)
64.1 (2.9)

65.8 (2.7)

Sex, N (%)
 Men
 Women

91 864 (47)

974 (55)

102 497 (53)

788 (45)

Education level, N (%)*
 Higher

4291 (2)

31 (2)

 Upper secondary

103 277 (53)

1014 (58)

 Lower secondary

17 605 (9)

141 (8)

 Vocational

41 357 (21)

336 (19)

 Other

27 831 (14)

240 (14)

Socioeconomic status*
 Least deprived
 Intermediate deprivation
 Most deprived

38 894 (20)

318 (18)

116 741 (60)

945 (54)

38 726 (20)

499 (28)

131 607 (68)

1167 (66)

62 754 (32)

595 (34)

Third-degree relatedness, N (%)
 Not related
 Related
Frailty index
 Score, mean (SD)

0.13 (0.07)

0.17 (0.09)

 Group, N (%)
 Low frailty score
 Intermediate frailty score
 High frailty score

127 267 (66)

883 (50)

61 220 (32)

711 (40)

5874 (3)

168 (10)

0.00 (1.00)

0.22 (1.02)

Polygenic risk
 
Z score, mean (SD)
 Group, N (%)
 Low genetic risk
 Intermediate genetic risk
 High genetic risk

38 979 (20)

245 (14)

116 638 (60)

1036 (59)

38 744 (20)

481 (27)

Healthy lifestyle*
 Score, mean (SD)

2.75 (0.94)

2.63 (0.99)

 Group, N (%)
 0 healthy behaviours

Figure 1 Analytical sample flow chart.

METHOD
Participants

Data came from the UK Biobank, a large, UK-based prospective
cohort study.22 Between 2006 and 2010, 502 493 individuals
were recruited and underwent a comprehensive baseline assessment of health and function. This included self-reported data
on lifestyle behaviours and medical information, measurement
of physical functioning, and biomaterial sampling. We included
only those participants who were aged 60 years or older and
who did not have dementia at their baseline assessment (as identified via self-report or hospital inpatient records). We excluded
some participants due to not having information available on
date of dementia diagnosis, as well as participants who could
not have polygenic dementia risk or baseline frailty index scores
calculated due to missing data (figure 1).

Incident dementia

The main outcome was incident all-cause dementia. This was
obtained chiefly through hospital admission records (N=1705;
97% of dementia cases), which included information on
344

2062 (1)

29 (2)

 1 healthy behaviour

16 737 (9)

204 (12)

 2 healthy behaviours

53 603 (28)

523 (30)

 3 healthy behaviours

76 702 (40)

645 (37)

 4 healthy behaviours

45 257 (23)

361 (21)

*Data presented here include imputed values for those that were missing:
there were 2514 missing values for education level and 165 missing values for
socioeconomic status; we also imputed the missing values of individual components
of the healthy lifestyle score prior to its calculation. Proportions may not sum to 100
due to rounding.

admissions and diagnoses from the Hospital Episode Statistics
for England, Scottish Morbidity Record data for Scotland, and
the Patient Episode Database for Wales. Additional cases of all-
cause dementia were identified in death register data (N=57;
3%) from the National Health Service Digital for England and
Wales and the Information and Statistics Division for Scotland.
In both instances, the International Classification of Diseases,
Ninth Revision and 10th Revision codes for Alzheimer disease
and dementia from other causes were used,23 which are detailed
elsewhere.4 In a study of UK Biobank participants recruited
in Edinburgh, dementia codes sourced from a combination of
hospital and mortality records had a positive predictive value for
dementia of 84.5% (95% CI 72.6% to 92.7%).24
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Table 2

Pearson correlation matrix of continuous study variables

Age at baseline

Age at baseline

Frailty index
score

1.00

0.08

0.03

−0.00

0.00

1.00

−0.14

0.01

0.17

0.02

1.00

−0.01

−0.12

−0.04

1.00

0.01

0.06

1.00

−0.01

Frailty index score
Healthy lifestyle score

Polygenic risk
Healthy lifestyle score score

Polygenic risk score
Townsend deprivation index
No alleles in polygenic risk score

Frailty index score

The degree of frailty at baseline was measured for each participant using a 49-item frailty index, previously constructed and
validated in the UK Biobank (online supplemental table 1).21 A
frailty index is a health-state measure that integrates information from several physiological systems.9 The health variables
used to calculate a frailty index are routinely collected in clinical
examinations, such as symptoms, signs, disabilities and diseases
that meet standard criteria.25 For each person, the score is calculated as the proportion of health attributes that a person has
in a deficit state. Frailty index scores range from 0 (indicating
no health deficits) to 1 (indicating every health deficit that was
assessed). For instance, a person reporting 15 of 45 health deficits that were assessed has a frailty index score of 0.33 (15/45).
Similar scoring can be done in preclinical models.26 Frailty index
scores were multiplied by 10 so that HRs could be meaningfully interpreted as the change in dementia risk per 0.1 increase
in frailty index score, equating to ~5 additional deficits. We
classified participants whose frailty index scores were ≥0.3 as
high frailty,11 intermediate frailty (score ≥0.15 and <0.3) or low
frailty (score <0.15).

Healthy lifestyle score

The healthy lifestyle score had also been implemented and validated in the UK Biobank and was associated with dementia
risk.4 The score was calculated using information on participant adherence to behaviours known to affect dementia risk
(smoking status, physical activity, diet and alcohol consumption). Depending on adherence to national recommendations,
participants scored 0 (did not adhere) or 1 (adhered) on each of
the four healthy behaviours. Points on the healthy lifestyle score
were accumulated if participants were not current smokers, if
they participated in regular physical activity as defined by the
American Heart Association,27 if their consumption of at least
four of seven commonly eaten food groups complied with recommendations on dietary priorities for cardiometabolic health,28 or
if their consumption of alcohol was defined as moderate as per
US dietary guidelines.29 Healthy lifestyle scores ranged from 0 to
4, with higher scores indicating greater adherence to behaviours
known to reduce dementia risk.

Polygenic dementia risk score

We used too an existing, validated polygenic risk score for
dementia.4 This score is represented by a single value and
captures individual variability in the inheritance of 249 273
single-
nucleotide polymorphisms (SNPs) associated with
dementia risk.30 Contributing SNPs were those most strongly
associated with Alzheimer’s disease in each linkage disequilibrium block, with a p value threshold of less than 0.50 used
for their inclusion. The number of alleles associated with each
SNP was weighted by the strength of their relationship with
Alzheimer’s disease,30 summed and then standardised. Scores

Townsend deprivation
index

No alleles in polygenic
risk score
0.02

1.00

were calculated exclusively for individuals whose self-reported
racial/ethnic background was white (British, Irish or other white
wide association study included
background) as the genome-
only individuals of European ancestry.30 A polygenic risk group
variable was also coded, in which participants were classified at
low polygenic risk (lowest quintile), intermediate polygenic risk
(quintiles 2–4) and high polygenic risk (highest quintile).

Covariates

Age at baseline, sex, education level, socioeconomic status,
the polygenic risk score, the number of alleles included in the
polygenic risk score, third-degree relatedness (a flag denoting a
person to be a third-degree or closer relative of at least one other
person in the cohort), and the first 20 principal components of
ancestry were included as covariates in all statistical models due
to possibly confounding the relationships between the key study
variables and dementia risk.4 Sex and highest obtained education level were self-reported. Socioeconomic status was derived
from the Townsend deprivation index,31 calculated based on
the national census output area in which a participant’s postcode was located. It was categorised as least deprived (lowest
quintile), intermediate deprivation (quintiles 2–4), and most
deprived (highest quintile). Genetic relatedness of the sample
was controlled for by using the third-degree relatedness of individuals in the sample, as well as the first 20 principal components of ancestry. Finally, as each model included the polygenic
risk score, we included the number of alleles used in its calculation as an additional covariate.

Statistical analysis

Baseline characteristics were summarised using means and SDs
for continuous normal variables, and medians and IQRs for
continuous non-
normal variables. We used Cox proportional
hazards models with incident dementia time-to-event data to
examine the relationships between variables of interest and
dementia risk, and multiple linear regression models to examine
the relationships between variables of interest and frailty index
scores. Follow-
up began at participants’ baseline assessments
(conducted between 2006–2010) and continued until whichever
occurred earlier: dementia diagnosis; lost to follow-up (primarily
due to leaving the UK); death; or the last date of hospital admission (censored at 31 March 2017 for England, 31 October 2016
for Scotland and 29 February 2016 for Wales). First, we examined the links between frailty and incident dementia. Second,
we conducted mediation analysis to determine whether, and the
degree to which, differences in frailty explained the relationship
between healthy lifestyle behaviours and dementia risk (objective 1). We followed the method of Fulcher and colleagues,32
although we used Cox proportional hazards in place of accelerated failure time models for consistency in interpretation,
and estimated indirect effects using the products-of-coefficients
method. Finally, we examined whether frailty moderated the
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expression of polygenic dementia risk (objective 2) by testing a
frailty index score by polygenic risk score interaction term and
investigated how combined frailty/polygenic risk groups differed
in their dementia risk. Analyses were conducted in the total
sample and stratified by sex. Relationships were expressed as
HRs or unstandardised beta (B) values, depending on the model
used, and accompanied by 95% CIs. Missing data were imputed
using multivariate chained equations 35 times. Dementia may be
diagnosed in hospital settings several years after its emergence,
and a relationship between frailty and dementia development
may be confounded by undetected dementia. In response, we
conducted a sensitivity analysis to investigate the relationship
between frailty and incident dementia after having excluded
2878 participants who developed dementia or who were lost
to follow-up within 3 years of their baseline assessment. Sensitivity analyses were also undertaken to ensure that associations
of frailty and dementia did not solely reflect the eight vascular
risk factors, or the other causes and risk factors for cognitive
decline, used in the calculation of frailty index scores. An alpha
level of 0.05 was used to denote statistical significance. All statistical analyses were conducted using R V.3.6.1.

RESULTS
Sample characteristics

The analytical sample comprised 196 123 participants of
European ancestry (mean baseline age=64.1 years (SD=2.9);
53% women). Participants tended to be in good health at baseline, with most classified at low frailty (the highest observed
value for frailty index scores in this sample was 0.55) and
reporting close to three of four healthy lifestyle behaviours
(table 1). Participants were followed for a median of 8.0 years
(IQR=7.4–8.6), yielding 1 544 423 person-years of observation
time for longitudinal analyses. During this time, 1762 cases of
incident dementia were identified, equating to an absolute risk
of 0.9% and an incidence rate of 0.11 per 100 years. A correlation matrix of all continuous study variables is presented in
table 2. Sex differences in study variables are presented in online
supplemental table 2.

Frailty and dementia risk

Figure 2 Frailty and incident dementia. (A) Distributions of unadjusted
baseline frailty index scores in those who developed dementia (N=1762)
and in those who remained free from dementia (N=194 361). (B)
Associations of frailty index scores and dementia risk. HRs and 95% CIs
were calculated from Cox proportional hazards models adjusted for all
covariates for the total sample (N=196 123) and for men (N=92 838) and
women (N=103 285), separately. (C) Cumulative dementia incidence within
low (N=128 150), intermediate (N=61 931) and high frailty (N=6042)
groups as calculated from a Cox proportional hazards model adjusted for
all covariates. Analyses in (B, C) were adjusted for age at baseline, sex,
education level, socioeconomic status, the polygenic risk score, the number
of alleles included in the polygenic risk score, third-degree relatedness and
the first 20 principal components of ancestry.
346

Frailty index scores at baseline were higher among participants
who developed dementia than among participants who remained
free from dementia (figure 2A). The absolute dementia risk was
4.0 times higher among individuals with high frailty, and 1.7
times higher among individuals with intermediate frailty, when
compared with those individuals with low frailty (table 3). Each
0.1 increase in frailty index scores at baseline was associated
with an increased dementia risk after adjustment for all covariates and the polygenic risk score (figure 2B). This effect was
similar when participants who developed dementia or who were
lost to follow-up within 3 years of their baseline assessment were
excluded from the analytical sample (HR 1.59, 95% CI 1.50 to
1.69), and slightly weaker when cardiovascular health deficits
were excluded from the calculation of frailty index scores (HR
1.51, 95% CI 1.43 to 1.60) and when other causes and risk
factors for cognitive decline were further excluded (HR 1.49,
95% CI 1.41 to 1.58). Participants with either intermediate or
high frailty had an increased dementia risk compared with those
with low frailty (HR 1.55, 95% CI 1.40 to 1.71 and HR 3.68,
95% CI 3.11 to 4.35, respectively; figure 2C). Those differences
in risk were similar after removing cardiovascular health deficits from the frailty index (HR 1.54, 95% CI 1.39 to 1.70 and
HR 3.88, 95% CI 3.20 to 4.71) and when other causes and risk
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Table 3

Descriptive dementia incidence statistics stratified by frailty group
Total sample

Men only

Statistic

Intermediate
Low frailty frailty

Sample size (N)

128 150

Incident dementia (N)

883

Absolute risk (%)
Incidence rate per 100 years (N)

Women only

High frailty Low frailty

Intermediate
frailty

High frailty

Low frailty

Intermediate
frailty

High frailty

61 931

6042

62 475

27 753

2610

65 675

34 178

3432

711

168

517

378

79

366

333

89

0.69

1.15

2.78

0.83

1.36

3.03

0.56

0.97

2.59

0.09

0.15

0.37

0.11

0.18

0.41

0.07

0.12

0.33

Low frailty, frailty index score <0.15; Intermediate frailty, frailty index score ≥0.15 and <0.3; High frailty, frailty index score ≥0.3.

factors for cognitive decline were further excluded (HR 1.63,
95% CI 1.47 to 1.80 and HR 3.04, 95% CI 2.47 to 3.73).

Lower frailty mediates the protective benefits of a healthy
lifestyle

We next considered the extent to which differences in the degree
of frailty account for the protective effects of a healthy lifestyle
on dementia development (objective 1) by testing the hypothesised mediation model (figure 3A). After adjustment for all
covariates, each point increase on the healthy lifestyle score was
associated with lower dementia risk (slightly more so in men
than in women; figure 3B) and with lower frailty index scores
(to a similar extent in both men and women; figure 3C). We then
estimated the direct effect of healthy lifestyle scores on dementia
risk, as well as their indirect effect through frailty index scores
(table 4). Just under half (44%) of the protective effect of higher
healthy lifestyle scores on dementia risk was mediated by frailty
index scores, and just over half was due to mechanisms not
accounted for in this study. The size of the mediation effect was
similar when participants who developed dementia or who were
lost to follow-up within 3 years of their baseline assessment
were excluded from the analytical sample (47% mediation), and
slightly smaller following the exclusion of cardiovascular health
deficits from the calculation of the frailty index (37% mediation) and when other causes and risk factors for cognitive decline
were further excluded (33% mediation), but indirect effects in
both analyses remained statistically significant. The mediation
effect was larger in women compared with men (table 4).

Frailty alters the genetic contribution to dementia risk

Finally, we assessed whether frailty moderates the expression of
polygenic dementia risk (objective 2). Each SD increase in polygenic
risk score was associated with an increased dementia risk after adjustment for all covariates including frailty index scores (HR 1.24, 95%
CI 1.19 to 1.31) and to a similar extent in both men and women.
Participants with either intermediate or high polygenic risk had an
increased dementia risk compared with those with low polygenic risk
(HR 1.38, 95% CI 1.20 to 1.59 and HR 1.92, 95% CI 1.65 to 2.25,
respectively; figure 4A). Although individuals at high genetic risk and
with high frailty were at 5.8 times greater dementia risk compared
with those at low genetic risk and with low frailty (figure 4B), the
change in risk due to high polygenic risk was not uniform across
frailty groups: each SD increase in polygenic risk was most strongly
related to dementia risk in those with low frailty and not associated
at a statistically significant level in those with high frailty (figure 4C).
The strength of relationship between higher polygenic risk scores and
higher dementia risk decreased by 5.5% for each 0.1-point increase
in frailty index scores (interaction HR 0.95, 95% CI 0.90 to 1.00,
p=0.039). The strength of this association was similar when participants who developed dementia or who were lost to follow-up within
3 years of their baseline assessment were excluded from the analytical
sample (interaction HR 0.95, 95% CI 0.89 to 1.00, p=0.068), and

when cardiovascular health deficits and other causes and risk factors
for cognitive decline were removed from the calculation of the frailty
index (interaction HR 0.95, 95% CI 0.90 to 1.00, p=0.046), but CIs
marginally widened. This interaction effect was present in men (HR
0.90, 95% CI 0.83 to 0.97) and absent in women (HR 1.00, 95% CI
0.92 to 1.08), though a sex by polygenic risk score by frailty index
score interaction term was not statistically significant (interaction
HR 1.11, 95% CI 1.00 to 1.24, p=0.055).

DISCUSSION

We investigated how general health, as expressed as a frailty
index score, combined with healthy lifestyle behaviours and
genetic risk to give rise to incident all-cause dementia in a large,
population-based study. We report four main findings: (1) frailty
was associated with a substantial increase in dementia risk that
was independent of genetic risk; (2) almost half of the relationship between healthy lifestyle behaviours and dementia risk was
mediated by frailty; (3) participants at high genetic risk and with
high frailty had a 5.8 times greater risk of incident dementia
compared with those at low genetic risk and with low frailty; (4)
frailty moderated the expression of genetic risk for dementia,
whereby genetic risk was influential in those with low frailty and
not in those with high frailty. These results support the notion
that dementia is a multiply determined condition, shed new light
on how frailty and genetic predisposition interact, and frame
frailty as a key modifiable risk factor for dementia targetable
through healthy lifestyle behaviours.
The link between frailty and the development of both mild
cognitive impairment and dementia is well established.13 17
We observed a quadrupling in the rate of incident dementia in
people with high frailty compared with people with low frailty—
each five additional health deficits (0.1 increase in frailty index
score) represented risk equivalent to 2–3 additional years of age.
A novel finding was that frailty increased dementia risk independently of a polygenic dementia risk score. This complements
a recent report that frailty increased dementia risk independently
of a neuropathological index comprising ten markers of brain
disease.17 These data support a role for frailty in dementia
development that exists on a pathway separate to known
genetic, neuropathological and vascular causes of dementia.
Other work has also shown frailty to increase risk for disease-
specific outcomes after adjusting for traditional risk factors.
For instance, cardiovascular risk and cardiovascular events and
related mortality.10 Taken together, evidence implicates frailty
as an indicator of generalised vulnerability to ageing-
related
diseases independent of known risk factors, which is hypothesised to occur, at least in part, through reduced physiological
reserve causing the expression of morbidity that would otherwise not meet the threshold required for clinical detection.9 33
Polygenic risk scores are reliably associated with dementia risk
and cognitive decline.3 4 14 Here, we provide greater specificity
to these associations by demonstrating that the contribution
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Figure 3 Frailty, lifestyle and incident dementia. (A) The hypothesised
mediation model in which a proportion of the protective effect of higher
healthy lifestyle scores on dementia development is mediated by lower
frailty index scores. (B) The association of healthy lifestyle scores and
dementia risk. HRs and 95% CIs were calculated from Cox proportional
hazards models adjusted for all covariates (but not frailty index scores)
for the total sample (N=196 123) and for men (N=92 838) and women
(N=103 285), separately. (C) Relationship between healthy lifestyle
scores and frailty index scores. Values represent mean frailty index scores
(95% CI) for participants with 0 (N=2091), 1 (N=16 941), 2 (N=54 126),
3 (N=77 347) and four healthy lifestyle behaviours (N=45 618) and
were calculated from multiple linear regression models adjusted for
all covariates. Analyses in (B, C) were adjusted for age at baseline, sex,
education level, socioeconomic status, the polygenic risk score, the number
of alleles included in the polygenic risk score, third-degree relatedness and
the first 20 principal components of ancestry.
348

of polygenic risk to incident dementia varied by the degree
of frailty. The genetic risk weakened as frailty increased, and
dementia developed even in people with no genetic contribution but high frailty. This interaction was strongest among men
but, among women too, dementia risk was not significantly
affected by genetic risk in those living with high frailty. Similarly, other work has shown frailty to vary the threshold at
which dementia developed in relation to Alzheimer’s neuropathology.20 These data show genetic and neuropathological determinants of dementia risk to be less influential in people who are
ageing more poorly—possibly as risk becomes saturated and the
threshold for a sufficient cause of dementia is reduced by their
degree of frailty.9
Adherence to national guidelines for healthy lifestyle
behaviours is central to dementia risk reduction recommendations.1 Here, we provide new insight that healthy lifestyle
behaviours might exert a considerable proportion of their
protective effect through an associated reduction in the degree
of frailty, and in a manner that is not driven solely by fewer
vascular health deficits as captured by UK Biobank participant questionnaires. Given the links between healthy lifestyle
behaviours, frailty and dementia,11–13 our finding was not
unexpected. Interestingly, healthy lifestyle behaviours affected
dementia risk through multiple independent pathways in men
but relied predominantly on lower frailty in women.
Our data do not dissuade from the proposal that preventing
or treating frailty could aid in efforts to reduce the burden
of dementia.15 Optimally, frailty would be prevented before
its emergence, and we found that people who reported more
healthy lifestyle behaviours had a lower degree of frailty, which
supports other cross-sectional11 and longitudinal evidence.34
In that longitudinal study, reverse causation was controlled
for by excluding participants who were frail within 24 months
of baseline assessment. In further support of the modifiable nature of frailty, a systematic review of 21 randomised
controlled trials found multiple interventions to be effective
in treating frailty, although not all interventions were shown
to be useful.35 Those interventions that had the highest likelihood of succeeding involved a combination of exercise and
nutrition supplementation delivered in group sessions. Longitudinal data show frailty index scores double with every 12.6
years of age,36 suggesting that even relatively small decreases
in frailty may result in different clinical outcomes years later.
Our findings should be interpreted with consideration of
limitations. The relationships observed may be due to unmeasured or uncontrolled confounding; despite the long follow-up
period, the possibility of reverse causation remains, both in
terms of frailty preceding an unhealthy lifestyle and dementia
preceding frailty. Our results were, however, robust in a
sensitivity analysis that excluded participants who developed
dementia within 3 years of their baseline assessment. Even so,
the relationship between frailty and dementia is necessarily
bidirectional: dementia impacts on a person’s ability to engage
in healthy lifestyle behaviours, maintain appropriate healthcare, and is associated with increased rates of other illnesses,1
all of which would lead to higher frailty. Furthermore, changes
in behaviour and functioning are detectable in the preclinical phase of the disease,37 which could further exacerbate a
person’s degree of frailty. Another limitation was that not all
cases of incident dementia are captured by medical records or
death registers, and these are likely to have been incorporated
into our analyses. The consequences of such could bias the
reported relationships toward statistical significance (people
living with frailty are more likely to attend hospital and
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Table 4

Results of mediation analysis for frailty in the relationship between healthy lifestyle behaviours and dementia risk
Direct effect

Indirect effect

Sample

B

HR

% of total effect

B

HR

% of total effect

Total sample

−0.062 (−0.114 to −0.011)

0.939 (0.893 to 0.989)

55.9

−0.049 (−0.055 to −0.042)

0.953 (0.947 to 0.958)

44.1

Men only

−0.083 (−0.150 to −0.015)

0.920 (0.860 to 0.985)

64.8

−0.045 (−0.053 to −0.037)

0.956 (0.948 to 0.963)

35.2

Women only

−0.035 (−0.113 to 0.043)

0.965 (0.893 to 1.044)

40.2

−0.052 (−0.061 to −0.043)

0.949 (0.941 to 0.958)

59.8

The direct effect was calculated as the association of healthy lifestyle scores and dementia risk after adjustment for all covariates, including frailty index scores. The indirect effect was calculated as
the product of two coefficients (the association of healthy lifestyle scores with frailty index scores after adjustment for all covariates; the association of frailty index scores with dementia risk after
adjustment for all covariates including healthy lifestyle scores). The percentage of total effect was calculated as the proportion of the summation of both pathways that each pathway accounted
for.

therefore be assessed for dementia) or towards the null (people
living with frailty are often the ones in whom dementia is overlooked). Similarly, we used survival models with death treated
as a censoring event and not as a competing risk; differences
in the strength of relationship between a purported risk factor
and incident dementia can occur when competing risks are
considered.38 Despite the large sample size and the long median
follow-up period, the number of incident dementia cases was
low, thus limiting statistical power. Despite the detailed health
records, we had sufficient data to calculate frailty index scores
at baseline only, and conclusions regarding any subsequent
change in the degree of frailty were not possible. The healthy
lifestyle index implemented here also has limitations, such as
lacking specificity due to its narrow range of values. Finally,
given that the sample was comprised of volunteers of European ancestry aged 60–73 years, it is not clear to what extent
these findings will generalise to other populations.
In conclusion, frailty was shown to exert a strong and reliable effect on dementia risk and to affect the risk attributable
to genetic factors. Frailty should be considered an important
modifiable risk factor and a target for lifestyle interventions,
even among people at high genetic risk of dementia.
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